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The 1962 Horace W. Gillett Memorial Lecture 

PROGRESS IN UNDERSTANDING HIGH-TEMPERATURE CREEP 

It is with sincere personal gratitude to a great' American Metallur-

gist that I welcqme this opportunity to honor the memory of Horace V:/adsworth 

Gillett. His extensive contributions to the advancement of engineering con.: 

stitute finely fashioned monument~ to a life of service devoted to the benefit 

of all mankind. 

Dr. Gillett was a modest man of broad interests and many attainments. 

It was one of these special achievements for which I remember him best. Dr. 

Gillett, in the informal comfort of his smoke-filled office at Battelle. was an 

outstanding teacher. I had the good fortune to be a Post-Doctoral Fellow at 

Battelle from 1936 to 1938. And during this time I, among many others, took 

advantage of his willingness to guide young men in their search for knowledge. 

The door to his office was always open. And, once the problem was posed, 

his fertile mind had several imaginative approaches and unique solutions to 

suggest. He was a gentle counselor who took time to discuss the intimate 

detail~ of a problem but he was also a most severe critic whose impatience 

with technical incompetence was reflected in retorts from his sharp, witty tongue. 

Each time I left his office I felt I was a wiser man. 

We honor Horace Wadsworth Gillett for the man he was; and today I wish 

especially to pay tribute to him as a great educator in the highest sense _of that 

title ·he so well earned. 

Dr. Gillett's technical interests covered the entire gamut of metallurgy. 

He established one of the first creep testing laboratories in these United States; 

and throughout his life he remained active in this field. It is, therefore, fitting 

that this lecture be devoted to the subject of high-temperature creep of metals. 

'. 
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1. The Experimental Basis for Understanding Creep 

The time-dependent plastic deformation of materials under constant 

stress is known as creep. Creep can take plac~ only as a result of thermal 

activation of deformation processes. Consequently, the shear strain rate of 

~reep~ . ~ ) for the i th mechanism can be written formally in terms of the 

· p:r:cbability.of a thermal fluctuation (1) as 

where. k is the Boltzmann constant a.nd T is the absolute temperature. Both 

the frequency factor .fl which represents the strain per second per success
~: 

ful fluctuation, and the free energy of activation d l may depend on the applied 

shear stress, f' , the instantaneous structure of the material> .Jt"~ and the 

temperature, T. Occasionally, several mechanisms operate simultaneously. 

If they operate in sequence, such that the second can take place only after the 

first mechanism has occurred, etc. I the 'ifi of Eqn. (1) must, under steady 

state conditions, as in all cases of chemical ·reaction rates, refer to the slowest 

step in the sequence. When several independent non-sequential mechanisms operate, 

however, the net creep rate is )f = L:'Yi where the sum,;ation is taken over 

all of the independent mechanisms. Frequently, over certain regions of stress, 

structure, and temperature, the creep rate arises principally from a single mech-

ani sm. 

Undoubtedly, the most elusive quantity to define precisely in the phenom-

enological equation for the creep rate is the structure factor, fl By struc-

ture I mean all atomic and molecular arrangements including those involving the 

kind, number ... and distribution of dislocations, point imperfections, grain size 

and orientations that are significant to creep.· To illustrate the importance 

of this factor I merely refer to Fig. 1. (2) Since the stress and temp-

erature were held constant, the variation of creep rate with time must be. as-

cribed to the variation in structure as the test progressed. Occasionally, 

the changes in stru~ture during creep will reduce the creep rate by a factor 
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of 10 6 or more during a single test. 
I 

The objective of fundamental investigations on creep is the determination 

of ·the rate-controlling mechanisms. When the mechanisms of creep are un-

covered in sufficient detail) it should be possible to predic_t the shape of the 

creep curve and thus facilitate creep testing as well as design for creep resis-

tance. Furthermore, when the mechanisms are known it may be possible to 

introduce factors that block the prominent mechanisms and thereby reduce the 

creep rate. 

The data of creep strain as a function of time for fixed conditions of stress 

and temperature, as obtained in ordinary creep tests, are generally unsuited . 

for uncovering creep mechanisms. This arises because the basic creep equa-

tion, Eqn. (1), does not contain the explicit relationship of strain as a function 

of time. During the course of creep the structure factor, d , changes. As 

shown in Fig. 2, however, the rate of change of the structure is more rapid 

with strain for test;:; at higher stresses. (3) Furthermore, when the stress is 

changed abruptly from 4000 to 2000 psi, the creep rate at A is less than that 

obtained upon creeping exclusively at 2000 psi.to the same strain at B. Since 

the externally controllable variables of stress, temperature and strain are 

identical at A and B whereas the creep rates are different, we must conclude 

that the substructure depends on the details of the stress path. Consequently, 

the creep rate cannot be expressed in terms of a mechanical equation of state 

that implies that the ~reep rate is exclusively a function of the instantaneous 

values of the stress, 'temperature, and strain. · After extensive creep under 

the same stress, as shown at points C and D, the same creep rate is obtained 

regardless of the early differences in stress history. This is typical of all 

high temperature creep of pure materials and results from the balance between 

the rate of strain hardening and the rate of recovery that takes place during 
J. 

the constant secondary creep rate. Thus) a constant structure, $) 
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prevails over the secondary stage of cr.eep. But a more creep-resistant 

structure is developed during the secondary stage of creep under a higher 

stress simply because the rate of strain hardening .is greater. Fundamental 

knowledge of the mechanisms of creep cannot1 therefore~ be obtained by not-

ing the effect of the stress on the secondary creep rate, since for each stress 

a uniquely different structure is obtained. 

The most characteristic feature of a thermally activated process is 

its activation enthalpy~ h1 where 

(2} 

ands is theactivation entropy. Different mechanisms may occasionally have 

identical or almost equal activation enthalpies. But, often a clear identification 

of a single rate-controlling mechanism can be made in terms of the activation 

enthalpy. The approach to understanding creep through the activation enthalpy 

has indeed led to a considerably clearer picture of the processes that are in-

valved. The activation enthalpy for creep can be deduced fairly accurately 

from easily obtainable data. As shown by Eqn. (1}, a small and rapid change 

in temperature., holding the stress constant, will cause a change in strain rate 

such that 

~ -

If the change in temperature is imposed sufficiently rapidly., the structure will 

'not change. Furthermore, the frequency factor enters Eqn. (3} as a logarithmic 

. term and is of itself only mildly~ if at all~ temperature dependent so that its 

contribution is negligible. Since the last term, according to the well-known 

relationship of classical thermodynamics., equals the enthalpy of activation~ 
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the enthalpy of activation can be estimated from 

' 

(4) -
Ll (- YJT) 

A typical example of the type of data obtained in a change in temperature 

test (4) is shown in Fig. 31 the activation enthalpies that are recorded were cal

,culated from Eqn. (4). For limited ranges of temperature a-pd not too exten

sive variations in the creep rate3 the activation enthalpies were generally 
\ 

found to be insensitive to the magnitude of the appliEd stress and the strain (4) 

' as illustrated in Fig. 4. These observations immediately disqualify some pre-

viously held concepts that cre~p is a result of two parallel processes, the 

transient and the quasi-viscous~ one of which, the transient, predominates in 

the primary stages of creep and the other of which, the quasi-viscous.._ predom-

inates over the secondary stage. Neglecting the very small decrease in acti-

vation enthalpy with strain and the small insignificant trends with stress 3 the 

same activation enthalpy is obtained over both primary and secondary stages 

of creep. Thus, similar unit molecular processes are now thought to be res-

ponsible for the primary and secondary stages of creep. This can be rational-

iz-ed by attributing the changes .in creep rate to the effect of changes in str,ucture. 

During the primary stage ofcreep the rate of strain hardening exceeds the rate 

of softening due to recovery whereas these rates are balanced over the secondary 

stage of creep. Thus, the primary stage 11appears ''·to be transient and the 

secondary stage "appears 11 to be quasi -viscous. 

As shown by the example given in Fig. 5, the activation enthalpies for 

creep ~ften depend on the temperature of test. (5) Above about one-half of its 

melting temperature, the activation enthalpy for creep of high purity Al has 

a constant value of a bout 35,500 cal/mole. It also has approximately a constant 

value of about 28 3 000 cal/mole from about 240°K and 380°K .. But between 380° 

and soo°K the activation enthalpy increases from 28, 000 to 35,000 cal/mole 
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and from 0° to 240°K it increases from zero to about 28, 000 cal/mole. Ob-

;riously:, different mechanisms of creep operate over different ranges of tem

peratures. Over the ranges where the activation enthalpies are substantially 

constant, we must conclude, as we shall see later, that tr~e enthalpy of activa

tion is not only insensitive to the temperature but also to the stress and struc-

ture. There are at least two different ways in which increases in activation 

enthalpies can arise with incr.eases in temperature. The first wa/5) occurs 

when the total cre~p rate is the sum of two or more i-..1dl;;!pendent parallel prO"' 

cesses each having different activation enthalpies. Over the lower temperature 

range, therefore, the creep rate is due primar,ily to the lower activation en-

thalpy process. At higher temperatures, however~ successively higher percen-

tages of the total creep rate are attributable to the higher activation enthalpy 

process. Thus, the average activation enthalpy increases with an increase in 

temperature. The second method in which the activation enthalpy can increase 

with increasing temperatures for even a single process is illustrated ·by the 

dislocation intersection mechanism. (6• ?) Here the enthalpy of activation is 

strongly dependent on the stress and structure .. If, as shown by Eqn. (1), a 

constant stra.in rate .is maintained, the activation enthalpy that need b~ supplied 

increases almost linear~y with the absolute temperature according to 

r 
T (5 ). 

At first it may appear somewhat strange that an enthalpy of activation for a 

single mechanism can increase almost linearly with temperature. But the 

issue is easily resolved when it is recognized that the enthalpy is a function 

of the applied stress. What really happens is that the applied stress adjusts 

itself to achieve the imposed strain rat~. For a given stress, the probability 

of a successful thermal fluctuation is decreased as the temperature decreases. 

To maintain the same strain rate at a lower temperature .. therefore, a lower 

activation enthalpy is required. This is achieved by the appropriate increase· 
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Table I 

Tentative Iclentificatlon of Creep lViechanimns m 

High r~::_~ity /\lumir~mn 

Obr::Jervecl Trend in F1 ;, 'ossible Mechanisms n.eferences 

-·---=--__.--~~~.,---... ...... oro-.~-...... ~-"""'-----

I 
~ ... -_._. - " -------------

0 to 150 H :;:; const T Intersection 6 7, 8 ) 

150 to 240 ]\!}ore rapid than linc<J.r Intersection and Cross- G 
with T Slip " 

240 to 380 28, 000 c8.l/rnol.e Cross-slip 8 to 13 
---

380 to 500 Transi.tion from 28, 000 (a) Cross-slip and clirnb, 
. to 35, 500 cal/mole or 

(b) 1VIotion of jogged screw 
dislocations 

" 

500 to 920 ''! .. 
.) ;) } 500 cal /n1ole (a) Dislocation clirDb 

inter; mediate 
stresses (b) lVIotiDn of jogged screw 

82() 35, 500 cal/ mole Motion of jogged screws 
lov; stresses 

r 

·--·----~...:o ... ~ .. ~~,.-~._,._.,..,..._'o«< •.J-..r.~......-::..-...=.~~"-' ... =n'-=-~--~ -= -~ ...... ..o.r...-..::= .. ·- - ...... """"' - -
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in stress to maintain an enthalpy that varies linearly with the temperature. 

The data recorded in Fig. 5 can be described in terms of the ranges 

sugg-.~sted in Table I. In this lecture major emphasis will be given to creep in 

Regions E and F where the temperature is above about one-half of the melting 

temperature. Nevertheless, a few remarks about the lower temperature regions 

appear to be appropriate here. Although there yet remains some questions rel-

ative to the details of strain hardening in Region A, there is strong evidence 

that the mechanism that contr:ols the··strain rate is the thermally activated inter

section of dislocations. Extensive cross-slip is observed inRegion C. Scho"eck 

and Seeger (g) estimate theoretically that the activation energy for cross -slip in 

Al is about 24, 000 cal/mole whereas Friedel (lO) suggests that it is about 2~. 000 

cal/mole the value being insensitive to the applied stress. In the same tempera

ture range Aestrom (ll)• using the Borelius microcalorimeter, found that cold-

worked Al will recover by a process that has an activatio:n energy of 28, 000 cal/ 

mole. And recently, Jaffe and Dorn (12• 13)have presented additional evidence 

in favor of the suggestion that creep of Al in Range C is controlled by the cross

slip mechanism. Accordingly, Region B must then be ascribed to action of both 

the intersection and the cross-slip mechanisms. Regions E and F which appear 

to be ·characterized by a unique activation energy of 35, 500 cal/mole will be 

discussed in detail from a theoretical viewpoint later, as will also the results 

in Region D. 

Extensive investigations on the activation enthalpies for creep of a series 

of pure metals above one-half of their melting temperature have resulted ip the 

correlation of this quantity with the activation entha,lpies for self -diffusion as 

shown in Fig. 6.<2• 14• 15) (Formerly reported Aland Mg datum points have been 

omitted because the previously used Lj HD for Al was an estimated value 

and because recent evidence(lG)on the /1 H.... ·of Mg suggests the former cor--
relation was fortuitous). Only one well-documented and reliable exception to 

the good agreement between the activation enthalpy for high temperature creep 



'..· 
•;.. 

9 .. 

and that for sell-diffusion is now known, namely that for Mg. (1 6) A more 

extensive correlation(2• 14)of the activatio.n enthalpies for creep, stress rup-

ture and self-diffusion with the melting temperature of pure metals was re

cently extended by Bechtold, Wessel and France(l 7)as shown in Fig. 7. Al-

though there may be some doubt regarding the accuracy of some of these data, 

particularly those deduced from stress-rupture tests, there is little doubt 

that •. for most metals, the activation enthalpy for high temperature creep is 

indeed in close agre·ement with that for self -diffusion. 

Numerous studies have also been made on the effect of stress on the 

· . . . ( 3 7 8 13 14 18 to 2 0 2 2) . creep rate and on the actlvatlon volumes • • • • • • that are 

significant. Former investigations on the substructural changes during creep 

have been summarized by Suu/21 )and currently there is much activity to un-

cover the significant substructural characteristics pertinent to creep with the 

aid of electron microscopy. These issues, however, are best understood in 

terms of theoretical models of creep mechanisms. .And from this viewpoint 

the most significant feature is that the model for high temperature creep must 

be developed so as to give an activation enthalpy about equal to that for self-

diffusion. 

2· Vacancies and Diffusion 

Over the years many theories for creep have been proposed. But, as 

shown in the preceeding section of this lecture, only those theories for high 

temperature creep that require enthalpies of activation which approximate those 

for self -diffusion can possibly be realistic. A brief review of diffusion will 

be given here in OTder to provid~ the basis for describing such theories. 

Diffusion can take place by several mechanisms. As documented in 

a number of recent reviews, <23 - 25 )on this subject, however, the volume diffusion 

in pure metals, and substitutional alloys as well, is now known to occur prin-

cipally by the vacancy mechanism as shown in Fig. 8. The rate at which the 

radioactive atoms, shown. by *• move is directly related to the number of va

cancies that are present. The equilibrium number of single vacancies in a 
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crystal are easily deduced from statistical thermodynamics. (26 - 28 ) Since the 

equilibrium number of vacancies are .independent of the mechanism whereby 

they are produced~ it is permissible to view their production as given in the 

transition from "a'' tO "b" of Fig. 8. When an atom is removed from the near 

center of a crystal~ the bonds with the adjacent coordinated atoms must be 

broken and when that atom is placed on the surface one-half of these bonds 

are restored. The total work involved in making a vacancy; therefore, is 

the work tf,c of breaking one-half of the atomic bonds plus the work f> ..f'L 
done against the surroundings where p is thE: pressure and Jl is the 

volume expansion per vacancy produced~ a quantity almost equal to the atomic 

volume. The atoms adjacent to the vacancy now have a lower frequency of 

vibration than before. ConsequentlyJ the vibrational entropy changes an amount 

A i per vacancy produced and the work that must be done to produce a single 

vacancy at a given site is 

q u.r li 

-- + (6) 

On the other handJ the increase in free energy upon introduction of n indepen-

dent and non-interacting vacancies at random among mA atoms .. is 

(7) 

where. the last term arises from the configurational entropy of random mixing 

of (it. vacancies with {U1 A atoms. Therefore~ the average work that 

must be done in adding a vacancy to a random mixture of (Y1 vacancies 

and atoms is 

~G~c 
----= 
c\cn 

(8) 
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Since the free energy is a minimum at equilibrium, the equilibrium number of 

vacancies~ in a solid .is given by ( ~G~mt=~~ o 

and consequently 

-- (9) 

where /Y/:5 =~-fA the total number of lattice sites. 

The extra work that must be done in creating a vacancy in a crystal 

that contains n vacancies as compared with one that contains the equilibrium 

number of vacancies per unit volume is given by the chemical work term, 

(10) 

This is, therefore, also the constant pressure isothermal work that a system 

which is supersaturated with vacancies can do. 

Diffusion is a random walk phenomenon and~ in the simple case of self

diffusion, it can be described in terms of the mass migration of tagged, radio-

active3 atoms. When the concentration of such tagged atoms is uniform, their 

random walk causes no net mass transfer. But when the situation is as shown 

in Fig. 9, a mass migration will take place in the opposite direction to the con

centration gradient. Here N* is the number of tagged atoms per em 
2 

of a crysta_l 

plane, where ;\ is the jump distance. Since all atoms are chemically 

identical each atom jumps with the same frequency f in any one fixed direction . 

r"-J-Therefore~ in time 0 6... the increase in the number of tagged atoms on the 

plane at 1( is given by 

8N~= {N*(x-A)+N*(x+A) -2#*)-rctt 
or 
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6 IV~ D( J2rJ ) dt: cl ')(_2 
where 

(11) 

is the diffusivity as defined by Ficks second law for diffusion. 

The frequency f depends on the mechanism of diffusion that takes place. 

For the vacancy mechanism of diffusion the frequency is given by the frequency 

V of an atom adjacent to a vacancy~ times the probability that it has enough 

'energy to move into a vacant site~ namely 

e 
'J~T-

- e 
tl..1x. -f ? _[)_ m. - ,.J m T 

-leT 

times the probability that the atom is moving in a given direction, cA. 
the probability, rr? that a vacancy is in that direction. Therefore, 

;41_,4, 

D 

times 

For the simple cubic lattice the facto:c o( , the probability of motion in any 

one of the six possible directions, is 1/6. The same type of analysis, with 

reveals that the diffusivity of a vacancy is 

t!.J?r. +~,.to__fl_ - .1. T I">L .A:P In- . 

fi-T (13) --
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'When the diffusivity is determined under conditions where the concen

tration of vacancies is given by thermal equilibrium~ the value /';1.}-;~ 

in Eqn. (12) must be replaced by /r10 J,;/}4 of Eqn. (9). Therefore, 

}) 
_ IZ ..4-f!f.J.,= _f(4-fllm-(-?>f12.r.-r.fl,._)) 

0-ot/i ve ~ e t. -kT J 
ll-?, Ad - (tfcJ +fJ__fl_cJ) 

o( /\ ve e. 4.::-T 

('14)· 

-

where the subscript d refers to the values for diffusion. Consequently, the 

activation enthalpy for diffusion~ /id -f jO _fld is equal to the sums of the en

thalpies of formation and motion of vacancies. And the fact that the activation 

enthalpies for high temperature creep closely approximate those for self-

diffusion strongly suggests that this creep is dictated by atomistic mechanisms 

that involve the formation and migration of vacancies. 

Several different theories for high temperature creep that are based 

on the formation and migration of vacancies have been postulated thus fa::..~. 

The first~ originally conceived by Nabarro (2 
g) and elaborated upon by .Ec:.x·::L:i;',:;G) 

is known as stress directed diffusion of vacancies. It is applicable at very 

high temperatures; those approaching the melting temperatures, ;-~:~d s.c ve:::y 

low stresses .. presumably below those which are required to ope:.~.;.te a Frank-

Read dislocation source or to generate dislocations by other means. The theory 

is quite accurately and completely formulated. It concerns the formation of 

vacancies under an applied stress at the grain boundaries normal :o ti:1e ap~)lied 

stress anc: migration of the vacancies through the grain volume to tl1e bounC.aries 

parallel to the applied stress. Atoms, of course, migrate in the opposite dir-

2Ftion to the vacancies <!-nd thus provide the permanent strain. Several inves-

tigations on creep near the melting temperature give creep rates that are in 

good agreement with the theory. In view of the facc_t that this mechanism of creep 

is now well established, .it will not be presented in detail here. 
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Whereas creep by stress directed diffusion of vacancies can occur in 

amorphous as well as crystalline solids.? since dislocations do not participate 

in this mechanism; the remaining two theories .. (a) thermally activated motion 

of jogged screw dislocations, and (b) the climb of edge dislocations are lim-

ited to crystalline materials since they both depend on dislocation processes. 

The validity of these theories is not nearly so well established as that for the 

stress directed diffusion of vacancies and consequently they are yet under dis-

cussion. They will be reviewed in the next sections of this lecture so as to 
' 

provide a basis for discussing the problems that yet restrain their unqualified 

acceptance. 

3. Creep due to the Motion of Jogged Screw Dislocations 

The thermally activated motion of jogged screw dislocations has been 

(31) (32) C'3) . (3Lt) 
described by Mott~ Seeger, Friedel 0 and van Bueren. ~ The fol-

lowing analysis is taken, with minor modifications, principally from the recent 

investigations by Hirseh and Warrington. (35 ) 

As shown in Fig. 10, screw dislocations bow out under an average local 

. stress t--t* where is the applied stress and is 

a long range back stress, the dislocation being held up at the jogs. At "a'' is 

shown a unit vacancy-forming jog whereas at "b" a unit interstitial=-forming 

jog is shown, In view of the high energy .. however, of forming interstitials, 

·the operative process of creep must depend primarily on the vacanc·y mech

anism. At both "a" and "d" a fqrce (C'- liJ},R.(/ .6 
is operative where £J * is the mean distance between the jogs. If the jog 

at "a'' is to move forward one Burgers vector, an atom must jump into position 

t~ and form a vacancy in the lattl.ce. Consequently, point "a 11 is a 

source of vacancies. In order for the jog at "d" to move forward.? a lattice 

vacancy must exchange with the atom at Consequently, point "d" 

r· is a vacancy sink. Throughout the lattice there are many sources and sinks. 

For example, dislocations and grain boundaries can also serve as sources and 
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sinks for vacancies. 

Since it is the objective here to calculate the component of the creep 

rate due exclusively to the motion of jogged screw dislocations it appears 

appropriate to neglect all other non-conservative vacancy mechanisms for 

the present. 

The question now arises as to how vacancies generated at sources 

(36) 
diffuse to the nearby sinks. For example, Lothe recently suggested that 

inasmuch as the energy to form a vacancy on a dislocation is smaller than 

that to form a vacancy some distance from a dislocafio.ri, and inasmuch as pipe 

diffusion along the dislocation is much more rapid than volume diffusion, pipe 

diffusion must control the process. Although such a'mechanism undoubtedly 

_..contributes to the overall process, there are several factors that suggest it 

may not be important. First, pipe diffusion would lead to an activation enthalpy 

for creep that is considerably below that· for volume self-diffusion. Secondly, 

pipe diffusion must take place along the single atomic path coincident with 

the dislocation line whereas volume diffusion may proceed along many paths, 

a factor which compensates for the highe:;.~ activation enthalpy of volume diffu

sion. Furthermore, the osmotic work that can be done by supersaturation in 

the vicinity of a vacancy forming jog may be sufficient to cause large numbers 

of vacancies to leave the dislocation pipe to undertake volume diffusion. 

For superjogs having a height of p atomic planes, the average force 

acting on each atomic height of the jog is ( 1:-t~ ~ · o/~ .. The 

energy that must be supplied by a thermal fluctuation in order to form a vacancy 

is therefore where 

is the free energy of the formation of a vacancy and the last terms represents 

the woRk contributed mechanically by the force acting at the jog. But to provide 

a permanent forward motion of the jog, the vacan~y so produced will, accor-

ding to the present analysis, have to move away. Consequently, the frequency 

z/;~· with which a vacancy forming superjog moves forward one 
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Burgers vector is given by 

-1- ~[;;;: -(l:-1::'11JbJr) 
~J ==Ve ~T ze 

. {15} 

where 7) is only slightly less than the Debye frequency and Z is the coor- · 

dination -number. Having so jumped forward~ the jog may now jump back again. 

This frequency depends on the probability that a vacancy is next to the last 

atom on the jog times the probability that it will exchange with that atom and 

thus return the jog to its original position. Consequently, the frequency for 

the reverse reaction is 

e. (16) 

where is the actual probability of finding a vacancy adjacent to a 

vacancy forming jog. But 

/'/J+ (17) 

And# therefore, the net frequency of the forward motion of a vacancy forming 

is .. 

~] 
(YLD 

. (18) 



17. 

when the concentration of vacancies reaches the equilibrium concentration at 

a jog under a stress 

(19) 

and the net frequency of the forward motion of a vacan.cy forming jog becomes 

zero. As a result of diffusion~ however., never reaches this 

equilibrium value. 

The forward frequency for motion of an interstitial forming jog can 

be obtained by the same method of analysis as that for a vacancy forming jog. 

The probability of finding a vacancy adjacent to an interstitial forming jog is 

given by 

(11-
(20) 

where since the interstitial jog is a vacancy sink. 

The net frequency of the forward·motion of an interstitial forming jog, therefore, 

is given by 

(21) 

.. 
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Although it might be expected that the interstitial forming jogs might 

lag behind the vacancy forming jogs~ this does not occur since as one lags 

behind the other~ the force due to the' line tension of the dislocation segment 

increases. Consequently3 jogs of the same size can move forward with the 

same net frequency. 

Superjogs having the greater heights p will lag behind those having the 

smaller heights because the force causing the production .Jr adsorption of 

vacancies is less per vacancy. V/hen pis not too large 3 however, the same 

adjustment of forcep on each jog will take place as p~eviously discussed. Very 

large superjogs~ however~ will not be able to keep up with the advancing screw 

dislocation and may therefore form dipole pairs of positive and negative edge 

dislocations, particularly once the applied stress is removed. The rate of 

removal of such dipoles will depend on the climb of edge dislocations which 

will be described in the following section of this lecture. 
I 

Consequently~ for small jogs either Eqn. (18) or (21) gives a good 

estimate of the frequency of the forward motion of the jog. The strain rate~ 
\ 0}-
({ • is given by 

(22) 

where . ?s is the total length of screw dislocations pe~ c.7 3, 

is'"'the number of jogs per em 
3 

on screw dislocations and ry ~J' 
the area swept out per activation. Introducing the value of ~· 

given by Eqn. (18) reveals that 

I 

~c:l· 
is 



.. 

\ 

When the applied stress is small, the rate of production of excess 

·vacancies can be expected to be much smaller than the rate at which they 

-+ diffuse to sinks. Under these conditions .!!!__ approaches unity. At higher 
. m-l.. mo 

strain rates, however, increases. 
rno 

A satisfactory analysis of the 

made. 

rv1-f on the frequency of motion of a jog has not yet been 
(lrto . 

Hirsch and Warrington, (35 )however, suggest that m -J.. 

dependency of 

never be-

m-+ comes very great. Since 
!Ylo 

should increase with the applied stress --
according to ,(~-~-;fj_l~i ~ -~~ 

a: e , -lrT 

Eqn. (23) can be written as 

(1:-t-~)~;" 6~ 
e.. ,/pT (24) 

where 

I - {ZL-?~L)jd· .6~ 
e. /;T (25) /-

F 

and F is never very large. 

Under equilibrium conditions the probability of finding a jog is given 

by 

e . (26) 

where 
. a , 
dJ is the free energy of formation of a jog. But, as the 

screw dislocations sweep through the crystal and intersect forest screw dislo-
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cations. additional jog.::; are produced. Furtheri.oore. additional super-jogs 

a:ce also produced by cross-slip. In the absence of an applied stress such ex-

cess jogs could combine or rnigrate to nodal points so as to preserve the valid-

ity of Eqn. (26). But under the action of a stress such migration and annihi-

l2.tion of jogs becomes difficult. Co~sequently. after some high temperature 

defm:mation .Eqn. {26} may no longer be valid and may be smaller 

than the true equilibrium value. For this model therefore~ 

represents one of. the structure sensitive parar-\leters of creep. 

It is difficult to prescribe a priori whether long range back stresses. 
"' 

will be significant or not. In cases where the stacking fault energy is high 
\ 

or intermediate~ the screw dislocations will cross-slip with relative ease at 

the high temperatures that are being considered here. Screw dislocatior.s r~ay 

also enter twist boundaries which have only local stress fields and, therefore~ 

may not contribute significantly to 
At-~' Z, "' ., For these reasons it appears 

appropriate to neglect any small effect of long range back stresses and suggest 

that 

t~·6fjo 
;;e, {2 7) e 

where depends on the average distance each screw dislocation has 

rnoved. The change in creep rate during the· course of creep then must de-

pend on the changes in the two structure sensitive parameters and 

It can be expected that during the course of creep under 

constant stress the edge dislocations become blocked leading to the observed 

fo::-mation of subgrain.s. Consequently, should decrease wit:'1 cor:.tinued 

c:ceeo. But according to tl-t..is model, creep should decrease as the edge dislo-

cations pile up and thus decrease It. appears that the climb ~odel 

must also be invoked in order to account for continued straining during secon-

dary creep. 
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The most satisfactory confirmation of the jogged screw dislocation 

model for high temperature deformation is contained in the paper by Hirsch 

and warrington. They contend that below about one-half of the melting tern-

perature, diffusion is negligible, and the deformation occurs by an athermal 

process~ namely, the formation of vacancies at jogs. 

Hirsch has suggested, without furnishing complete proof, that interstitial 

forming jogs, in contrast to vacancy forming jogs, can slide conservatively . 
( 

parallel to the screw dislocation and_ thus become annihilated at nodal points. 

It appears .. however 3 that such sliding will be quite difficult when a stress is 
; 

applied that causes the dislocation to bow out. It is reasonable to believe~ 

however, that the interstitial forming jogs may be left in the wake of a moving 

dislocation. In either event the flow stress will depend essentially on the work 

· required to produce vacancies" as given by 

(2 8) 

where again long range back stresses are assumed to be small. ·when 

C 4;· ~~),k T the flow stress for the thermally activated processJ as shown 

by Eqn. (27) is 

(2 9} 

Since d f is less than d J by d 11'1\. the athermal process prevails 

at temperatures below a critical value Tc given by 

(30) 
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These trends are shown schematically in Fig. 11. Formulating the Cottrell-

Stokes ratio between the flow stress for a given state for various temperatures 

above and the flow stress at ( gives 

(3la) 

T>Tc 
( 

for and 

zv 
I ta-

, 

(31 b) 

for T<Jc Typical results are shown in F~g. 12 which confirm, with 

other details 3 the nominal validity of the model. As shown by Eqn. (27) the 

activation enthalpy for the higher stress levels is an amount ( 2-- tJ...<) Jl.J· ~ 
less than that for self-diffusion. However, due to the rapid linear drop in stress 

with increase of temperature, the activation enthalpy rapidly approaches that 

for self -diffusion as the temperature increases when the strain rate is constant. 

4. Creep as a Result.of Climb of Edge Dislocations 

Creep arising from the climb of edge dislocations is much more difficult 

to formulate theoretically than that arising from the motion of jogged screw dis-

locations. The major problem concerns the fact that the rate at which edge dis-

locations climb is determined by the intimate details of dislocation patterns 

produced under a stress. Since these patterns are not vvell known and since 

many different dislocation arrangements are possible, the following analysis · 

can only represent·the general trends. 

The motion of jogged screw dislocations that was described in the pre-

ceeding section of this lecture is shown schematically in Fig. 13 as a plan view 

of the slip plane. When a stress is applied to a grain, dislocation sources such 

as that shown in 11a" begin to operate. As indicated in "b" the edge dislocations 
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move rapidly whereas the jogged screw dislocations move much more slowly 

as described ·in the preceeding section of this lecture. But the edge dislocations 

may be arrested at various barriers. As this happens the density 

of the active screw dislocations decreases. 

It is well-known that during creep of most metals, subgrains are pro-

duced. Such subgrains must arise from the non-homogeneous distribution of 

stresses in each grain, resulting in localized bending and subsequent polygoni-, 

+" za .. 1on. Whereas (the activation entha~py for creep of unbent single crystals of 

Al remains at the value of 28, 000 cal/mole for all te;nperatures above one-half 
1 

of the melting temperature (3 ?)the activation enthalpy for polycrystalline Al is 

about 35, 500 cal/mole. Therefore, bending and polygonization play an impor-

tant role in the high temperature creep of polycrystalline aggregates. Undoubtedly 

when the applied stress is increased the non-homogeneous local bending stresses 

also increase and produce the finer subgrain sizes th~t are observed. During 

pile up of the edge dislocation, the screw dislocations may enter twist boundaries 

or they may cross slip and be annihilated by joining screw dislocations with 

Burgers vectors of the opposite sign. 'During piling up of the edge dislocations., 

as shown schematical~y in ''d'' of Fig. 13, the length ?s per unit volume 

of the screw dislocations decreases and the creep rate diminishes, as is actually 

observed over the primary stage of creep. Although this model has certain 

merits, it does not appear to coincide exactly with the typical observations made 

with the electron microscope. The most prominent substructural feature of 

crept metals is the formation of subgrains; pile ups of edge dislocations are 

seldom seen excepting in metals having extremely low stacking fault energies. 

Nevertheless, something analogous to pile ups must form, since the applied 

stress will cause clusters of dislocations of the same sign to form in front of 

any substantial barrier. The approximation that such clusters can be repre-

sented by an idealized pile up will be made in order to facilitate the analysis. 

When the edge dislocations climb they relieve the back stresses on the 

dislocation sources and permit, in this way, the generation of additional dislo-
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cations. As will be described, it is expected that both the motion of jogged 

screw dislocations and the climb of edge dislocations contribute to the steady 

state creep observed over the range of the secondary stage. 
l 

A suggested model of the piled-up edge dislocations within a subgrain 

is shown in Fig. 14, where S is· the diameter of the subgrain. Since array 

11 A 11 does not encounter any additional barriers within the subgrain, the edge 

dislocations move rapidly to the subgrain boundary. The boundary, however; 

is produced by the non-homogeneous bending stress fields in the total grain and 

consequently is a good sink for edge dislocations. Since edge dislocations enter 

the boundary easily, the contributions to creep of isolated sources of Type 11 A 11 

must be ascribed to the motion of jogged screw dislocations. Consequently, 

0 • now refers to the density of screw dislocations is.suing from sources ./:5 

Dislocations from all other types of arrays, however, are held up at 

barriers and cannot~ therefore, continue to the sub-boundary without first 

undertaking climb. The most likely general type of barrier results from the 

mutual interaction stress fields of the dislocations themselves. Only those 

arrays having the greatest number of dislocations will climb rapidly. Conse

quently, arrays of Type 11 B 11 will contribute much more to creep by climbitig 

than those of Type "C 11
, etc. 

It is, therefore, reasonable to estimate the contribution to creep by 

climb as resulting principally from arrays of Type ' 1B 11
• The actual creep 

rate, however, will be somewhat larger than the value .estimated in this way 

as a result of contributions of other arrays such as Type 11 C 11
, etc. 

The climb of edge dislocations has been described in a number of re

search papers. (SS, 39) But the following discussion is based on an extension 

of Weertman 1s(40)method of analysis with the added details concerning the 

ef~ect of structure on the process. 

The velocity with which a dislocation climbs is given by 
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0 

is the frequency with wb..ich each segr:'1ent of the edge dislocation 

clin::bs one Burgers vector. If the distance between the an~ays of Type 11 B 11 

is h3 each dislocation must climb a height h/2. Consequently .. the tb1.e it will 

, take for a single dislocation to climb the required height is 

, 

(3 3} 

26-z{ 

If N is the number of arrays of type "Bn per subgrain, the area swept out per 

.~' .;.~ ~"'"'.3 unit volur .. J.e is U . d and the creep rate due to climb is given by 

2!1£J(llc 
8/h.. 

( . ..., ... ~ \ 
.) '-:.:.J 

, as previously described, decre2ses as the stress increases. 

N increases with the stress and also with 

The statistical :rnalyses for determining how N and depend on 

the stress have not yet been made. Nevertheless; the dependency of h on the 
f.t1Q \ 

st::.~ess is easily estimated in terms of well-1<"~-lOwn methods of analysis. Stroh'- ' 

bas shown that a stress concentration factor equal to ~ is obtained near 

the spur of a dislocation. array; ·vi{here L is the length of the array and 1 is the 

distance fro:G:l the array at which the local st:r:-ess is desi:ted. Taldng L as % . 
and l as h. the local stress barrie1~ of the lowei~ array that a moving dislocatio:1 

o1' the upper an~ay r.::mst surmount is given by ~ ~ Eut. ss shcn:vn 

'1. "' 'I; 'I .,..._ \ (42) • t • I • "";• t • ;::,y Eshewy • .!:,·ran:{ and Nabarro tne s·cress actmg on tne lez.dmg awloc2.non 

of the upper 2.rray is equal to n tirnes the applied stress whe1:e n is the numbe::.~ 
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of dislocations in the array of length 8j .tf which is given by 

/Yl;z 7T d C{l-jl)~; G b ' 
where r is Poisson Is ratio. 

Therefore; when 

1T s t 2 (1-r) 
L/Gb 

(35) 

the leading dislocations of each array will be arrested. To simplify the analysis 

it will be assumed that the average height of climb is , 
where 

(3 6) 

And3 therefore3 the creep rate due to climb is given by 

(3 7) 

The frequency with which climb takes place, • can now be 

estimated using almost the same procedures as those that have already been 

used in the preceeding section of this lecture for the motion of a jogged screw 

dislocation. The major difference between climb and the motion of jogged scre\v 

dislocation is revealed .in Fig. 15. Whereas the motion of a jogged screw dis-

location is stimulated by the shear stress, the climb of an edge dislocation is 

influenced only by the stress ~,.,. nomal to the edge dislocation half plane ~~A . 

as shown. When downward climb, designated +, takes place, a vacancy must 

be produced at a jog and moved away. The stress during this 

process assists by doing the work · <J;,-x, il+ where' I)_ .p is almost 

equal to the atomic volume. Therefore, the :frequency of the downward (+) climb ' 
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is given by 

hT ze 

where is the probability of finding a jog. The reverse climb involves 

,moving a vacancy into position at tbe jog and it is given by 

ze 

Therefore. the net frequency for climb is 

'1'-vo major problems c.rise concerning the details of Eqn. (39). T!:le 

first co~1.ce:;.~ns the stress cr; ..... ;C and the second the term The 

local stress (f.;"/v is sensitive to the structure. and arises f:~om the su~s 
""~"'-

of the stress fields of the near dislocations. According to the simplified model 

·~hat was assumed; here. it is given by two times the stress concentration factor 

~imes the stress field of a single edge dislocation. Therefore~ to a fair appro:d-

:·a:..c:.tion 

or~ upon replacing the value of h by that given in Eqn. (36) 
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(39) 

The analysis for might closely follow that given previously in 

the preceeding section of this lecture. ln terms of the arguments presented 

there and in view of the approximations that have been made ri.ere it is not 

unreasonable to-let rnj /Ylo be approximately unity, 

The analysis for determining the probability of finding a jog on the edge 

dislocations has not yet been well formulated. Under conditions of forced climb 

the existing jogs are exhausted; therefore, new jogs must be produced if climb 

is to continue .. In general, the nucleation of new jogs is quite difficult for low 

stacking fault energy crystals; As shown in Fig. 16 a high energy is required 

to add a single vacancy to a dislocation separated into its partials. If, however, 

two vacancies are added the maximum free energy is probably exceeded and a 

stable configuration of two jogs is produced. As additional vacancies add to the 

jogs, the partials of the dislocation segment between the jogs will continue to 

separate with a further decrease in energy. It is suggested that this may be the 

reason why the activation energy for recovery and re-crystallization of Al under 

zero stress is about twice that for self -diffusion. (43 ) 

Under the action of str·ess concentrations due to piled-up arrays, how-

ever, the partial dislocations of the leading dislocations are brought more 

closely together. Under these conditions the thermal energy to produce a jog 

becomes smaller due to the reduction in the constriction energy. If the nuclea-

tion of jogs is not too difficult and if the rate of climb .is not too rapid, the prob-

ability of finding a jog may approach the equilibrium value 
. d 

~i/)T 
e (40 
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If 

where (~J t.' has a value of about 2, 300 cal/mole, the jog energy in the 

absence of a constriction. To within the accuracy of these approximations, 

therefore, the creep rate for climb is g.iven by 

.(/4)Z \{_=712 {1-:AYPz!llt{ e 
( dd. -f Ji') 

RT 

112 ( f-j.{) 2 JJ_t~ 
Lf 12 G~.J.:J T [e 

In general; the exponential term is small relative to unity and, therefore, 

--

. This theory compares favorably with the experimental results. The 

activation enthalpy for creep is only slightly greater than that for self-diffusion. 

Furthermore, the effect of stress on the creep rate .is also in good agreement 

. ( LlL1_) 
with creep data. The results sumr.c1.arized recently by Sherby ·- as shown in 

Fig. 17 reveal that the creep rate indeed depends on about the fifth power of 

the stress. 

·Discussion 

A rather complete theory is now available to describe the component 

of creep arising from the thermally activated motion of jogged screw disloca-

tions in pure metals. And this theory appears to agree well with the experimen-

tal facts in the near neighborhood of about one-half of the melting temperature. 

On the other hand, it is unlikely that creep occurs exclusively by this 

mechanism. As creep continues it is to be expected that some dislocation 

sources wi,ll become blocked as a resul.t of the back-stress fields of interacting 

edge dislocations. Climb of such blocked dislocations can result in a second 
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component of creep. Consequently) ii might be expected that both motion of 

jogged screw dislocations and the climb of edge dislocations contribute to the 

total observed cree.p. Whereas the activation enthalpy for the motion of jogged 

screw dislocations is slightly less than the activation enthalpy for diffusion3 

that for climb is slightly greater than that for self-diffusion. The mean value 

might, therefore, approximate that for self-diffusion as is observed experi

mentally. 

Many problems concerning the effect of stru~tural factors on the creep 

rate for climb must yet be studied in detail before a satisfactory theory can be 

formulated. A major problem concerns the nature and distribution of non-homo

geneous stressing of each grain in the polycrystalline aggregate. This is un

doubtedly the principal factor leading to subgrain formation. The size of su}::h 

subgrains and the distribution of dislocation sources in the subgrains is ·also 

significant. Details of the effect of stress on the separation of partial disloca

tions and the resulting jog energies must also be known. Furthermore) the 

kinetics of nucleation of jogs and their diffusion demands additional attention. 

In conclusion, it is reasonable to state that only the first crude steps have been 

taken in an attempt to understand the high temperature creep of pure metals. 

But the progress looks good and some satisfactory solutions should soon become 

available. 



31. 

ACKNOWLEDGEMENTS 

The author wishes to acknowledge that this lecture was prepared 

under the auspices 0f the Lawrence Radiation Laboratory of the lJniv-

ei·sity of California sponsored by.the United States Atomic Energy Com-

mission. SDecial thanks are due to Mr. J. Mote for his valuable dfs-•· 

cussions and assistance on many of the aspects of this paper. The author 

also wishes to express his sincere appreciation to his many graduate 

students and his colleagues who contributed materially to his understanding 

of creep. 



REFERENCES 

l. . G. Schoeck, 11 Theories of Creep 11
, Mechanical Behavior of Mat-

erials at Elevated Temperatures, McGraw-Hill Book Co., Inc., 

New York, p. 79-107, 1961. 

2. J. E. Dorn, I!The Spectrum of Activation Energies for Creep 11
, ASIVI 

Seminar on Creep and Recovery, p. 255-283, 1957. 

0. D. Sherby and J. E. Dorn, 11 An Analysis of the Phenomenon of 

High Temperature Creep 11
, Proc. Soc. Exptl. Stress. Anal., ·vaL 12, 

No. 1, p. 139-154, 1953. 

4. H. I- Lieh Huang, 0. D. Sherby and J. E. Dorn, "Activation Energy 

for High Temperature Creep of High Pt!-r.ity Aluminumll, Trans. AIME, 

Vol 206, p. 1-4, 1956. 

5. 0. D. Sherby, J. L. Lytton and J. E. Dorn, "Activation Energies for 
' Creep of High-Purity.Aluminum'', Acta Met, Vol. 5, p. 219-227, 1957. 

6. .li .. Seeger, 11 The Mechanism of Gl.ide and Work Hardening in Face

Centered Cubic and Hexagonal Close-Packed Metals':, Lake Placid 

Conference on Dislocations and Mechanical Properties of CrY,stals, 

John Wiley and Sons, p. 243-329, 1957. 

7. S. Mitra, P. Osborne and J. E. Dorn, 110n the Intersection Mechanism 

of Plastic Deformation in Aluminum Single C~7stals 11
, Trans. AIME, 

Vol. 221, pp. 1206-1214, 1961. 

8. S. Mitra and J. E. Dorn, 110n the Nature of Strain Hardening in Face

Centered Cubic Metals 11
, to be published in Trans. AIIVIE. 

9. G. Schoeck and A. Seeger, 11 Activation Energy Problems Associated 

\Vith Extended Dislocations 1
', Conference on Defects in Crystalline 

Solids, Phys. Soc. London, p. 340,. 1955. 

10. J. Friedel, 11 D.islocation Interactions and Internal Strains 1:, Internal 

Stresses and Fatigue in Metals, Elsvier Publ. Co., p. 220-262, 1959. 

11. H. U. Aestrom, "Isothermal Measurements on the Release of Stored 

Energy in Cold-Worked Aluminum'', Archiv fur Physik, Vol. 10, No. 18, 

p. 147, 1955. 

12. J. E. Dorn and N. Jaffe, 11 Effect of Temperature on the Creep of Poly

cryst_alline Aluminum by the Cross-Slip Mechanism 11
, Trans. AIME, 

Vol. 221, p. 229-233, 1961. 



·) 0 
,J t). 

N. Jaffe and J. E. Dorn~ 11 Effect of Stress on the Creep Rate of High 

Purity Alum.inum in the Cross-Slip Region 11
, to be published in Trans. 

AIIviE. 

lLt J. E. Dorn, ':Some.Fundamental Experiments on High Temperature 

Creep 11
_.. Symposium on Creep and Fracture of Metals at High Tempera

tures, Her Majesty's Stationary Office, p. 89-138, 1956, J. l\!Iech. & 

Phys.ics of Solids, Vol. 3, p. 85-116, 1954. 

15. D. McLean, ''Point Defect$ and the Mechanical Properties of Ivictals 

and Alloys at High Ter.nperatures 11
, Symposium on Vacancies and other 

Point Defects in Metals and Alloys, The Institute of Metals, p. 159-198, 

1958. 

16; T . .A. Trozera, J. Mote and J. E. Dorn, 11.Activat.ion Energies for Basal 

Sl . . "T\fr • ....,. l c + l II T ASM v l -.- '? ') 1p 1n lv1agnes1um ::::ilng e ryS, .a s , rans. ~, o . !).5, pp. 1 ~"'-

135, 1961. 

17. J. H. Bechtold, E. T. Wessel and L. L. France, ''Mechanical Behavior 

of the Refractory Metals 11
, Symposium on Refractory Metals, p. 2 5-81, 

1961. 

18. H. Laks, C. D. Wiseman, 0. D. Sherby and J. E. Dorn, 11 Effect of 

Stress on Creep at High Temperatures", J. Appl. Mech. VoL 79, 

p.· 207·· 213, 1957. 

19. A. E. Bayce, VJ. D. Ludeman, L. A. Shepard and J. E. Dorn, "Effect 

of Stress on the Creep of .Aluminum in the Dislocation Climb R.ange", 

Trans. ASM, Vol. 52, p. 451-468, 1960. 

20. D. McLean and K. F. Hale, ''The Stress Sensitivity of Creep'', Sympo

sium on Structural Processes in Creep, The Institute of IVIetals~ p. 19-

33, 1961. 

21. A. B. Sully, ''Recent Advances in Knowledge Concerning the Process 

of Creep in Metals11
, .P.cogress in .l\-1etal Physics, Vol. 6, p. 135-180, 

1956. 

22. E. Conrad, ''Experimental Evaluation of Creep and Stress Hupture 11
, 

J\liechanical Behavior of l\Caterials at Elevated Temperatures", McGraw

Eill Book Co. Inc., New York, p. 149-217, 1961. 
') •) 

'-''-'• A. D. LeClaire, 11 Diffusion of Metals in Tv'letals, Prog. in Met. Phys., 

Vol. 1, p. 307-379, 1949; Vol. 4, p. 265-322, 1953: 

24. D. Lazarus, 11 Diffusion in Metals 11
, Solid State Physics_. Vol. 10, p. 71-

126, 1960. 

25. \V. M. Lomer; "Point Defects and Diffusion inMetals and ~t>,lloys' 1 J 

Vacancies and other Point Defects .in Metals and Alloys, The Institute 

of Metals 3 p. 79-98, 1958. 



~!: 
'-' J .• 

? 6 '~r n ·'" T ·I • D ' . . p N." + 1 II D . I' If t p' . v l n ~ • v •• lv'.;. • .l.....lomer, · e!ec-cs 1n ure leca s , ..... rog. 1n v.i..e . nys ... , o~. <::> 

p. 255-320, 1959. 

27. A. H. Cottrell, "Point Defects and the Mechanical Properties of Ivletals 

and Alloys at Low Temperatures'', Vacancies and Other Point Defects 

in l\:Ictals and' Alloys", The Institute of Metals, p. 1-39, 1958. 

28. T. Broom, "The Effects of Lattice Defects on Some Physical Properties 

of Metals 11
, Vacancies and Other Point Defects in IVIetals and .Alloys:, 

The Institute of lvietals, p. 41-78, 1958. 

29. F. R. N. Nabarro, "Deformation of C~ystals by the Motion of Single 

Ions 11
, Rept. of a Conference _on the Strength of Solids, Physical Soc. 

London, pp. 75-90, 1948. 

30. C. Herring., ':Diffusional Viscosity of a Polycrystall.i.ne Solid 11
J J. 1\.ppl. 

Phys., Vol. 21, p. 437-445, 1950. 

31. N. F. Mott, Phil. lVIag., Vol. 43, p. 1151, 1952. 

32. A. Seeger, ''The Generation of Lattic<; Defects by Moving Dislocations 

and its Application to the Temperature Dependence of the Flow Stress 

3 0 
.). 

0L! 
J ..:. 

35. 

0 : F c c c·~ys+~l"' 11 Phl"l Mi-::>O" "Tol LJ.C '"' '1911.-1?1" 7 19;:::::; l. • ~ • J. . l.<:..l. ;;:) J ·- • ...0..0. J v' . ,.I.. u) }i. 1 ~ ~ ) v v. 

J. F:dedel, !!On the Linear Work-Hardening Rate of Face-Centered 

Cubic Single Crystals'', Phil. Mag., Vol. 46, p. 1169-1193, 1956. 

H. G. van Bueren, "Theory of the Formation of Lattice Defects during 

Plastic Strain", A eta 1\'Iet. , Vol. 3, p. 519-5 24, 19 55. 

P. B. Hirsch and D. H. Warrington, 11 The Flow Stress of J'l.luminum 

and Copper at High Temperatures'', Phil. Mag., Vol. 6, p. 735-768, 
1 a.~ 1 
J..:::JO -· 

36. J .. Lothe, 11 Theory of Dislocation Climb in IV:ietals 11
., J. of ... .;p::;;lied 

Physics, Vol. 31, pp. 1077-1087, 1960. 

37. J. Lytton, L. A. Shepard and J. E.· Dorn, ' 1The Activation Energies 

io:c Creep of Single Aluminum Crystals Favorably Oriented for (111) 

101 Slip'', Tra.ns. AIME, 212, No. 2, pp. 220-225, 1958. 

38. N. F. Mott, "The Mechanical Properties of Metals 11
, Proc. Phys. Soc., 

London, 64B, p. 72 9-741, 1951. 

''A Theory.:>£ \Vod{-Hardening of Metal 2rystals", Phil. JVIag. Vol. 43, 

p. 1151-1178, 1952. 

' _LI, Theory of vV or>-Hardening of l\1; '=tals II: Flow Virithout Slip-lines, 

:r~ecovery and C:.:2e;:;, Phil. 1\Ca;., VoL 44, p. 741-765, 1953. 
11 Dislocations, Plastic Flow and Creep 11

, Proc. Roy. Soc., London, 

Vol. 220A, p. 1-14, 195::J. 



/ 

:) 5. 

•"'>C) (\ s II- . I'" 1 t" L' II- " c " .:,~. ~'-').. eeger, Jogs 1n .u1s ... oca 10n 1nes .K.eport OI a onrerencc on 

40. 

Defects in Crystalline Solids,· The Phys. Soc., London, p. 391, 1954. 
11 The Generation of Lattice Defects by Moving Dislocations'', Phil. 

Mag., Vol. 46, p. 1194, 1955. 

J. Weertman, "Theory of Steady-State Creep Based on Dislocation 

Climb' 1
, J. Appl. Phys., Vol. 26, p. 1213-1216, 1955. 

''Steady-State Creep through Dislocation Climb", J. Appl. Phys., 

Vol. 2 8, p. 362-3.64, 1957. 

41. ,_6,. N. Stroh, "Theory of the Fracture of Metals~' Advances in Fliysic:s, 

6; 24, pp. 418-465, 1957. 

4 r, 
0. 

J. D. E-shelby, F. C. Frank and F. R.N. Nabarro, ''Equilibrium of 

Linear Arrays of Dislocations 11
, Phil. Mag., Vol. 42> pp. 351, 1951. 

W. D. Ludemann, L. Shepard and J. E. Dorn, 11Hecovery of the High

Temperature Creep Properties of Polycrystalline.Aluminum", Trans. 

AIME, Vol. 218, pp. 923-926, 1960. 

44. 0. D. Sherby> 11 Factors Affecting the High Temperature Strength of 

Polycrystalline Solids' 1
, il.cta Met., Vol. 10, pp. 135-147, 1962. 



36. 

0 

u 

0 /l 
.. ~ 

~ 
~ 

I 
~ 
I 
I 

1 

I _, 
i 

I 

Fig. LA & lB Typical Creep Curve (high purity polycrystalline Al)~(2 ) 
and Change in Creep Rate during Creep at Constant Stress 

and Temperature (2) 



b 

Q) 
' ,_ 
l 

(:r' 
~'-

~ 
. o· 

(I) 

'i ! ; 

(j) 

3 7 0 

0 ~ <" 
(\-'} 

u.~ 0.~? 

Fig. 2 Effect of Change of Stress on the Structure Parameter -

True Creep Strain Relationship for High Purity Aluminum (3} 



' 

r ,, ... 
...... ) 

(:J 
::J 

38. 

r . ..._ 2.00 ' 

::: 

(.) 

0.02 o.o-::;. 

True 

O r•""' .vo 0.08 

Fig. 3A & 3B Typical Creep Curve for Pure Aluminum under Cyclic-Temperature 

Condition; (4) and Creep Rate - True Creep Strain Curves for Use 

in the Evaluation of h. H for Pure Aluminum (deduced frqm Fig. 

3A above). (4) 



(\) 
50~--~----~--------~--~----~--~----~------~ 

0 
E 
' 
3.:10-

.ot: ' 

c 
0 

0 20 
> 
u 
D -0 10 
>. 
2' 
<l.l 
c 
w 0o~--_L--~o~.IO~--~--~o~.20~--L---ro~.3~o--~----ro~.4~0------~ 

True creep strain 

MU -20901 

Fig. 4 Energy of .Activation for Creep of Pure Aluminum 

as a Function of Creep Strain (4 ) 



-J !'\ 
+ ' .. J 

~-J 
(.J 

C> 

(') 
=--· ~ 
t_j, ~-_,. 

Fig. 5 

' \ 

I • ~ I 

i ,, 

l c· / 

' 
'. ) 

1 .. 
• 

!" ., 

--~ ~-~ -- -~. 

•.' I 

i /) 
·,. / J 

"'-·''"·'''-·() ""''" cc-,o "'j' 
' l 
1 

, ______ _. __ ··-·------· ..... -~--: .I 

l 

Activation Energies for Creep of Pure Aluminum as a Function of the Absolute Tem.peratur<Ji.> ~f:>. 
0 



41. 

,.-o.r .... 
' ·- ···" 

) 

c..: .•• 

/
. 

. 

l 
~ 

. ' ..... "';;; 
\ .... ~-' 

'-:---

80 

Fig~ 6 Activation Energies for :High Temperature Creep and Self-Diffusid~! 14 .. 15 ) 



,--... 
('; 

0 
-·· l 

--... , 
-~ 

\:J 
() 
<::·•1 

....._... 

-.----.• 

-~ '·..J 

Fig. 7 

42. 

! 
I 

' ~ 
' .'~) I 

....... .,.;· 

i 
' 

' . p I' ,. 
-- c .! ,_ .. 

~ 

! 
I 

v 

~ ~~--..~ r·· 
lUv ~000 6000 

(o,_,) f"\ . 

Correlation of the Activation Energies for Creep,. Stress-Rupture 

and Self-Diffusion with the Melting Temperature. (l?} 



43. 
(J;) 
c ..... ij 
('':..:;> 

:,::.-;:~" 
C.) ... 
;-·:.. :,._, 

u ~;-.: 

CJ .. ~ .... 
\ 
··. \ 0 
·-' 0 
..,.. __ "~--

.. ~--....... -(J 
1.:::: a 
c; 
.• ' '-·:~-\-....,) 

0 ('J 
:"'~..) c: 
,.-_~: 0 
...... ,. ..;=.... 
() , ........ . : ..... ~ "'"' !"--.:.. 

c::.[ t: 
... -... . 
u ..__., 0 

('--: "···· p 
~----"" c , c.;, 0 

() /··-~· •r-1 
',...;_~ Ul 

< -· c.:,; ::s 
,_) 'H · . . u 'H 

•r-1 
< ; r=;· Cl ~~J ·-' 

~-
...-' 'U 

,>~~ p 
< --· '";J.<"') ctl 

'"<...:) 

0 D1 

~,..; () Cl) 
·r-1 

0 <-..... 0 

c.:=~ ~ 
~:::; ("';.:.1 C) 

\~.J v ctl 

li: ~ ~ >-
'~""""' 
e.:1 co 

,.;;.=-t;;. "''-·'-~ 

~:2 ~(j . 
...__.. u bJ) 

' ·r-1 

~ 

~: 
0 
. ~ 
() 
~~;::,. ~--~,.......-"';j, 

'\:_') (.) 

() c::: 
~;:= c:; 
C2. 0 

G 
0 > 

_:t:: 
~~~- 0 

.,..~ ........... t.:::.-. 
(J 0 ..__. 



44. 

r (X+ A)- r 
I * K* f-+ 

lt X - * 
.... ~ 

* * 1-.. ,, 

l {X-A) ... w 

* * !C* ,, 
1-,,~ "·' 

MU-26906 

Fig. 9 Diffusion of Tracer Atoms 



45. 

G:i 

. 
0..0 

·..-! 

~ 

t 



( ·. 

1.>~<; 

I; 

!: 
,, ti 

-~....L...."""""'.~""" L-~ ........... _,~ ...... · .. -= ··.-=~"""""'"~ .·. . 

Fig. 11 Effect of Temperature of the Flow Stress for the Motion of Jogged 

Screw Dislocations 

.. 



(I 
i 

i! 

'l 
,1; 

.) 
:; 
J 

C("'\ 
\_; 

d 

0 

(:.:t 
\) 

c' 
(·:=~) . 
!!' ~-~. 
'~ J 

(;':; 
fj 

0 

_ _;:.. ____________ 1 __ ....:.._ 
··n ~;:,,.; 

0 

c.:"·.' 
·-~ 

,f"'l-

o~~ 
( 

........ 
.; ; 

~----·, ; v' 
0 

,.('-~ .... 
\. ' " ()J 

CJ 

·""-u 

·o ..... ~ . ' 

l.....-...'j 
"'·· . ./ 

---~. 

./>,.-~- .... ~-' 

t ••. ) 
•': ,...~ .... ~ 
\._..;,:--,} 

;, 
-:1 

1:,.-....,., tl 
'-.,_..} 

•") '· ·I "'''"' ,, 1 f"\ :: ;,;_, ./ 

-~1 
.'~" :i 

·' ,,,.,_j .. -- .. 
~~ "t 

--:i '···:·~ 
(:~:: ~ ... 

..... J 

~t""" .. "'"" ' 
~- .... ,..,.,.> 

'; ~,~ ... 
.: \,;_.) 

;; 
-:: 

~--; 

~...-""-.. 

~-i ,. ... -~"\ 
1: ·: 

'--·""' 

47. 

.'-H 

.o 
'!J.l 
<ll 

·r{ 

+-' 
·.-I 

f-.! 
::s 

P-! 
0 

·~ 

<+-<.-.. 
0~ 
wco 
C) •. 

p~ 
().) VJ 

'"d-
. p .-I 
i ().) <G 

0.. 
().) 

:Ci 
().) 

H 

.B 
Cil 

IH 
().) 

0.. s 
().) 

E-; 



48. 

--> 
b 

-~'.) --- r, 
~ 

,f ~' 

I ! 0 I , . . , 
i ! ' I i r:= 

t,_"·..:.. ! l 

I ~ 
09 1: 

L.- ~ ..... 
I i ~~~! 
! 

I 
~ 
E 
p 

I 
a ;, 

~~ ·' -··~·-

!'i [.' ........ -~-~-~-=~~ 
,_! 
-l 

~ 

~ ,.... "! ~ .... ,... ~"', .4""'-1 :~ ~ IJ 
L'vc.~,t.::U:: y· 

., 
\ ' 

-- ---~·: " 
.'\ 

11 : 
\i J 

" 
ij I r 

;I 

~ I' 
;i 

~ 
I[ 

) '! 
<l !i :i 

!l :1 ' 
tl ., i! 

h') fl 

" 
;; 

r~ i 
'I ~ 5 

r;""""'· _ ... _ __.~--~---=-~-~-~---~--~~ 

i! 

~ 
;~ ,.. -...:.-· 

!; 

i! 

a ~ 
[~ 

!! 
I' _, : 

. . " ". c:H s toe en on s 
r 

cr~c 

c~~oss 
.... n • p 
~H . 

.• 

0- ·-
t 

Fig. 13 Motion of Jogged Screw Dislocations 
·. 



'·· 

49. 

~\ 
i 
i 
l 
! 
I 
I 
l 
t 

I 
i 
I 

i 
! 
I 
! 
i 
l 
I 
i 

_j!_ 

Fig. 14 Schematic Diagram of Possible Dislocation Arrays 



50. 

f 

,r·""'~;_ .fr-"'~\~ ,,.." /~-..:. 1~.._,~~ .. 
\ .i l..J il~)~ () ........ -;/·~ \.~j Y._-,._.) {~-~\ 

'~ .. Jv 
,·:-'·4~~ 

.~·"'""""\) r~ ·'~ 
· .... ,.,:.=.;-.. 

f' ~1 ; " 
\~,y ~-v u \,.) •J :::~ j ?"""'\, 

·''""'--
.i 

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

\J \ H 

,;)".::~ r~ 
i 

0 0 0· 
~l;.v' -l) I· v _Q . . . 

' 

0 r) --0 0· 0 ~"""'» 
;;.-~,,. ~" 

u ~·· u . . 1.' ..;// 

•'"""\ 0 ·""1 0 
_.,~~ r-\. f) (. 

{J u t=} v "--' 

.t:~ ~ 

> l~ 0 
•.-! 
+> 
til 

0 C) . 0 
-~· ~ 

00 
•.-I 

~ 
Q) 

b.O <b,.., 

1 ~2-r 
'"0 
~ 

c~ ~ -- til 
'H 

r~, 0 0 .n u 0 
0 . \.j 0 0 

,..Q 
. 8 

""".-:;.,'"~ .if~~ 0 0 ( '$ 
•.-I 

., )i r·• ~ 

~/ \."""' u 0 D 
' 1'\). 

_,...-\ {'\ "~ 0 
v - 1.0 

u 'V u ~ 

0 0 
0 . . 

t .......... ~l ;f"'~· ·o 0 0 ·- .b.O 

u 
•.-! 

·~J ' fl:.t 

0 
',f"'\ 0 

.f'"""\ 0 0 0 v u . 

T 
,. 

.. 



,J 

_J b 
I 

i , · I ~.::-. 2 b -;.~ 
I 
~~' 

= = j--

51. 

==== mn 

---=~"'===-·= 

r 2gj·· 
~--~~~-----J------~------~----~11~! ' 

0 2 ' 3 

b 

·Fig. 16 Nucleation of Jogs 



• ,.. 

('~"""' ... ~~ 
~ . .-: .. · ..... "' 

52. 

~0 

0
_
1

/lc-
. 1-

! 
' "--

Fig. 17. Steady-State Creep Rate Provided by J)iffusion Rate vs. 
i 

Creep Stress Divided by Elastic Modulus for Various 

Pure ·Metals 

• 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, 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 information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

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

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



---=--~,~~ ---==....-=...... 


