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STRAIN-RATE EFFECTS

Dale Klahnl Amlya K. Mukherjee R and John E. Dorn3
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‘Laboratory, Berkeley, Callfornla

" 2. Professor of Englneerlng, Department of Mechanical Englneerlng, Unlver31ty of

- California, Davis, California.

"31. Profeésor of Materials Science and Senior Scientist feépectively of the College of

Engineering and Inorganic Materials Research Division, of Lawrence Radiation Laboratory,
_Unlvers1ty of California, Berkeley, California.

I. Introduction

 Crystalline materials exhibit a variety of different strain-rate effects. .There is
no simple universally-applicable empirical law that permits the experimentally determined
strain rates to be correlated with applied stresses and temperatures over wide ranges of
these variables. Changes in crystal structure, grain size, composition, substructure, etc.
often produce uniquely different types of plastic response. Even for the same material
various types of plastic behavior are observed over special ranges of stresses and temper-
atures. Obviously many different deformation mechanisms contribute”to the net plastic
flow. It is not readily possible to satlsfactorlly isolate individual mechanisms for ex-

- perimental examination. and characterization because several mechanisms are invariably

operative under any given set of conditions. For these reasons attempts to provide purely
empirical correlations on strain-rate effects have not been very frultful .

~ Despite 1ts inherent compiexity some success has nevertheless been achieved in

rationalizing a number of important observations on strain-rate effects. Two factors have
contributed to the progress that has been made: i) It is often possible to erect reascn-
ably realistic theoretical models that permit estimates of the effects of the independent
variables of stress, temperature, and substructure on the plastic strain rate appropriate
for some individual mechanisms; ii) The nominal validity of such theoretical predictions
can occasionally be checked by comparison with specific experimental results in the few
examples and over the limited ranges of conditions where the plastic strain rates are

- principally responsive to that mechanism. As a result there now exists a useful, albeit

somewhat incomplete, classification and detailed listing of many deformation mechanisms (1).

A brief review of several known types of deformation mechanisms will be presented in

~this report. Major emphasis, however, will be directed toward the synthesis and unification

of strain-rate effects erising from the simultaneous operation of several mechanisms. In
particular, attempts will be made to éstimate theoretically dislcocation velocities and
plastic strain rates over wide ranges of stress and temperature. The need for improvements
in theory. and its extension -into new and relatively unexplored regions will be pointed out-
in passing. Finally the theoretical deductions will be cempared with experimental results
on damplng capa01ty, dislocation veloc1t1es, and -plastic strain rates.

II. Types of Deformatlon Mechanisms. The characteristics of the several types of defor-.
mation mechanisms are revealed by the difrferences in the trends of the dependence of the
resolved shear stress for flow, T, on the absolute temperature, T, and the plastic shear
strain rate, Yy, over each of the four ranges of these variables as documented in Fig. 1
for AgMg single crystals (2-4). Whereas many other crystalline materials exhibit approx-
imately the same general features, Agilg was selected for illustration because it pro- _
vides clear delineation of each unique and distinguishable range of plastic behavior. The
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lefualon ontrol]od Mechahisms. Excluding a few rare exceptions,.most retals and
alloys deform by diffusion-controlled creep at low s stresces and. at temperaiures siove
_ebout .one~half of th01r melting temperature. As shown in Fig. 1, diffusion-ccAtrolled
‘ereep at constant steady-state rates is characterized by rapidly decreasing stresses with
increasing tém peraturcs. The various dlf;u51on—controlled creep mechanisms docurented in’
‘Table I have now’ been: 1dent1f1ed (5).

TABLE I

Diffusion Controlled Creev Mechanisms

 Subtyn¢»Mechanish' ’ . Relationship ' _ Thebretical,Justiflcaulcﬁ
' A.,vDislocétioh Climd € kT » -v[l] 'G&od,lbﬁt needs
_ : DsGb =2,5x 106 (G/G)h"2 t°f6’7 : " improvements
X : : _ ‘
B. :Cllrb in D*sperulon_‘ é;kT _ A2 6.0 to 8.0 - - [2] Needs extensive
strengthened alloy B;EB-= Kl = ( /G) developmeét‘
C.o Vi d 1ide & T ) i3] Cocd
ennnc 1i4 . "S - o s (U/G)3-0 to 3.?' -
D Gb : _
D. HNabarro Cexr . , " 4] Excellent
- s—=5 (*/a)® (°f0) B
D_Gb ,
v : v
E. Coble . . & T ' {5] Excellent
: : : ] b o L .
, o 5 = 50 (°/a)® (°re) |
g
'F."Sﬁperblaétid' ] , éskT _ b .2 gD  [6] TKeeas extensive
_ ETES{='K2 (/7a) «( (G) o developmert
és = Steady—state tensile creep rate b = Burgers vector
=, Boltzmann 's constant - .1meS'absolute" 4= Meah grain dianétér ‘
L tehperature C R
'JDQ = Volume ais fusxv1ty o , ‘0 = Applied tensile siress
bs‘='Solute-atoa interdiffusivity. 'Kl and K2 = constants -
D, = Grain boundary diffusivity A= Spacing,betwéén'particies
G =-Shear nmodilus of elasticity o r' = Radius of pértihigsﬁi

«:
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Naberro (6), Coble {7), and perhaps Superplastic (5) creép as well, are due to

changes in erln shapc arising directly from vacancy fluxes under chemical-potential grad—
ients. In contrast creep by the Climb (8,9) and Viscous Glide (10) mechanisms are due to
average ratecs. of slip displacements of dlslocatlens released by climb. At the steady state
a balance must necessarily be obtained between the rate of accumulation of dislocations
and their rate of removal by Climb recovery. To account for continuing steady-state creep,
recovery by the Dislocation Climb mechanism must always be operative at high temperatures.
For those.solid-solution alloys in which strong solute-atom dislocation interactions take

- place {due, to Cottrell atmospheres (11), Suzuki effects (12), Fisher short-range order -

mechanismn (13), etc.) the Viscous Glide of Dislocations becomes slower than the rates ob-
tained exclusively by the Dislocation Climb mechanism. Although climb always occurs, the
creep rate is controlled by Viscous Glide ‘when it gives the slower rate. The total creep

. rate is due to the rates ascribable to either Climb or Viscous Glide, dependent on which
'is controlling plus the sum of rates from all remaining mechanisms. ~Although many mech-

anisms‘eun‘be operable at one time, usually one exhibits the highest creep rate and there-
fore becomes déminant over special ranges of 0/G, b/d and T as determined also by the
reclative nggnltudes of D, D and D At temperatures somewhat belov about one-half of

the absolute melting tempera%ure, hgwever the above mentioned diffusion-controlled creep

rates become negligibly slow. It has been suggested that pipe diffusion might control
creep rate. at yet lower temperatures (lh)

Translent creep seems. to oecur only when dislocation cells and entanglements are
produced as a result of the initial plastic straining that takes Pplace upon application of
stress. (15) Durlng the course of transient creep such entanglements disperse and are
finally rcplaced by the steady-state subgrain size whereupon the steady-state creep rate 1s.
obtained. 1In the absence of initial plastic straining, the steady-state creep rate is
achieved almost immediately following stressing. Obviously Nabarro, Coble, and Superplastic
Creep mechanisms do not exhibit transient stages. : : : :

. B. Yhermariv Activatea meepanisms. . Uver Jlow temreratures and for ::zln"‘ ratzs of strain,
"p1astlc flow in crystals is usually dominated by one or more of a series of thermally-act-

ivated mechanisms. For constant plastic strain rates such thermally- -activated meehan1sms

(vide Fig. 1) are characterlzed by rapidly decrea51ng Tflow stresses with increasing temp-

eratures. The maximum temperature, T , over which thermally—acthdted mechanisms predom-
inate depends on mechanistic details; it increases with increases in the activation energy
and plastic strain rate. Two different classes of barriers have been recognized past which
dislocations can be thermally activated, namely linear barriers and localized barriers.
Typical examples are noted in Table ‘II. Although the details are different, all subiype
mechanisms for thermal activation of dislocations past linear barriers have in common the
nucleation of slip resulting from critical bowing out of short dislocation segments as a
result of thermal fluctuations in excess of the required saddle-point free energy; this is
followed by a decreasing free energy as the bowed-out region spreads alcong the length of
the previously arrested dislocation. In contrast all subtype mechanisms for motion of
dislocations past localized barriers arise from individual thermal activation of separate
dislocation segments that subtend each contacted obstacle whenever thermal fluctuatlons
exceed the stress— a551sted saddle—p01nt free energy for cutting that obstacle.

The activation energies, eg. Un or'U of Eqs. 8 or 10, refer to the minimum work
that need be done at constant temperature, pressure, and effective stress to activate
dislocations over barriers. Since such energies are saddle-point free energies for act-
ivation, they necessarily obey ‘all usual thermodynamic relationships (16-19). Several
factors, however, contribute to inaccuracies in estimating such free energies. Usually
the magnitude and resulting effects of inaccuracies are difficult to determine because they
depend on hov far the assumed model for the mechanism might deviate from physical reality.

Most current calculations treat the dislocation as a string neglecting effects of orientation,

radius of curvature and the influence of elastic anisotropy on the energy of the dislocation.

;Furthermore, as a result of the failure of. Hooke's Law at high strains, estimates of inter~

action energies between ‘dislocations and strain-field centers become increasingly inaccurate
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do not serlously affect the theoretical predlctions of mean dislocation velocities, Never-
theless more.sophisticated approaches to the entire problem based on detailed knowledge

of partition functions would be a helpful refinement. '

Egs. .7, 8 and 11 refer to the simplest prototype model for thermal activation of dis-
. locations past linear barriers. Other linear subtype mechanisms have many features in com-
mon with this prototype. Nevertheless each mechanism usually exhibits significant differ-
ences in. the way the free-activation energy depends on the pertinent geometric dislocation
details and on the effective stress. Such differences often provide a basis for possible
identlflcatlon of the operatlve rate-controlling mechanlsm.

The free energy of activation for cutting the different subtypes of locakized obstacles
also differ from one another. - In general the free energy of activation can be estimated
from the force-displacement (F-x) diagram (51) for cutting the obstacle as shown in Fig. 2.

'The saddle—p01nt free energy of activation is given by Eq. 12.

Thc slmpleot type of f01ce-dlsplacement diagram is rectangular where x cis uni-
formly equal to d and the maximum force is F_ = al' over distance d. This mogel whlch has
the activation energy given by Eq. 10, appro?lmateg conditions that apply when vndissociated
glide dislocations produce Jjogs upon intersecting undissociated repulsive forest dislocations.
When the obstacles aré arranged in ‘a square array where £ = L on a side, the plastic shear
'straln rate is. given by the Seeger (33) approximation, namelys )

= = pp{—= - - T#bL a)y (13]
Y = pov = py( Ls) L, exp T (aPod T*bL ) .
It is a simple nmatter to include the frequency of reversed motion of the dislocation in
this formulation since the distance moved against the effective. stressis LS and therefore

v = b2 r ( | (aI‘ a -T*ﬁT d) > . pXD { .l_ {4 +-"‘" T..Q‘?Q"" 0!
Y=p \ Lexp i- U - } . = l kT ho™ ;J ©a

If the obstacles are distributed more or less randomly on the slip plane, however,
nore obs;acieq will be contacted as the dislocation bows out to smaller radil of curvdiure,
R, as the effective stress is increased. Friedel (52) has shown that thc lerbth of a dis-
location subtended by randomly distributed weak obstacles is given . by

1/3 I "
2r L
= 1, 2y1/3 4" os ) - .
= (2R L") —(T«-bs> o | [15]

" when there is one obstacle per area L "on the slip plane. When this value is -rtroauc*“
into Eqs. 9 and 10 and the frequency oOf reversed reactlons is 21so considered (5%)

’ 2/31
o\ 2/3 T4, b 3

v= b1 ? (S0 exp { - [od‘d 1/31“ d(——s— p

' o L < o . J
s N 2/3\ Y
T*¥L b .

{1 - exp (- %;- T*bL 1/3 5 5 o - [16]

v + Yo'l

Tre predicted T% U T relationships for (a) the Seeger approximation negleciing

5 the re
reaction, (v) the Seeger avoroxiration corrected Jor the reversed reacticz znd (¢) <re
Friedel steady-state approxiration are docurmented in Fig. 3. Whereas the reversed resciicn
occurs so irnfrequently that its negleet. is unimportant excevting for extremely snell velues -
of T%, the elfects of T* on & as given by the Friedel random steady-state corrcc resuits

in-major chenges ir the 1* ~ T correlations.
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) Idcntlficatlon of 1nd1v1dual dlslocatlon mechanisms is often made dlfflcult as a re-
sult of: olmultaneouo part1c1pat10n of ueveral -different thermally—actlvated mechanisms dur-
ing deformation. - Under two alternate ‘sets of conditions, however, deformation rates are
eontrolieafbred0m1nantlylby onE'mechanasm. (1) When(each dlslocatlon undertakes a. series
ofsdifferent. médhahisms>in. sequence, othe’slowest becomées rate- ~controllinglo (11) nWhen.
dislocatlonmglfdellvlthe het fesult: ofiseverahﬁalternate mechanisms and the stralnirate
arising frofiphe is much: greater thanéthatcfrom all others, it becomes .rate: controlllng. o
>When1suchusimplifynng'condltibns are notl ‘realized, however, severe problems are often :
_ehcountertd if “attempts. toegtablish useful -theoretical ‘formulations for ‘rationalizing . e
Btraintrate. effects. Although other-pertinent examples: could be added to this list, the o
follow1ng are illustratlve ‘of types of problems that now deserve more- detalled attentlon

.‘1 |

a.: Statls.lcul analyses ;or dlstr1butlons of locallzed straln cenuc-- of. varlablc
’ streruuns, such as encountered in solld solntlons or- raaratlon cdna;e, on- the
stralr—r Le effects. Sl el . : .

wd R

'bu, Nodl’lceclons of straln-rate exfects for the' Pelerls mechanlsA &s & result oi
’sol‘d so*aulon allcying. ‘

%:é.'”Conaltloﬁs ‘that prevail when both tnermally—actlvated cross slip &s well as cut-
' ,tlng locol zed strain centers prevall. ' g

C. Atheirmal Defornaulon Necqenls"s As 1llustrated 1n Table III, atherma disloeetion "
. o mechanisms .fzll into. two general classes. . '

. DABIE IIT -

Athermal Dislocation Mechenisns

-

ﬁuh‘f‘.\"rv\n o ’h‘\.rxa.mh'i'f—": . R 'Ref‘_ . . ‘j L A‘H’\e"’mn'l Qf“pcc
'éf Tlnherent.'.’;]‘a. Flsher s SRO N ‘;.'; ’ {.n:(l3)i'."'?1Aé p?éNﬁ aceB ;f'“ P;YJ
b. . Cuttlng APBs o sy YA 6 ey
T . _ : : ';TZA-' i (l -5 (18]
" 'b.. Conditional v‘_a;.vCuttlng Attractlve Junctlons (55fss)ff'r3k =g . [19]
b =Long--Range Back Strésses (59—61);"Thh,# govp - - [20]
Ty L Tih [21] Totel operative athermal €3 = €45 - (g0 + €gp) /2°=Bond energy
J ‘siress level ,
c 16//5— for bee alloys ‘ oy élAntiﬁhaSe boﬁndery energy/c:?'
'Né; RD Atomic frections of a and b atoms §‘~= Antiphase domain dlameter o
?&;”= 0ow1ey s degree of'Shortarange order R 1/5

*Inherently:atherma‘ rechanisms are characte*ized by a continuously lnc*eas:.n° free ener°
as a dls’ocation'is forced through the cryster. In thls case no sedéleé-point free erer;*’ -
is ever aiteired &ard consecuenulv the: nroeess cannot -be ;acllita+eo by therzel fluctuetionsy
-fdislocat‘ons cen. only be moved rechanically under ‘the athermal srress leve;:snrres-e~ £ T

- Table’ III. ' Conditiorally atkermel mecherisms are. ‘similar to-thermally e uea'mec“anl
" insofar as'the free erergy reeches some naxizum value upon- dlsoleceneue‘o. the Gislocation; .
‘they ¢iffer from common thermally-activeted meckhanisms either because the ‘szddle-3oint Tree-

- energy.is.vastly grester than KT or because long segments of dislocations “Ls: be:movec '
.&relatzvely fa. distances before vhe sadale-poxnv free: enerby 1s reacneu.‘ ;n eltker ‘evern
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sufficiently energetic thermal fluctuations will be so infrequent as to have a negligible
‘effect on the strain rate. The stresses necessary to overcome the inherently athermal
dislocation mechanisms are practically independent of the temperature especially in the
interesting range of low temperature where frozen-in,; short-range and long-range order pre-
vail.  The athermzl stress levels that depend on mutual interaction of dislocations, such
as T andﬂT‘ , decrease only slightly with increasing temperature according to TJA ='TJAo
G/Go3f22]'wh§re'thc subscript zero refers to the absolute zero of temperature.

' The estimate of Be1/5 in Eq. 20 is generally verified experimentally (5, 62). But
the fact that the estimate for Bs of Eq. 19 is about the same prompts the important question
".as -to whether or not both mechanisms are equally important in accounting for strain harden-
ing. The value of Saada's estimate B_ = 1/5 was deduced as a simple average of the cutting
stress over the expected range of str%ngths for attractive junctions, neglecting the often
pronounced reductions that ‘are expected as a result of the more or leéss random distribution
. of attractive junctions on the slip plane. As suggested by the somewvhat simpler cases
studied by Foreman and Makin (63), the value for B_ is expected to be considerably less
than that of 1/5 vhen randomness .is invoked. It thérefore appears that the major factor
responsible for strain hardening arises essentially from effects of long-range book stresses
'vrathér than the formation of attractive junctions. Many other factors, however, also

contribute to strain hardening. ‘ ’

D. Viscous Drag Mechanisms. Although viscous drag mechanisms are operative whenever dis-
locations move, they becomejrate-controlling; as shown in Fig. 1, when the stresses are

~ sufficiently high to mechanically force dislocations past all barriers without awaiting

aid from thermal fluctuations. The stress level at which damping mechanisms first become
rate controlling are dependent on the athermal stress, the total energy for thermal acti-
vation and-the_temperature, Experimental data, however, suggests that in most metals and
alloys this usuglly happens as soon as the plastic shear strain rate first exceeds value
of about 3 'x 10” per second or when the mean dislocation velocity is above about 10~ cm/sec.

Al} viscous drag mechanisms considered here ase Newlonian and consequentiy the drag
force acting on a unit length of a moving dislocation is given by R

Ty b= Bv | o [23]

where T.b is the drag force and B is the net drag coefficient. As the dislocation velocity
approacﬁes that for sound waves, relativistic factors serve to modify some of the non-rel-
ativistic drag coefficients and the simple linear relationship between stress and dislo-
cation velocity of Eq. 23 no longer applies. Partial progress (64-69) has been made
theoretically in defining some of the conditions that are to be encountered when disloca-
tions enter the relativistic range with velocities approaching that of sound and when dis-
locations become supersonic. Many theoretical details encountered at high dislocation
velocities however, need yet to be explored, especially e.g., the form taken by Eq. 23.
Furthermore there appear to be no reliable and analysable experimental data for attenuation,
~dislocation velocities, or plastic strain rates for cases where the dislocation velocities
begin to approach those for sound waves.

Theoretical estimates for the coefficients B,, appropriate for various dislocation
mechanisms limited to conditions where v £ c¢/e wheT¥e ¢ is the velocity of sound, are docu-
mented in Table IV. : E :

. Each of the five dislocation-drag mechanisms documented in Table IV are different.
The net drag coefficient, B, is thus the sum of those for each independent mechanism.
Contributions to B from thermoelastic damping, however, are almost always negligible. 1In
general the contribution to B arising from phonon scattering is about one order of magnitude
less than that from phonon viscosity. Electron scattering and electron viscosity mechanisms
are only operative in electronic conductors. ' E ‘
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inereases only siightliyrwith inéréesi
Debye temperature as dictated by Z=.

Scattering of electrons in elecvronlc conductors
by the stress field of moving dislocation.by

mechanism analogous to phonon scattering. Dreg
temperature.

the

Viie

le;e“ence in the sbear strain :aees as

F R ) . -
aiclocaticn moves »-u.u..o-ub G u\.uu-uv.A-VAA [y

vibration frequencies of the GiZferent phonon
modes. Energy loss is due to d1ss: wtion of .
heat from the bhonons having nigher tvemperature
to the cooler -ones. -Slightly differcnt for edge:
and screw components.  Drag coefficient vanishes
at T=0 and increases up to Debye temnerature and
thereafter increases only slightly with itcreas~

ing temperature.

‘Momerntun chenges in electronlc conductc-“ cdue to

strain field of moving dislocation and tra ansTer
of momentum from electrons ito pnonons, resulting
temperature dependent ‘and Tollows the temt eraiure
dependence of p :

e =L4.8 x'lo-lo’esuv=jEleetronievchanse'

to
]

‘Thermel energy. density

'Ef = Fermi energy

o
-4

Planck's constant .

Thermal conductivity due to phonons. .-

4}éx )
-0

Drag coefficient is strongly
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= Wave vector of an electron at

Kf = Ne = Nunber of free electronu per ce

: the Fermi level .

m, = Mass .of an electron ' pe = Electrical resistivity ohm-crs-

n_. = Phonon viscosity = o ' a, = Typical Fourier ccmponent of the strain
P h ' field associaled with thne dislocation

=
n

e Electron viscosity

Althou*h the operation ol the llstea mechanisms is well establishe
erisen regarglng (2) how redllstlc the assumed models .for each mechanism
how eccurately the analyses based on each nodel might have been carried.out. The
are particularly vertinent for the nechanisns that involve electrons. For exanpls Zormel
and Tittman (83) have questioned whether the electron viscosity model of Mason (31,82) -
appllcable,unae* u,uul experimental conditions— and Mason's reply (84) suzzest ]
sidered it to ve velid provided the mlelocuu*on v§loc1t es remainel suvstanclally
the speed of sound. )

.

_ In addition to theorstical questions ihere appears to be. unresolved Cifferences in
some of the experimental results. Some attenuation measuren zents (85) for Al Cu, and ob
shov a strong temperature dependence .of B at low temperatures, uhlch seerns to be in accord

‘with Mason's electron viscosity rodel. On the other hand, recent measuremen:s on Po (86) -

an Al (87), wnich show that B is essentially independent o¢vtemperature_au 1oW temperatures,
tend to support the electron scattering model. Such experimental inconsistencies nust be
resolved before more light can De shedvon these issues.

E. Recavitulation with uhm*arv on Major Clacses of Def ormation Méchanisms. Usu

:21)y several
subtypes in -each of the four major classes of deformation mechanisms operatve simultanecusly
N Lna

so as to co-overatively determine by their muoual 1nteractlona the net effec;‘ b
‘finass on ha atredet wedn Motheds Prr estine i = X 3

cases have al“egdy been suggested for the major deformation nechanlsmu of dllfh icn-con-

n
t majocr

trolled crecp, athermal processes, and dislocation~drag phenomenon. The net effects arising

from the simultaneous overation of several thermally-activated mechanisms, however, is
usually quite complicated due to intimate interactions between them. Moré complcte ex-

-emination of combined effects of 51multaneous operation of several individual thermally-

activated nicchanisms need be made.

A1l four major types of mechanisms are operative at any one time. Over limited -
ranges of conditiorns, however, one of these mechanisms becones predominant. = wWeveriheless
the effects of the renalnlrc mechanisms are detectable. A principal objective of this
report concerns rationalization of strain-rate effects when severzl major deformaiicn

~mechanisms are 51multaneously overative. TFor the remainder of this paver the cornditions

will be limited to those where diffusion-ccntrolled creep is nregligibly slow. Lon-equent;J
only those strain-rate effects aseribable to combinations of athernal, thernally-

et

and dislocation-drag mechanisms will be considered. For clear emphasis of mutual inter-

acticns between these mejor classes of mechanisms, they will be considered first in com--
™ ]

bingtions of pairs. Finally the strain~rave effects for s imultaneous operation of &all
three major classes of rmechani sms will be illustrated. ) : :

IIT. Co=bined Effects of Athermsl and Th *”'17v—hc*~vﬁuh~ Meoprenisms, At low telzaratures
erd not tco nizh strain raves, plastic deformaiion is deterzmined principally by combdined
results ol atherrmal znd therrzally-activated mechanisms. It has been comxon pracilce To

assume that the athermal and effective stresses superimpose to give the applied siress,
T, according to '

T =I*+TIJA - . , | | (29]
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resulting 1n the combined- erfects as’ shown graphlcally in Flg. ‘A, Whereas the 51mple

super—p051tion principle is patently valid when the athermal stresses result exclusively
from short—range order .or . antiphase boundary effects, it fails when the athermal stresses
Ariséceither from’ break1ng attractive junctlons or: from surmounting 1ong range stress »
flelds. : . e

g l“‘ _';‘ . i1 : : i . ;1 pA X
@ac: L/Thelgeneral‘klnd of correlation that is expected when the athermal stress arisesco
exblu51velyxfrom breaking attractive Junctions can be approximated by neglecting all . geo-. _
metrlg statistical factors and assumlng that’ attractive Junctions - -and- repulsive trees,.. ) T E

hav1ng strengths o and . respectively, are laid down in a: regular square array of .side L_,
on ‘the 8lip plane. When under ‘the sdpplied stress T, dislocation. segments are thermally
actlvated past repulslve trees, the force on the attractive Junctlons will increase and
break them athermally. The usual analysis for . simple thermally activated mechanisms.
applied to this model gives the relatlonship . : .

Y P b vexp { T (aI‘od,— ,Tstd),}. o o [3.0] ,
o CR r - : ' ’ o
T3A__ 2L b --[31].

k!

ﬁAs shown graphically by the lower solid lines 4in Fig. 4B the 1nterpretat10n here is uniquely
- @ifferent from that presented in Flg. hA The crltlcal temperature T,.» shown in Fig. 4B,
is given by - : ‘
aI‘d szP—-— - "_:‘-[32]_
‘ o ’ - . Y. K , ‘ o '
and therefore it is also independent of L' just as it is vhen Eq. 29 is assumed.
/. Over Stage.TT. for sfraln harden1na in. fnn mnfnls the Coattield °+ﬁhﬂ~ Ry “:f::
/t ol the 1iow stress at O 1 that at T, is known to be”insénsitive to the strain-
'.hardeued state.. In contrast the model outlined above, based on the hypothesis that the
" athermal stress arises completely from attractive Junctions, makes predictions at variance
with these exper1mental facts.  This is most readily seen by assuming that L_ is decreased
by strain hardening to give the upper curves of Fig. UB." Consequently acooralng to this -
model. the Cottrell-Stokes ratio is not constant but should increase with strain hardening.
This deviation from experimental fact suggests that attractive junctions do not generally
pley e significant role in strain hardening; this deduction coincides with conclusions
previously presented in Section II, that the random distribution of attractive junctions,
on the slip plane should give smaller values of B_ than estimated by Saada. .The alternate
hypothesis that athermal stresses associated with dislocation mechanisms are princlpally
due to their long~range internal stress fields, Tl, rather than attractive junctions. ap-~
pears to have more Justification. The detailed and specific distribution of such internal
stresses ' is not yet well known except for the requirement that ffT, dxdz =.0 over tne -
x-z $lip plane. If edjacent segments of a dislocation line were to lie in regions where
the sign of 1, alternated from plus to minus, the average force on the total dislocation.
would arise aimost exclusively from the externally applied stress, since- ‘those forces
due to the. osc1llating internal stress fields and the oscillating dislocation curvatures .. .. .
. would negate ‘each other. Under such circumstances .the internal stress field would exert: ' o
“practically no effect on the dislocation velocity. It is more likely, however, that as = :
‘a result of their mutual interactions long segments of dislocations having the same: Burgers . ,
vector w1ll be ‘forced to lie parallel to one another &nd theréfore. _parallel ‘to the ‘internal
‘stress fields they generate. Consequently. vhen the dislocation is taken to be parallel
. to the z-axis, T, will vary only with x. Although this variation is expected to be. qulte
random in wave léngth and amplitude, the general effect can be approximated by taklng
“the maJor term of a Fourier representation of Ti namely
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as shown in Flg. S.' A sinusoidal-interncl stiress field variation has been chowrn by i
Ccghlan and Darrett (89) to be an accurate renresentation of the strezses crizin ks
dislocations in square :arrays. . Other anglytical treatnents of slocations rovi
veriodic stress fields heve been formuleted by Chen, Gilman and huau {90}, Zvenz, z=
and Flanzgan (91), Arsenault and Li (92), Adams (93); Li (94) and Arzon (93). <Cevicusly
the sugzestion contained in Eg. 29 that Ti\ and T¥* superinpose to give T 1s inaccurete
for such models of the origin of athermal stresses.

As will be dloCUSSGQ more fully later, the inertia of dislocations is so small that
they respond extromely rapidly to commonly encountered changes in force acting on then,
Consequently their cquation of motion can be accurately represented oy

'Qt v ) , . . [31']

where v = v {x} is the instantaneous velocity at x due to the operative mechanism. T
illustrate the issues involved, Eg. 34 will be applied to the sinm ole See"er apprexineti
e

for intersection of dislocations represented by Egs. 9 and 10. Then the average tin
that a dislocation will ta&e to traverse a wave lenﬂth A is given by

t A A
. . . T, ,L bd .
oy ax , hA”s 2 7x
t = = —_—= y i -
= dt il S ®T - Sin Ty dx |
(35]
Vb expf o /mT‘ A - L bd\l E
and the mean velocity reduce to
V:L; Vb expd- = falr d - (1 - Wt ) Lva|b " - [36]
. K ‘ kT o : L}A s -

where w, obtained by analytical 1ntegrablon of Eq. 35, is a functlon of the dlmenslorless
quantity ¢ =1, L bu/AT as shown in Fig. 6. :

4A7s
The corresponding T -7 curve for e constant strain rate is
' al L2 ' :
o kT ob~ v : :
AT S A : . (37]
s s Y :

as shown in Fig. 4kC. For this model the appropri ate ecuation for surerp osition ¢ stress

is given by T = 1% + ¥ T,, [38] in lieu of Eq. 29. Furthermore Eg. 37 is not at veriance
with the constancy of the Cotirell-Stokes ratio for fcc metals over Stage II sirnce shis ex-
perinmental fact merely confirms that T varies with strain-hard 1ng as l/d in ccrsonance
with ell other terms of Zq. 37 that detérmine 1. The’reinterpreta ion of thé vrzarsosition
condition sugzze ted“by'ﬁhis rodel is by no means trivial especially for higk values of Ty
and variicularly when detailed analyses o all factors ircluding the value of the zre- '
exponentizl term in the strein-rate expression is desired.

Althouszh the cc»alls ere sllwqtly mo*e complicated, the same zgenerel trocedure of
accounting Tor the effects ol long-range internal siresses cen be applied o the expression
for v vhen it is corrected for randomness of localized barriers as given by -Za. 15. The ‘
development of analytical proceedures for accounting for effects of long-range batk siresses
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in cases where the barriers are lincar, however, have not yet been fully explored. If,
the critical condition for thermal activation of the Peierls mechanism always remains the
frequency of nucleation of kink pairs, the general procedures that were described pre-
viously remain applicable. .

IV. Combined Effects of Thermally-Activated and Dislocation-Drag Mechanisms. In terms of
Fig. 1 it might appear that a sharp demarkation exists between the higher strain-rate re-
gion where the deformation rates depend principally on drag mechanisms and the slightly
lower strain-rale regions where thermally-activated mechanisms appear to be rate control- X3
ling. Since both types of mechanisms are simultaneously operative everywhere it becomes
important to ascertain what mutual interactions take place as a result of their simultan-

eous operation. :

v As shown by Frank (96), the energy T' of a straight screw dislocation moving with a
constant velocity is
: T

_ : 2,~1/2.. 1l o 2
r= Po {1 - (v/e)"} —-Po +3 c2 vo o+ - [39]
vwhere I' is its rest energy and ¢ is the velocity of a shear wave. For the cases considered
here wheére v/c < 1/3, the first term of the Taylor's expansion is the potential energy
the second term is the kinetic energy per unit length of dislocation and all higher order
terms are negligible. Consequently the effective mass per unit length of a dislocation is
given by the small value I‘o/c2 and the equation of motion of a straight screw dislocation
becomes

2 dv

*D - = —_—
' T™*b - Bv Fo/c It [40]

Taking the boundary conditions as v =0 at t = o gives
2
%
=52 [1-exp é- Bﬁt” (k1)
T L {( o)l

For the usual values of B:=3X10~h, r 2”10_5, czirlolo, in c.g.s units, the dislocation
Velqcity_iiquires 95% of its stead -gtate velocity of T¥b/B in the extremely short time of
about 10 sec. Somevhat similar expressions apply for edge dislocations. Consequently
in most cases, even including many dynamic experiments, dislocations acquire their stendy-
state velocities almost instantaneously. The conclusion is equally valid when thermally-
activated mechanisms are also operative in addition to dislocation-drag mechanisms.

The general trends for strain-rate phenomenon arising from the combined effects of -
dislocation-drag and thermally-activated mechanisms are expected to be somevhat similar
whether the thermally-activated mechanism is that for activation of dislocations past
localized obstacles or linear barriers. Analyses based on linear barriers, however, are
complicated and consequently the combined effects of the two major types of mechanisms will
be developed here only for the simplest representative example of thermal activation
over a square array of localized obstacles as illustrated in Fig. 7. Under the action of
a stress & dislocation (i) contacts localized obstacles at t = o, (ii) bows out, (iii) cuts
the obstacle when t = t., and (iv) continues in pure-drag flight until it again contacts

the next set of obstacles when t = t,. The pure-drag-flight interval is t2 = t3 -t..

Consequently the mean dislocation ve}ocity isv=1L /(tl +t,.). [h%] v

The dynamic equilibrium equation applicable to the gowing ou% period is ¢
™ -Bv =T /R for o<t<t (43]

where v is the dislocation velocity normal to its segment and R is its local radius of £

curvature. An alternate procedure to that proposed by Frost and Ashby (97) for calculating
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t. will be adopted here. Vhen the slopes of the dislocation lines are small relative to

- uiiity, Eq. 43 reduces to

- |
ﬁb—3%=-%% [44)
X

0, andy =0 at x =+ L /2 for all
t, the 'solution (98) to Eq. hh'is . s .
2 . : - i ) 2 2
_ TVBL, 2x 2 32 (~l) (2m+1l) mx T0(2m+l) ™t
T 1 - L 3 €08~y exp j- —————5—— (k5]
"o 2m+l) S BLs )

The time t, is that for which the probability for_avéuccessful thermal fluctuation
for cutting a locailzed obstacle is unity. It can be evaluated in terms of the frequency
v for cutting obstacles of strength a for a square array, namely

' ’ ( 2era : :
vb 1 : _ Vb N .
v Ls exp {- o (aFod - 2Fod sin 6)} = Ls egp { T (sin ec sin Q)} , » [u6]

where 0 is defined in Fig. T and 2 T sin 6 is the time-dependent force acting on the
obstacle. Also for convenience & is replaced by 2 sin 8 where 8 refers to the value of
0 at which obstacles will be cut athermally. Consequentiy tl 8eterm1ned by

_ ty w | 2re o S .
1= ] E;fexp - _KE_ (51n 6 -v51g 6)) dt [§7]

o _ Is ‘
= -2 Lus ]

oy e LT
sin 8 = ldxlliy l,+ (a;) x

The assumpltion of small slopes is reasonably accurate for veak obotaclvs, e.g. tbose
for which sin 6 £ 0.2. TFor stronger obstacles a valid alternate approximation, to be de-
tailed in a futlre paper, can be employed. Since the inertia of dislocations is small, L2
was quite accurately approximated by

as deduced from Eq. k5.

tp = (L, - $)/v =B (L, - §)/tsp [49]

where ¥y is the average value of y when t = t, and is obtained analytically from Eq. 45,

1

Fig. 8 illustrates, in dimensionless terms, -how the average dislocation velocity
varies with effective stress for a series of temperatures. In this representation B w§s
taken to be independent of the temperature. Consequently the predicted variations of v
with T reflects the effect of temperature on the frequency for thermal activation. As _
the temperature is increased the delay time for successful thermal fluctuations is being

.continually reduced, and consequently v approaches ever more closely the value predicted-

by the dislocations-drag limit. The circles on each different temperature curve refer to
the condition for which t, = t,. Consequently points on-each line below each circle refer

- increasingly to conditions whefe ¥ is evermore ‘dependent on_ successful thermal fluctuations

whereas points above each circle refer.to conditions where v is evermore dependent only

on dislocation-drag mechanisms. ‘The effects of localized barriers in reducing v are noted
to persist for stresses above T*/'rc = 1 and the effect of dislocation-drag mechanisms
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remain significant oven Tor siresses somewnat-below T‘:"'/Tc = 1.

An aliernate representa stion of Fig. 8 is shown in Fi
perimental trends recorded in Fig. 1. The dbroken line cons

z. :
titutes the ireorzhti
diction for v/v_ = 0.04 accord to the model (vide £g. 13)

which is based e

ing -
or. thermal ac°19auLo“ and therefore reglects the effects of dislocation érag. ¢
ample only sllsnt’y higher values of T#/T are reguired in order to achieve the sate Ve~
locity waen dislocatiion drag effects are fPresent. For higher values of V/VC, nowever,
greater increases in T“/Tc are required to conpensate for the viscous-drag eilects. i <&
The effects of sirength of localized obstacles, as represented Ty sin GO, on the
dislocation velocitics for a constant tempercture are showa in Fig. 10. As thé obstacles
become weaker and sin 0 becomes smaller, the effects of thermal activation decrezse arnd
the average dis ocation velocity approaches that given by the cdrag limit.
Procedures similezr to those outliinad above C’ te apvlied, with caly =
creases in analytical complexity, to a synthesis of dislocetion-drag rec%a:;
for therrally-aciiveted cutting of localized obstacles wnen the oostacles zre
randomnly on the sliyp plane.  The synthesis of dislocation-drag mechanisns wita
thermally-activated passage of dislocations cver linear obstacles, as e.g. nucleat:on of
kink peirs, preserts a riore Tormidable problem that has yet to be solved. A very crude
approxinmation, based on the independent time seguerice for each mechanism suggests that.
& T°T ' -1
= a/ \ + N o
T b 2 2U
pr L\ exp {- (l - T“/T ) [50]
-Wwhere a is the separation of Peierls valleys and the other symbols are defined in Tabl~ IZ
Actual nican Gislacsiion velarities will be elightly less than that aiven by wa &0 Se-
to interacticns between the two types of mechanisns.
V. Synthesis of Athermal and Dislocation-Drzsz Mechanisms The type of athermal mechanism
determlJes the nature of its efTect on dislocation-drag mechanisms. Those athermal nmech-
‘anisms that deperd principally on short-range and long-range order demand that .
R L Tt - [51]
B B
where j = 1, or 2, since the athermal back stress is uniformly T_A'along all dislocations.
A more complicaeted relationship results ‘for athermal stresses arfsing from brezking of
attrective junctions. Since, as previously déiscussed, this effect is thougzn to bve small
it will not bte discussed further here. The effects arising from internal long-rarge stres
fields, however, are significant and can be approxirmated assuming the usual sinusoidal var—,
iation o internal stiress over a wave length A to give an instantaneous é&islocation velocity
of
(t -t,, sin 27wx/A)b
ax i [52]
dt B
After integrating to obtain trhe time of transit of the dislocation over one wave length, ¢
tk’ the mean dislocetion wvelocity is calculated to be
v=2.2f2_ o 2/ [53] ‘J
tl B hA

The distinction between effects of athermal siresses due to short and long-range crder and
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long-- ~range internal stress fields on drag-limited velocities are noted in Fig. 11.

VI. Combined Effects of Atnnrhal, Therm 11lv-Activated aﬂd Dislocation-

IS ~

The various puir-wise syntheses of athermal, thermally-activated, anc dislecaibicr
mechanisms were wresented previously to provxde a rather direct- eveluation of eazci
various interaction effects. A unified apnrozch to the evaluation ¢f sirain-raie

wvhere 21l three nhdor types ‘of mechanisus are simultancously operative is row eas
velopéd: This will be illustrated for the case vhere (i) a sinuséidsl dizirizusi
internal stross accounts for the atnermal stress. (ii) the thermally-aciiveied rzchaniza
consists ‘of activation of dislocation segments over localized barriers diztributed in a
square array, -and (iii) where the drag coefficient B is assumed to have a constant value.

The mean velocity is again giveh by Eq. 42 and the time t

, ,» during which the dis-
location bows an ;1“ml’y cuts the obstacles by thermal-fluctuations is given by Zg. k7.
Tre sinusoilzl vericztion of the internal stress, however, demande that T% of Z¢. &5~

be equated-io T - ut. es explained in Sec, III. The Tree flight time invervei, <.,.
the instent o th “mai activation to recontact of the dlslocabion with local zed oojstacles
is now given by ' '

L~y B(I -Y¥)

- 2 2, 1/2
v bt -1y, )

where y is the average.value of y at t . and. v is obtalned from Eq. 53 r=":/I:1'ca.1'e;'a:mlec
of the effects of sinusoidal internal Stresses on the veloci ty-stress relationship for
localized barrlers of one strength at one temperature are shown in Fig. 12_ :

VII. Comvarison of Fxverimental Results With Theory. The theoretical predicitions of dis-
location velocities and plastic strain rates that wers deseritaed in the preceedinm cections
w3l) now . be comparad with seme pertinent cxmerimentel dota. Three dilflercit uyyes ol ga=

‘periments will be discussed, namely (a) determinations of the drag coefficient B from

ultrasonic attenvation data, (v) general trends of v as functions of T and T and estimetion-
of B as deduced form direct measurements of dislocation velocities, (c) and gencral trends
of Y versua T.%or a serles of te ne”atures as obtalned from straln—rate tests.

A Ultrnsoq*c Attenvation Data., Many demping mechanisms contribute to the attenuation
of stress wvaves in crystalline solids. Invariably a portion of the total attenuation in
the ultrasonic rarze arises from dissipation of mechanical energy due to the operatvion of
dislocation-drag mechanisms. Analyses of such attenuation data are usually based on the
vibrating string model introduced by Koehler (99), elaborated by Granato and Lucke (100,111),
and further refined by Rogers (102). a significaat assumption made in this mcdel is that
the drag force normal to each unit lenszth of a moving dislocation is linearly related to
its velocity as given by Bv. In general the attenuation depends on the amplitude of vi-
bration and distrivution of dislocation segment len"ths.' Most tests for ithe determination
of 3B, nowever, have been conducted in the low-anplitude and high-frequency ranze of con-
dltlons vhere the exverimental results and ueductlons based on the Granéto Lucke nodel
agree in giving atienuations that are independent of amplitude and loop lenzgth. Unéer

these conditions :
- B =28 6T/, - | [55]

where Q is en orleqtauloq aeto-, o is the densiiy of the freely vit at;“g dislocetions
and § is the limitinz attenuation ai very high frecuercies ansln5 from dislocaticrn-drez
mecherisms. NMzson (103) has suriarized the various methods that have been endloyed t6
separate tre dislocazion-drag effects that account for ¢ fron the total aitenuenicn ITrem
all causes. Althougn p refers only to the density of the Ffreely vibrating dislocations,
it is usually estimated in terms of etcb-p1tz1ng or x-ray techniques which eapproxinate
the totel éisliocation density. - '
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Recenily Fikata and Flbauwm (86) have determined the attenuation in rormal and zuner—
conducting P ot low tauperatures in the high-annlitude and high-frequerncy
attenualion is wmplitude devendent and incressces linearly with frequency.
of ‘3 was bascd on Rojer's extension of the string model to include 1 by
as to account more accurately for breakaway of pinned dislocation zepmentc. The rmazinan
attenuztion cceurs for sirezs amplitudes where dislocation breakawsy Trowm pinncd noints
Tirst becomes counlete, additional increases in the stress emnlitude coute ne  furiher
losses due tc breakaway, and therefore result in decreases in attenuatiorn for yet grezier
anplitudes.

The meximum attenuation for the superconducting state occurred &t 5
than that for the norial stete, thus accounting Tor lower values of B for ucting
state. Tais effect is attributable to lowered damping in the superconducting state erising

from uncourling of electrens from the phonons. The shift in amplitude &t maximus avien-
uation vas L to determine B. The analysis did not need to invoke any &id 2oc >
concerning detulils of slocaticn networlks. . Trhe values of 2 co ogstain
state were essentially independent of tewperature over the range from L.2°7 <o

se data ere inconsistent with expectaztions based on Mason's (76-80)
cosity, they are in accord with Holsteins (75) model for electron sca

3

Aveilable data from attenuation investigafions ere summzrized in Table V. and show
that B usually renges from 0.5 to about 20 x 10~ dynes-sec/cm®.

nts of Dislocation Velocities. The Johnston-Gilman Technigue (113)

B. Direct Me=zsurere

and nodificetions thereor are used for direct determination of dislocation velocities, This
involves dividing the displacement of specially introduced mobile dislocaticns by th
duration of an applied stress pulse. Dislocation displacements are determired either by
euvch-pitting or by the 3Berz-Barrett x-ray technique. The latter hes the adveniage o not
only being more generally applicable but also giving additiornal information regerding
Rursere wastane af dha Jdelnnatines dreraleead o Tomardmanta hir sen tnd Milwesn {2270

and Gorman, Wood and Vreeland (11h4), have dexonstrated that the same velocities are ob-
tained from pulses of the same intensity regardless of their duration, revezling that the
inertia of dislocations is extremely small anéd thus .confirming the nominal validity of
this simple method for determining dislocation velocities.

} Stress

Inaccuracies in the velocity-stiress data arise from a series of causes: (a
te appre-
-

pulses, particularly thote of short duration at the higher stresses, often devi
ciably from the idealized rectangular shape. Corrections usually made to compegnsate for
such pulses are crude except for cases that epproach the idealized condition such as re-
sult when torsional shock dbar techrnicues (115) are used. (b) Velocities show wide scaiter
from specimen to specimen depending on variations in perfection of crystal substructure.
For example acid machinad specimens usually give higher velocities (116) <han those pre-
pared by spark erosion techrioues. (c) Variatiors in velccities of different dislocations
are zlso ovtained in a single test. Such scatter is orten attributable to ihe dresence of
nearby &islocations, loczl differences-in their arrangements and conseguent eliects ari
from locel éifferences in ihe internal stress fields. Usually no corrections were arnliied
sO a5 to compensate Ffor such varistions. In a few cases corrections were atiempied dut
the methods employed were crude and of questicneble validity end accuracy. (&) Velocities
were reported es mean values in soze investigations and as the maximum values obtairned in
others. Botkh rmeasures rellect in different ways variations that arise Irom tecanicues of
introducting rovile dislocations and locel differences on surface conditions. It is dif-

5

ficult to sestisfectorily justify either measure of velocity.
Dislocation velocities are usually reported as {unctions of the azslied stress. Over
the low-stress rarge, as emphasized by investigeticns referred to in Table VI A, &i i
velocities follow thre gencral trends with varisiions in tempersziure end siress iha
expected whnen therrmally-zcetivated recl.anisns control dislocation motion. Confirmation
led anclyses of the operative rechanism requires information on the variations in

I
2
(=7}
1]
ct
o]
e

v

Oy
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TABLE V :

Danpin~~Cocfficient B

Crystal o B x th 5 - Temp Dis slocation Ref.
' ) dyne-sec/em” °K . dcnultj e
Lif 2. 300 - .3 xi107 ' v ' (104)
3.4 300 - 8x10° . . S (205)
7.0 300 5 x 1% (112)
¥eCl 5.5 300 - : (106)
. 1.6 A 300 ~ 1.2x10 - (aok)
M R | s 17 5 x 10 (107)
' 12,0 100 ' '
11.0 - 150
12.5 195
16.0 300
Cu- N 2.24. w0 - .3 x. 106 -(108)
' » © k.o o _ 18¢ _ .
7.5 300
w 0.58 1 RT: 106 (112)
| 1.2 o298 | |
2.2 o Loo
Cu | 6.5 300 Coasx1® 0 (09)
Pb - 3.7 300 2. x 107 ' (110)
1.24 : 7 . ¥ _ .
Pb o 0.86 ' 4.2°K - (111)

activation energies and activetion areas with the effective stresses.  In most investigztions,
however, no attempt was maede to deternine activation erergies or the aune:mal siress levéT
- thet is needed to caleulate the effective stresses. These omissions cousled with ineceur-

~ecles ard scaiter in dislocation vélociity data have compounded the difficulti ntered
in attemrting cetailed identification of ihe thermelly-activated mechani

Ny

vorted by °re>e1 é:d Conrad (123) on the velocities of dislocations in

nOLeworthy exve on Lo the usual iavestizations. They determireld the sl s osire
level gnd rCUuruCC velocxtles in te"*s of the effective stress. As will e di s ssei
e}

in greater detail in the Iollow1ng section, Prekel and Conrad shoved tnut velocity cdata
obey ihre same rclationships as strain-rate data.
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TABLE VI A

Dislocation Velocity (Low Stress Rerion only)

Crystal Ref. Teiaperature  Stress Range Velocity Range Remarks
- %K dy/em " em/sec B
' -6
Ge A117) 113, 773, . 1x 0 go S x 10 ~ to ‘Ho orientztion de-~
823, 873, 973 5.5 x 1071 pendence of velocity
M3 EP -
3.255% (118) 73, 198, 1 to 3 x 10° 3 leo"8 to 8 microns subsiracted
Si-Fe 298, 373 107°; M;EP from traverse.
(110) sliv
3.25% (119) 198, 233, 298 1.25 to 2.2 10:; to 26 micron substracted
( Si;?e x 109 10 73 M;EP fron traverse
112) slip
b (120) 300, 194, 77 1.6 x 108 9 T2 x 10:; to Neutron irradiztion
to 5.1 x 10 3 x 10 hed the sere effect
AEP as lovering tend.
Fe (121) 17, 198, 1.2 x 10% to 3.7 x__lO-'7 Measurerents made on
295, 3173 5.4 x 10 to 10 1 slip bands, not on
' A Xr individual disl.
Zn (122) 77, 88, 100 _ go 65.5 10‘6 to 10 1 In the low temperature
pyranidal 110, 175, x 10 M;ZP + XR region, screw éislo-
slip 230, 273, ~cation moves faster
29k, 323 than edge.
‘Ni (123) 77, 153, 273 Eo 1.0 b x 1077 to Motion of edge dis-
x 10 10’2; AEP location obcerved;
8 micron sujstracted
from traverse. :
Mo (124) 300 0.6 to 2.5 7 x 1077 to Dislocation moved
x 108 5 x 10 only on {112} pleres.
M;EP .

A = Averege velocit
observirg sositl

Dislocation velocity data that extend intg

in Table VI B.

Velocities in excess of about 10

ively.

¥; ¥ = maximum velocity; ZP and XR are etch pit and x-ray metrcd for
ion of dislocation respect

the high stress range are summarized
cn/sec zppear to be elmost linearly
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Dislocation Velociiy (Vith Imphasis on Hizh Stresses)
Crystal Ref Stfcs§ ranze Velocity range  Temp B x'th Rerarzs
: dy/cmal cm/sec N ¢) ¢ dyne-sec/cr
Nacl - (125) 2.0 x mg to  2x 10;8 to 300 2.0 Edge ¢izlcestions
; : ' 5.0 x 10~ 2'x-10 noved fezter
A;EP than zcrevs.
LiF (126) 6 x 18" to L x 10—6hto: 300 v770 Edze éizlocaticns
' 1.96 % 107 6.5 x 10" 17 : noved faster
A EP than. screws at
) lower siresses
Al . (127) up_to 1.6 % lOlb o 2.8 T4 1.33 Velocity neasured.
: 107 x 10°; M3XR 123 1.5 in (111) plene;
173 1.9 Larze Scetter in
266 2.4 data.
o (128) 2 x10°% 1o 1.5 x 102 to 296 7.0 Edge dislocation
' 1.% x 10 6.2 x 10%; ' velocity mozsured
H3AR ’
5., N 2 ' ' . e
Cu (129) 7 x 10 g0 up to 8 % 10 77 ~1.h Non-unifornm
ks x 20 ‘ 298 ' motion of dis-
iocaticns
Zn - (130) up to 1.7 4.0 x 102 to 300 7.0 Predominantly
(basal siip) x 107 7.0 x 107 edge disl; stress
M;XR pulse not rec-~
: tangular
Pb © (131) 107 go 5 up tg 5.5 - .78 2.22 Measur=ents rmade
x 10 x 10%;M 300 3.43 on slip barnd

'

% B is nmessured from the linear plot of velocity - stréss deta in the high stress region.

dependent on the applied stress suggesting that the dislocation drag mechen
ihese velccities

tive in this

-

regior.  Tarly.suzzestions (113) that the

P

Lam

ghest of

‘sms i3

orvera- -
were

approaching the relstivistic limit of that for sound have proved 1o Te ircorrect. Ais

spown in Tig.
velocity ircer
the v - 1

the highest ¢

2 theoretical curves of velociiy versus stress exnibit two rezgicns vwhere
sowewiat linearly with stress. '
curve charuzcieristic of waere the rate control
prineipally themmally-cotivated to the dislocation-
tresses where dislocation velocities are principally controlled by disleca

cased

Srar

e Gy

Lally -

mechanisxs.

The first occurs in the stesp
mechanisms is changin: fren

Tre second

The

100~
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vven ut relatively high velocities the slopes of the v - T curves de-
d scmevhat on the uwcitivation encrgies, temperature and the athermal siress level. ZIn
past the effecis of these varizbles on the v — T rclationship were nezlected and the
rag cocfficient was cvaluated as B'= (1. - Tl) v/ (v, - v1) where v, und v, are velccitie:z
assoclated with T, dna T, respectively if the high veiocity linear range. Usually, hcuwever, A
athermal strecs lévels ufe small relative to the applied stressec in thic range. Typical
experimental resulis of v versus T curves in the high stresz range are showa in Fig. 13.

Wypical velues of B oviained from velocity investigations are listed in Table VI Z. ‘
Admitting various inaccuracies these values agree reasonably well with thoze decduced frex z

acoustic attenuation neasurenents previously presented in Table V.

C. Strain-Raf ectc. Various types of experimental techniques have been us
termine the e stress, temperature, sirain-hardening, structure and subsiructure
etc., on plac Sucn technigues fall naturally into one of two naj
. devendent on the strain rate. TFor slow strain rates, up tc &cous
iype creep tests or, more olten, constant strul
tension, compre ar) are well adapted to give acgurate and ccorrelateal

of dynamic impact test methods have been employed, among them the Xolsky techrigue (1322)
and modifications thereof. As the strain rate is increased, the techniques of reasurement
become nmore ccmplicated. ften considerations of the presence of inertizl stresces and
vave propazetion elfects are overlooked thus lezding to less accurate dats than trose re-
ported for the lover sirain rates. HNew or better experimental techniques need yet be de-
veloped to provide satisfactory accuracy for cases where the strain rates exceed about 105
per second.

As shown by .Eq. 11, plastic strain rates are linearly related to the product of the
Burgers vector, the moovile dislocetion density and the mean velocity of such mcobile cdis-
.locations. Wwhereas v can be evaluated as a function of the effective stress and terneraiure
DY diYect measuvement ., no exverimental itecnnique Las yeo vreu GEvEIlUpet U GELCLamnbe
during a test. During strain-hardening in the athermal regiorn it is known that the totel
dislocation density increases as the square of the athermal stress level, given bty XZqg. 20.
Within the limits of experimental scatter the seme conditions hold during high-tcmperature
steady-state diffusion - controlled creep. In addition the steady-~state rates cbtained
during Viscous Glide creep agree extremely well with the theoretical prcdictions based on
the hypothesis that the nobile daislocation dernsity is equal to the totel dislocation
density which obeys Eg. 20. On the other hand, as demonstrated by Johnston and Gilzan (113)
and also Hahn (133), vien the initial mobile dislocation density is much below tnat sus-
gested by Eq. 20 (vhere now T refers to the yield stress) dislocation muitiplicetion takes

- place upon deformation, the stress-strain curve exhibits a yield point and finzlly fcllcowing
yield strainirg,.the correlations given by Zg. 20 become valid. In general, however, p
cannot change unless either straining or recovery takes place. In eralyses of mosi strain-
rate data the assumption is usually made thet p is constant for a given sirain hardened
state, despite the increese in flow siress with decreasing test temperature. This assuzd-
tion is wholly consistent with the previously quoted correlations. Furthermore Prekel and
Conrad (12L) have shown that the experimentel values of 3(lny)/3T and xT{(3imv/3t}, at
constant temperature, deduced indenendently Irom strain-rate and dislocaticn velcceiiy tests

ax4

respectively on Mo are within experimental error identical functiops of the effectvive

stress T¥#. I the mobile dislocevion density had increased with T, the calculated value
of kxT_(31ny/37) should nave exceeded that for 314av/d3T by 2 X7/T. At T = 300° end 7 = 1 Py
kg/ﬁmQ,RT(Slny/ST)should have exceeded kT(31nv/5t) by 30%. Since this discrepancy is greater
than the exmerimental error it follcws thai the modbile dislocation density, Tor these fests
concucted atv & Tixed state, does not vary es T2 but remains substantizlliy comstent. In
meny high strain-rete éyramzic tests nowever, it is custonmary for tie seke 07 accuracy R
to first correlate tkhe sirain rate with siress rollowing sbout one percent or rore oF
straining. %4herefore if Eq. 20 vere also expected to apply in these tests, the sirzin rate
should have iIncrecsed with about the third power of the stress. In contrasi, hovwever, at

train rate

strain rates winere dislocation drag mechanisns seem to be rate controlling, the s
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: inearly with the effective stress. : The reasons for this '*v'“ant dic-
ney have not yet been resolved. | But when either the theoretically estima
tentelly detertiiined value for v is introduced into Lg. 11, p iz estimad
the nov too umreasonable value of about 10! per ar® over a rauncr wide rango

o
"

J
e
i3
(o]
m

Expcrimental data on strain-rate versus tre"v relatiohs'ovo* a wid}"
rates are nov zve ab"e’on,Al-(131—139) and Al-Cu alloy (138), Cu (2%0,1
lb?Al (1%3), Zz'( Lii-1k5) end mild steels (146).:'px exemple is given in 3
recéent results Al (137). The gercral trends coincide with thoze su
sythesis of athermal, thertally activated, znd dislocation-drag mechanisnz
12. Despite the nominal agrecrent, the odserved strain-rate versus strece
usually fa2ils to exhibit the inversion noted in the theoretical curves of'-'
12 over the transiiion region from the thermally-activated to the a*sloc
in add*tion, the slope of the- exnerlmen al curves increases with inereasin
wrereas i he uﬂcO“ stical curvas exnlolt the opposite trend. These second oi’
beoneen exs nt and t“LOAV need.yet be resolved. '

3!‘»-

*“:

VII SUMMARY

The.lews for plastic flow in crystalline solids are usually quite complicated and
frequently appear to vary from one solid to another. . These facts are now known io ve re-
flections oI uhe hosts. orf clficrent deformaulon mcchanlsms crystalllne 901lﬂ= ur.cervare.

Four Paj r types of neformatlon rcchanlﬂmv, (a) dlffu51on—controllcd creen (b):
athermal, (c) thernally-activated, (d) and dislocation-drap processes, are now 'c;early
identified and docusented. All four mejor types of mechanisms however, conuribute simul-
taneously to the observed net strain-rate erffects. The complexity of the plastic bc"uvior
of crystalline solids is further enhanced by the fact that a number of different individual,
subtype mechanisme usually operate at the same time Lo ~s to contribute %o the chseived
‘ei1ect Or esnn moisy type of mochanism, Only in certain simple erwmupice, ond vien vuly
over special limited ranges of experimenﬁdl conditions, may the influence of only one of
the operstive mechanisms predemincte. Despite the excellent progress that has been made,

_especially recently, in rationalizing st"aln-rate effects, much yet remains to be completed

(a) &n crea of considerable interest concerns the replacement of cimple string models for
dislocations by more realistic models based on atomic interactions. Euch advances would
provide improved concepts of dislocation interactions with each otaner and other strain
centers, and better predictions on stacking Tault energies, energies for cutting localized.
obstacles, Cnd. forming constrictions, jogs, etc. These advances should also wrovicde a
clearer picture of the motion of dislocations over Peierls hills and for the failure of

the Schmidt Laws in bee metals. (b) In addition a great need exists for the develozment of
geometric probapbility appropriate to dislocation dynamics so as to permit rationalization-
of thermally activated behavior of dislocations past & random distrivution of loczlized -
obstacles and when several mechanisms are simultaneous ly operative (c) ©™ne attempt to
obtein a unified anzlyticul structure for visualizing the combined effects of trhe four

major dislocation mechanisms, given major emphasis in this report, need be pursued to

ruch greater depth. (d) Each of the four major types of deformation riechanisms reguire o
additional theoretical develorment and experimental exploration. {e)} Because no anzlyzablé
experimenizl data are available for strain-rzte effects where the dislocation velocitles .
ere in the relativisiic or the supersonic renges, this should prove to be a Iruitful area

I3t

for researcn. nCQ¢ulOnal theoreticel develorments are also needed in this range.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

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

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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