
Lawrence Berkeley National Laboratory
Recent Work

Title
STRAIN-RATE EFFECTS

Permalink
https://escholarship.org/uc/item/2bm5b0x4

Authors
Klahn, Dale
Mukherjee, Amiya K.
Dorn, John E.

Publication Date
1970-09-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2bm5b0x4
https://escholarship.org
http://www.cdlib.org/


l 
1 

l··· 

Presented as the keynote paper at the 
2nd Inter national Conference on the 
Strength of Metals and Alloys, Asilomar, 
California, Aug. 30-Sept. 4, 1970. 

~~ECEIVED 
L!iWl1.ENG 

RAOiAI'iON lAGORATORY 

· NUV 1 ~) 197U 
LIBRARY AND 

DOCUMENTS SECTION 
STRAIN-RATE EFFECTS 

UCRL-203ZO 
Preprint 

Dale Klahn, Amiya K. Mukherjee, and John E. Dorn 

September 1970 

AEC Contract No. W-7405-eng-48 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks~ 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

c.Z-

LAWRENCE RADIATION LABORATORY 
UNIVERSITY of CALIFORNIA BERKELEY "' 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain conect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any wananty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



1. 

j 

-1- UCRL~20320 

STRAIN-RATE EFFECTS 

1 . 2 3 
Dale Klahn , Amiya K. Mukherjee , and John E. Dorn 

Research Metallurgist, Inorganic l4aterials Research Division, Lawrence Radiation 
·Laboratory, Berkeley, Qalifornia. 

2. Professor of Engineering, Department of t-1echanical Engineering, University of 
California, Davis, California. 

3'. Professor of Materials Science and Senior Scientist respectively of the College of 
Engineering and Inorganic l>lat·erials Research Division, of Lawrence Radiation Laboratory, 
University of California, Berkeley, California. 

I. Introduction 

Crystalline materials exhibit a variety of different strain-rate ·effects. Tl1ere 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 sa:ne 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 riot readily possible to satisfactorily 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 fruitful. 

lJespi 'te J.'LS J.nneren't comp.LeXJ. 'ty 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 reason­
ably realiBtic theoretical models that permit estimates of the effects of the independent 
variables of stress, temperature, and substructure on the plastic strain rate appropriate 
i'or some individual mechanisms; ii) The nominal validity of such theoretical preclict:i ons 
can occasi.onally be checked by comparison with speci.fic experimental results in tbe fc~r 

examples and over the limited ranges of conditions where the. plastic strain rates are 
prlncipnlly 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 tmtard the synthesis and unification 
of strain-rate effects arising from the simultaneous operation of several mechanisms. In 
particular, attempts will be made to estimate theoretically dislocation 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 vrill be compared with experi!llental results 
on damping capacity, dislocation velocities, and plastic strain rates. · 

II. Types of Deformation Mechanisms. The characteristics of the several types of defor-. 
mation mechanisms are revealed by the differences 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, y, over each of the four ranges of these variables as docu.11ented :ln Fig. 1 
for Agl>~ single crystals (2-4). Whereas many other crystalline materials exhibit approx­
imately the sa.11e general features, Agi·,Ig was selected for illustration beca-:1se it pro­
vides clear· delinea.tion of each unique and distinguishable range of plastic behavior. The 
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C.esiG:::-..ticn' ot': the V:!rious distinguishable rar.gen of plu.st,ic flmr as· due tc cJ.:j.:r:ping, 
ther:~::lll;r-activ:lt'ed, ather;r,al and diffusior1-cont:::-olled mcchanis;;,s ~ras done pr:l.r:,&.i-il:r for 
'cbtven0i.ent'L:refei"l~ncre·,. Ir-.,fact-'all types of :ncchunisrils are operative over all :tes.t con.,­
_d:it.:ionst '~ T-iie- a~:s:icnatc'd, fuecr.£l.liizr.u:; howeVer, •rill', be · shmm. to dor:;ir,atc caer, .o:th:C::r::; in.' ,t:.t 
pres'er;ibeli'~r;a.rili;b .. >;I:t' wtll be· helpful, ho•.?cver, toy fir~t .cliscuz: bricf.l:r c:r..c:h ;:-:-,-::chad:::::. <:.s 
'i·f: itq)p~rh.'t.~d :il:i':c·oinplcte inolation from all otilers and then to cont::i d.er in ;;U::::.ar;r thE: 
more rcali?tic situation of simultaneous operation of several rnecl:anis::.s. 

,-,, 
""~- ·-

A. ·.Diffusion l<::ontrolJ0d Mechanisms. Excluding a few rare exceptions, mo:::t ::.etal::: <:.!'ld 
alloys•. dcfor~l 'b~t di1'i'uslon-controlled creep at low stres:::eG and at tc::r(r,erat~.<r<.:s <::r-cve 
about one-half of their ::telting te:n:perature. As shovrn in ?ig. l, di:ffusicn-co!ltrolled 
creep at constant steady..,state rates is chr.racte:dzed by :rapidly decreasing stresse;:; •,rith 
increasint; terr.pe:ratures. T.he various diffusion~controlled creep z:,echanis:ns doc~.<:r.en.ted in 
Table I have now been identified (5). · 

TABLE I 

Diffusion Controlled Creen Mechanis~s 

:Subtvne ~;echanism 

A. Dizlocation Climb 

B. .· Clir::.b in Dispersion . 
strengthened alloy 

D. .Z.labarro 

Coble 

F. Superplastic 

e: = Steady..;state tensile s 

£ kT s 
D Gb.= 

g 

creep rate 

Relationship 

b = Burgers vector 

Theoretical Justificatic~ 

[ 1] Good,· but needs 
improvements 

[2) Needs extensive 
development 

[ q] Excellent 

[ 5] 

[6] 

Excellent 

!\eeds exte:;si ve 
develo::;;ce::rt 

kT - Boltz:mann' s constant times· absolute· d =Mean grain Q.iar.-.eter 
te::lperature 

D 
v = Volu:ne ditfusi'vity .(J =: Applied tensile stress 

D s = Solute-a.to:J interdif!Usivity. IS. and K
2 

;::: constants 

D = Grain 'boundary diffusivity " = s,acing between particles 
g 

G . .., Shear moa..::.:'.ls of elasticity r ::: Radius of particles 

I. 
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Naba.rro· (6), Coble (7), and perhaps Superplastic (5) creep as well, are due to 
changes in grain shape arising directly from vacancy fluxes under chemical-potential grad­
ients. In contrast c1·eep by the Climb (8,9) and Viscous Glide (10) mechanisms are .due to 
average ratr:s of slip displacements of dislocations released by climb. At the steady state 
a balance Jltnst 'necessarily ,be obtained behreen the rate of accumulation of dislocations 
and thefr 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 Cottreli atmospheres (11), Suzuki effects (12), Fisher short-range order 
mechanism (13), etc.) the Viscous Glide of Dislocations becomes slov1er than the rates ob­
tained exclusively by the Dislocation Climb mechanism. Although clfmb always occurs, the 
creep rate is' controlled by Viscous Glide >rhen 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 co11trolling plus the sum of rates from all remaining mechanisms. Although many mech­
anisms .can. be operable at one. time, usually one exhibits the highest creep rate and there­
fore becom~~s d61ninant over special ranges of o/G, b/d and T as determined also by the 
relative mq;nitudes of D , D and D . · At temperatures somewhat belovr about one-half of 
the absolute melting temperature, ht3wever, 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 (14). 

Transient creep seems to occur only when dislocation cells and entanglements are 
produced as a result of the initial plastic straining that t~es place upon application of 
stress (15) .. ·During the course of transient creep such entanglements dispe::-se and are 
finally replaced by the steady-state subgrain size whereupon the steady-state creep rate is 
obtained. In 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. ;!'h~!:_mnl 1 y ACT.1 var.ea Mecnanj sms. over J.ow t.PI'1!'E>rat:ures H!ld .:!'o::- :::::::in::i.l :-a'!:c.: ::;f st:- .:..::.~-., 

plastic flo-.r 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 m<~cl1animns 
(vide Fie. 1) are characterized by rapidly decreasing flow stresses with increnr;inc; temp­
eratures. The maximum temperature, T , over :~orhich thermally-activated mechrmisrn:> prcdom­
inute depends on mechanistic details; cit increases with i.ncreases in the acti vati.on energy 
ancl plastic strain rate. Two different classes of barriers have been recognizeu past wbich 
dislocations can be thermally activated, namely linear barriers and loca.Li zed bat'l'ie~·s. 
Typical examples are noted in Table II. Although the details are different, all subtype 
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 ener~y; this is 
followed by a decreasing free energy as the bowed-out region spreads· along the length of 
the previously arrested dislocation. In contrast all subtype mechanisms for motio:n of 
dislocations past localized barriers arise from individual thermal activation of separate 
dislocation segments that subtend each contacted obstacle whenever thermal fluctuations 
exceed the stress-assisted saddle-point free energy for cutting that obstacle. 

The activation energies, eg. U or·u of Eqs. 8 or 10, refer to the minimum work 
that need be done at constant tem~eratuFe, 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, pO\{ever, contribute to inaccuracies in estimating .such free energies. Usually 
the magnitude and resulting effects of inaccuracies are difficult to determine because they 
depend on how 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
nct~on enerc;ies between dislocations and strain-field centers become increasingly inaccurate 
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'I'h~r.r.::lllV'-AC t i ya t cd . 

2:.~~_£;_ ,. -1 t·· 

E;<~mnlc·~·s 
l_ l . 1 e,t~-·-: !~,;.:; ,::· ; __ c-.1··: _.,,,. 

A. Linear l3:wrier , Subtypes 
.' ··-:~ 

a. Pcierl::; 

b. l'sc.udo,..Pcicrls 

.c. Cross,-Slip 

,cJ.. R~c.ombi:iation 

e. .Cottrell-'Lorac~: 

f. etc. 

B. Localized Obstacle 
Cutting Subtypes 

' I"-· J... ., ~ ,_ 

a, .. RepU:lsiv~i'dislocation 'trees 

b. Solute-atoo sti-ess.fields 

c.' Gt1inier -Preston zones 

d. Radiation:..ua:mage centers 

e •. etc. 

(18-25) 

(26) 

(27-28) 

(29) 

(30) 

(ll,31-:-35) 

(36-41) 

(42-45) 
.. 'J.-·. ,' 

, (46_;50) 

y = pb~ : Plastic shear strain· rS:te' [li) 
',I, 

p = Density of mobile dislocations 

v I•lea.n velocity of mobile dislocations 

v = Debye frequency 

r 0 = Average disloca:ticn. energy per unit l~~g~h 

L 

. ·: '_11.1;_~- ~~. \ _•JCJ,_ ·: , L. 0: 

Prototype Model- Dislocation Vefocitles· 
..... ....,, .... {, 

A. Pcierls bY: !:ucle<.~.tion Rat.c c;~~ Kinf. pairs 

v = [ 7) ~ 

• ' Tr n u :::: 2 ti (1 - 1.*/:'C ) n · k p 
[8) 

1 ~ n: ~ 2 for usual types of Peia::-ls hills 

B. Cutting Simple Rectangular O:.stacles 
in Square A,rray 

, (9] 

[101 

.2. = mean distanc~ bet>ie.en barriers 

d = width of barrier 

a = Relative barrier strength (O~o:~2) 

T*= Effective stress 

Un= Free energy of activation of !'crr::.ation of 
a. pair O.f kinks 

~=: Kink energy 

. Ua= Fre~: energy of acti'vation''for C\.;:tting 
.l.ocai:i.zed barriers .- "' ··· 

• • • ' ;/ ' • ' 1- : ~· • • ' 

. at sn:all, se~t.rations where the greatest effect~ should be observed e.r.d. the .h!ghest a.~cl.ire.cy . 
is )lSUe.liy desfreiL A neeci exist.s for th~ develOp:llent of more r.ealistic ,C.is:!,.ocatio!l r.iOC.els. 
so as to proviC.e :more ·accurate saadle.:.:lloint esti::lations of .free energies for· a.ctiva.tion. · .... ~ ,.. . ·. ,\··. . . . ~. ~- . . . ' : ' . ' . · .. ~ ' . ' . . . .. '.. . . - ·. . •' . :" .· '. ' . ' . 

.. · At:t:-_e::i::;>t- freque_n¢ies for ther::lB.l ac:ti vatic:l are usually esti~e.ted in, t~rZ::~ .of the 
i'U!'lda."l'.ent!:.l frec;.ue:1cy o:' vibration or the dislocation sesment .that becq~es. :..ctivateC. as 
based on the strint; Jr.odel. . 'The resulting inaccuracies in the atteti:pt. frequency, however., 

·,_, .. 

. •. .' '., ~..:.- ~-- ' . ,-.. ..:. ... · .. _._ __ 

.. 
. ~ .... ·- ·. 

' .. ::- :. 
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do not seriously affect the theoretical predictions of mean-dislocation velocities. Never­
theless more.sophisticated approaches to the entire problem based on detailed knowledge 
of partition functions would be a helpfl.ll refinement. 

Eqs. 7, 8 and 11 refer to the simplest prototype model for thermal activation of dis­
locations past linearbarriers. Other linear subtype mechanisms have many features in com­
mon with-this prototype. Nevertheless each mechanism usually exhibits significant differ­
ences inthe 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 
identification of the operative rate-controlling mechanism. 

The free energy of activation for cutting the different subtypes of loca}ized 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-point free energy of activation is given by Eq. 12. 

The simplest type of force-displacement diagraJn is rectangular where x - x is uni­
formly equal to d :md the maximum force is F = ar over distance d. This mo~el, ~hich bas 
the activation energy given by Eq. 10, approYlimate~ conditions that apply ;rhen undissociated 
glide dislocations produce jogs upon intersecting undissociated repulsive forest dislocations. 
When the obstacles are arranged in a square array where £ = L on a side, the plastic shear 
strain rate is given by the Seeger (33) approximation, namelys 

• ( \- b ) y = pbv = Pb L Ls exp 
s 

{- ~T (ar d - T*bL d)}· 
0 s 

(13] 

It is a sir..ple r:lU'.;ter to include the frequency of reversed motion of the dislocation :i.n 
this formulation since the dista:1ce moved against the effective stress is L and therefore s 

2_ 

kT 

,n 
ft"'41 1 ;~ + ..,-.;.(•",-T -~\I I 1}• I 

·"··o-· ' ~~s JJ ·-·, 
If t~.e obstacles are distributed more or less randomly on the slip :plane, hovever, 

nore obs'o:.acles ,-;ill be contacted as the dislocation bovs out to smaller rn.dii oi' c_urva-ture, 
R, as the e:':fectiv0 stress is increased. Friedel (52) has shm-m that the length of a diu­
location subtended by rando::1ly dist:ributed weak obstacles is given by 

(
2r L 2)1/3 

t = (2 R L 2)1/3 = o s 
· s T·~b 

(15] 

-when there is one obstacle per B.!'ea L 2 on the slip plane. i-1hen this value is ir.troduced 
into Eqs. 9 and 10 and the frequency 8f reversed reactions is also conside~ed (53) 

v • n t." (2r:::2) 213 
=p {- ~T [•rod- 2113r"d(';:,bfJ} 

[1 -exp {c ~T (•*bt," + 21/3 r
0
d(•;:,bf)}] [16] 

Tr.e ·precl:i.cteC. -r* t! T relationz!"'~ps for (a} t'l"'Ae Seeger app~oxi."nati.on ne~:..ectin[; ~::.e ~ .. eversed. 
reaction, (b) the Seeger a:p?roxi.'":".ation corrected. tor the reversed reac-cic::: ·. s.~C. (c) -;;!-.e 
Friedel steacr-s'.:.<.-;;e aiJ~roxi:~.ation are docu;:-.ented in Fig. 3. Hhereas --c::0 reverse.i res.c:.i on 
occurs so ir.:'res.u.":-rtly that its ne.:;lect. is t:.:J.i::-.portant excepting :'or ex1:re:-::cly ::::-:."-::..:. v<:.lucs 
ofT*, the e:'fec'.:.s of: T* on 1 as ,c::ive:J. by the Friedel·rando;n steady-state correc-;;i.on, .:-es~2.ts 

in- major _c:-l~nces ir~ ~~c t* - T correlations. 
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Identification of individual dislocation mechanisms is often made difficult as a re­
sult of si~u+taneou~ pf!.rticipation of several different thermally-:activated mechanisms dur­
Ing defc)rmation. Under two alternate sets of conditions, however, deformation rates are 
control\ledLt>r:edOniil.1alrUyjby onec mechaMsm::J, (i.),Whenueach.:dislocat.ii:on. ilngertakes a. series 
illts difif~refit: .i'nechah:i.sms 2 in .·sequence ,o£he:~slowest becomes rat'e-cont:rolling1; !.' ,, i;i.) 'J1 \~ben.~ . 
di~l~cat.ionz:rgl'i~ei is·r:the n~t resu~~~·Ofts:~vera.L1f!Utel'pate ::uec;hanisms and .the s-tl"ain1 rat~. 
a'r~sing'' :tronr:l~bn(! :Jsj rnuch ~greater than ;thate from all others , it becomes. rat·e controil.ling. 
When<·suche:Simpld.f'YincLcondiUbns are not 'reall.ized, howe~er, severe problems are ·often .. 
ehcoUrit'ercM Hi''att:e:mpts. tor e(~;~'tablish useful theoretical: formlilation~r :for ·rationalizing 
:S<tra.tn;.rate _effect.e .· >:Al'j;hough oth~r ~pertinent examples· could be add,_edto this list, the . 
following are illustrative ·;of tyPes of .~~oblems that n6w 'aeserve more detaiied attention: 

a. Ste.tisti~::.l .analyses·. for distributions of localized si:::-ain ~entc::-~ of Ya::-ia.ble 
st1"e1-:;;ths, such as encountered in solid solutions or rap.~ation da.::-.a~e, on the 
stre.in-:rate effects. 

b. Nodifie:s.:ions of• strain-rate effects for.the'P;eierls r.1echa.nis:.i as e. res"J.lt of 
solid-:solation alloying. 

c. . Conditions 'that .. P:revail when both thermally-activated cross slip as Well as cut-
ting localized strain centers prevail. · 

C. Athermal Defo::::r.;ation f·1echanis!'!!s. As illustrated in Table III, a thermal disloce.ti9n 
, mechanisms .fall into two general classes. 

TABLE III 

Athermal Dislocation Mechenis::ts 

r~:v~~'!':'J.e .. . 'R.t:>f'. Ai;.r..~.,.,..,.,, s~""'.':u::~ 

a. ;rnh~re~t a. Fl,she'r' s SRQ (13). '[ lA= CNaNb a ccB [ 17] 

b •. Cutting APBs (54) 
t = YA 

(1 6b [18] 
2A 6-;r - ;s-=r 

a·. Cutting Attractive Ji.mctions (55-58) 
'[3A C: a·ab;p- [19] s 

b. Condition~ 

b. .Long-Ran~e Back Stresses (59.-61) ·. 1'4A = 13Gb;p- [20] 

T A = E T JA [ 21] 
J . 

·c = 161/6 for 

Total operative athermal 
stress level 

bee alloys 

e:B = e:AB - (e:AA + e:BB) /2 = Bond energy 

2 y A = Antiphase boundary enerby I<=. 

N , ri .. = At.omic. fractions of a and b atoms a o 
' 0. . ·.:::. Cowley i s degree of short·•range order . c . . . . •' 

~"'·=Antiphase 9-0!Iiain dia:neter 

~s = B = i/5 . 

Inhe~ently e.the!:'r.!al r:echanisi'!!S are characterized by a continuously increasing free enersY' . 
~sa dislocation is :'arced through thecryste.J.,. In this case·no saddl.e-:point frea erier~:; . 
is ever e.ttair.cd ri:-.d. conseciuently the process cannot be facilitated. 'by ther:ial fl·..::ct.uat~ons; · 

·' disitoce.tior.s ca:J.. o:-.ly be moved. r..echanically under :the atr..ermal. stress level :s\!gt;esied. ir. . 
'i'able: ~!IL • Cond.itior"a.lly atr.erme.l r.:.ecr.e.ds::~s are. similar to therilaliy~ac:r,iYstea. =~ecr.a~is=.s. · · ·· 

·· insofar as· the f:::!'ee cr.ert;y reaches so:::.e ns.xi::-.Ur.l. value u~on disple.c~er.t 6:'' \.::ie dis locatio::; 
they ciif:re:r :f'::!'c:n co:::."::on ther.::.il.lly-activc.ted !:lec'ha::is:r.s either because the s:;.C.C.le ... ?:>int :'rce 
ener.sy <is 1Yast.ly cre<:.ter th:;.n kT or beca"J.se lo~~ sec:r.en\.S of dislocatior.s :::us~ 'be' :ioved 

.'relatively to: distances before the saddlc;..poi.nt ·free enert;y is reached, :Ln eitf.er· ever.\. 

.:; ' 

. ..: . ,' .. ··· 

· ... . ·, 
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sufficiently enere;etic 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 or· the temperature especially in the 
interesting range of low temperature where frozen-:-in; short-rane;e and long-range order pre­
vail. The athernw.l stress levels that depend on mutual interaction of dislocations, such 
as T~ and .t 11 A' decrease only slightly with increasing temperature according to TjA = TjAo 
G/o0-L22] wh~re the subscript zero refers to the absolute zero of temperature. 

The estimate of B e!l/5 in Eq. 20 is generally verified experimentally ( 5, 62) .. But 
the :fact that the estimate for B 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 less random distribution 
of attractive junctions on the slip plane. As suggested by the some,ihat simpler cases 
studied by F'orem:w and Nukin ( 63), the value for B is expected to be considerably less 
than that.of 1/5 vhen randomness is invoked. It tlierefore appears that the.major factor 
responsible for strain hardening arises essentially from effects of long-range book stresses 
rather 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 become·· rate-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 mecb.anisms 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 usu~lly happens as soon as the plastic shear strain rate first exceeds ~ value 
o:f about 3 x 10 per second or when the mean dislocation velocity is above about 10 em/sec. 

·, 
All viscous drag mechaninms considered here u .. : '- ~;;owtonian ~:~..wl cuusequentJ.y 'CUe drag 

force acting on a unit length of a moving dislocation is given by 

[23] 

where T b is the drag force and B is the net drag coefficient. As the dislocation velocity 
appro~cRes 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 ( 611-69) 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. t.fany theoretical details encountered at high dislocation 
velocities however, need yet to be ~xplored, 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 coeff'icients B., appropriate for various dislocation 
mechanisms limited to conditions where v ~ c/e whefe c is the velocity of sound, are docu-
mented in Table IV. · 

Each of the five dislocation-drag mechanisms documented in Table IV are different. 
The net drag coeff'icient, B, is thus the sum of those for each independent mechanism. 
Contributions to B from thermoelastic damping, however, are almost always negligible. In ·~ 
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. · 
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'1'1\BI.J;: . IV 

D:i ::ltwation-Dt·:w tl,ec:hnni.::in:-: 

A. Thermo.ebstic .,, 

B. - llli [ 24 ) i ~ 13c · • · . 

B. Phonon Scattering 

Li.ebfricd B . Eb .·. 
2 = ~.o,~ 

Eshelby ,J 

. Eb 
Lethe B2 =.12c• in core 

. [25) 

(69-'(1) E:n<.:r("~ loss due to. irrC;vcrzible heat flo·,l f~c::l 
the- col:lpressional to dih.tatio:.(;.l z:l.dr: c,f r~,c.vi:.-1e 
edcc -dizlocatic,n; C.cntri butio:': b.·::..out zr.:to fvt" a 
&crew disloca:tion. · Eff"cc:t'· of tc::::pefi;. ';;urc az 

(72-74) 

on E. 

Drag results from the net diff{::rerice i:.-1 the ::lo­
meritu:fi of .scattered phonons fror:j the front anC. 
back of J?:tO"~~n·g c'ii·s·locatlan·, ~~:;.g cc8:":~icit:::-.t 

increases only ·sU6htly( with. bc~~c:azi:.J: r:· aocve 
Debye temperature as dictated by E. 

c. Electron Scattering (75,76) Scattering of electrons in e~ec"tronic co::,ductors 
by the st;ress field of i:lovin.r; diz::.occ.-::,ion.by 
mechanism analogous to phono:1 scc.tteri:-.g. Drag 
coefficient is independent of tim:;>erature. 

B = .-. 3 . 2-rr (~ c)2(CJ.r.:) K2h.2N b2 
3 128 h . E ~ :<:..,. f e 

,, l • . 
·.- -B2 1 " 

1 .,c' ,.2 ' 2 
= lb 3 m '!rn b . . . [ 26] 

.b e 

D. Phonon Viscosity (77-80) Difference in the shear strain ~ates as the 
. 2 . 
b n 

B4 = 
__ '0_ 

8n"a2 
0 

DEK · 
n = -----2.. 

p C c2 
v 

[27) 

;J.! ,..., ...... ,.. ... ~ ,.. ... -·.-.~ ........... ··~~· ... • ....... ·. . ' ... : .• ...... ". .. ""'•W-..,"'"-"".J.."""'•• ,. ... ~"'ow· .... "'"_"""'..,._..,~,6 ~ ..,.'- ~ ........ -""•-•• ""'~ · ""••'-
vibration frequencies of the C.i:':'erent phonon 
modes. En~rgy loss is due to dissip:-.t:l.on of 
heat from the phonons having n_iGher -:;.:;r;rpere.t.ure 
to the cooler ·ones. Slightly eli fferc:nt for edge 
and screw components. ·Dra.s coeffici cnt vani sl•e.s 
at To::O and increases up to Debye ten:!•<:>ra"turt: and 
thereafter increases only dightly with ir,c::~eas­
ing te::~perature. 

E. Electron Viscosity (81,82) Momer.tu.'ll changes in electronic conductc:::-r. due to 
strain field of mqving dislocation and. .t!·a:::lsfe::-
of mo::~entum.fro:n electrons to pho:.ons, res~.<ltins 
in heat dissipation. Drag coefficient is s-.;ron.-;l;r 
te::~perature dependent and follows the te~per~ture 
dependence of p -~. 

a = Cut-off radius of dislocation core 0 .· 

B1 ~= Drag coef!'i.Cients 

Be = ~ectron-pt.or.or. coupling constant 

Cv - Spe~i:'ic t.ee.t per ur.i t vol w..e 

D = rionlineari ty constant, can be calcu­
lated fro!:l third o::-der clastic constan'.;s 

.. ·.· 
i• _..:._,. 

e = 
' 

E = 

Et = 
h Ill 

IS> = 

e 

4.8 X 10-lO esu = EJ,ectronic change 

Thennal energy density 

Fen:i energy 

Plafick' s cons.tant 

Thermal conductivity c:~e to phcncr.s. 

• 



Kr ::: ~lave vector of an electron 
the Fenni level 

m = l-1ass of al1 electron 
e 

nP = Pho~on visco~ity 

ne = Electron viscosity 

at 
UCRL-20320 

Number of free electrons per cc 

pe = Electrical resistivity ohr:.-c:::s 

= r£ypical Fo:urier CC::'o!)Ofi!:nt 

field associated vrith tile 
vf t!'le st~e.in 
Qislo_caticn 

Althou.:;h the o:pcrat;i.on o-:: the listed m.echanisms is well estublisheci, c:.ucc:~:.ons ~,e;.·1e 
arisen re;;a'rG.ing (a) how realistic the assu:C.ed l:lodels for each oecr.a:r.ist'.. !':'..i,:;":-.-: '::;;:; a:-.c. ("::;) 
ho~v accurately the analyses based on each model might have been carried .out. 'l':-.e cp..:esticr.s 
are parti.cularly ue:::-tinent for the l:lechanisr::s that involve electrons. For e:z:a:1-vle ?.o:::r.el 
and Tittman (83) have questioneC. ivhether t:'le electron viscosity rr.odel of lt.aso:r. ·un ,82) is 
applicable .u:-1der u:;uG.l exper:incntal conditions- and Mason 1 s reply ( 8l1) sugge:::t -;;;:at he co:r.­
sidere·c. it to be vr .. lid. :provided the dislocc .. t.~on yclccit.ies re.."naineC.. s·..:~sta:-.~.::.ally :e:;3 :.:~[:..:'.; 

the speed of sound. 

In addition to .theoretic~l questions there appears to be unresolved cifferences in 
some of the experimental re:mlts. Some attenuation rr.easure:nents (85) for Al; Cil, and ?b 
shm,r a strong te:::perature dependence .OI~ B at low te.'Y:peratures, which seer.1s to be in accord 

·with .t.lason's electron viscosity r.;odel. On the other hand, recent r::e:asurcr::en'.;s on ?b (86) 
an Al (87), '"hich shm,r that B is essentially independent of te:operature at l.ow ter~perm;ures, 
tend to suppo::-t the electron scattering model. Such experiuental inconsistencies ID.ilSt be 
resolved before mqre light can be shed on the:se issues. 

E. Recauitulation v!. 7-h Su>:1r~arv on Ma.ior Cle.sses of Defor..1ation r.fech<:.nis!:!s. Usually several 
subtypes .in each of "~he four !':lajor classes of deformation rt:echanisr:ls opera-.;e si:r:mlte.neously 
so as to co-operatively determine by their rr.utual interactions the net effect of 'c::at rm.j or 
·r.,~.!=;q n'"" ·t.r~ ·<;~· . .,..."~-· .... ~~~ rt.r:t~.r: .. :1_~ 'f:~·l" esti .. ~~:.i!~C:.~ ::·:..::::..:1~ C:i...·;:::."t·:!..!!e'.i -::f.:.. ... ::.-.:!·!-~ :.· .... ·:.· ~~.!·:..:...:..:.:: ~:..::.::;·...!...:::: 

cases have already been susgested for the major deformation rr.echanis:of; of ciii'fusiun-con­
'l;rolled creep, atherr.tal processes, and dislocation-dl·ag phenor:'.enon. The net effects a!·isir.g 
from the sinultaneous operation of· several thermally-activated Mechanisms, howev•~r, is 
usually quite co::-,plicated due to intimate interactions between them. More complc:t.c ex-

. e.":lination ot co::1bined effects of simultaneous operation of several individual thc!7.la.lly­
acti vated n:c~chanisms need be made. 

All four major types of mechanisms are operative at any one ti:nc. Over ll:r:it(;;d · 
ranges of conditions, however, one of these mechanisms becor:tes pre<lominant. i~C::vertheless 
the effects of the re:naininc; mechanisms are detectable. A principal objective of ti:is 
report concerns rationalization of strain-rate effects when several major defo~at~on 
mechanisms ure sir:lUltaneously o~erati ve. For the rer.lainder of this paper the conC.i tior,s 
will be limited to those where diffusion-controlled creep is negligibly slow. Consequently 
only those strain-rate effects ascribable to cor:J.binatio::1s of atherr:J.al, therr::ally-e;.ctivateC., 
and dislocation-drag :nechanisEs will be considered. For clear e.~~hasis of nutual inter­
actions bet· .. reen these :najor classes of :::techanis:ns, they will be considered !'irst in corf.- · 
binatior.s of pairs. FfnallJ" the· strain:..ra-::.e effects for simultaneous opera·;;ion of all 
three major classes of mechanisms will be illustrated. 

III. Cc::-:::>ined Effects of Ather::-:al and rrtP.::-:::'.=".J.}.v-,:!.ct'::·,r,.t~5. ~.~~cl".F,.,; s:-1s. At low te:.:::~:-atures 
e.r.d not teo hi,;h s·.;rain ra-ves, p:iasc;ic dei"or:~,.:.,'-;;ion is C.e-::.er::.i::1ed principally by cc::-::>ineci 
results or' c::~::err:al z.r.d ther::.ally-activated :::echanis:ns. It r.as been cc::-z.cr: p::-ac-::.:.ce -::.o 
ass~e tt.a-::. the ather:::al and effective stresses superi~pose to give the applied svress, 
• , according to 

't = T* + '[ 
jA 

[29] 
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resUlting· in the coinbinedeffects as' shown g~aphically ·in Fig. 4A .. Whereas the simple 
super-position principle is patently valid when the athermal.f!tresses result exclusively 
from short-range order or antiphase boundary effects,. it fails whem the a thermal stresses 
ii.riseL:either from breaking attractive junctions or from surmounting long range stress 
fields. 

,h:.:- C· .nc l; :· . . u .:t. 1 .-. 
e.~c: v.TheJgeiierall kinli of correlation 'that: is ·e;x:pected when the athermal. stress aris.esc::·­
:exblusi:vely.i.frbm breaking attractive .junctions can be approximated by neglecting, all. geo­
Jiletr.i~ statistical factors an,d -assuming that attractive junctions and· repulsive trees> , 
ha\iihg strengths a. A and a. respec~ively, are laid do\o?Il in a: regular 'square array of side. Ls, 
on the, slip plane. Wh,en, under :the applied _stress T, dislocation. segments are thermally 
activated past repulsive trees, the force on the attractive junctions will increase and 
break them athermaJ,lY,· .The usu8.1 .analysis for simple thermally activated mechanisms 
applied to this model gives t~e rela:i~~shi{p a, ( l 

y = p b vexp - kT (a.f0d - TLsbd)J [30) 

a.AfO 
T3A = 21 b (31) 

s 

As shown graphically by the lower e;oli\i lines in Fig. 4B the interpretation here is uniquely 
different from that presented in Fig. 4A. The critical temperature, Tc, shown in Fig. 4B, 
is given by · 

and_ therefore it is also independent of L- just as it is when Eq. 29 is assumed. s . 

[32) 

, , Over St.aP'P H fol> str13.in hardening. in-.:f'~~ m.,t,Al" +h~> rnt-.t.:r~>n~.s+:·~,,~-.- ~~':!) :-~:':::: 
l · b of'Lhe-f.ww stress at •r1 •to that at T2. is_ known to be_··· insensitive to the strain-

'l'J T2 · · · · 
hard_etied state. In contrast the model outlined above, ,based on the hypothesis that the 
athermal. stress arises completely :(rom attractive j.unctions, makes predietlons at variance 
wi_th these experimental facts. This is most readily seen by assuming .that L is decretH;ed 
by strain hardening to give the upper curves of Fig; 4B. Consequently accoriiing to thi.rJ 
model the Cottrell-Stokes ratio is not constant but should inct~ease with strain hardening. 
Thls deviation from experimental fact suggests that attractive junctions do not generally 
play a significant role in strain hardening; this deduction coincides with conclusions 
previously presented in Section II, that the random distribution o!' attractive junctions, 
pn the slip plane should give smaller values of e than estimated by Saada. .The alternate 
hypothesis that athermal stresses associated withsdislocation mechanisms are principally 
due to their long-range internal stress fields, T., rather than attractive junctions-ap­
pears to have more justification. The detailed afid specific distribution of such internal 
stresses is not yet well known except for the requirement that J J T. dxdz = 0 over tne · 
x-z slip plane. If adjacent segments of a dislocation line were t5 lie in regions where 
the si~ of Ti alternated fromplus to minus, the average force on the total disl,ocation 
would arise almost exclusively from the externally applied stress, since those forces 
due to' the, oscillating internal stress .fields and the oscillating dislocation curvatures 
wotild negate each other. Under such _circumstances the internal stress field would exert 

.···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 will be forced to lie parallel to one another and ,therefore.parallel to the internal 
stress fields they generate.' Consequently-when the dislocation is taken to be parallel 
to the z-axis, Ti will vary only with X. Although this variation is expected to be quite 
random in .wave length and amplitude, the general effect can be approximated by taking 
the major t.erm of a Fourier representation of "ti namely 



• 
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[33] 

as shmm in Fig. 5. A sim:soid<>.l internal stress field variation has been s:-tmr:-; by !iiY.:, 
Ccghla.n a:-:d D:;,l·rett (i:l9) to be- an accurate rc,;_::,resentation of the st:cesses £;.:::-i:;i:-.t; :'yr-:::. 
dislocations in squ:l:::-,: c.rruys. Other analy-c.ical treat:-:1ents of dislocatio::-,::; ::.cvi:-,f;; i:-; 
periodic· stress fields have been formulated. by Chen, Gilr::.an and Eeacl (90}, !:vc.!'.s, :?.0:.iley 
and Flana,;o.h (91), Arsenat<lt and Li (92), Ad"'---::S (93), Li (94) a:ndA:::-;;on (95). e-·c·ric·..:.sly 
the suzGestion contained in Eq. 29 that T • f and T ·:f superi:.1pose to give T is ir.accu:cc·.t€: 
for such 1::od.els of' the origin of a.thermalldtresses. 

As ,.,ill be discussed more fully late:::-, the inertia of dislocations is so s:::all u,at 
they respor.d extr.~::wly rapicily to corr.monly encountered chan!_!es i:1 force act::.::c em the::., 
Conseque:1tly their c~uation of motion can be accurately represer.~ed by 

where v = v {x} is the instantaneous velocity at x due 
illustrate the issues involved, Eq. 34 will be applied 
for intersection of dislocations represented by Eqs. 9 
that a dislocation 'dll take to traverse a wave length 

A A . 

t:: Jt J dx ·J- - ~~ T4ALsbd 
dt = v = _ exp kT . 

o .o ·o 

'.vb cxp f-
( 

and the mean velocity reduce to 

- A { 1 [< v :: - = \) b exp . - -- ar d 
"t kT o 

[ 34) 

to the operative ne:::!;c.:-:i s:::,. To 
to the si~ple See.;er a;:rpycxi::latio::'l 
and 10. Then the c.ve~age ti::1e, t, 
A. is given by 

sin ~j d A X 

TL_bd~ ~ 
" I j 

[35] 

[ 36] 

where w, obtained by analytical integration of Eq. 35, is a function of the dimensionless 
quantity <jJ = T 4A L s b<l/kT as shovn in Fig. 6 • 

The corresponding T - T curve for a. constant strain rate is 

a.r o kT n Ob 2 
V 

T = 1/lr 4A + L b - L bd ""0 -.-
s s y 

[37] 

as shown in Fig. 4C. For t~is model the a~u~ouriate equation fo~ superposition c~ st~ess 
is given by T = T* + 1/1 T 1, ~ [ 38] in lieu of- Eq.- 29. Further;::-,ore Eq. 37 is not at va~ia::1ce 
with the co~stancy o~ the· Cott~ell-Stokes ratio for fcc ~etals over Sta.;e II sir.ce ~~is ex­
peri!:lental fact merely cor-firms that T 4Jl varies \-Ti th strain-hardenir,g as 1/L_ in ccr.so:-.a::1ce 
•rith all other ter:r.s of Eq. 3? that deter:.'.ine T. The reir:terpretation of tr.~ s~~::r:;:osi ~ion 
condition sug,;esteC. by t~is r:-,odel is by no ::ear.s trivial especially :'or ~i.;::: val~es of -r

4
A 

and particularly w~en ~etailed analyses o~ all factors including the value of the ?re­
exponential ter::1 in the strain-rate expression is desired. 

Altho·.l:;h the cicta:ils are slightly mo~e co:::-.plicated, the sa.-::e general proc~-5.-.;.:-e of 
accountinG for the e~fects of lor.ci-range i::1ternal stresses can be a?plied ~o ~he exp:-ession 
for v vhen i "t is co:r:cected fo~ ~J.nd.o!:lness of localized barrie~s as ci ven by ::::~_. :6. ':':::e 
develo~~ent of analytical procecdures for accounting -for effects of long~range back s~resses 
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in cases where the barriern are linear, however, have not yet been fully explored. If, 
the critical condition for thermal activation of the Peierls mechanism ahrays 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-Dra13 f-iechanisms. In terms of 
Fig. 1 it might appear that a ~harp demarkation exists between the higher strain-rate re­
gion·where the deformation rates depend principally on drag mechanisms and the slightly 
lower strain-rate rec;ions 1rhere thermally-activated mechanisms appear to be rate control­
ling. Since both types of mechanisms are simultaneously operative everywhere it becomes 
importantto ascertain what mutual interactions take place as a result of their simultan­
eous operation. 

As shown by Frank (96), the energy r of a straight screw dislocation moving with a 
constant velocity is 

r = r 
0 

r 
+! _£ v2 + ---

2 2 
c 

[39] 

where f is its rest enerc;y and c is the velocity of a shear wave. For the cases considered 
here whgre 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 r /c2 and the equation of motion of a straight screw dislocation 
becomes 0 

T*b - Bv = r /c2 dv 
0 dt 

Taking the boundary conditions as v = o at t = o gives 

V = T:b r 1 - exp ~- B~ 2t n 
- l { ·o JJ 

[40] 

[41] 

For the usual values of ll~3Xl0-4 , r ~·lo-5, c2 ~1o10 , in c.g.s units, the dislocation 
velocity -il.quires 95% of its steady-gtate velocity of T*b/B in the extremely short tillle of 
about 10 sec. Someuhat similar expressions apply for edge dislo~ations. Consequently 
in most cases, even including many dynamic experiments, dislocations acquire their steady­
state veloci ti.es almost instantaneously. The conclusion is equally valid vhen thermally-· 
activated mechanisms are also operative in addition to dislocation-drag mechanisms. 

~1e general trends for strain-rate phenomenon arising from the combined effects of 
dislocation-drag and thermally-activated mechanisms are expected to be some~rhat 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 typ.es of mechanisms will 
be developed here only for the simplest representative example of thermal activation 
over a s~uare array of localized obstacles as illustrated in Fig. 7. Under the action of 
a stress a dislocation (i) contacts localized obstacles at t = o, (ii) bows out, (iii) cuts 
the obstacle when t = t

1
, and (iv) continues in pure-drag flight until it again contacts 

the next set of obstacles when t = t~. The pu~e-drag-flight interval is t 2 = t 3 - t 1 . 
Con?equently the mean dislocation velocity is v = L /(t1 + t ). [42] 
The dynamic equilibrium equation applicable to the ~owing out period is 

T*b - Bv = f /R 
0 

for [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 1 will be adopted here. When the slopes of the dislocation lines are small relative to 
unity, Eq. 43 reduces to 

[44] 

For the operative boundary conditions of' y = 0 at t = 0, and y = 0 at x = ± L /2 for all 
t, the 'solution (98) to Eq. 44 is s 

= T*bLs2 [ -~2x) 2- 32 Loo. (-l)m (2m+l) ~x 1- ro(2m+l)2 1T2tl] 
y 8f . 1 L 3 . 3 cos L . exp 2 

o s 1T (2m+l) s BL m=o s 

[45] 

The time t is that f'or which the probability for a successf'ul thermal fluctuation 
for cutting a loc~ized obstacle is unity. It can be evaluated in· terms of the frequency 
v for.cutting obstacles of strength a for a square array, namely 

[46] 

where 6 is defined in Fig. 7 and 2 f sin 6 is the time-dependent force acting on the 
obstacle. Also for convenience a is0 replaced by 2 sine where·6 refers to the value of 
6 at which obstacles will .be cut athermally. ConsequeritS:y t

1 
is aetermined by . 

1 • {
1 ~ exp 1- +.-. (sin e c - sin e) I dt [47] 

( I I , \'J I 
sin e = I ~ ;v 1 + (~I I X - - ~~ [4tij 

as deduced from Eq. 45. 

'.rhe assumption of small slopes is reasonably accurate f'or vreak obstacles, e.g. those 
for uhich sin 6 ..s: 0.2. For stronger obstacles a valid alternate approximation, to be d(~­

tailed in a futUre paper, can be employed. Since the inertia· of dislocations is small, t 2 was quite accurately approximated by 

t = {L - y)/v = B (L - y}/T*b 2 s s [49] 

where y is the average value of y when t = t 1 and is obtained analytically from Eq. 45. 

Fig. 8 illustrates, in dimensionless terms, how the average dislocation velocity 
varies with effective stress for a series of temperatures. In this representation B was 
taken to be independent of the temperature. Consequently the predicted variations of v 
with T reflects the effect of temperature on the frequency f'or 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 1 = t 2 • _Consequently points on each line below each circle refer 
increasingly to conditions where v is evermore dependent on successful thermal. fluctuations 
whereas points above each circle refer.to conditions where vis evermore dependent only 
on dislocation-drag mechanisms. The effects of localized barriers in reducing v are noted 
to persist for stresses above T*/T = 1 and the effect of dislocation-drag mechanisms 

c 
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An alterr..atc Y'C:::_:Jrcscntation of Fie. 8 is shmm in Fie;. 9 vrhich parc.l:e:ls ·c.:-.e ex­
pe:d:::-!ent<:,J. ti-cnds rc:co:cded in Fi€. l. The broken line constitutes 't:,e t.:.eo:o::~~ic[,: :r;re­
diction for v/v = 0.04 accordinG to the n:odel (vide Eq. 13) uhich is ·oased. exc::;.::;:_,.-ely 
on the:::-!:-:al ecti 9at.io:l and therefore r.eglects the effects of dislocation cira,;. ::r. t:-.is ex­
anple only s:!.ir;htiy higher val"J.es of T ·li /T are recuired in order to acl-.ieve tne sa::e ve­
locity ''he:-1 dislocation drag effects are ~resent.~ For higher values of -;;;v c, :-.m-.-eYe::-, 
greater incre::?.ses in T'·:·;T are reauireu to cor.1uensate for the viscous-dra; ei':'ects. c • • 

The erfects o~ strength of localized ~~stacles, as represented by sin G , on the 
dislocation velociJ~:i.cs for a co!lstant te:;roer::~ure are shmm in Fig. 10. J..s tr.~ obs"Lac1es 
beco::e ,,,ea.~er and si:1 8 beco:r.es smaller, the effects of thermal activation decrease ar.d 
the average d.islocaJcioncvelocity approaches that given by the crag li:r::it. 

Procecit:.~es s:!=-~-il.S.l" to t!:.ose outli:1ecl above can be ~pplied, ":·;~ t:--;. c:":.::/ r.:o~C:..::~ -­
creases in analytic.:..l cor.:plexity, to a synthesis of dislocation-drag r.1ecl:ar-.i.s:·::s ':·.'i th tl:a-c 
t:or therr.ally-ac·ci V<.'"~c:d. cuttir..G of localized obstacles vrilen the o·ostacles a:cc c.:.:stri-o'J.ted 
rando::.ly on the slip plane. 'Ihe synthesis of dislocation-draG :::echanis;.::o l>:i.t~ -c::c:se fo:c 
ther:nally-n.ctivatcC. passa.:;e of dislocations 0ver linear obstacles, as e.g. ·r:ucleation o::: 
kink p<:..i~·s, preser.ts a r::o:re foroidable probler;, that has yet to be solved. A very cruC.e 
approxi~ation, based. on the independent time sequence for each mechanism sucgests that. 

v = /taB.._ 
a T*b . 2 

T b L '\ 
p 

a 1T2r ] - 1 

exp (~~ (1 - T*/<p/1 [50] 

where a is the sepa:ation of Peierls valleys and the other symbols are de:ined in Tabl~ II. 
Actu.a1 r.~t::c:.::·J l:i.slnr·:.-·i.;,.r, 'Ve-1or-1+.iP~ vi.}l ~'=' sli[:!:~l:.r l~~s -t::~~-!":' t~~-t 
to interactions bet1.;een the two types of :necha.nis::::J.s. 

V. Synt!:.esis o:: At·!l.::rr.-,al and Dislocation-nrag Y.echanism~. The type of athermal mechanism 
determi!'lcS the nature. of its eff'ect on dislocation-drag mechanisms. Those e:!:.her:-r1:1l r:lech­
anisms that depend principally on short-range and long-range order demand that 

T*b 
v = -- = 

B 

(T - T ,jA )b 

B 
[51] 

where j = 1, or 2, since the a thermal back stress is unifor:nly T • A along all dis locations. 
A more complicated relationship results 'for athernal stresses arfs'ing from bre~<:.ir..g of 
attractive junctions. Since, as previously discussed, this effect is though to oe small. 
it. will not ~e discussed. further here. The effects arising from internal long-ra~ce stress 
t:ields, ho\·rever, are significant and can be approxir:-.ated assur.:ing the usual sinusoidal vaY-. 
iation of internal stress over a wave length A to give an instantaneous C.islocatio~ velocity 
ot: 

dx 
dt = 

(T - T 4A sin 21Tx/i.)b 

B 
[52] 

After ir.tecratinb to ob~air. t~e tine ot: transit of t~e dislocation over one wave le~~th, 
tA, the ::::J.ea~ dislocation velocity is calculated to be 

[53) 

The distinction betueen et:fects of ather::::J.el stresses due to short and 1or.G-rar~e crder a~d 
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lons-r::.:1.::;c i::tcrn~l :;;t!·css fiel!ls on dr~-li:~.i ted veloci tics. are not(:cl. in Fie. ll. 

VI. Cc;r.'bi::c,• Effc_~~;; of' Ather;7,al, 'l:ner!ll~-P.ctivated anrl :JislocaU.or,-Jc'J/' :.-:r~r~:-;'-~:is:~.s. 
The vario-:.:s :p:·.ir-\-;isc syntheses of ather.:lal, ther::,ally-acti ve:.ted., z.;,G. d.islc(!<:.tic-:.-clcC:.; 
ne~ha:1is::!S uc::-~ prcsc::.ted previously to provide a rather direct eval:.:ation o!: ec:.c:f.. cf the: 
various i:!tcractio:. effects. A unified ap!Jroach to the evaluation of strain-ra·;.~ effE:c:ts 
lY"hcre all three mnjor tYIJeS 'of :ncchanisrc.s are si!!!ultaneously opera'cive is r:o~-r E:D.:;ily cle:·­
vcloped. '1:':1is will 'be illustrated for the C[J.Se '\rhere (i) a sinusoid.8.l ci.istri·::,ut.ivn of 
interr.al stress aceo-,i:-.ts for the ather:nal stress. (ii) the therr.1ally-acti·r<:."':.c<l =~-'=c:-.<:.::i:;;:.~ 
consists of activc..tion of dislocation ·secments over localized barriers G.istrit.ut8.::!. ::.:-, a 
squar~ ar:·a;r, and (iii) where the drag coefficient B is assu:ned to have a cc.:-.st<:..;-:t. vaLle. 

The mean velocity is· again given by Eq_. 42 and the time t, , dur::.ng ;.rhich the dis­
location ""::lC.\I"S a:-:d fin::clly cuts the obstacles by therrr.al-fluctuations is given by :::c. 47. 
Tr.e sinusoic"..al v~c!':L~ .. t::.on of the internal stress, however,_ de:nands that -r '1' of ::;C<.. 45 :;,c-.;.; 

'?c e~ua.teC. to .. r ;- ·\JT hit as explai:-~ea. in Sec. III. The ~ ... ree flight -c.i::l.e ir.t.e::::-ve..l) ~,.., ::~c:: .. 
the l.nstr.nt o: tner;;:;n.L activation to recontact of the dislocation vrith localized. o15sta.cles 
is now given by 

Ls y B (L 
---= 

v 

n 
- y) 

T 2) 1/2 
411. 

[54] 

where y iG the aver use value of y at t
1 

and v is obtained from Eq. 53. Typical e:xa:.1:ples 
of the effects of sinusoidal internal stresses. on the velocity-stress rela~ionship for 
localized barri_ers of one strength ·at one temperature are shown in i"iE. 12. 

VII. C~'::rison of l~x~erimento.l Results With Theory. The theoretical prcdicitions of dis­
location v.;loci ties z.r.d plastic strain rates that '1-lc:..·-~ clescri 1.-::d i_n the ureceedin;:: :::ect.j on r; 
'W'J J.J n~w t'l~ r'O~,:!_)are, ,_,.; +~ ~,...,!":1~ pcrtir1cnt cx~·crir.:;.c::-:c.i C:c:t\J.. Th:ce~ .~~; :e:cc1!t. ~.Y ;_Jc:u ~ ...... t:.l .. -

peril!lents 'fill be discussed, naraely (a) deterr!linations of the drag coefficient B :from 
ultrasonic attenuation data, (b) t;eneral trends ol" v as functions ofT anci T ar.d esti~.ation• 
of B as dedu(!ed form di::-ect measurer:1ents of dislocation velocities; (c) and general trends 
of Y versus T for a s~ries of te::J.peratures -as obtained from strain-rate tests. 

A. Ultrasonic Attem:Gtion Data. ~-1any damping mechanisms contribute to the a-ttenuation 
of stress vaves in c:::·ystalline solids. Invariably a portion o:f the total attenw;.tion in 
the ultrasonic range arises from dissipation o~ nechanical energy due to the ope~·ation of 
d1.slocation-C.::-ag mechanisms. Analyses of such attenuation data are usually basec on the 
vibrating string mod0l introduced by Koehler (99), elabo::-ated by Granato and Lucke (100,111), 
nnd further refi::1ed by Rogers (102). A sir;nifica::1t assu;1rption made in this model is that .· 
the draa force normal to each unit length o:f a movine dislocation is linearly r~lated to 
its velocity as gi vcn by BV. In general the attenuation depends on the a.":',pli tud.€; of vi­
bration and distributio:-: of dislocation segrr>.ent lengths. !-iost tests for -..he de-..er:~inatiori 

oi' :S, howev{:r, i1ave been conducted in the lou-a!"-pli tude G.nd high-frequency ::-ar.ge of con­
ditions \orhere the experi::::.ental results and C.eductions based on the G::-anato Lucke ::1odel 
agree in givi~g atter.uations that are independen~ of a.~plitude and loop length. Under 
these conditions 

B = 2 n price [55) 

Where 0 is an orie::1tation ~acto::-, p is the der.sity Of the freely vibratin£ dislocations 
and o is the li=iti~s atte::1uation at very high ~re~~er.cies arising fro~ dis:ocaticr.-i::-ag 
meche.r:isms. !-:as en ( 3..03) has su:::.:arized. the various ::J.etl-:.ods that have bee=' e::::;Jlcye.:! to · 
selJa::-ate t!:e disloca-;;ion-dra~ ef:'ects that account· for c f'"("C!:l the total attz::1·.:.e::;ic:: ::0::-c:::J. 
all cat:.ses. .n.ltho;;.z:-: p refers on:...y to the C.ensity of the f:..·eely vi""::lr<:"i:::~ .iisloca-;;ions, 
it is us~a:...ly estbated in ter:::s of etch-pittins or x-ray techniques -...:tich approxi:-:a~e 
the total c.::.~location density. 
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~e-::e;1'.:.:Ly E"i!;.:'.t ~-.. ~1.nd. Elbatua ( 36) have dcte:rm:i. ned the at t cnuat i ~n i :1 r:o:::-!;,al <J.nd su-:')"'r­
co!'!duc~i.nG PIJ ~-\ot l~\·t ·~-.~.-~;·.:lJ(::raturcs in the hic::h-x::plitude o.ncl hiGh-frC;crc.c:rJc:y ::-e:;3ivr~ · .. r(:(:rf.! tDe 
~ttc:rua"vion L; [:.':i}Jl:i.tu•lc d(:':!_Jcndcnt an<l increase::; linearly vith f:ccqur::ncy. ';.·:-.':i:.-- cre:.}.c:c::.tior; 
~1' l3 1<::-c::> bascJ on l\o[;c.1.' 1 s extension of the strinr..( model to include l':.rcr.: i.::.;:.li tuclo:.::: :;c 
ns to account l~(>:·c act:Ul':.ttcly for brco.ko.•,my of pinnccl dis locution st::u~cnt::;. 'i.'l":': ::.u:z:i:::J..":: .~ 

att~~nu:;.tion oc;:urs for f;·<:.ress amplitwlcs 1-rhcrc di:o;loco.tion un:aY.:a,,r;;.y frv:r. y;i;:r.e:c;. :;oir.t:: 
first beco!!'l.e!:i co~.i.}_)l~~te:, c:J.d.Q.itional increases in t.he stress &Jr.r..;li t\.i.cl(:; Ct:;.u:.:e r;c.. :'J.~~:.'2r 
losses due to brcak::ni''Y, and therefore result in <lecreases in attEmuatior: :~or yet greatc:r 
~~plitudes. ~ 

The r::e..xi!"i!Um a..J..:.tenu~ .. tion £or the superconducting sta-te occurred at, lc-{.rer e...-:-.;>li ~uC.es 
tha:1 that fo~ tne no~:;·~al stete, thu3 accounti:1g : ... or lovrer values of B fey- .J~::-;_e su;,e~cvr..G1..:e:t:r~;; 

state. T:'1is c:::'fect is att::-ibutable to lovrered damping in the supercor.O.t:.e:tin,: stz.te e.:.--isi!:; 
fro!n uncouplir.s of clect~n:1s from the phonons. The shift in a:.1pli tude <;.t ;:c.:;.:ir:.-.:::: <>:"--.;e:-:­
uation ,.;as us<.:c: to d.:::cce:-:'·:i:1e B. The analysis did not need 'co invoke c.ny c.:l ::oc as::;·,;.:.:p'~ior:s 

concer!1:r:ci (:e·.::.~:.:c G:i.. .. c:is2.o\::aticn :r ... i:.·t\-;o~::s. ~::e va.:~:c.cs o: ... 3 so a·~~aincG. :·c~ tf.c :-.. :;:.. .. ::·.c..::. 
state )or ere es.:1cnti.all~{ i r:.5.e:_;endent of te:-nperatu~~e over the rc..!1se fro:-n. 4. 2°!: t.o e:[Jc"J.t 2.5 °?-:. 
Althour;h these cic_ta exe inconsistent vrith exuecte.tions based on f.lason 1 s (78-oO) E:sti::,e:t;e 
:for electro:: v:iscosi ty, they are in accord with Eolstelns (75) model for electro:-, scat.tcrir.e;. 

Available data :f'ro!!l attenuation investigations are su:JT.:arized in Table V. anC. show 
that B usually rz.nges from 0.5 to about. 20 x 10-~ dynes-sec/cm2 . 

B. Di~ect 1·1e:--:.sure!'~.f>:lts of Dj_sloc~tion Velocities. The Johnston-Gilman 'i'ec::r.ique (113) 
and nodificc.tions the::.-ecd are used f'or O.irect deter.r.Iination of dislocation velocities. 'i'his 
involves dividing the dis?laceme:1t of specially introduced mobile disloca~io:1s by the 
duration of an a:;:rplied· stress pulse. Dislocation displace:aents are det.er:T:i:-:eC. eitl:er by 
etch-pitting or by the Bers-narrett x-ray technique. 'i'he latter has the c.dvantc.€e o~ no~ 
only being more .;enerally applicable but also giving ad.di tio:;.al inforr::ation reg&.~· dine 
·-p:,,·"~P~,...C" .,r!"" ...... +l"'\-•:- ,.,._co+\-...-. . .::~r"'1n ...... ,qt.~~--:- -~~ ..... ,..,, ..... -:--1. ? .. """''f'\..,..;~f"'l'r'i-:-~ h:; ::·::-.1-~:-:.::7:"-t:'·Y! ~~-_ _., :---~··.:-. .:.~ (:_:_:~ 

and Gor::,an, ~iood and Vreeland lll4), have de::.onstrated that the sar.e velocities are ob­
tained. fror:, :pulses ot: the sa:ne intensity regardless of their duration, reve[,ling that tr1e 
inertia of dislocations is extre:nely small and tD.us con:firming the nor.;ir:al validity of 
this simple ~ethod for determining dislocation velocities. 

Inaccuracies in the velocity-stress data ari3e from a series of causes: (a) Stre:;s 
pulses, particularly thor;e of short duration at the higher stresses, often deviate appr•:­
cinbly fro::~ the idealized. rectan.gular shape. Co:crections usually made to co:."lpensate fer 
such pulses are crude except for cases that a:;:>proach the idealized condition suci'. as re­
sult when torsional shock bar techniq_ues (115) are used. (b) Velocities shov vrid.e scatter 
from specimen to speci~en O.e:;:>ending on variations in perfection of crystal substructure. 
For exa~ple acid machined specimens usually give higher velocities (116) than those pre~ 
pared by sp~k erosion tecnniques. (c) Variations in velocities of di:fere~t dislocations 
are also obtained in a sir.gle tes~. Such scatter i$ often attributable ~o ~~e :;:>rese~ce of 
nearby dislocations, local differences· in their a.rrange::.er.ts and consequent e:.':.:'.;:cts arisir,g 
fro= loc~l differences in the internal stress fields. Usually no· corrections ~ere a;?lied 
so as to co:::p.:=::.sate for such variations. In a feu cases corrections ,.,ere at~e::r::r'::ed ":)u":: 
the r:ethods e:::?loyed ·.~ere crude and of questic:1abl·e validity and accuracy. (d)- 'ielocities 
we:::-e reported. as rr.c:an values in so:;:e investi(;aticns a!'ld as the r:-.a:x:i.:::l:::'. val'J.es o":>tai:::e.:. i:::; 
others. Both r.-.easures re:':ect in dif:::'erent 1>ays variations that arise ::'r.:;:::-. tec:-... "1ic;_ues o::' 
introcucting ~o":>ile dislocations and. local ciffe::-ences on surface condi~io~s. It is dif­
ficult to satisfactorily justify either r-easure of velocity. 

• 
Dislocation velocities are usually reported. as functions of the a:;;;licd. st::-ess. 0\'er· ...J 

the lo·.--stress ::-a~ge, as e:::phasized by i:::vestigaticns referred to i:1 Table VI A, C.islocatio::. 
velocities follC".·l t:r.e general trer .. ds "tri t.h varic.:t:or.s in tc..'""!l.pe~c.ture and. s-:.:-e.ss t:::at a:-e 
ex:;:>ectcd wr,en tl'.er!:'.ally-::.ctivated 1;,ec:.a:1is:ns control dislocation :::otion. Co::fi::-::.:ation 
a:.d detailed a::.c.lyses o:' ~he operative r.:.echanis!'!".. requires in:'or::.ation on the variatio:1s in 
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TABLE V 

Dx.min.,...··cor:ffieicnt B 

B :X 1011 
2 Temu Dis1oc<.tion_2 Ref". 

dyne-sec/em oK· density, c~~ 
Crystal 

Lif 2.4 ·300 3 X 107 (104) 

3.4 300 8 X 105 (105) 

7.0 300 5 X 10
6 (112) 

l'iaCl 4.5 300 (106) 

1.6 300 1.2x 107 (104) 

A1 14.5 77 5 X 10
6 (107) 

12.0 100 

11.0 150 

12.5 195 

16.0 300 

Cu 2.24 100 4.3 x10 
6 (108} 

1: • (l 180 I 
7-5 300 ! 

Cu 0.58 77 4 x 10
6 (112) 

1.2 298 

1 2.2 400 

Cu 6.5 300 
. 6 

2.5 X 10 (109) 

Pb 3.7 300 2.4 X 107 (110} 
1.24 77 

II 

Pb 0.86 4.2°K (111) 

activc>.ticn energies and activation a!"eas with the effective stresses. In ~ost investie;atio:is, 
hm;ever, no atte:r.:?t was .:!ade to deter~:.r.e activation er:ergies or the athe!·:::a1 stress level 
that is needed to calculate the effective stresses. These o::-.issions cou:;:l.::d. ,.;i ,;h ina.ccu::--

·. acies ar:d scatter in dislocation velocity data ~ave co~pou~cec the diffic~lties e~cou~te!"ed 
in atte:::~ting C.etc.'cled identification o~~ tne the:.:-:::ially-acti vated r..ectanis=.: T;-,e data. re- · 
ported by ?rc::el f.:'.d Co:1ro.i (123) on the velocities of dislocatior.s ir. :.:o cc~sti t-.:te a 
r:o· ... ~\-;o;'tl-'~·- ~x\.\l~;·.t~.on t.o ·~:~e t:.S'..ls.l i:lvcSti::;:.:..-cions. ?hey .ie~e:-:.:i:-.. ~~ ~Z.. .. e ::..~~:~:-::-.~:. ~:.:-ess 
level r:..nd rc!)CrtcC. velocities in te~·:::s of ti1e effective stress·. As "·::.:1 ~e <iisc·.:ssed 
"in creater <ietdl 'in the fo1lowir.g section, Prekel and Conrad shov:ed that Yclocity c~ta 
obey t~e s&~e relationship~ as strain-rate data. 



Crystal 

Ge 

3. 25~; 
Si-Fe 

(110) slip 

3. 25~; 
Si-Fe 

(112) slip 

Ifo 

Fe 

Zn 
pyramidal 
slip 

Ni 

Mo 

Ref. 

.(117) 

(118) 

(119) 

(120) 

(121) 

(122) 

(123) 

(124) 
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'l'AI3LE VI A 

Dislocation Velocitv (Low Stress Re~ion onlv) 

1et:lperature 
OK 

713, 773, 
823, 873, 

78' 198, 
298, 373 

9'(3 

198, 233, .298 

300, 194, 77 

Stress ?an,se 
- I 2 c.y c::. 

8 . 
1 X 10 ~0 
5 .. 5 X 10 

1 to 3: x 109 

1.25 to 2.2 
X 109 

8 1.6 X 10 
9 .to 5.1 x 10 

Velocity Range 
em/sec 

,. 
5 x 10-0 to 
10-1 
I>! ;E? 

3 x 10-8 to 
l o-2 · l-1-i:'i:P 

' ' 

10=~ to 
10 ; M;EP 

2 X lO=I to 
3 X 10 
A;EP 

UCRL-20320 

rle::1arks 

Ho orientf.;.tion de­
pendence o~ velocity 

8 r.r~icr-or.~.s s·.:."bs~racteC.. 
from traverse. 

26 micro!'l substracted 
fro::1 traverse 

Eeutro!'l ir::-adic:r.::.o!'l 
had the sc.:;.e effect 
as lovreri::t; te11p. 

·····------------------------··---------

77' 198, 
295, 373 

77, 88, 100 
110, 175, 
230, 273, 
294, 323 

77, 153, 273 

300 

3.6 to 65.5 
x· 106 

0.3 80 1.0 
X 10 

0.6 to 2.5 
X 108 

3.'( X 10-7 
to 10-1 
A;Xr 

10-6 to 10-l 
M;EP + XR 

4 x 10-7 to 
10-2 ; A;EP 

7 X 10=~ tQ 
5 X 10 
M;EP 

MeasureJ':je:1ts n.ade on 
slip bancts, not on 
individual disl. 

In the lo;r teiltperature 
region, screw dislo­
cation n:oves faster 
than e,dge. 

~·:otion of eC.ge dis­
location o~=erved; 
8 micron suqstrac~ed 
frorr.· traverse. 

Dislocation ::loved 
only on {112} planes. 

A Average velocity; ?•! = :::axirr,t:."r. velocity; 1:2 and XR are et~h pit arid x-ray n:et.::.cd for 
observir.s positio~ of dislocation respect:vely. 

Dislocat.ion veloc::.ty data t:"lat extepd in't~ the hit;h stress ra!!ge are su..-::.t:>..l·:.::.ed 
it-. Table VI B. Velocities in excess of about 10 cmfzec c.ppear to be al;;-.ost linea:·:y 

f-

• 
.J 



/''\ 

• 

Crystal 

Nacl (125) 

Lili' (126) 

Al (127) 

(128) 

'cu (129) 

Zn (130) 
(basal slip) 

Pb (131) 
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Dislocation Velocity ('/hh I::-~,phasis on J:i;;;h Stressrcs) 

Stress range 
dy/cm2 

2.0 106 
X to 

5.0 X 108 

6 x 107 to 
1.96 X 109 

un to 
107 

1.6 X. 

2 X 10
6 10 

1.1\ X 10 

7 Y. 105 ~0 
4.5 Y. 10 

up to 1.7 
X 10., 

107 -~-o 
X 10~ 

5 

Velocity range 
em/sec 

-8 2 .. X 104 to 
2x 10 
A;EP 

l -6 I X 10 4 to 
6.5 X 10 
A;EP 

l 
10 ~0 2.8 
x 10 ; M;XR 

2 1.5 x 102 to 
6.2 X 10 
'll( •. ,,T"'io • 
... ., '.1\.i~ 

tip 'to 
,, x 102 
0 

2 4.0 x 102 to 
7.0 X 10 ; 
M;XR 

up t~ 5.5 
X 10 ;M 

Ter:1p 
OK 

300 

300 
77 

74 
123 
173 
2$6 

296 

77 
298 

300 

78 
300 

4 
tB x lC 

2 
dyne-sec/c;~. 

2.0 

7.0 

1.33 
1.5 
1.9 
2.4 

7.0 

1.4 

7.0 

2.22 
3.43 

Rer:.art:z 

Edge cl:.zlccc.t~.cr~s 

tlOV€:1 :'E..::teY 
than .. sc~e-vrs. 

Edge C.is2.o~atic:-~_s 

!:"•ove:i :'aster 
tt,an scre·..;s at 
lovre:r stresses 

Velocity ~easured 
in ( 111) pla:-,e ; 
La:r-ge Scatte~ in 
data. 

Edge dislocatio::-t 
velocity ~2~sured 

Non-unifcr::-, 
motion of dis­
loco.ticns 

Pred.o:n.inr.nt, ly 
edge disl; stress 
pulse not rec­
tangular 

Keasur.:-.ents :::.aiie 
on slip bar.d. 

t B is neasured fro:J the linear plot of velocity -stress data in the high stress :::-egion . 

dependent on tl:e app:!.ied stress sugt;esting the.t the dislocation drag ~echanis:ris is cpera-
ti ve in this rec;ior:. E::.rly sus~ est ions (113) that the r.it;hest of these ve:cc::. ties '.>e:re 
app:-oac'hint; 7.he :::-elativistic liz.it of that fo:: sound have p:::-oveC. to be ir.cor:::-ec~. .~.s 
sho·,rn in ~::.;;. e ~r.ec:·etical curves o-:: velocity versus st:::-ess exhi~it t-..:o re;::.c::s i>:::e::e t=.e 
velocity :!.r.crce.sed so:.:e,.:::at linea:::-ly '''i th ·st::ess. ':he :"irst occurs in t!:e s-;;ee:p ::::~~:·t o:'. 
the v - 'L Ct<:.CVt! cha'!"~c-~c-::-istic of w~ere the :::-ate co!'!trollin.:; !:J.echanis:::s is c!-1~,:-. .:;i::_: :'!·c::: 
principally t·I-.c!"'!~ally-.:.~liva.te'd. to the d.isloc~tion-C.~ac:; r .. ech~:1is::.s. 'J!:e seco::j, G(::·..:'!'".5 ~:. 
the highest !:::::.resses i·::'1cre disloc::.-;;ion velocities are principally cont:::-o:!.lcd by ciislcca-::.io:1-
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C.~·aG !::~cho.;:.i:.;:::s. LVen ~~t rclativ.::ly hit;h velocitic:.; the slopes of the v - T curve:; de­
pend sc-;ne\<h::t. on tb;e ,!(' tj_v:.ltion cne;.·zies, te:r • .9er2.ture und the a.tilerrrlal st::-c:::s lcv"::l. :Zn 
the past tho'.! effects of '.:.h<~sc varia'bles on the v - T rclatiom:hip vre::ce ne.;:lecti::-:l c..~.cl -;;~e 

drag coc:tfic:'.c;:.t \·t~:.s cvalu~~teu r-.s :3:: (T
2 

-T
1

) b/ (v - v
1

) where v
2 

u.ncl v, c..re velc:::itic::; 
a::;sociatcd. '"i th T 

2 
:inrt T, rcs1Jcc-:·.ively iri the high vefoc:L tj linear r~r.ge. G::::u<J.ll:r, ":'.c-.:e·>~C:r, .4 

ather::Jal·strc::s levels u.fe small relative to the upplicd :;tresses in this r<o.ng8. 'i:j;oical 
expcrinental results of v versus T curves in t!-J.c high strcsz range are s:-,c-,r:-1 i:-. ?i6. l.3. 
'l;>·pical values of B obtr.ined frma velocity investigations are listed in ':28.-ole ·c. ~-
Ad.:aittir..;; va:-ious inaccuracies these values a.zrce reasonably ;;ell vith tC.cse clet~c:e::l f-:c::;. L 
acoustic attenuation r;~ec.surements previously presented in ':'able V. 

C. Strain-R~te Effect~. Various types of experL~ental techniques have been usei to de­
tel'J!line the c!'i'ects o::: st:::-ess, ter:lperature, s'train-hardening, st:::-ucture c..nd subst:o;;.c:t1;.::::-e 
etc. , on pl.ustic st::::-2-in rates. Sucn techniques fall naturally into one of t·.·ro r:,c..j or e;::-oups 
dependent 0~1 "th~ ra~gni ~-ur:\.! of the strain rate. :For slovr strain rates, up to a·co"t:.-;:. 2.0 :;.er 
second., ci~h0::. .. consts.r~·;,-, stre~s type creep tc.:stz ur, more o:'te:-1, const[;.nt ::t.::-8.i:-.-::. ... £;.--ct:: t:::s .. .:.z 
(tension,. co::::;re5si~n uy;d shear! c.re _>Tell ada:.?tC:d. to give ac2urate and ccr::::-ela:.c,~:._e C;:..-:;a. 
For 'the lug!-.er stra1n rates, Vlh::.ch m1ght range rrom about 10 to aL':lost 105, varJ.ou.s types 
of dyna1:1ic i:r.:;act test :ncthods have been employed, ru:wnc; them the KolsY..y teohniq:ce (1::;2) 
and !::odifications thereof. As the strain rate is increased, the techniq_ucs of r:.eas-u::::-e::,ent 
beco~e ~ore cc~plicated. Often considerations of the presence of inertial stresses and 
\-lave propa;;ation e:'fects e-re overlooked thus le2.d.ing to less accurate data than t[,ose re­
ported fo:::- tne lm-rer s"t::ain rates. IievT or better experir.lental techniq_ues need ye-c be de­
veloped to provide satisfactory accuracy for cases wnere the strain rates exceed. a'bout 105 
per second. 

As shm-m by Eq. 11, plastic strain rates are linearly related to. the product of tee 
Bursers vector, the r.:o'oile dislocation density and the mean velocity of such r::c'oile c.;.s­
locations. 1·2lereas v c1!.r. be evaluated as a function or~ the effective stress a:1d ·ce:~cperat-ure 

hy 0.1 rect. :mea.SUY"P.M.Pnt. ~ no ex:perj menT.e.i ·i:.eena.i qut::! ila.:::i .Y to::.., -ut..:t::u U.c"' c:S..u yc~ ~v ~c:: ~c.~. J.L~ .... ~~ j.J 

during a test. Durin6 strain-har&0ning in the athermal region it is known that t~e total 
dislocation density increases as the square of the athen:1.al stress level, t.;iven by Eq_. 20. 
Hi thin the lir.-.i ts 01' experimen'tal scatter the ser::e conditions hold durit\r; high-tc:~pera ture 
steady-state diffusion - controlled creep. In addition the steady-state rates obtained 
during Viscous Glide creep agree extremely 1-rell with the theoretical predictions b::J.sed on 
the hypothesis that the mobile ci.islocation density is equal to the total dislocation 
density which obeys ECJ.. 20. On tile other hand, as deraonstrate& by Johnston and Gil:':.o.n (113) 
and also :Iahn (133), '1-ihen the initial mobile dislocation density is. I:1uch belO',r ti:a.t su.;­
gested by Eq. 20 (\-rhere now T refers to the yield stress) dislocation r.~ultiplica'tion takes 
place upon deformation, the stress-strain curve exhibits a yield point ~nd finally follc~<ir~ 
yield strainir,g ; . .-the correlations given by :2q_. 20 beco:ae valid. In general, hmrever, p 
cannot chanc-:;e unless either straining or recovery takes place. In analyses of rr:ost s'trai::-,­
rate data the assumption is usually made that p is constant for a given strain harde'-ec 
state, despite tr-.e increase in flow stress '.;ith ,decreasin5 test ter.1peratu::::-e. ':his ass~p­
tion is wholly consistent ~-lith the previously quoted correlations. Fu:::-ther:::ore ?:::-ekel a.r.d 
Conrad (124) have sho•rn that t!:e experi.:lental values of Cl(lny)/ClT and. Y..T(2lnvnT), at 
constant ter~perature, deduced inC.epender.tly fro:::1 strain-rate and dislocation velQci -..y tests 
respectively or. r-Io are 'dtl:in experi:::1ental error identical functio2s of the er'fective 
stress T * .. ::- the cobile disloca-..ion density !-J.ad. increased vit!l T , the calcula7.ed va:::.ue 
of kT (dlny/31) should :r,ave exceeC.ed that for Cll::v/ClT by 2 k':::/T. t.t T :: 300° a:1d. T = l 
kg/r::rn2, kT(Cll::y/oT) s~oald [,ave excee<ied kT(3lnv/:h) by 30;~. Since this discrepa:1cy is grea~er 
than 't~e exr-e~i::lental error it follcws that the r.obile dislocation de:1sity, for t~cse tests 
co:::1C.ucted. a-.. <:. i'ixed state, does not vary as T 2 ·ol;.t rer.ai:ls substantially consta'--;;. In 
lT:~~y high st:L .. E.i.!l-~ate C.yr:c.:::.ic tes~s ho· .. rever, it is custo:::.ary fo:: t::.e sa..':.te o:· acc-...:.:-s.cy 
to first correlate t!:e strain rate >lith stress fbllo-;.;i~ about 0:::1e pe::::-cen-;; or :r.o::::-c o:' 
straining. ?r.erefore if Eq. 20 were also expected to apply in these tests, 'the s~::::-<:.~n :::-ate 
should l:ave :ncre:::.sed ~-ri t::-. about the thir<! po;rer of the stress. In contrast, ho\:eve::::-, at 
strain rates \VC.cre dizlocation drag mechanis::~s seeo to be rate controllint;, the st.!·ain :::-ate 
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~ncr~::.s;::3 .2 .. l!:!Cst l::.ncarJ.:\r witll the effective ·Gtrcss .· The reasons for this r..:.;r;u::.·:t.nt d.i~~­

Cl'C:,1::>.::c~' hc.vc :~ot ~·c!t been re:;ol v~d. But 1·rl:cn eith0r the theor·etic<.:.lly e;t:l.::.c..te:: o;:- -~:-,e: 

cxperi:::cnU·.lly C.0t,!;·:.:::.ncd vaLw for v i::> i,nt:roducc~l into :Cq. ll ~ p is <::::>ti::.:;.-;.r"d to i:.o.·n" 
the no"v too um·2u:.o:1:lbJ.c V<l.lue of about 10 ( per CJ:,c over a ratl':er vide r<~n£.::'-' of :::·~::e::::se;:;. 

ExpcriiT,ent<~l data on strain-rate vc:rsu::; stre::>s relation.:> o·rer a ;Jirk ~<.:.[.;::'2. cf: :::tra:.r: 
rates are novr <:.vu.iJ.:.;.ble onAl (131-139) u::d Al-Cu alloy (l3e), Cu (140,141) .L.;;::.:;; (:i.2), 
Ar;2Al ·(1!;3), Zn ( J.!;i;-145) Ol1cl mild steels ( 11;6). ·An ex<::::tple is £i v"'n in ?:..z. 14 ::..:::.:::clst:c<:::r.iq;; 
recen-:; resul t3 for ~\1 (137). ':!:'he ger:cral trends coincide ;rith t!'lo:;e susse:::r.ccl o:r :.::e 
sythesis of ath~ri:,al, the::.: .. t.ln.ll:r. e:.c~ivated, c.nd disiocation-clra{~ !:tc:che:..:1is:-;~~ .s..:; ~;J.c,· .. rr; in :?:..g. 
12. Despite the nor.:inal aGrcer:,ent, the ob:;erved stra:i.n-rate VE:rsu3 ztr"E:::::s ::-el<:..t::.'-:::o;!-,::..:;:, 
U:ilually fails to ex~i bit the inversion not€:d in the 'theoretical curves o:'.' :;;•::_g. 2., lG e.nd 
12 over the transition regioa from the tr.er::lally..:a.ctivated to the ciislocaticn dr"e:.; re;::.o::; 
in addition, the slo:;e of the experi!:lental curves increases with increasing te~.;,r:::atu.r-es 
wi:.ereas 'che t.'heor"ctical i::urv;:s ·exhibit tl'":e opposite tre.nd. These second orG.er: di:'.':~erer;ces 
bet~·ieen ex:?cri:::.e!1t [.:.!'"id. t!:e:o~~r ;1_eecl, ye.t be resolved. 

VII Sffi.11·tll.RY 

The .lavs for plastic flmr in crystalline solids are usually quite co:::plicateii and 
:'.'requently appear to va:ry fro!:, one solid to another. ~hese facts are .nmr k:,own to oe re­
flecti.ons o:' 'the hosts of .different deformation mechanisms crystalline solids ur.ci<::rte.ke. 

Four r.:ajo!' types of deformation mechanisms; (n.) diffusion-controlled cree:,,, (1:.) 
ather::~al, (c) thel·~.~,·dly-activ~ttcd, (d) and dislocation-<i.rG.G proce~;ses, are nm: clearly 
identified n.nd doc;,.u;;cnted. All four major types o-:: r':echanisms hmrcver, com;ribL:.ce sir::-c:l­
taneously to the observed net strain-rate er'fects. 'l'he co:::plexity of the pl~tst:.c behavior 
of crystalline solids is further enhanc~d by the fact- that a num.ber of different inG.i vidual 
subtype J;:cch:inisJ;:s usually 01kl'ate at the sa.."!le tii:1e :.;~ ".s to c.:;n'tribute to the obsc:,"lerl 
·ei:r.ec-c or· ~ .. ~~r ty,n~o1 .. t.ype oj:· r::22hc.nisn1. Only in CCl't~in .~i.r~if'le ~~ .. wa1J~c~, u.Li,..j_ l,.i.tc:u uu::..y 
over special lit!i ted ran{;cs of experimental conditions, may the infJ.u.:nce of 0:1ly or.e of 
the operative J::ecl:anisi:is predc:ninate. Despite the excellent proc;ress that has oeen made,. 
especially recer.tly, in ratio:1:1.lizing strain-rate effects, r.mch yet rcr:mins to be corapletedi 
(a) lm area of consit'ierable interest concerns the replacement of simple strir.g models for 
dislocations by more realistic r.:odels based on ato:nic interactions. Such advance3 would 
provide improved concepts of dislocation interactions vrith each otnc:r and other st.rain 
centers, and better predictions on stacldng fault energies, ener(';ies for cutt.inc loca.li2'.ed 
obstacles, Cnd forminc; constrictions, joes, etc. These advances shm_.:ld also !;!·ov tG.G:: a 
clearer nicture of the motion of dislocations over Pcierls hills and for the failure of 
the Scru~ldt Laws in bee metals. (b) In .addition a great r:eed exists for the dcvelcp:::cnt of 
geometric probability appro?riate to dislocation cyn~~ics so as to permit rationalization 
of thermally activated behavior of dislocations past a rar.dom distributic:'l of localized 
obstacles a::~d. W~!en several mechanisms are simultaneously operative (c) ~~e atte:~pt to 
obtain a unified anc.:.lytical structure :for visualizing the combined e:~fects of t!;.e :'our 
major dislocc.tio:~ t:.ecnanis::-.s, given :najor er.1phasis in this report, need be pu:tsued to 
much gre;:;.ter depth. (d) Each of the :::'our r.:s.jor types of deformation ::Lechanis::'s requi;e 
addi tiona: theoretice.l develo-c::'.ent and ex:;eri:;,ental ex'-lloration. (e) Because ::10 a:;s.lyzablE: ·· 
experi::Ler.~al data ar"e availaoie for strai~-rate effect; where the dislocatio~ velocities 
are in tl:e rela"tiv:.stic or t~e supersonic rc.:.ges, this should prove ·to be a :~r~it:Ul area 
for researcn. Additio~al tneoretical develo;=en'ts are also needed in this ra::~ge. 
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