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NATIONAL ADVISORY COMMrl'l'EE FOR AERONAUTICS 

TlmINICAL NOTE NO. 1039 

CPANTITATIVE TRIlATMENT OF mE CHEEP OF MBn'ALS BY 

DISLOCATION AND BATE-P.ROOl!BS 'mEORIEB 

By A. S. Hawiok and E. S. Maohlin 

(An equation tor the steady-state rate of creep has been derived 
by applying the theory or dislocations to the oreep of pure metals';> 
The t~ of thls equation is in good agreement with empirioal equa­
tions describing creep rates. The theory was also used to predict 
the dependence of steady-state rate of oreep on phys lcal oonstants 
of the material and good agreement was obtaIned with data in the 
llterature for pure annealed metals. (i'he rate of oreep was tound to 
deorease With increasing modulus of rigidity) bJ.ia f'aot suggests 
that one or the reqUirements for a heat-resisting allqy is that ~ts 
matrix be a metal that has a high modulus of rigidity and therefore 
a high modulus of elasticity~ 

INTBOlXJCTION 

Th~ development of tho sas turbine in oombination with the Jet 
as a power plant tor military aircraft has tocused. attention on the 
need for heat-resisting alloys. ~e or the oriteria used to evaluate 
heat-res',sting alloys is creep resietanoe.i) that is" the reeistanoe 
to plastic deformation over a period of time. Ourront evaluation o£ 
creep resistance is acoanplished by cre~p tests in which creep ~urves 
(elongation plotted against time) ard obtained at oonstant stress and 
temporature. A typical cree'P curve is shown in figuro 1. The initial 
st~J in which the slope of the ourve or rate of creep is rapidlY 
decreasing, is commonly desi8P&ted the pr~y or transient st~j 
seoondary or steadY-state oreep refers to the straight-line 'Portion 
of the oreap ourve. After a suf'f'icient length or t1m.e, the rate of 
oreep increases in the region des1gn.a.ted the tertiary stage. In 
certain cases, the rate of creep cant inuouelY incr~ases and. oannot 
be divided 1nto these three st~s (reference lea»~. The steady­
state rate or ore~p is sanerally the criterion by which the cruep 
resistance of heat-resiating alloys is expressed. Beoause this rate 
rapidly increases with temperatur& J oreap booCJnes 8Zl important factor 
in limiting safe-operating temperatures. 
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One of the first attempts to analyze steady-state oreep by other 
then empirioal methods was by Kanter (ref'erenoe 2) in 1938. Further 
work or a fundamental nature was oarried OI1t by Kauzmarm (refer-
ence 3) who applied Eyring's theory of liquid flow, "whioh is a specIal 
applioation at th& theory of rate processes, to the steady-state flow 
or metals. The problem at oreep has also been attacked by the use at 
the theory of dislocations. A survey of results obtained thus far by 
this approach is reported by Beltz and Bead (referenoe 4). Although 
C!;hese three theoretioal treatments prediot equations for the stead,y­
state rate of oreep that showed the oorreot depondence on stress and 
temperature, quantitativa predictions oannot be. made fran them as to 
how pqsioal. end struotural oonstants of mater1als affect the oreep 
rate"j) Those tre.atmonts thorofare are not of great value in leadIng 
to the synthesis or new materials that will have bettor oreep prop­
erties than those ourrentlT used for heat-resiating purposes. 

In order to determine the dependence of ste~-state oreep rate 
on physical constants of materials, the investigation reported herein, 
which continuos a fundamental approach to the problem of oreep, was 
conducted at the NACA Cleveland laboratory in the early part or 1945. 

<An equatIon for the st6a.dy-stat\1 rate of creep as a functIon CJi 
applied stress and temperature is derived by app~ing ~1nsIS theory 
of rate processes and the the~ of dislocations to the problem~ 
This invest1gation is part of a p1'ogram. being oonducted at the Cleve­
land laborntor.1 to ovaluate the physioal properties of heat-resistfrig" 
alloys in torms of phya10al oonstants, which are either known or 
easily moasurable, in order to min1m1ze the number of tests as well 
as to make possible the p~dlotion of new oanpoaitlona and structures 
for better heat-resist1ns alloys than those ourrently used. 

SYMBOLS 

The followiI18 symbols ara used in the theoretioal analysis: 

d l distance between atcms in slip direotion 

d2 interplanar spacing (fIg. 4.(a» 

E modulus of elastlolty 

F(T) functIon of temperature and. material 

dFa free ensrgy of activation per molecule 

f fraction whose value is abOllt 1/2 

G modulus at rigidity at any temperature 

-, 
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Go modulus at rigidity at absolute zero 

h Planck's constant, 6.62 x 10-27 erg seconds 

~a heat of aotivation per molecule 

k Boltzmann's constant, 1.38 x 10-16 erse per moleoule per ox: 
L distance between imperfectIons in a sine;le crystal. (of the 

order or 1 ~cron) 

number of dislocations per unit area that intersect a plane 
nonnal to the slip plane and oonta1n1ns the slip direction 

!fs number of sources of dislocat1ons per unit volume 

p probability of ocourrence of oscillation in or,ystallographlc 
direction under consideration 

p+ ratio of sources of dislocations at which a posItive activated 
complex has for.med to total number at right-hand sources at 
dislocations; that is, probabi11ty of formation of a positive 
activated oomplex at right-hand source 

P- probabilIty of formation of a negative aotivated canplex at 
right-hand source 

pr • -k loSe p5 

q 

r 

stress ooncentration factor 

rate of reaction per unit ooncentration at reactants 

rate at generation (number of dislocations generated/sec for 
single generating sourco) 

rate at generation of positive dislocations at right-hand 
source 

rate of generation of negative dislocations at rlsht-hand 
source 

entropy of aotivation per molecule 

t average time for activated ocm.plex to pass into product form. 

T absolute temperature 1 <'Ie 
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u tensile creep rate at st~-state candit1ans 

U I shear rate 

v averase velocity or motion or dislocations 

V volume associated. with one atan 

W elastic energy 

Wt enersy to be attained by thermal motion 

x ratio or dl to cia 

~ temperature ooefficient at modulus or rigidity 

B displacement shown in figure Sea) 

~ Poisson's ratio 

a externally applied tensile stress 

T Shear stress 

Tb back stress 

Te external~ applied shear stress 

T s averase shear stress at sources of disloca.tions 

Tt shear stress to be attained by the~l motions 

TO critical local shear stl'eSS for generation at cllslocation 

THEORY 

The foatures of the theory or rate processes and the theory or 
dislocations required for the developnent of the oreep equation are 
first reviewed; the derivat10n af the equation for the steadJ'-stat~ 
rate at creep then follows. 

Eyring's Theory at Bate Processes 

The theory at rate processes (reference- 5), as developed by 
Eyring and others, considers a reaction or any rate process to be 
the result or the crossing or a potential-energy barrier by molecules 
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whose energies have exoeeded a oertain minimum value. The reaction 
oonsists or the formation or an "activated oomplex" capable at oross­
ing the barrier followed by the passage of this oomplex over the 
barrier. (See fig. 2.) The most important assumpt10n is that the 
initial reactants and aotivated oomplaxes are al~s in equilibrium. 
Applioation of thermodynamic and statistioal mechanioal considera­
tions shows that the number or activated ocmplexes passing over the 
barrier per second (or rate at react1on) per unit oonoentration or 
reactants is gi van by 

r .. kT e -/IF alk!r 
h 

(1) 

The term Jr!J!/h can. be regarded as the Elfi'ttctlve frequency at 
whioh activated complexes cross over the barrier; the exponential 
factor represents the probability of formation at an activated 
complex. In the calculation of this probability torm, tho contri­
bution due to the translational degree of freedcm along the "reaction 
ooordinate" (the most favorable reaction path on the potential-energ,y 
surface) has been disregarded beoause it is included in the factor 
k!r/h. The free energy at activation AFa is interpreted as an 
ordinary free-energy term. and oan be expressed by 

AFa - AHa - TASn (2) 

whera the heat at activation per molecule ~a is the height of the 
potential-energy barrier in fisure 2. 

General Features or Dislocation Theory in Relat.ion to Slip 

The theory at dislocations arose in relation to the meohanism. 
of slip in single orystals at metal. Slip is the plastio deformation 
that occurs in an arbitrary short period of. t1mo when a metal is 
subjectEld to stross. ThIs deformation is characterized by the dis­
plaoement or one part or the orystal lattice relatIve to another 
along a particular crystallograPhic plane and in a definite cr.fstal­
lographio directicn. These slip planos and slip direotions are 
detected by the occurrence of slip bands, step-like disoontinuities 
on the surface or single crystals that have been subjected to stress. 
The spac 1nge or the bends are senero.l.ly of the order of 1 mioron 
(reference l(b». For any given orystallograPhio plane, there 1s a 
more or less critioal value of the component or the applied. stress 
above which the rata at plast1c deformation ra.pidly incroases. This 
value is called the critical shearing· stross. Early attempts to 
explain the mechanism at slip based upon the assumption that the 
process consists in the sliding or parallel planes over one another 
lead to theoreticallY det&r.mlned values of the critioal shearing 
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stresses" 'Whioh were at the order of 1000 times too large. It there­
fore beoame evident that the true nature of slip involves deviations 
fran a perfeot l.attioe. 

Of several meohanisms suggested the one that has been most 
suooessf'ul in explaining the slip process is the theory at dislo­
oat ions. This theory" whioh was advanoed by G. I. Taylor (refer­
enoe 6)" Cravan (referenoe 7), and Pol..anyi (referenoe 8), proposes 
that looal deviations fran a perfeot l.attice called d1slooat~ons 
exist in single crystals" and that movement of d1s1.ocatians th~ 
the stressed orystal. produces slip. A dislocation consists in a 
stable arransement ar atans suoh that, in a reg1o~ of a f'ew atanic 
distances" n + 1 atums in tbe slip direction face n atoms across 
the slip plane. The point at which the atoms are one-half an atanto 
spaoing "ou.t or step" 1s oalled the oenter or the dislocation. The 
extension or the dislocation in the slip plane and normal to the 
slip direotion is oalled the lensth of tho dis1.ocation. 

A simpl1fied modal or a dislocation in whioh two neighboring 
planes ere shown in oross section is presented in f'igure 3; the 
plane of the figure is normal to the length of the dislocation. A 
small shear stress applied as shown in f'igure :3 (a) wIll cause a 
displacement or the oenter of the dislocation by one atomio distance 
(f'ig. 3(b». The disloostlon .finally passes ocmpletel3" out or the 
orystal and a perf'ect lattioe is restored" d1f':f'erlng f'ran the orig­
inal lattice in that one pJ.ane has now been translated relative to 
the other by one atomic distr~o. In the process Just described, 
the entire linear dislooat1on must move as a unit. 

Barrett (referunoo 9) presents a sketch taksn f'ran. an earlier 
"Work by Taylor (referenoe 6) shOWing the two types of dislocation 
that oan exist (fig. 4). If, in the neighborhood of the centt5r of 
the dislooation, more atoms are above the slIp plane, a posItive 
dislocation oocurs and, if' more atana are below, a" negative dislo­
oation occurs. '--<?E the same shear stress" positive and negativIJ 
dislocations move iii. -oppoai1;e directions but the net result of the 
passage through the orystal 1s the same, a- trsnslat"ion" "at ""One part 
of the lattioe ~th respect to the othor by one atomio distance 
(fig. 4). 

Inasmuch as the passing of a dislocat1on out of the crystal 
lattice results in the loss of the dislocat1on" now dislooations 
must be generat&d. in order for continuous plastic deformation to be 
posaible. A dynamic theory of dislocations is therefore necessary 
and was developed by Oravan (raf'E)renco 7) and extlilnded. by others, 
including Seitz and Read (reference 4). Because of the great energy 
required, the process of ge.norat1on gonerallJr takes place at regions 
of high stress ooncentration resulting fran. 1m.perfections in the" 
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single orj"staJ,s. The existenoe c:£ such 1mperf'ectlans as a resu~t 
at' acoidents or growth during the i'ormation of' single crystals is 
generalq acoepted but the nature c:£ the i'lnws that exist is still 
a matter of oontroversy. For eXamp~e, the theory that single crys­
tals are made up of a mosaio b~ock stl"llcture is discussed in rei'ar­
ence 4. X-ray evidenoe 1ndioates that the avere.ge spooing at the 
imperfeotion is of' the ord€lr o£ 1 mioron. The ~;enoral dylrem10 
pioture obtained is as i'~llows: Dislocations are genorated under 
shear stress at the regions of' high stress ooncentration, whioh will 
be oalled sources c:£ dis~ooatlons. A source of dislocations will be 
oalled a right-hand source if' it g03neratas disloca.tions to th.e right 
and a left-hand souroa 1£ it generates dislocatIons to 'tlie left. 
The dislocations as ths:..j" are genera.ted are only a few atana lons 
beoause or the extrema]~ l~w probabllity c:£ generating a ful~-le~h 
dislocation (one whose ~ensth ia at' the. order a£ the spe.c1ng butw",en 
imperfections) (ref!:.lrenoe 4). .As the disloca.tions move througb. the 
o~etal under Sheer st~ess, they inorease in l~ngth and ~e in the 
slip plane and s~ip direction until they became stuck at an imper­
feotion or in the vtcinity of oth~r dislocatIons. 

Further properties or dislocations and their use to explain the 
qualitativo phenanena of plastio dofo:t'DIP..t1on are f3'UlIIlIlfIrized in a. 
series c:£ f'our papers by Seltz Dnd Read (ref'orecco 4:). 

Derivation of' an Equation for Croep R&te 

In the analySis of the creop prooes~, it will be assUMed as in 
reference 4 that or~ep as well as slip takes place by the motion of 
dislocations. The dynamio model pr~viously dosoribed vill bo used. 
The procedure 1s as follows: An equation will be derived for the' 
steady-state rate or creep, which will ehc'W that tho rate c:£ gilIlBra­
tion of dislocations 1s tho pl'l:m.ar;r fe.ctor that d.et(;orminos the varia­
tion of' creep propertios among mator1ql.s. 'ihe rete of' generatIon 
will th(;n be caloulo.ted in to:nns of' rate.-prooess thaoI7 as e. fraqucriO'y 
factor multiplied by the pro~abllity that a source of' generation will 
attain the energy raqQ1~Jd to ganor~te a dieloc~tion. 

For a g1vGn block of' volume L3, if it is as8~d that no 
"annihilation" (union of' pairs ."J£ dislocations of' opposite sign) 
takes p~e and that steady-stat.e creep is baing dGalt with, tho 
number of' dislocations generated par second within the block must 
equal the number leaving the block per seoond. The number at d:1s­
locations leaving the block per second is the numbGr at dislocations 
in an area vL so 
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Inasmuch as the displacement produced when a dislocation passes out 
of the block 1s dll the shear rate u l is given by 

u' "" t (NdvL)dl .. Ndvdl (4) 

The ocourrence of slip bands at distances apart of the order oar 
1 micron indicates an average of one souroe of dislocations for each 
imperfection; that is 

N .. 1/L3 (5) s 

When equations (5), (4) 1 and (5) are canbined, the expression for 
Shear rate becomes 

u' .. (6a) 

Up to this point, only the oreep of single orystals has been 
considered. In a consideration of polycrystall1ne metals, it would 
appear that two types of oreep may take P leco : creep occurring 
'Within the indivIdual srains or single crystals, and oreep resulting 
from intergranular motion. As noted in rcf'erence 4, present data on 
the affect of srain size on oreep leaves doubt as to tho possibility 
of the occurrence of intergranular oreep. For example, the Work "-" 
reported in reference 10 on copper of various sra1n sizes shovs no 
detectable d1:ff'erence in creep strength other than that reault1ns 
fran oxidation. Unfortunately, this work was oarried out only at a 
sinsle temperature. Creep in polyorystalline metals is therefore" 
ELssum.ed to be prodaninatel.y the result of d~ormation ocourrIng 
within the individual grains by- thd motion or dislocations. If' the 
orientation of the srains 1s such that slip oocurs in thEt plBlio Of 
maxImum Shear stress, then, ELS in referenco 5, the strain rate u r 
can be oorreotod to the tensile oreep rate u bl an add1tional 
factor of about two-thirds. SUch a factor would be of no consequence 
h&re because dllL 1s known only in ordor of maenitude; accurate 
values oannot b6 given until more is known about the nature of the 
crystal imperf'eotions. Equation (Sa) oan therefore be written " 
approximately as 

(Sb) 

The rate of generation R w1.ll now be calculated. A specifio 
model for the mechan1sm. of gen§'ratton of a dislocation must be set 
up and certain simplify-ing assumptions made. The approx1.ma.tlons that 
will be made are similar to those used by Orowan (reference 7) but 
the treatment presented here is based up~ a more definite model than 
he used. Furthermore, coneiderations in reference 7 were not applfed 
to steady-state creep. 
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The generated dislocation will be taken to be 1 atan long. 
(The length at a dislocation is its extension 1n the slip plane and 
perpendioular to the slip direotion.) The process of generation 
will involve displa.oements o£ atoms lying alons the slip direction 
by large fractions of an atanio d1stance. A simplb model for the 
genoration of a posJtlve dislocation at a r1ght-hand source is pre­
sented in f'iguree 5(a) and. 5(b). Ii' atans 1 and 2 are elmultaneously 
d1epla.osd in the directions shown in f'1gure 5{a) by large fractions 
of the lattioe epa.oing and atoms 3, 4, and 5 ara m0~1ng in tho slip 
dIreotion as shown, tho gSDbration of a dlslocatlon bwanos possible. 
Before a dislocation will form, however, a roa.rr~mont of tho 
neighboring atane must tak6 pla.os in order to a.ohiuve a stable oon:­
figuration. FIgure 5(b) shows the rea.rr:mgud condition. " Comparison 
of figure 5(b) with the positivG dislocation In f:1Sttro 4(b) shows 
that the two arG essentially the eaDIEI. The new positicns of atans 
5 and 6 a.:f'ter rea.rrangument wara found by UGins the approxtmate 
method used by T~lor (referonce 6) In his dlsousslon of the motion . 
of a dislocation under strtSoss. The contributions to the potentIal 
field In row B by the neighborins rv"Wo A and C a.ro te.kon to be sinu­
soidal with poriods squal to tht3 sp8C lng of atans 1 and :3 in row A 
end atems 2 and 4 in row C. Figura S(c) shows that addition of' tha 
two sinusoidal potential functions gives a resulta~t potential 
funot!.on having four min1mfl.. Atans 5, 6, a.IJd 7 08.'1 be oxpootod "to 
fall 1nto tho deepest of theso minima if c.tc:m 5 had bogun by oscil­
lating to the left as in figure Sea). 

The displaqement 8 at atems 1 and 2 will be scme fra.otlon f 
of the atanio separation dl in the slip dIrectIon. A value or f 
or somewhat less than one-half makes it possible to f~ a stable 
oon:f'iguration witb a minimum activ:a.ti.on energy. 

In the oalculation at RSI it will be neoessary to use ~ring's 
general theory of rate processes. A right-hand source, under a 
shear stress Ts havins the di~otion shown in f1su.re 5, will be 
oonsidered. The "reactant" is the perfeot lattice at the res10n of 
high st)oess conoentration. The activated canplex Tor a positive 
dislocati~, whioh for brevity w111 be oallen a positive actlvatud 
oc:mplsx, oan be talron as the conf1guration shown in f 19ure 5(a) and 
the product as the dislocation a.:f'ter stanio rearranaEmlent has takan 
place (fig. 5(b». If' tho fundamental assumption of rate-procGss 
theory that equilibrium exists b~tween reactant and activated complex 
1s made, the considorations involved in the general theory or rate·· 
processes (referenoe 5) can be applied to the goneration of dislo­
oations. Fran. the theory of rate prooessos, the rata of generatf6Ii 
of posit.1ve dislocations B~ oan be expross(ld as 

1 
R+ - - p+ (7) g t 
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The discuss10n 1n reference 5 (p. 1B9) shows that, 11' the dis­
placement involved in the trans1tion frcm the activated cc:mplex to 
the final state 1s on the order or 10.8 centimeters, the factor lIt 
is approximately equal to ltr/h. In the fonuation at' a dislocat10n, 
th1s transitio;!. corresponds to passing fran the ca'lf'1suration of 
fIgure 5(a) to that of figure 5(b), which clearly 1nvolves a dis­
placement of' this order of magnitude. Rence, ~ is given approx-
1ll1e.te ly by 

S1milarly 

R- !! p. 
g"" h 

(Sa) 

(Sb) 

The factors p+ and p. w:111 now be oaloulated. In order to 
simplify the oaloulation, the theory of alast..1oit:r is assumed to be 
applioable on an atcmio scale. The gonerat1on of' a dislocat10n will 
be treated as a "local shear," whioh takas place b:l moans at' thereal 
osoillations. The energy involved In this process will be oaloulated 
by the theory of' elast1oity. Furthermore, Hooke's law wIll be assumed 
valid for large strains. The use of these assumptions Is neoessary 
beoause the foroes between individual atoms have nut been eValuat6d 
in terms of' physical constants but it should be rememberod tha"t the 
approximations zna.y be serious enonsh to lead to large errors in the 
results. 

The thermal atan.1o osolllations 1n :f"1gure 5(a) will be regarded 
as resulting in a local Shear1ng of atoms 1, 6, and 2 producing a 
strain of' 6/~. Inasmuch as tho elastic energy per unit volume t:or 
a. shear stress T is T 2/2G and the volume of the region or shear 
is ZV, the elastio energy involved is 

w = v.,z 
G 

(9) 

The result wjll be applied to the generation of a dislocation 
as follows: Let TO be the local shear stress atta.ined by atoms 1, 
6, and 2 In fIgure S(a). If the displacement 6 !s fdlJ appli­
oation of' Rooke's law to the displacement yields 

Gf'd1 
TO = cr- == Gx:f' (10) 

2 
The stress to be produced by thermal motion 1s 
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if 1t is assumed that the local shear stress to be attained by 
atane 1, 6, and 2 in figure 5(a) must be TO, independent at applied 
stress. The. stress T s depends on the erlernal.ly applied stress and 
is in the same direotion as TO' Frem equatlon (9) the energy to be . 
attained thermally Wt therefore is 

(11) 

Inascnuoh as T s oan be expeoted to be only a small fractl.:m of TO 
far rigid mater1als,-the term in Ts2 ~ be negleoted relative to 
the other terms in the bincm1al expansion of (TO ~ Ts)2. The 
approximation obtained is therefore 

Wt ... Vca.2f2 - 2VxfTs (12) 

where equation (10) has bean used. 

In order to evaluate T s' work-hardenine must be oonsidered. 
A cr,ystal 1n the staady-stat~ r~ of oreep is generally York­
hardened because d.ef'omation has taken place. Fran. the nature a[' a 
dislocation it is olear that a stress field exists about it. By 
:making use at this stress fleld, Taylor (reference 6) has explained 
work-hardening on the basis of a "lattice" at stuok dislocatlons. 
T~lor's explanation is a static ane and is applied only to doter­
mining the fol'm at the stress-strain ourve. In terms of a dynamic 
approach, the existenco of a stress field a.bout a dislocation leads 
to the ooncept S1l8S'3stad by Koohend~er (rafeNnce 11) that the 
lattice of stuck dislocations oroates an innar stress field whose 
direction at the point of generation 1s opposite to the externally 
applied shear stress T e in the e,l1p plane. The value of the inner 
stress field at the point of generation will be oalled the back 
stress Tb' The ~c concept of' harden1ns therofore oonsists in 
the for.matian of a lattioe of stuok dislocations, which results in 
a back stI'()SS at the point of generatIon. This back stress lowers 
the effective Shear stress at theso points and as a re~lt the rate 
of generation, hence the creep rate, deoreases. These considerations 
lead. to the result that 

(13) 

Inasmuch as Tb is aly~S less than Te, the directions of Te and 
T s are the same. 

In a large aseembly of ·systems, whioh are in thermal equilibrium 
with each other, the fraction of them. that will, have energies greater 
than sane arbitrary value E: is given by e-£/~. In addition to 
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the energy requirement" the ocourrence a£ the cOlJfigu.re.t1on or fig­
ure 5(a) 1nvolves a limitat10n on the direction at atoms 1, 2, 3, 4, 
and 5 to a particular or,yetallographic direotion within a very small 
solid angle. If the probab1lity or oeoillat1on in th1s directIon 
1s p" the total probability of the configurat1on or f1gure 5(a), 
that is,, the probability that a risht-hand source wIll for.m a posi­
tive activated complex is given by 

p+ = p5e -Wt /J£!! _ p5e -(vnx2f'2 - 2VxfTs )/k!r (14a) 

Similarly the probability or fonning a negative activated com.­
plex (the configuratl00 ar tig. 5(d» at a pos1tive SOllrce is 

p- = p5e -(VOX2t 2 + 2V%fTs )/kT (14b) 

inasmuch as T s is opposite to TO in this case. The applied 
stress Te therefore makes the generat10n or a positive dlslocation 
more probable, than tlie generation of a negative dislocation at a 
right-hand source. 

If a negative dislocation is generated in the region under dis­
cussion, it would move to the left and out of the crystal without 
producing deformation it it were the only dislocation present. The 
last positive dislocation generated tran this source, however, bacame 
stuck after moving through part a£ the crystal lattice; that- Is, ail.­
forces upon it were balanced. The generation of a negative disloca­
tion. at the point being c~ldered vill upset this equil1brium and 
attract the previous positive dislocation. As the two dislocations 
approach each other, the stress that each exerts on the other 
increases (tran the equation tor the stress tield about a d1 sloca­
tion, reference 6) and a union tak&s place resulting in the annihi­
lation of the two dislocations and restoration a£ a perfeot lattice. 
The net rate of generation _Rg' whioh is the rate of generation 
of positive dislocations that will eventually produce plastIc defor­
mation, is R~ - Rg- or, tram equations (8a), (8b), (13), (l4a), and 
CUb) 

Rg _ ~ e-(VGx2
t

2 + P'T)/J£!! sinh [2qVxf(Te - Tb)/kT] (15) - , 

where 

pi _ _ k lose p5 (16) 

The equation for the net rate of generation of nogativa dislocations 
at a negative source is clearly identical with equaticn (15). Eq'.l8.­
tion (15) theretore givee the expression tor the factor Rg or equa­
tion (Bb). 
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AocordinS to this derivation, it is now olear that the genera­
tion of a dislocation 2 atoms in length involves the simultaneous 
oaoillation of twioe as ma.tlY' atems nth suf'f101ently great energies. 
Thus, the probability of such a generat10n taking place oan be neg­
looted as oanpared v·.th the probability of generat1ng a l-atem 
dislocation. 

The hyperbolio sine term in equation (15) arose frcm the lower­
ing of the potential-energy barrier in the di~ction of the applied 
stress. The heat at acti'V'8.ticn per moleculo ~a (the height c£ 
the barrier for zero applied stress) and the entropy at aotivation 
per molecule 6Sa ara (by comparison with equations (1) and (2» 

6B :or - p' a 

(17a) 

(17b) 

pi is al'WBJs positive because p is less than 1 (equation. (16» I 
therefore ABa 1s negative. 

When the general expression. for Ra: given by equation (15) is 
ccmb1ned with the creep equation (Bb), ~e ccmplettl equation for the 
steady-state rate of creep becomes 

where the app11ed tens~le stress a has been substItuted for 2Te 
assuming that slip In the indiv:fdual grains occurs in the plana ur 
maximum shear stress. For high values a£ ~ppl1ed tensile stress a 
the hyperbo110 s1ne function, to a good approxtmation, can be r6pl8Oe~ 
by an exponential and equation (18) beoanes, after taking logarithms 
of both sides 

(dl kT\ (VGiz.2f 2 + prT\ VXf' 
lOSe u··= lo~ \.r"h) - \: kT 1 fo W (0 - 2Tb) (19) .. 

Equation (18), or its appr~1mation equation (lS), is too i'orm of 
the theoretical equation to be used for the steady ... state crtlep rii~e 
of pure polyorystalline materials as a function at stress and 
t6lllperature. 

COMPABISON OF TfIEOBm'ICAL AND EXPERIMI!lNTAL CREEP EQUATIONS 

The evaluation of the back stress Tb as a function of tumpC:lr­
ature and applied stress is difficult and has not yet been acocmplishod • 
A great deal DlSi1 be learned, however, from. a cail:pa.r1son of the .theoret­
ical equation (19) with em.plr::tcal equations. It haa been empirically 
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determined that a hyperbolio sine function represents the dependence 
of oreep rate on applied tensile stress 0 far many polyor,ystal11ne 
materials (reference 12) in agreement with equation (18). At high 
values of stress" the hyperbolio sine function reduoes to an expo­
nential. In reference 13 oreep data are presented" wh1ch show that 
a relation of the form - ---

lOS (!!)... - ~ - b + ,,0 e T T (20) 

represents the experimental data in the r~ of high stresses, 
where a and b are oonstants far a given material and " is a 
function of tElllIperature but not of stress. If the notation is so 
oha.nsed as to make this equation s1m1lar to equation (19)" equa­
tion (20) oan be rewritten 

(dl kT) A + BT ~ 
loSe u "" loSe \..L" 11 ~ kT +:ItT (21) 

where 

A ... lea 

B ... kb + k loSe (~k) 

f3 ... "kT 

COII1par1son af the forms af equati~ (19) and (21) show good asree­
ment. The s1lllultaneous validity of the two equations requires that 
Tb be a Unear function at stress. In add1tion, the oondition 
Tb = 0 for a .. 0 leads to the fol1.ow1ns expression for Tb 

(22) 
I 

Equation (21.) shows that three factors ocmp1.etely dBtermine tho 
steady-state rate or oreep: - the oonstants A and B and the tem­
perature function 13. A camparisoq. of equation (21) with equa­
tions (19) and (22) shows that these factors arc expressod in terms 
of physioal oonstants of the material as 

A .. VGo f 2x2 

B = P' - V,f'2x 2Goa. 
f3 ... qVxr(l - 2F(T» 

(23) 

(24) 

(25) 

where the modu1.us or rigid1 ty G has been taken in th.-) apl'raximati> 
form 

G- = Ga(l - a.T) (26) 
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COMEUTATIONB AND PBmIBION 

Croep data were obtain9d fram 1iterature for a number of poly­
crystal.Une "pure" metals that had been annealed (rof.o:rencee J.3 
to 20). (Although the references do not generally state the impur­
ity content, the metals will be oonsidered pure as oanpare.d with 
alloys.) The reproducibility a£ the creep data frcm thd var:!.ous 
sources is not known. Frem these data" curves a£ log oreep rate 
aga1nst stress were plotted and straight lines were obtained. In 
terms a£ equation (21), the ooeffioient p/l(I! divided by 2.3 is 
the elOPe of this straight line and the intercept is aqual to 
1 dl kT) _ (A + BT) 

og .... L h ') 2 .3 kT • 

The values of ~ and. R (def'ined Be A + BT) w&ra then deter­
mined from. the slopos and the intoroepts" respectively. Fina.lly, 
A and B wera sepa.ra.tely d6te:rm1nod fram. a linear plot or H 
against T whore dIlL was taken as 10-4 for a11 materials • 

The orrors involved in tho deturmination of A" B, and J:\ 
depend in part on the numbar of strosses for which data wer~ avail­
able at each temporature and on the numbar or tem1?ElraturIJs at which 
observations were made. The ranges in tLmp..;ratures and strusses 
used will also affect the erl.·or. Generally, the orrors for Ai B, 
and P were estimatod to be a.bout t5 X 10-13 e:.rse" ta X 10- 6 ergs 
per OX, and t30 percent" res-peot1 vely. 

For a l.arge number or pure polycryatall1ne ID.3tals, it was found 
that ~ varioo. with tompGratura. The function 

a = Cl eC2T 

approx1matas the temperature dopondEiooe of p. This function was 
determined ovur canpa.rative~ short rtJ.ll8Gs or tom perature (2000 to 
3000 K) and therefore may not apply ovsr a large temperature ~. 

Va.lues of the modulus a£ rigidity G wer" obta.ined fran refer­
ences 21 and 22. TheDe ruf'srE.noea ehow.:.d that variations in the 
value ar G for a given material. o.re about t5 percent. Roam­
t~perature values were used as approx~tlane of the absoluto~zero 
values at: G. 

RmULTS AND DISCUSSION 

Factor A 

Equation (23) gives tho:, thooretioal oxpress1.on 
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for the factor A at the empirical eQ.,...,uatlon (21). In f'igure 6, 
A/V ia plottod aa a function of Go r. The line drawn is the best 
straight line through the origin and re~sents the data within the 
experimental error of A. !lom the prevlOlls theoretioal disoussion" 
the slope of thIs line is f and ~s equal to 0.25 or less. Beoause 
the act~vation enerS7 predioted on the basis at the validity of 
Hooke' a law will be greater than the actual value, 1 t can be expactoo. 
that the theoretical prediction will be too high. The experimental 
slape fran the straight line at figure 6 1s 0.14. 

The agreement between theoretical prvd1ctlon and exportmental 
results is encouraging when the assumptions made and the variety at 
sources of data are considered.· 

Factor B 

When equat10ns (19) and (22) wore canpared with the omp1rical 
equat10n (21), B was found to be equal to 

P' - Vx2f2GcF 
where a. Is 1.eterJn1ned f'rcm the appl~ox1mate relation 

G = GO(l - a.T) 

The order of magnitude of the term vrf2GrJL, 'Which ls 5 X 10-16 ergs 
per o:Jr, is within the estimated error at B, which is ±8 X 10-16 ergs 
per 0Jr; this term can therefore be neglected in canpar:irig the 
B values for d1f'f'erent materials. The values;if B for d1f'.fel~nt. 
metals are presented in the .f'ollowing table: 

Material B Ref'orence 
(ergs/~) 

Aluminum. 40 X 10.16 13 
Copper 45 1.4, 15 
Iron ~9 17 
Lead 54: 20 
Nickel 53 16 
Platinum. 42 13 
Silv~r 36 13 
Tin 47 19 

A correlation exists betwe&n the Bca'ttttr or data presented in 
figure 6 and the scatter at B valUes in this t.able. The straight 
line in f'igure 6 falls between thd' f3X~r1ment.al points for aluminum 
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and. iron. The table shows that aluminum and iron have B values 
equal to 40 X 10-16 and 39 x 10-16 eres per "le" respeotive~. The 
points above the line in figure 6 are all related to metals that have 
B values leas than 40 X 10-16 ersa per ox: and the points beJ,.ow the 
line oorrespor.&d. to B values greater than 40 X 10-16 ergs per "le. 

The oorrelation bet'W&en the direotion of scatter of data for A 
and B is satIsfactorily oxplained by considering the mathod used to 
obtain exper1mall.tal values at A and B. For each material" values 
of H (def Ined as A + BT) vere plotted a.gainst T and the values 
or A and B were obtaIned from. the interoept and slope, rospeo­
tively" of the best stralsht line drawn throush the points. For a 
gi von material, the valuo··o£ the intercept A will increase as the 
slope B or the 11ne drawn throush the expor1nwntB.l points is 
dooreased. In view of th1.s explanat1on, the soa.tt&r at data for A 
abou.t the theoretioal line appears to Nsult tran. experiment.al error 
aloruJ. It oan· also be oonolud~d that the correot values of' B fall 
about their mean value much more closoly than those in the table. 

When the term. containing a. is neslected" B becanee equal to 
pi I which trcm equation (17b) is the negative of the entl.·oN of 
activation 68a • The hish nesat1ve value of the entropy at activa­
tion in the oreep process has been pointed out in references 3 and 13 
but satisfactory quantitative expla.na.tlons of the :masn~.tude of this 
factor coul.d not be given. 

On the basia of' the present treatment" the restriction of direc­
tion of' 5 atcme part,ioipatins in the seneration of' an activated ocm­
plex accounts tOl.· the large negative antropy of' activation. A soad 
approx~tlon of' the value at the probability of osoillation p of 
on atan in the slip direotion oan. be obta:f.ned by substitutl~ valuos 
of' B for pI in equation (16). A value of about 3 X 10-3 was 
obtained for p when pi was equal to 40 X 10-16 ergs per "Ir. 

Factor ~ 

The theoretIcal expression for the rector ~ is g1ven by 

~ = qVXf'(l - 2F(T» 

The term. F(T) in this oquation 1s related to the back st.ress Tb 
(equation (22», which resulted fraa. the inner stress field about a 
dislocation. Th:f.s stress field is rolated to the. modulus of r1sid- _ 
1ty G (ret~reooe 6). Therefore, p at any giv&D. temperat.ure was 
expected to bo a function or G. Fie;ure 7 shows that at rocm temper­
ature p varies as G-n where n is approximately 3. 
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In order to detemine whether the temperature dependence of G 
could alone account for the temperature dependence of ~, the vari­
ation of G with tem.peratllI'8 was invest1gated. It can be seen in 
ftgure 8 that for 1ron, a and G· 9 have about the same tEillLperature 
dependence. Figure 6 ~how!9, however, that ~ is proportional to 
G-3. Therefore, it can be ooncluded that F(T) contains a temper­
ature-dependent factor in addition to G. 

EVALUATION OF BESULT8 

The statement is made in reference 9 (p. 344) that "a full 
interpretation of oreep results in terms at dislocation theory would 
be welcane but has not yet been aohieved." In" tIle present report 
two oontributions are made to a fuller understandins of' craep in 
tel'lllS of both rate-process theory and d~ sl.ocat10n theory. The first 
oontribution is the quantitative depondeno~ of creep on phYsical 
constants of the material; the second is an understanding or the 
origin of the large negative entropy of actIvation A8al which was 
a source of d1f'f'1culty in previous treatments (references 3 and 13). 

Althoush the previous theorios ~ve been sucoessful 1n showing 
tho dependenoe of creep on stress and temperature, none has been able 
to show the quantitative dependence of creep on ",physioal oonstants or 
materials. Fran a practical point of view, equations that re1.8ta­
creep to stress and temperature have useful engineering application 
in predicting the creep behavior of a given material. These equa· 
tiona can y1eld llttle useful informat1on, however, to the metallur­
gist who must find criteria t~ use in synthesizing alloys for bettor 
creep resista.nce. A knowledge of th~ depend8nce of oreep rat"a on 
physical constants at material would "yield suoh oriteria and there­
fore have a practical as well as an academio interest. 

~e empirioal equation that gives the dependence of steady-state 
rate at oreep on stress a and absolute temperature T oan be taken 
as 

(dl kT\ A + BT ~q 
log u - 106 \...T "hJ - 2.3 kT + 2.3 kT (21a) 

The theoretioal. treatment in th1s report has shown that the param­
eters A, B, and P depend on physioal constants at the material 
in the following lJlB.DIler: 

A "" VGO f
2x 2 

B '" pi • vx2t2a.oa- "" P' - Jg. 

a = qVXf(l - 2F(T» ) 

(23) 

(24) 

(25) 
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Equation (2la) shows that, in order to have a low rate of oreep, 
A and B must be l!U"ge and ~ must be small. Equation (24) 
indioates that the effeot of any physioal oonstant on A will bti 
in the oppos1te direotion to its of"feot on B. I.na.amuoh as a. 1n 
equation (24) io at the ordl:1r of' 10-4 and. pr has been shown to 
be approx1.m.ately oonstant" for all pure annealed me.teriQ.ls, the phye­
ioal cOllDtant will have a groater ef.f'6ot on A t..lum on B up to a 
temperature of 1040 K. The meet important physioal oonstant in 
equation (23) is the moduluu or rigid1ty at abeoluto zero Go inas-
muoh es the other conatante do not vary muoh in ordtlr at ma.gni tude 
among different materials. Empirioally a was aleo found to deorease 
with inoreasing G. Pure metals having high moduli of rigidity will 
there.f'ore be creep resistant. 

The relation between modulus of riSidUy G and modulus of 
elasticity E ie givun by 

E 
G ... 2(1 + ~) 

Inasmuch as valuos of ~ usually run fran a.bout 0.3 to 0.4, the 
effeot of variations in this .f'o.ctor tor d1ff~rent materials will be 
so emall that 1n s€.neral, pure metals will be oreep resistant it 
their modulus a.f' elasticity is high. " 

The extension of the theor,y to Q.llqys, in particulAr heat­
resisting alloys, will require modification to include the efi'tlots 
at strains produo"ea by solid soluble atoms and precLpitated parti­
cles. In view of' th~ need for oriteria. that will haat&n the devel­
opuwnt of alloys having heat-resistins proporties, aI.lY indioations 
that oan be obtained fran. the present theory shou.ld bo oonsidered. 
The theor.y suggvsta the use of materials of high moduli of r1gidIty, 
and therof'oro of high modul~ at e~stioity~ such as tunsst~n, molyb­
denum, and oemontad tungsten carbide as matrix matorlals for heat­
resisting alloys. An 1nvest1sation. oonduotad under the auspioes of 
the Nat10nal Defenoe R~searoh Con:o::l1ttee haa shawn that chrome-base 
alloys having h1gh tungsten or mOl$bdenum oontent g~n6rally hhve 
better heat-reeist.l.ng propeJ;"tloB lihan currently uced alloys. The 
use of st1ll higher percentages or those elomonts therefore mer1ts 
serious oonsideration. 

Aircraft Engine BoaC/arch Laboratory, 
National Advlsor,y Cammittae for AeronautiCS, 

Cleveland, Ohio, Je.nuo.r:y lS, 1946. 
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Figure 1.- Typical creep curve showing three sta~es. 
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Figure~. Generation and move~ent of a dislocation. In 
sketches a, b, c, and d a positive dislocation moves to 
the right; in e, f, g, and h a negative one moves to the 
teft; the resulting deformation is identical. (Taylor.) 
(Reproduced frOM fig. of reference 9, p. 335.) 
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