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John E. Dorn and Aniya K. Mukherjee 

Abstract 

This introductory'report presents a brief survey of the 
current status of knowledge on the nature of the plastic 
behavi0r of metals and alloys. Major emphasis will be 
directed toward illustrating the progress that has been 
made in applying reaction-rate theory to describe 
thermally-activated motion of dislocations. In addition, 
an attempt will be made to identify those areas that are 
yet incompletely understood and require more detailed 
exploration. 
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I. Introduction 

The plethora of "theories" on vrork hardening clearly exposes the 
confused state of knowledge on this topic. It is often thought that the 
subject of this report, namely thermally-activated dislocation dynamics, 
might be more firmly established, particularly in view of the more 
unified consensus on the operation of a number of such specific 
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mechanisms. Upon deeper reflection, however, it becomes ever more 
evident that, despite preliminary experimental confirmation of some 
mechanisms, differences in opinion nevertheless persists on some details 
of thermally-activated deformation processes. The major problems concern 
the following: (1) Erecting a sufficiently accurate model for estimating 
the activation free energies for each type of obstacle. (2) Determining 
an appropriate kinetic framework for estimating frequencies of 
activation and the densities of mobile dislocations. (3) Ascertaining 
the origin and nature of the athermal stress level to permit evaluation 
of its influence on the mean dislocation velocity, and to permit 
selection of appropriate thermodynamic variables. (4) Introducing 
reasonably accurate dislocation-obstacle statistics, including effects of 
dislocation flexibility. (5) Undertaking the formidable task of 
accounting for the realistic condition of the simultaneous distribution 
of a number of different types of obstacies. (6) Erecting experimental 
approaches that provide checks on the internal consistency of the models. 

It is the purpose of this report to outline briefly those facets of 
the subject that appear to be fairly well established, and to identify 
those aspects that are less well understood, and therefore, yet 
controversial. An attempt will be made to de-emphasize details of 
secondary importance so that major emphasis might be directed toward 
general issues of principles. It is not the purpose of this report to 
present a unified theoretical approach to the kinetics of dislocation 
mechanisms since this objective has not yet been achieved. However, those 
facets of the subject that must eventually be included in a comprehensive 
approach to kinetics of dislocation mechanisms will be described and 
discussed. 

II. Classification of Deformation Mechanisms 

For the purpose of this report deformation mechanisms might be 
grouped into four major classes (1). All mechanisms belonging to a given 
class have certain common features. Each individual class, however, 
exhibits uniquely different types of plastic behavio~. Typical ranges of 
dominance for each class are illustrated by the T-T-y relationships 
obtained for single crystals of AgMg (2,3,4) as shown in Fig. l. Yield 
point and dynamic strain-aging phenomena are absent in this example and 
will not be reviewed in this report. For the sake of brevity all symbols 
ar_~ ____ defined in Appendix I. 

··In general, deformation at temperatures above about 0. 45 Tm. for low 
values of 1 is determined by one or more of a series of diffusion­
controlled mechanisms (5). The thermally-activated events in all such 
mechanisms are vacancy-atom exchanges in a stress-induced chemical­
potential gradient of vacancies or solute atoms in the grain boundaries, 

1 



dislocation cores, or the volume of the crystal. In general, the 
steady-state rates are given by 

y kT s -
DGb = A (1) 

where D is the appropriate diffusivity, and A and.n are constants 
dependent on the mechanism and pertinent microstructural details. Since 
interest here centers about the distinctly different mechanisms of 
thermal activation of dislocations over barriers, no further reference 
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will be made to diffusion-controlled mechanisms. 

Over an intermediate range of temperatures·the deformation is ather­
mal and T decreases very gradually with an increase in T, usually in a 
manner that parallels the effect of T on G. Athermal mechanisms fall 
into two major categories: those that are inherently athermal and those 
that are energetically athermal. An example of the former is given by 
the motion of a dislocation through a short-range ordered (6,7), or 
clustered alloy. In this example the energy of the system increases 
monotonically with the disordering across the slip plane as the area 
swept out by the ,d~slocation increases. Since no maximum in energy is 
ever reached, such mechanisms are inherently athermal. In contrast, 
Frank-Read sources (8) are thermally activatable. Under a stress less 
than that required for immediate operation of the source, the dislocation 
segment bows out to a radius of curvature greater than one-half the 
segment length. A further virtual displacement of the dislocation 
results in an increase in the total energy since the increase in line 
energy at first exceeds the work gained due to the stress. As further 
virtual displacements are imposed on the segment the stress work begins 
to predominate and the energy reaches a maximum value. Consequently, 
Frank-Read sources are thermally activatable. A simple calculation, 
however, clearly reveals that the energy that need be supplied to 
operate such a Frank-Read source is so high that it seldom nucleates slip 
bands at temperatures below about Tm/4 unless the stress is almost equal 
to that needed to operate the source without the aid of thermal 
fluctuations. Similarly, the breaking of attractive junctions (9~11), 
bypassing of long dislocation segments, and the overcomming of long­
range back stresses (12-14), although thermally activatable, are 
energetically athermal in the temperature range of interest here. 

Disregarding statistical geometric details, the theoretical estimates 
for the athermal stress levels due to operation of Frank-Read sources, 
the breaking of attractive junctions, the bypassing of individual 
dislocations, and long range stress fields all give about the same 
answer, namely, 

_____ ......... 
(2) 

where-0.2 ~ 8 ~ 0.5. Such nominal coincidence in TA for the various 
possible athermal mechanisms have contributed to the confusion regarding 
the origin and nature of strain-hardening. Both etch-pitting-techniques 
and transmission electron microscopy, however, have confirmed the nominal 
validity of Eq. 2. In short- and long-range ordered alloys the athermal 
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stress levels are higher than those given by Eq. 1, as a result of the 
additive effects of disordering and production of anti.phase boundaries. 
Typical examples are given by Ag-zAl (15) and AgHg ( 4). It will be shm·rn 
later that the analysis of low-temperature thermally-activated mechanisms 
hinges sensitively on the origin of the athermal stress levels. 

Our major interest centers about the low-temperature thermally­
activated mechanisms over which the flow.stress decreases precipitously 
withlan increase in temperature. The many mechanisms that can be 
operative in this region are best grouped in' two principal categories. 
One deals with localized barriers to the motion of dislocations such as 
forest dislocations (16), stress fields of solute atoms . (17-22), semi­
coherent precipitates (23), coherent precipitates (24,25), effects 
arising from radiation damage (26-28), etc: The other concerns 
nucleation of slip at linear barriers such as given by the Peierls 
(29-34), and pseudo-Peierls hills (35), Lamer-Cottrell locks (36), 
thermally activated cross slip (37-38) of dissociated screw dislocations, 
etc. Whereas, the two categories of barriers differ in kind of operative 
activation mechanisms, the details of the various mechanisms in each 
category differ only in degree. Furthermore, thermally-activated 
migration of dislocations past localized barriers is highly dependent on 
dislocation-localized barrier geometric statistics; in contrast, 
nucleation of slip past linear barriers ·is largely free from such 
auxiliary complications. 

At T = 0, a stress T0 (vide Fig. 1) is needed to push dislocations 
mechanically past all barriers. At T>O, however, thermal fluctuations 
can assist the stress in causing the dislocation to surmount barriers. 
Therefore, the value of T needed to maintain a constant value of 1 for a 
given substructural state decreases with increasing T due to the more 
energetic thermal fluctuations at higher temperatures. For the same T, 
higher temperatures give higher frequencies of successful fluctuations 
and therefore, higher valu~s of y. Above a temperature Tc, which 
increases with increasing y, thermal fluctuations are sufficiently 
energetic to cause dislocations to surmount all of the short-range 
barriers responsible for the low-temperature thermally activated 
mechanisms, even when the applied stress is only slightly above the 
athermal stress level. In some cases, e.g. when the Peierls and pseudo­
Peierls mechanisms control the low-temperature thermally-activated 
deformation, there appears to be a more or less abrupt transition from 
the T-T curve in the thermally activated region to the athermal T-T 
curve in the athermal region. In other cases, e.g. when the low­
temperature thermally-activated mechanisms controlled by cross-slip, 
overcomming solute-atom stress fields, or intersection of dislocations 
warticularly in low-stacking fault energy metals and alloys) the T-T 
curve in the thermally activated region veers gradually and apparently 
asymptot}cally into that for the athermal region. In these instances 

.. :t;he varue of Tc cannot be accurately determined experimentally. This 
arises either when the activation energy increases rapidly as the applied 
stress is decreased so as to approach TA' or when the pre-Boltzmann term 
depends on t.he stress. 

Stresses above T
0 

(vide Fig. 1) can be applied by .various impact 
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techniques. Such stresses are sufficiently high to force dislocations 
mechanically past all short- and long-range barriers to their motion. 
Due to their low inertia, dislocations subjected to su.ch stresses 
accelerate rapidly and soon reach a limiting velocity which increases 
linearly with the net operative stress as determined by the sums of 
effects due to thermoelastic damping (39-41), flutter radiation of energy 
(42), electron viscosity (43,44), and phonon viscosity (45-48). 

Damping mechanisms are of some interest to the present discussion 
because they are also ·operative in the thermally activated and athermal 
ranges of behavior. Once a barrier has been surmounted with the aid of 
a thermal fluctuation, the dislocation advances to the next barrier with 
an average velocity that approximates that dictated by damping 
mechanisms. Consequently, the total time for a thermally activated 
excursion is the time awaiting a successful fluctuation in energy plus 
the time of travel to the next barrier. Damping mechanisms also account 
for very slight increases in the measured stress with increasing strain 
rate in the athermal region. In addition, the stress in the "athermal 
region" may decrease slightly more rapidly than dictated by the change 
in modulus with increasing temperatures since most operative mechanisms 
are only energetically athermal and not inherently so. 

As a result of the inhe~ent versatility of dislocation reactions, a 
large number of dislocation mechanisms usually occur simultaneously. 
Occasionally one controls the deformation rate and thus becomes 
experimentally identifiable. Due to the unique differences between 
mechanisms, there is_ no single analytical approach to the analysis of 
data. In general identification of mechanisms must be based on 
correlations of the experimental data with predictions based on reliable 
models of possible mechanisms. It is indeed surprising, in view of the 
complexity of the problem, that substantial progress has been made in 
identifying some dislocation mechanisms. This achievement is especially 
remarkable since the operation of various mechanisms is seldom mutually 
exclusive and the macroscopic behavior often arises from a complicated 
interrelated confluence of a number of mechanisms. 

All approaches to the formulation of the plastic behavior of 
materials are based on one or another of the two equivalent 
geometrically justified expressions, namely 

-

y =p b v = NAb VA . m (3) 

The effect ofT, T and substructure on p and v or on N, A, and VA is 
deduced from the model. Unfortunately t~e deduced dependency of y on 
T, T, and the substructure is often sensitive to the factors that were 
considered in erecting the model. These issues will now be illustrated 
in terms of selected models for cutting localized obstacles. 

III. Activation Energies 

A factor of major consequence in _establishing v or VA is the 
activation free energy. Once a model is clearly visualized it is 
possible to estimate the activation free energy. Consider, for example, 
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the simple case illustrated in Fig. 2 of dislocations being therinally 
activated over a square· array of rigid localized repulsive barriers 
characterized by a rectangular force-displac·ernent diagrc:un. The extra 
energy needed to mechanically and reversibly push the dislocation in the 
forward direction over the barrier under constant T and T* is given by 
a r b - T* b21 . For the present it will be asswned that 
v + =, vl exp - ta r b - T* b2ls) /kT is valid where vl is the attempt 
frequency. The evaluation of vl and the justification for utilizing 

· exp - (a r b - T* b2 ls) /k'r for the probabil,ity of obtaining a successful 
fluctuation will be discussed in a later section. The net frequency of 
the forward reaction is given by 

VA = \)1 

1·-
(arb-:T*b

2
ls) - ( afb+T*bl~) I 

kT -e kT 

and therefore 
(8) 

. y =(::) 2 
1 b \)1 - (afb :T T*b

2
15 ) 11 -T*bl (1 +b) 

ls bVA = pm e e s s 
s kT 

When T*bl (b+l )>>kT, the last term of Eq. 4 becomes negligible and the 
common fo~mulatron omitting this term is obtained. On this basis the 
T*-T relationship is that given by the broken lines of Fig. 3 where Tc 
increases with y according to 

a f b = kT ln p l bv
1 

c _.o.:;m:......;:;s __ _ (9) 

At low values of T* the reverse reaction becomes significant and for the 
case where 1~ = 100 b, the complete analysis give the solid curves of 
Fig. 3, show1ng that T* decreases asymptotically to zero as T increases. 
In general neglecting the back reaction for cutting localized barriers 
does not materially affect the shape of the T*-T curve except at very 
low values ofT*. However, as will be described later, neglect of the 
reverse reaction in the Peierls mechanism for pinned dislocations can 
lead to serious errorcin analysis. 

The force-displacement diagram of Fig. 2 is approximated only for 
t~e special case of intersection of repulsive trees during basal glide of 
undissociated dislocations in hexagonal crystals. More complicated 
diagrams apply for all other localized barriers. For example, when the 
glide dislocations are dissociated so that the equilibrium separation of 
the partial dislocation is about 5b, the force-displacement diagram is 
approximated by that given in Fig. 4b. Here the barrier force first 
increases with displacement due to constriction of the partial 
dislocations and the rectangular section from X = 5 to 6 b is taken to 
be due-- to jog formation. For this example the T*-T relationship is that 
giv~n in Fig. 4c. These examples reveal that the T*-T relationships 
depend sensitively on the shape of the force-displacement diagrams. 
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IV. Effect of Distribution of Obstacles 

The. simplifying assumption that localized obstacles form a regular 
square array is never valid. In cold-worked metals the' dislocations are 
primarily concentrated in the entanglements comprising the cell walls. 
Up to the present rio serious attempt has been·made to take such 
geometrical distribution of obstacles into account in any model for 
thermally-activated intersection of repulsive trees. Theoretical 
analyses by Kochs ( 49), and extensions by others (50), have shown that 
the flow stress at the absolute zero is significantly different for 
random distributions of obstacles than that given for regular square 
arraY:s. This has been confirmed by the computerized experiments of 
Fore~an and Makin (51). Friedel's (52) theory for the steady-state 
thermally-activated motion of dislocations past weak obstacles gives a 
close approximation of the statistical correction. 

As shown in Fig. 5 a successful thermal fluctuation at B causes the 
dislocation to move fonrard. At the steady state it will just conta~t 
new obstacles at B'. On the average the area swept out per activation is 
given by lh' = 1 2 , the average area per obstacle. Furthermore, 1 and h' 
are related geom~trically by 12 = R2- (R-h')2 = 2Rh' - h'2. For weak 
obstacles h'<<2R and 12~ 2Rl2/l. Since 

s 

1 ~ ~ Rl 
2

)
1 /3 = (2 _r_l 

2
) 1 /3 (lo) 

\ S T*b S 

thl isothermal stress work done during thermal activation is T* b21 = 
21 3 fb (T* lsb/f)2/3. It is significant to note here that 1 = l {T*T~ 
where its de~endence on T occurs via the shear modulus of elasticity, 
since r ~ Gb /2. The mean dislocation velocity is · 

v = h' vl e-
1 [afb - T*b

2
1] 11-e-l_ (T*bl 2+T* b21)1 

kT kT s 

which reduces to 

v = 1 2 (T*b )l/3vl 
s 2fl 2 

s 

ll -e ;T (11) 

., 
when the values of h and 1 are introduced. A comparison of the T*-T 
relationship deduced from y = Pm ·bv for the square array of obstacles and 
for a random arrangement to which Friedel's steady-state correction has 
been applied is shown in Fig. 6. Obviously the T*-T is highly sensitive 
to the distribution of obstacles. 

------ V. Elastic Strain Centers 

··An extensive literature has been developed that proposes to describe 
the deformation characteristics due to thermally-activated motion of 
dislocations past localized stress fields arising from the presence of 
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substitutional and interstitial solute atoms (17-22), semi...:.coherency 
strains, tetragonal point defects (19-22), and centers·of radiation 
damage (26-28). The importance of this subject demands at least a 
qualitative discussion of the various difficulties that are encountered 
in establishing reasonably realistic models for such processes: (1) 
Interaction energies are maximQ~ for config~ations where dislocation 
cores overlap the strain centers. Consequently, force-displacement 
diagrams are not well-known for the most significant configurations where 
the highest forces are encountered. (2) On the slip plane near most 
interesting strain centers, the local strains are so ,high as to 
invalidate the commonly adopted linear theory of elasticity. As a 
result of issues 1 and 2, the estimated values of T* are frequently 
seriously in error in the low-temperature range where T* is highest. 
(3) The often adopted simplifying assumption that only those strain 
centers which yield the highest localized stresses, namely those on 
atomic planes immediately above and below the slip plane, need be 
considered is not wholly justified even at lov temperatures where T7:· has 
its highest values. For higher temperatures, where T* approaches zero, 
this simplifying assumption is patently invalid. (4) Interaction 
energies are usually highly sensitive to orientations of the dislocation 
and the defect. Consequently, the barriers to dislocation motion are 
characterized by a series of different activation energies. (5) In 
most approaches no consideration is given to the fact that the strain 
centers are usually more or less randomly distributed. As shovn in the 
preceeding section this neglect can result in serious inaccuracies. 
(6) Equal numbers of attractive and repulsive strain centers are present. 
At low concentrations of such strain centers dislocations meander 
between the attractive and repulsive regions so as to minimize their 
energy. At higher concentrations, however, dislocations assume 
positions nearer those at the top of the stress barriers because of 
their limited flexibility. Although the general importance of 
dislocation flexibility had been recognized for sometime (53-55), it is 
only recently that semi-quantitative probes into the effect of 
flexibility have been made relative to the athermal deformation behavior 
at the absolute zero (50,56,57). Although these analyses need much 
refining there is no question concerning the fact that the effects of 
dislocation flexibility can be large. Furthermore, the usual prediction 
for atomic strain center models that T* cr~ where cis the solute atom 
concentration, is shown to become invalid as c increases. No adequate 
analysis of the role of flexibility has yet been made for thermally 
activated cutting of stress fields arising from strain centers; (7) 
Several additional admitted crudities of analyses have also been made on 
second order issues which will not be reviewed here. 

It, now appears that no wholly satisfactory realistic models for 
thermal activation of dislocation past localized strain centers are 
currently available. This statement applies ~ fortiori to the 
complicated situations encountered as a result of radiation damage. 
Current statistical models (1,58,59) on deformation of radiation damaged 
alloys are illustrative of the inherent complexity of the problem. 

Experimentally estimated force-displacement diagrams (60,61) for 
substitutional solid solution alloys are often found to be about the 
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same as those for the pure host metals. In these inst'ances the major 
effect of alloying appears to be attributable merely to an increase in 
the dislocation density. In other examples experimentally deduced force­
displacement diagrams change upon alloying probably as a result of 
changes in their stacking fault energies; 

VI. Long-Range Internal Stress Fields 

'i 
ln this section a brief discussion will b~ presented on the effects 

of lo~g-range internal stress fields on the ~acroscopic plastic 
deformation in the low-temperature thermally-:activated range. Such long­
range!internal stress fields will be assumed to exist and for the present 
the influence of all other pertinent athermal mechanisms will be 
neglected. The effects of auxiliary athermal~mechanisms on the plastic 
behavior in the thermally-activated region will be discussed later. 

In general the details of the magnitude and distribution of internal 
stresses are not well known except for the fact that fTi d.xdy over the X-Y 
slip plane is zero. The qualitative effects of internal stress fields on 
the thermally activated behavior, however, might be estimated by 
representing the internal back stresses by a step function of amplitude 
TA' and wave length A along the slip direction X, where Ti=TA' for 
0~ x ~ A/ 2 and T i =-TA' for A/2 ~ x ~ A. In the absence of other 
contributions to the athermal stress level, TA' can be associated with 
the previously discussed value of TA· For simplicity all localized 
obstacles will be assumed to have rectangular repulsive force­
displacement diagrams as shown in Fig. 2. The back forces acting on a 
dislocation are the sums of those due to long-range back stresses and 
those arising from the local obstacles as depicted schematically in Fig. 
7. The contacting segment length 1 of the dislocation is taken to be 
that given by the Friedel steady-state analysis. The active force on 
each obstacle due to the applied stress, T, is shown by the broken line. 
Consequently, the energy that must be supplied by a thermal fluctuation 
to cut the localized barriers is given by the area of each localized 
barrier above the broken line. It is now evident that, despite the 
assumption that all isolated barriers had equal heights, the presence of 
long-range internal back stresses in general introduces a spatial 
distribution of a range of activation energies. 

For the simple example that was selected for illustration, the 
activation energies for the forward reaction are sho•m in Table.I. The 
net average dislocation velocity over the entire interval of 0< x < A is 
simply 

-v = 

. -·-- --
where t are the average rest times per thermal activation and 

.... x l-x2 
tD ~ A/vn where vD is the average velocity of the dislocation.as 
dictated by the operative damping mechanisms. Usually tD is small 
relative to the net rest times per/thermal activation. Under these 
conditions 
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= v = 1 
v o->..;2 

2 (13) 

where the subscripts refer to the x ranges for each mean value of 
velocity. These values of v are given by Eq. 11 upon replacing 1* by 

II 1-T.AJ • 

Thus when 0 ~ T b2l ~ TA' b2l the dislocation velocity is zero 
because v+ is zero for the region where 0 < x < "A/2. For conditions II 
and II~ a somewhat higher value of y is obtai;ed for the same value of 
T* when the variations in the long-range stress fields ar·e taken into 
account. The simple distribution of long-range internal stresses 
assumed here the maximum effect occurs for condition III where v~;2 -t.. is 
effectively infinite and therefore v = 2vo-"A/2· This amounts to · 
doubling the value of y for fixed values ofT and 1*. Alternately for 
constant values of y and T, a very small and often negligible decrease in 
't* results. More realistic distributions of internal stress fields will 
give about the same results. 

The above conclusions differ from those presented by previous 
investigators (62-64). This difference is due to the assumption made 
here, which was not invoked in previous analyses, that the local barrier 
forces are superimposed on the _long-range back forces. 

VI. Other Possible Sources of Athermal Stress 

The principle of superposition is applicable when the athermal 
stress level arises exclusively from long-range internal stress fields. 
It also applies to the athermal stress, 'ts, arising from the disordering 
of short-range ordered alloys across the area swept out by dislocations. 
When both effects are present simultaneously the total athermal stress 
level is given by the sums of each individual contribution . 

. When superposition applies the analyses of experimental data are 
much facilitated. The athermal stress level can be extrapolated into 
the thermally activated region as shown by the broken line in Fig. 8, 
where the slope of the line parallels that for the effect of temperature 
on the shear modulus of elasticity. The effective stress 't* for a given 
y is then superimposed on the athermal stress level as shown in Fig. 8, 
giving the 't-T relationship represented qy curve (a). When strain­
hardening merely increases the superimposable athermal stress level 
without influencing the nature and distribution of the short-range 
barriers, and other factors are the same, the 't-T relationship shown in 
curve (~) is obtained within the accuracy suggested in the preceeding 
sectiorL Consequently almost identical 't*-T curves are obtained for 
wide ranges of values of superimposable 'tA where 't*='t-'tA. 

The relationship illustrated in Fig. 8 is not always valid, hovrever. 
In fcc metals over Stages I and II the athermal stress level increases 
in proportion to the density of the short-range barriers. Then a 

*See Table I 
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substantially constant dottrell-Stokes ' ( 65) rati~ is oqtained in 

Fig. 9.·--

It has been common practice in analysis of experimental .data to 
invoke the concept of superposition without regard to the source of the 
atherrnal stress. The principle, however, is not universally valid. For 
example, there·is no established theoretical justification for applying 
this principle to cases where the athermal stress might arise exclusively 
from that needed to qperate Frank-Read sources or that needed to break 
attractive junctions. If, however, the long-range internal stresses are 
greater than those needed to operate Frank-Read sources or break 
attractive Junctions, they will control and the previously discussed 
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superposition principle will apply. The operative Frank-Read sources and 
attractive junctions will be those in the regions where the internal 
stresses are in the same direction as the applied stress . 

. The pri:nciple of superposition, however, is definitely invalid for 
the interesting example presented recently by Ono and Sommer (66). Only 
a brief outline of their analyses can be presented here.· They considered 
the Peierls mechanism based on the nucleation of double kinks in segments 
of length 21 strongly pinned at their extremities by solute atoms. Thus 
21 = b/2c where c is the atomic fraction of the solute atoms. In the 
absence of other sources of athermal stresses they demonstrated that the 
thermal energy, Un, required to nucleate _a pair of kinks, increased with 
decreasing values of T/Tp and decreasing values of L/b as shown by the 
solid lines in Fig. 10. After the pinned segment had advanced one 
Burgers' vector it had an activation energy Unb nucleating a pair of kinks 
in the-reverse direction as shown by the broken curves of the figure. 
The values of U b increase with increasing stress T/Tp and decreasing 
values of 1/b a~ shown by the dotted lines of Fig. 10. The parametric 
solution Where Un = Unb for the same values of T/T gives the dashed 
curve marked 1c. As a result of the equality of agtivation free energies 
for the forward and reversed reactions, Lc demarks critical segment 
lengths below which dislocations ~annot move and above which they can 
move forward. Fig. 11 gives the approximate relationship that 
Tc/Tp ~ lOb/L = 40c. Thus Tc is a lower cut.,.off stress, proportional to 
TP' which must be exceeded in order to induce plastic flow. When T/Tp 
exceeds that for Tc/Tp for a given 1/b, the activation energy for the 
reverse reaction becomes much higher than that for the forward reaction 
and approaches that for 1 = ~. Thus, as shown in Fig. 12, T/Tp versus 
Un/2uk ~ T/T reduces to the Dorn-Rajnak relationship for L = ~ for high 
values ot T/fp• The athermal stress, due to solute atom pinning effects, 
truncates the lower part of the diagram and the principle of · 
superposition is not applicable in this example. The theory appears to 
be in.fair agreement with the data of Nakada and Keh (67) on the effect 
of nitrogen on the low temperature plastic deformation of Fe where 
athermal 33tresses due to other causes seemed to be small. The theory 
~9Y~ver-·;· is seriously incomplete inasmuch as interactions between the 
advancing dislocation line and strain centers of solute atoms was neglected. 
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VIII. Transition-State Reaction-Rate Kinetics 

In the preceeding discussion the frequency of a ther!nally activated 
event was assumed to be given by 

v+ = v1 -U fkT 
e 

(14) 

The justification for this formulation and the physical identity of v1 

will', be presented here in terms of transition-state kinetics which is best 
exemplified by Eyring's reaction rate the'ory (68). Since the activation 
of a dislocation over a local barrier involves principally shear 
straining, the analysis will be based on a constant volume system. 

A major assumption of the transition-state theory is that a 
thermodynamically well-defined transition state exists at the saddle 
point region of the potential energy surface. In the simplest case of the 
motion of a single atom over a barrier, the transition state is 
characterized by one degree of translational freedom along the reaction 
coordinate, xl' and two degrees of vibrational freedom in a plane, x2x3 
normal to the reaction coordinate. To simplify the formulation the 
hypothetical case will first be assumed where interaction energy between 
the moving atom and the surrounding atoms are neglected. Over a small 
region o along the reaction coordinate the potential energy is £* above 
the original vibrational ground states and the atom has mean 
translational velocity v'. Consequently, the frequency of activation per 
atom in the initial state is given by 

N: v' N: (kT )1/2 ~ z* e -£* 
v+ = Na 6 = Na 2nm 6 = -Z-- kT (

kT ) 1/2 1:_ 
27Tm o (15) 

where N~/Na is the equilibrium number of atoms in the activated state per 
atom in the initial state. The partition functions, Z* and Z, for the 
activated and initial states are evaluated from their individual ground 
state values. Since only one atom is considered to be involved 

Z* = Z * Z* Z* - (2nmkT) 1/ 2 §_ z~.Z3v lt 2v 3v h 

z ziv· z2v. z3v 
1 

z2v' z3v = = -hv1 1-e 
kT 

where the subsctipts t and v refer to translational and vibrational 
states. Therefore, 

. :\)+ 
,kT 

(1-e -:;1) 
z * • z3~ -£* 

hT (1-e -hvl) · -f* = 2v e k'r = h 
z2v . z3v h kT e kT 

where f* is the Helmholtz free energy of activation. 

(16a) 

(16b) 

(17 ). 

Extrapolation of Eq. 17 for thermally activated motion of ·' 
dislocations over localized barriers is beset by two major types of 
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difficulties. The first is due to the fact that many elastically coupled 
atoms participate in the thermally activated event and the second arises 
becauses no simple and analytically facile atomistic model for a 
dislocation has yet been erected to deal with activation events. For the 
present, however, the free energy of activation, f*, might be 
approximated by a hybrid model which involves the continuum string 
concepts where this is most useful, plus features ascribed to atomistic 
concepts where this appears to be fruitful. The isothermal shear work of 
activation, U, constitutes a major part off* (33,69). It is a Helmholtz 
free 1 energy of activation and not, as was often assumed in the early 
lite!r-ature on this subject, an activation energy. It contains both energy 
and entropy terms. U is calculated in terms of a static string model of 
a dislocation, and therefore, does not explicitly include energies and 
entropies of vibration. In the absence of a simple dynamical approach it 
appears suitable to neglect the elastic coupling bet\-reen the atoms and 
assume that the activated event also involves m, Einstein linear harmonic 
oscillators (70). The number of oscillators m, involves only those atoms 
in the proximity of the localized barrier whose frequencies of vibration 
might be altered during the activation event. On the basis of this 
approximation 

Z*' Z* Z* :f* ~ U - kT ln 2 3 . . m+l (18) 
z2, z3 ... zm+l 

where now each vibrational partition :function must include its ground 
state energy, namely, 

(
.. h\1.)-1 

zi = 2 sinh 2k~ (19) 

a.ssuming that the change in vibrational energy was not appropriately 
accounted :for in the line energy estimate o:f U. According to the above 
approximations, the :frequency of activation is given by the three 
equivalent expressions 

v+ = v'l -U/kT = kT ( -h\11) -f* 1-e -- e kT 
h kT 

ItT I -hvl I m+l h\1. 
II sinh l. = - 1-e --h kT i=2 2kT e-u;kT (20) 

h\1~ 
l. 

2kT 

Whereas it is customary in analyses of data on dislocation kinetics 
to assume that the frequency term kT (1-e-hVl/kT)/h is constant, the 
preceeding :formulation suggests that it decreases with qecreasing 
:temperatures. For very low temperatures where hv1 /kT is greater than 
abou~ 3 the value of kT(l-e-h\11/kT)/h reduces to kT/h as suggested by 
Eyring (68). For high temperatures, however, where hv1 /kT<<l 1 it reduces 
to Vl as suggested by Wert and Zener (71). 
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The frequency term vl is also dependent on the temperature. At high 
temperatures it reduces to 

\)1 
\)1.\)2\)3 .. vn+l = (21) 
* * * \)2.\)3 .. vn+l 

which is analogous to the frequency term for atomic jumps in diffusion 
deduqed by Vineyard (72) on the basis of classical statistical mechanics 
and similar to that for activation of solute'-atom pinned dislocations 
given by Granato, Lucke, Schliff and Teutoni,co (73), who also used 
classical statistical mechanics. 

It is interesting to note that whereas the various atomic 
frequencies for the activated state are .undoubtedly constants as d'eter­
mined by the dislocation-barrier confi~uration at the saddle point 
energy, the frequencies of the atoms in the initial state are nqt 
constants. ·As the stress -r* is increased the interaction energy between 
atoms in the near vicinity of the dislocation and the localized barrier 
increases and therefore, vi= ·vi { T*} . Thus, as the effective stress is 
increased the term 

m+l 
n 
i=2 

sinh hvi/2kT 

* sinh hvi/2kT 

of Eq. 20 approaches-unity. 

The frequency v1 is often equated with the first mode of vibration 
of the dislocation line treated as a vibrating string. According to the 
Friedel approximation vl ~ v

0 
b/1 where v0 is the Debye frequency and 1 

is the free length of the dislocation segment. This suggestion, based 
principally on intuition, yet requires definitive confirmation. For 
example, confluence of phonon interactions with smaller segments of the 
dislocation particularly in the vicinity of the barrier, might induce 
shock waves of sufficient intensity to facilitate thermal activation. 
Much need yet be done to provide a satisfactory estimate of vl. 

Eq. 20 provides an internally consistent formulation of the 
thermodynamics for thermally-activated rate kinetics. All of the 
thermodynamic quantities such as the energy, entropy, and area of 
activation can be deduced directly from this expression. Furthermore, 
since the change in the shear modulus of elasticity with temperature 
reduces to zero at the absolute zero of temperature, the entropy of 
activation is also zero at 0°K. Thus the formulation presented here is 
completely consistent with the detailed thermodynamic approach presented 
by Li ~74) . 

. ·_ ..... -·· 
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IX. Thermodynamical Variables 

In the earlier sections of this survey it was asswned that the 
isothermal work of activation could be represented as U = U {L*, T} 
This viewpoint has been adopted by a number of investigators. More 
recently other investigators (69,75,76) have argued that such a 
formulation is not thermodynamically acceptable and that U must be 
couched as U = U {L, T}. Supporting arguments for the latter viewpoint 
are as follows: 

.1. Therm.odynamic considerations must apply to the whole system and 
not simply those regions where the internal back stresses are a maximum. 

2. The motion of a. dislocation during the activation event induces 
shear displacements throughout the lattice. 

' 

3. These remarks suggest that the variables L and T (not L* and T) 
remain constant during the activation event and should therefore serve as 
the appropriate thermodynamic variables. 

Section VIII of this report, however is applicable in either case, since 
the appropriate variables for U were not specified. 

Hirth and Nix (70) have recently criticized the validity of these 
arguments, suggesting that U = U {L*, T} provides an equally correct 
selection of independent thermodynamic variables within the context of 
the auxiliary assumptions common to both formulations. A detailed 
comparison of the two approaches given in their report will not be 
reproduced here. 

1. Although the thermodynamics must apply to the entire system it 
may nevertheless be appropriate to consider as the canonical ensemble a 
host of those regions where the internal back stresses are the highest 
providing all regions are in thermal contact and the internal stress 
fields remain constant. 

2. As shown by Hirth and Nix the atomic displacements at fixed 
distant strain centers during the small activation motion of a 
dislocation do not introduce additional interaction' energies. 
Consequentiy, only the local internal stress at the dislocation is 
significant to the free energy of activation. 

3. On the other hand, the internal stresses in the region of 
activation must vary somewhat with the applied stress. For example, when 
constant strain-rate tests are conducted at lower temperatures the values 
for L insrease and therefore LA' might also increase due to changes in 
t}1e mon~ distant dislocation configurations. In this event LA 1 becomes a 
function of L, in addition to being dependent on the cold-worked state. 
Over.the athermal region LA 1 will decrease linearly and very slightly with 
temperature in parallel with the effect of temperature on the-modulus of 
elasticity. But the linear extrapolation of LA' over the lower 
temperature thermally activated region is no longer wholly justified. 
Thus U should be formulated as U = U {L,T}. 
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5. Limited current experimental evidence seems to suggest that TA 
is not very sensitive toT (vide Fig. 8). Consequently in these 
instances it is not critical as to which set of independent variables 
:(-r, Tor-r*, T) should be employed. More careful experimental 
investigations are now required to ex.r>lore these issues . 

6. Another feature that requires exploration at the same time is 
the possible variation of p with TorT*. At present there is no 
satisfactory justification'¥'or making the assumption that Pm remains 
constant. 

7. The above discussioh on athermal stress levels was limited to 
cases where the athermal back stress arises exclusively from internal 
stress fields. The concept of superposition is obviously invalid when 
the athermal stress level arises from a balance between the fonrard and 
rever,se frequencies of activation as discussed in Section VIII. 

Acknowledgements 

The authors wish to express their appreciation to the United States 
Atomic Energy Commission for their support of this investigation through 
the Inorganic Materials Research Division of the Lawrence Radiation 
Laboratory of the University of California, Berkeley. The authors also 
thank Mr. James E. Bird for his assistance in preparing this manuscript. 

------· 
-~··- ········ 

15 



Table l 

... 
ACTIVATION. ENERGIES 

APPLIED FORCE REGION ENERGY 
F .X u+ 

CONDITION I o s rb22 < -r:~ b2l 0 S X S A/2 -INFINITE 

A/2 S X S A arb -7:b21- rAb2R 

CONDITION II 
TA b2l s Tb21 s 0 S X S A/2 arb- -r:b2.P+r~ b2R 

arb- rAb2i A/2sxs A arb-Tb21-TAb2i 

CONDITION Ill 
arb - rA b21 s rb2_t s 0 S X S A/2 arb- r b21 + T~ b2£ 

arb+ r.'b2R A/2 s X sA 0 A 

XllL 6910-5717 
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Appendix I; Symbols 

= Average area swept out by dislocation per successful event 

= Constant 

= Burger's vector 

= Atom fraction of solute 

= Diffusivity 

= Helmholtz free energy of activation 

= Shear modulus of elasticity 

=Planck's constant 

= distance moved per activation 

= Boltzmann constant 

= Dislocation segment length 

= Critical length of L 

= Distance between obstacles in a square array 

= Number of degrees of vibrational freedom that change during 
activation 

= Number of sites for thermal activation per unit volume 

= Equilibrium fraction of activated atoms per atom in the 
initial state 

= A constant (1rv7) 

= Temperature in °K 

= Critical temperature 

= Melting point in °K 

= Isothermal work of activation 

= Isothermal work to nucleate a pair of kinks in the forward 
direction 

= Isothermal work required to nucleate a pair of kinks in the 
backward di.rect ion 

= Energy of a kink 
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v 

v 

v' 

VD 

Zit 

z 1

Z z lv, 2v, 3c 

z * z * 2v, 3v 

C:l. 

e:* 

y 

r 

= Velocity of dislocations 

= Average velocity of dislocations 

= Average translational velocity of an atom 

= Velocity of dislocation under the action of damping 

= Translational partition function for activate state 

= Vibrational partition functions for the initial ~tate 

=-Vibrational partition function for the activated state 

= Constant, to represent the maximum obstacle force as C:1. f 

= Constant 

= Distance along reaction coordinate in the activated 
state 

= Energy difference between the activated and ground 
state, i.e. activation energy 

= Strain rate 

= Dislocation line energy 

v
1 

v
2 

v
3 

etc. = Vibrational frequency for initial state 
' ' 

v2, v3 etc. = Vibrational frequencies for the activated state 

VA = Net frequency of activation 

v~ = Attempt frequency 

V
0 

= Debye frequency 

v. = Atomic vibrational frenuencies 
'1. ~ 

A. = \-lave length of internal back stress 

P = Dislocation density 

T .. -----------
---A 

T' 
A 

T* 

= Mobile dislocation density 

= Applied shear stress 

= Athermal stress 

= Amplitude of internal back stress 

= Effective stress = T-TA 
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T. = Internal stress 
.]. 

T = Peierls stress 
p 

.. 
to disordering of short-range 1s = Athermal stress due 

. ordered alloys 
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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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