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SUMMARY

(.An equation for the steady-state rate of creep has been derived
by epplying the theory of dislocations to the creep of pure metals)
The form of this equaetion 1s in good agreement with empirical equa-~
tions describing creep retes. The theory was also used to predict
the dependence of steady-state rate of creep on physical constanta
of the material and good egreement was cbtalned with data In the
literature for pure annealed metels. (fhe rate of creep was found to
decrease with inoreasing modulus of rigidity)y &his fact suggests
that one of the roquiremsnts for a heat-reslsting alloy is thet its
matrix be a metal that haes a high modulus of rigidity and therefore
a high modulus of elasticity.)

INTRODUCTION

The development of the gas turbine in combinatlon with the Jet
es a power plant for milltary alrcraft has focused attention on the
need for heat-resisting alloys. (One of the criterla used to evaluate
heat-reslsting alloys is creop reelstancej that is, the reelstance
to plastic deformatlion over a period of time. Currunt evaluation of
creep reslstance ls acoamplished by cresp tests in whilch creep curves
(elongation plotted against tims) are obteined at constent stress and
temporature. A typical crsep curve is ghown in figure 1. The initial
stage, in which the slope of the curve or rete of creep ia rapidly
decreasing, ls coamonly designated the primary or transient stegs;
secondery or steady-state creep refers to the straight-line portion
of the cresp curve, After a sufficlent length of time, the rate of
creop increages in the reglon designated the tertlary stage. In
certaln cases, the rate of creep continuously inocroases and cannot
be divided into these three stages (reference l(a)). The steedy-
state rate of crevp 1lg gonerally the criterion by which the croep
reslstance of heat-resisting alloys is expressged. Because this rate
rapldly increases with temperature, creop beccmes an mportant factor
in 1limiting safe-coperating tempersatures.
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One of the first attemptes to anelyze steedy-state creep by other
then empirical methods was by Kanter (reference 2) in 1938. Further
work of e fundamental nature was carried out by Keuzmann (refer-
ence 3) who applied Eyring's theory of llguid flow, which is a special
application of the theory of rate processes, to the steady-state flow
of metals. The problem of creep has also been attacked by the use of
the theory of dislocations. A survey of results obtained thus far by
this approach is reported by Seltz and Read (reference 4). Although
fthese three theorstical treatments predict equations for the steady-
state rate of creep that showed the correct dependence on stress and
temperature, gquantitative predictions cannot be made from them as to
how physicel and structurel congtants of materials affect the creep
rate These treatments thercfore are not of great wvalue in lemding
to the synthesis of new materisls that will have better creep prop-
ertlies than those currently ueed for heet-reeisting purposes.

In order to dstermine the dependence of steady-gstate oreep rate
on physlcal cwunstants of materials, the lnvestigatlion reported herein,
which continuce a fundamental approach to the problem of oreep, was
confucted at the NACA Cleveland leboretory in the early part of 1945.

eguatlon for the steady-state rate of creep as a function of
appllied stross and temperature is derlved by applying Eyring's theory
of rate processes and the theory of dislocatlions to the problem})
This Investigatlion 1s part of a progrem belng conducted at the Cleve-
land leboratory to ovaluste the physlcal properties of heat-resisting
alloys in torms of physical constants, which are either known or
easlly moasurable, in order to minimize the number of tests as well
as to make possible the prediction of new oompositlions and structures
for better heat-reslsting alloys than those ocurrently used.

SYMBOLS

The followlng symbols are used in the theoretlcal analysis:

4; distence between atoma In sllip direction
d, interplanar spacing (fig. ¢(a))
E modulus of elastlicity

F(T) function of temperature and material
&F, free energy of ectivation per moleculs

i fraction whose value is about 1/2

G modulus of rigldity at any temperature
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I."'h'gb'c?

p.z

modulus of rigidity at absolute zexro
Planck's constant, 6.62 X 1027 erg seconis
heet of activatlion per molecule

-16

Boltzmenn's constant, 1.38 x 10 ergs per molecule per °K

distance between imperfections in a single crystel (of the
order of 1 micron) :

number of dislccations per unit area that intersect a plane
normal to the sllp plane and contalning the sllp direction

number of socurces of dislocations per unit volume

probabllity of ocourrence of osclllation in orystallographic
direction under consideration

retlo of sources of dislocations st which a positive activated ~

canmplex hea formed to total number of right-hand sources of
dislocations; that is, probability of formation of a positive
activated camplex at right~hand source

probebllity of formation of a negative activeted camplex at
right-hand source

~k log, p°
stress concentration factor
rate of reaction per unlt concentration of reactanta

rate of generation (number of dislocations generated/sec for
single genersting source)

rate of generation of positive dislocations et right-hand
gource

rate of generation of negative dislocations at right-hand
source

entropy of actlivation per molecule
average time for activated camplex to pass into product form

absolute temperature, %k
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n tensglle creep rate at steady-state conditioms
u’ shear rate
v average veloclty of motion of dlslocetlions

v volume assoclated wlth one atom

W elastic energy

L energy to be attained by thermal motion

x ratlo of 47 to dp

« temperature cocefficient of modulus of rigldity

5 displacement shown in figure 5(a)

K Polsson's ratio

o] externally applied tenslle streas

T shear stress

T back stress

Te externally applied shear streas

Ta average shear gtress at sources of dislocations

Tg shear stress to be atteined by thermal motions -
To critical local shear stress for generation of dislocation

TEEORY

The features of the theory of rate processes and the theory of
dislocations required for the development of the creep equation are
firet reviewed; the derlvetion of the equa.tion for the steedy-state
rate of creep then follows.

Eyring's Theory of Rate Processes

The theory of rate processes (reference- 5), as developed by
Eyring and others, considers a reactlon or any rate process to be
the result of the crossing of a potential-energy barrier by molecules
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whose energles have exceeded a certain minimm value. The reactlon
conglsts of the formation of an "activated camplex" capseble of oross-
ing the barrier followed by the passage of thls camplex over the
barrier. (See fig. 2.) The most important aseumption is that the
inltial reactents and activated comploxes are always in equilibrium.
Application of thermodynamic and statlstlcal mechanlcal considera-~
tione shows that the number of activated complexes rassing over the
barrier per second (cr rate of reactlion) per unit concentration of
reactants 1s glven by

T = k—h-T-e-AFB/kT (l)

The term kT/h can be regarded as the effective frequency &t
which activated camplexes cross over the barrier; the exponential
fector represents the probability of formation of an activated
canplex. In the calculation of this probability term, the contri-
bution due to the translational degree of freedam along the "reasction
coordinate' (the most favoreble reaction path on the potential-energy
surface) has been dlsregarded because it is included in the factor
kT/h. The free energy of activation AF, 1s interpreted as an

ordinery free-onergy term and can be expressed by
AF, = AH, - TAS, (2)

where the heat of activation por molecule AH, 1e the height of the
potential-energy barrier in figure 2.

General Features of Dislocation Theory in Relatlion to Slip

The theory of dislocatlons asrose in relation to the mechanisn
of slip in single orystels of metal. 81lip ls the plastic deformation
that occurs in an arbitrary short period of timo when a metal is
subjected to stress. This deformatlion is characterized by the dis-
placement of one part of the crystal lattice relative to another
along a particular crystallographic plene and in a deflnite crystal-
lographic directicn. These slip plancs and slip directions are
detected by the occurrence of slip bands, step-llke discontinuities
on the surface of single crystals that have been subjected to stroess.
The spacings of the bands are generelly of the order of 1 micron
(reference 1(b)). For any given crystallographic plane, there is a
more or less critical value of the component of the applied stress
ebove which the rate of plastic deformetion rapidly incroases. This
value 1a called the critical shearing stress. Rarly attempts to
oxplain the mechanism of slip based upon the assumption that the
process conslstse in the sllding of parallel plenes over one another
lead to theoretically determined values of the oritical shearing
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gtresses, whioch were of the order of 10CO tlimes too large. It there-
fore became evident that the true nature of slip involves deviations
from a perfect lattice.

Of several mechanisms suggested the one that has been most
successful In explaining the sllp process is the theory of dislo-
catlons. This theory, which was advanced by G. I. Taylor (refer-
ence 6), Orowan (reference 7), and Polanyl (reference 8), proposes
that local deviatlons from a perfect lattice called dislocations
exist In slingle crystals and that movement of dislocations thkrough
the stressed crystal produces slip. A dislocatlon ¢onsiets in a
stable arrangement of stoms such that, in a regilon of a few atomic
distances, n + 1 atums in the slip direction face n atoms across
the slip plane. The point at which the atoms are cne-half an atomic
spacing "out of step" is called the center of the dislocation. The
extension aof the dislocation in the slip plane and normal to the
slip direction is called the length of the dislocation.

A simplified modsl of a dislocatlon in which two neighboring
plense ere ghown in ocrose section is presented in figure 3; the
plane of the figure is normal to the length of the dlslocation. A
small shear stress applied as shown in figure 3(a) will cause a
dlsplaecement of the center of the dislocation by cne atomic dlgtance
(fig. 3(b)). The dislocation finally passes campletely out of the
crystal and a porfect lattice is restored, differing from the orig-
Inal lattlce in that one plane has now bsen translated relative to
the other by one atomlic distence. In the process Just described,
the entlre linsar dislocation must move as a unit.

Barrett (refereonce 9) presents a sketch taken fram an earlier
work by Teylor (reference &) showing the two types of dislocation
that can exilst (fig. 4). If, in the neighborhood of the center of
the dislocatlon, more atoms are above the slip plane, a posltive
dislocation occurs and, if more atoms are below, a negatlive dislo-
cation occurs. For the same shear stress, positive and negative
dislocations move 1ii- opposlts directions but the net result of the
pessags through the ocrystal is the same, a translation of one part
of the lattice with respect to the othor by one atomic dlstence

(fig. 4).

Inagmuch as the passing of a dislocation out of the crystal
lattice results in the loss of the dislocatlon, row dlslocatlons
must be generatsd in order for continuous plastic deformation to be
possible., A dynamlc theory of dislocations 1s therefore necegsary
and was developed by Orowan (reference 7) and extwunded by others,
including Seitz and Read (reference 4). Becaume of the great energy
required, the process of generatlon generally takes place at reglons
of high stress concentration resulting fram imperfections in the
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single orystals. The existence of such lmperfections as a result

of accldents of growth during the formation of single crystals 1s
generally sccepted but the nature of the flawe that exist 1s still
a matter of controversy. For example, the theory that single crys-
tals are made up of a mosalc dblock structure is discuseed in refer-
ence 4. X-ray evidence lIndicates that the averege spacing of the
imperfection is of ths order of 1 micron. The gencral dynentlc
picture obtained is as follows: Dislooatlons are generated under
shear stress at the rogions of high stress concentration, which will
be called sources of dlelocations. A source of dislocations will be
called a right-hand source if 1t goneratws dislocatlicns to the right
end & left-hand sourca if it gensrates dislocations to the left.

The dislocatlions as they are genorated are only e few atums long
because of the extremely low probabllity of gencrating a full-length
dislocation (one whose length ig of the order of the spzcing butween
imperfections) (refurence 4). As the dilslocations move through the
cryetal under sheer stress, they inorsase ln length and move in the
slip plane and sllp direction untll they become stuck at an imper-
feotion or in the vicilnlty of other dislogatlions.

Further properties of dislocatlons and their uss to explaln the
qualitativo phenamena of plastlic deformetion ere summerized in a
series of four papers by Seltz and Read (referenco 4).

Derivation of an Eguatlon for Creep Rate

In the analysis of the creep process, it will be &ssumced as in
reference 4 that orsep as well as sllp takes place by the motion of
dislocations. The dynamic model previocusly described will bo used.
The procedure is as follows: An equation will be derived for the
steady-gtate rate of creep, which will show that tho rate of genera-
tion of dislocations 1s the primary fector that detormines the varia-
tion of creep propertics among matorigle. The rate of generation
wlll then be calculated in terms of rate-process theory as a frequendy
factor multiplied by the probability that a source of generation will
attalin the energy requirsd to genorate a dislocation.

For a given block of volume L3 If it is assumed that no
"annihilation" (unlon of pairs of d*sloca.uions of upposite eign)
takes place and that gteady-state creep is being dealt with, the
number of dislocatlons generated por second within the 'block muat
equal the number leaving the block per second. The number of dis-
locations leaving the block per sscond 1s the mmber of dislocations
in an area vIL. eo

RNGL® = NavL (3)
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Inesmuch as the displecement produced when a dislocation passes out
of the block is &;, the shear rate u' 1is given by

u' = %’ (Nd'VL)dl = Ndvd.l (4)

The occurrsnce of slip bands at distances apart of the order of
1 micron indicates an average of one source of dislocations for each
imperfectlion; that is

NB = l/]:.3 ()

When equations (3), (4), and (5) are combined, the expression for
ghear rate becomes
d;

u' = T Rg (6a)

Up to thils point, only the creep of single crystals has been
conglidered. In a consideration of polycrystalllne metals, it would
appear that two types of oresp may take placeo: creep occurring
within the individual grains or single crystals, and creep resulting
from intergranular motion. As noted in rcference 4, present data on
the effect of grain size on creep leaves doubt as to the possibility
of the occurrsnce of intergranulsr creep. For example, the work
reported in reference 10 on copper cof various grain sizes shows no
detectable difference in ocreep strength other than that resulting
from oxidetion. Unfortunately, thls work was carried ocut only at a
single tempesrature. Creep in polycrystalllne metals 1is therefore:
assumed to be pruvdominately the result of dsxformation occcurring
within the individual grains by the motion of dislocations. If the
orientation of the grains is such that slip occurs in the plamo of
maximum shear stress, then, as In referenco 3, the strain rate u'
cen be corrected to the tensile crecp rate u Dy an addltional
factor of about two-thirds. Such a factor would be of no consequence
here because d,/L 1is known only in ordor of magnitude; accurate
values cannot be given until more is known about the nature of the
erystal imperfections. ZEguation (6e) can therefore be written

approximetely as a

u= LRy (6b)
The rate of generation wlll now be calculated., A specifio

model for the mechanlem of gengra:bion of a dlalocation must be set

up and certain simplifying essumptions made. The approximations that
will be made are similar to those used by Orowan (reference 7) but
the treatment presented here is based upon a more definite modsl than
he used., Furthermore, considerations in reference 7 were not applied
to steady-state creep.
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The generated diplocation wlill be taken to be 1 atom long.
(The length of a dislocation 1s 1te extension in the slip plane and
perpendiculer to the slip direction.) The process of generation
will involve displacements of atoms lying along the sllp dirsection
by large fractions of an atamic distance. A simple model for the
generation of a positive dislocatlon at a right-hand source is pre-
sented in figures 5(a) and 5(b). If atoms 1 and 2 are gimultanecusly
displaced in the directions shown in figure 5(a) by large fractions
of the lattlce spacing and atoms 3, 4, and 5 are maoving in the slip
direction as shown, tho generation of a dlslocation becomos possible.
Before & dislocetion will form, however, a roarrangsment of the
nelghboring atoms must take place in order to achliove a stable con-
figuration. Figure S5(b) shows the rearrangud condition. Comparison
of figure 5(b) with the posltive dislocation in figure 4(b) shows
that the two are esmentlally the mame. The new posgiticns of atoms
5 and 6 after rearrengement were found by usling the approximate
method used by Taylor (reference 6) in his discuasion of the motion
of a dislocation under stress. The contributions to the potential
fleld in row B by the nelghboring rvwo A and C are takon to be sinu-
soldal with periods equal to the spaclng of atoms 1 and 3 in row A
end atoms 2 and 4 In row C. Figure 5(c) shows that addition of the
two sinusoldal potentlel functions glves & resultant potential
function having four minimas, Atoms 5, 6, and 7 can be expocted to
fall into the deepest of theso minima If stom S hed bogun by vacil-
lating to the left as in Figure 5(a). ’

. The displacement & of atoms 1 and 2 will be same fractlon f
of the atamic separation d; 1In the slip direction. A value of f
of somswhat less than one-half makes 1t pessible to form & stable
configuration with a minimum activation energy.

In the calculation of R,, 1t will be necessary to use Eyring's
general theory of rete procesges. A right-hend source, under a
ghear stress T4 having the dirsction shown Iin figure 5, will be
congldered. The "reactant" 1is the perfect lattice at the reglon of
high etress concentration. The activated camplex for a positive
dislocatinn, which for brevity will be called a positive activatcd
camplex, can be taken as the configuration shown in figure 5(a) and
the product as the diglocatlon after atomic rearrangement has taken
plece (fig. 5(b)). If the fundemental assumption of rate-process
theory that equilibrium exists between reactant and activated complex
1s made, the considsrations Involved in the general theory of rate’
processes (reference 5) can be applied to the gonereatlon of dislo-
cations. From the theory of rate processes, the rate of generation
of positive dislocations B& can be expressod. as

RE-%P"’ | (7)
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The discussion in reference 5 (p. 189) shows that, if the dis-
placement Involved in the trensition frcm the a.ctivated. camplex to
the finel state is on the order of 1078 centimeters , the factor 1/t
is approximately equal to kT/h. In the formation of a dislocation,
thls transitlop corresponds to passing from the configuration of
figure 5(a) to that of figure 5(b), which clearly involves a dis-
placement of this order of magnitude. Hence, Rt 1is& glven approx-

imetely by 8
B+ -E- Pt _ (8a)
Similerly
- _ kT .
Rs =5 P (sb)

The factors P' and P~ will now be caloulated. In order to
simplify the calouletion, the theory of elasticlty is assumed to be
applicable on an atanic scele. The generatlon of a dislocation will
be treated as a "local shear," which takes plece by moans of thermal
osclllations. The energy involved in this procvass wlll be calculated
by the theory of elasticlty. Furthermere, Hooke's law will be assumed
valld for large strains. The use of thesec assumptions is neceasary
because the forces between individual atams have not been eveluatsd
in terms of physical congtants but it should be remembsrod that the
approximations may be serious enough to lead to large srrors in the
results.

The thermal atomic oscillations in figure 5(a) will be regardsd
as resulting in a local shearing of atoms 1, 6, end 2 producing a
gtrain of 8/6.2 Inasmuch as tho elestic energy per unit volume for
e shear stress T 18 T2/2G end the volume of the region of shear
is 2V, the elastlc energy involved 1s

v

The result will be applied to the generation of & dislocetion
as follows: Let To be the local shear siress attained by atoms 1,

6, end 2 in figure 5(a). If the displacement & is fd,, appli-
cation of Hooke's law to the displacement ylelds

2
The stress to be produced by thermal motion is

Ty = To ~ Tg
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if 1t is assumed that the local shear stress to be attalned by
atans 1, 6, end 2 in figure S5(a) must be T, 1independsnt of applied
stress. The.stress T, depends on the externally applied stress and
is in the same direction as Tg. Fram equatlon (9) the energy to be
attalned thermally Wy therefore is

W, = % (Tg - Tg)2 (11)
Inaspuch as T4 ocan be expected to be only & amall fraction of Tg
for rigld materialas, "the term in Tg4 2 may be neglocted relative to
the other texrms in the binamial expansion of (Tgp - Tg)®. The
approximation obtalned 1s therefore

Wy = Vexlf? - 2vxfTg (12)
where equation (10) hes been used.

In order to evaluate Tg, work-hardening must be oonsidered.
A crystal in the steady-state range of oreep 1s generally work-
hardensd because deformation has taken place. Fram the nature of a
dislocation it ls clear that & atress fleld exlsts shout 1t. By
meking use of thie stress fleld, Taylor (reference 6) has explained
work-hardening on the basis of a "lattice" of stuck disloocations.
Teylor's explanstion ls a statlc ane and 1s applled only to doter-
mining the form of the stress-strain curve. In terms of a dynamic -
approach, the existence of a stress field about a dislocation leeds
to the concept suggested by Kochendorfer (vefercnce 11) that the
lattice of stuck dislocatliona cresates an Inner stress fleld whose
direction at the point of generation is opposlte tuv the externally
epplied shear stress T 1n the slip plane. The value of the lnner
gtress fleld at the point of generation wlll be called the back
stress Ty. The dynemic concept of hardening therefore conslsts in
the formatlion of a lattlice of stuck dislocations, which results in
a back stress at the point of generaetion. Thils back stress lowers
the effectlve shear stress at these points and as a result the rate
of generation, hence the creep rate, decreases. These comsiderations
lead to the result that

Tg = a(Tg = Tp) (13)

Inasmuch as T, is always less then T, the directions of T, and
Ty are the game. =

In & large assembly of -systems, which are In thermal equilibrium
with each other, the fractlion of them that will have energies greater
than same arbitrary value ¢ 1is given by e €/XT, TIn addition to -
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the energy requirement, the ocourrence of the configuration of fig-
ure S5(a) involves a limitation on the d&irection of atams 1, 2, 3, 4,
end 5 to a particular crystallographlic directlon within & very smnll
solid angle. If the probabllity of oscillation in this direction
is p, the total probebllity of the configuration of filgure 5(a),
thet 1s, the probability that a right-hand source wlll form a posi-

tive activated complex is given by e

P+ = pPe~Wu/KT . p5e-(Vax?e2 - 2VxPTg)/kT (14a)

Similaerly the probabllity of forming a negative sotlvated com-
plex (the configuration of fig. 5(d)) et a positive source is

P~ = pSe-(VOxPEZ + 2VxfTy)/kE (14b)

Inegmuch as Ts is opposite to Ty 1n thie case. The applled
stress T, therefore makes the generation of a positive dislocation

more probable than the generation of & negative dislocation at a
right-hand source.

If a negative dislocatlon 1s generated in the region undeor dis-
cussion, 1t would move to the left and out of the crystal without
producing deformation If 1t were the only dislocatlon present. The
last positive dislocatlion generated from this source, however, bacams
stuck after moving through part of the crystal lattice; that is, all
forces upon it were balanced. The gemeration of a negative disloca-
tlon at the point being considered will upset this equilibrium and
attract the previocus positlive dilelocatlon. As the two dislocatilons
approach each other, the stress that each exerts on the other
increases (fram the equation for the stress field about a disloca-
tion, reference 6) and a union takes place resulting in the annihi-
lation of the two dislocations and restoration of a perfect lattice.
The net rate of generation R_, which is the rate of generation
of positive dislocations that will eventually produce plastic defor-
?ﬁ%c)m, is RE - R or, from equations (8a), (8b), (13), (14a), and

Ry = gzﬁ'_r. o-(Vox?£2 + P'T) /KT 9 [2qvxe(Ty - Tp)/XT] (25) "\
where
P' = - k log, ° _ (16_‘)

The equation for the net rate of genoeration of nogative dislocations
at a negative source ia clearly ldentical with equation (15). Equa-
tion (15) therefore gives the expression for the factor R_ of equa-
tion (6b). €
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According to this derivetion, it 1s now clear that the genera- -
tion of a dislocation 2 atams in length involves the slmultaneous
cacillaetion of twice as meny atoams with sufficlently great emnsrgiles.

Thus, the probability of such a generation taking place ocan be neg-
lected es ocampared with the probabllity of genereting a l-atom
dislocatlon.

The hyperbolic sine term in equation (15) arose fram the lower-
ing of the potentiasl-energy barrier in the direction of the applied -
stress. The heat of activaticn per moleculo AH, (the height of
the barrier for zero applied stress) and the entropy of activation
per molecule 48, aro (by comparison with equations (1) and (2))

AH, = VoxPr (17a)

A8 = - P! (17v)

a
P' 1is always positive because p 1s less than 1 (equation (16)),
theref ore AS, 1s negative.

When the general expression for Rgh given by equation (15) is
cambined with the creep sguation (6b), e camplete eguation for the
steady-states rate of creep becomes

- %;. % o-(VGx2£2 « P1T) /KT g [evxf (o - 27y )/kT] (18)

where the appllied tensile stress o has been substltuted for 27y
assuming that glip in the individual grains vccurs 1in the plane of
meximum sheer gtress. For high values of applied tensile stress G

the hyperbolic eine function, to a good approximation, can be replaced
by an exponential and equation (18) becames, after taking logarithms

of both sides

a 1 '
e, () - () B ooy -

Equation (18), or ite approximation equation (15), 1s the form of
the theoretical equation to be used for the steady-state creep rate
of pure polyorystalline materials es & function of stress and
temperature.

COMPARISON OF THEORETICAL AND EXPERIMENTAL CREEP EQUATIONS

The evaluation of the back strese T, as a function of tumpor-
ature end applied estrass is difficult and has not yet been accamplished.
A great doal may be learned, however, from a comparison of the theorst-
ical equation (19) with empirical equations. It has been empirically
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determined that a hyperbolic sine function represents the dependence

of creep rate on applied tenslle stress ¢ for many polycrystalline
materials (reference 12) in agreement with equation (18). At high
values of stress, the hyperbolic sine funotlon reduces to an expo-
nential. In refersnce 13 creep data are presented, whick show tha:b

e relegtlon of the form _ -—

u a
log, (i)“ -2-b+y0 (20)

represents the experimentel data In the range of high stresses,
where a and b are constants for a given materlal and 7 1s a
functlon of temperature but not of streass. If the notation is so
changed as to make this equation eimiler to eguation (19), equa-
tion (20) can be rewritten

dlm A + BT  pa

loge u= loge -——EE—-— o (21)
where
A= ka
4K
B=%b +k loge
B = 7kT

Camparison of the forms of equations (19) and (21) show good agroe-
ment. The slmltansous valldity of the two equations requirea that
T, be a linear function of stress. In additlion, the condition

T, = 0 for 0= 0 1leads to the following expression for Ty
T, = F(T)o (22)

Equation (21) shows that three factors campletely determine the
gteady-~state rate of creep: +the congtents A and B and the tem-
perature function B. A comparison of equation (21) with equa-
tions (19) and (22) shows that these factors are expressed in terms
of physlcal constants of the materilal as

A = VG £2x2 (23)
B=P - szxzcoa. (24)
B = qvxf(l - 27(T)) (25)

where the modulus of rigldity G has been teken in tho approximate
form

= Go(1 - o) (26)
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COMPUTATIONS AND PRECISION

Croep data were obtalnsd from literatuwre fur a number of poly-
crystalline "pure" metels that had been annealed (refsrences 13
to 20). (Although the refervnces do not generally state the impur-
ity content, the metals wlll be considered pure as compared with
alloys.) The reproducibility of the creep data from the various
gources is not known. From these data, curves of log creep rate
agalnst streoss were plotted and straight llnes werc obtalned. In
terms of equation (21), the coeffiolent B/kT divided by 2.3 is
the 1ope of this straight line and the intercept is oqual to

l kT) _ (A + BT)

L k. 2.3 X7 ° o o

The values of B and H (defined as A + BT) were then doter-
mined fram the slopos and the intercepts, respectlvely. Finally, ;
A and B worec separately determined from a linear plot of E
against T whore 4,/ was taken as 104 for ell meterials.

log

The orrors involved 1n the detvrminatlon of A, B, and B
depend in part on the number of strossee for which data werv avail-
able at each temperature and on the numbsr of temperaturvs abt which
observations were made. The ranges in tumpsraturos and stressee
used will also affect the error. Geneorally, the orrors for A
and B were estimated to be about £5 X 10°13 ergs, %8 X 10-16 ergs
per °K, and £30 percent, respectively.

For a large number of pure polycrystalline mstals, 1t was found
that B wvarled with tomperature. The function

B = CleczT

approximates the temperature dopondence of p. This function was
determined ovur coamparatively short ranges of tomperaturs (200° te
300° K) and therefore may not apply over a large temperature rangs.

Values of the modulus of rigldity G wors obtained from refer-
ences 21 and 22. These roferences showcd that varlationa in the
valus of G for a given matcrial are about 5 percent. Room- _

temperature values were used as epproximations of the absolut 0-26Y0
values of @G.

RESULTS AND DISCUSSION - .
Pactor A

Equation (23) glves thv thoorevtical expression

Tage2s?
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for the factor A of the empirical equation (21). In figure 6,
A/V 1s plotted as a funotion of Gg x%. The line drawn is the best
gtralight line through the origin and revresents the data within the
experimental error of A, F'!E'om the previcus theoretlcal discussion,
the slope of thls line 1g f¢ and ie equal to 0.25 or less. Because
the activation energy predloted on the basis of the valldity of
Hooke's law wlll be greater than the actual value, 1% can be expected
that the theoretlcal prediction will be too high. The experimental
slope from the straight line of figure 6 is 0.14.

The agrsement betwsen theoretlcal prudliction and experimental
results 1s encourasging when the assumptions meds and the variety of
sources of data are consldered.:

Factor B

When equatiocns (19) and (22) were compared with the empirical
equation (21), B was found to be equal to

P' - Vx222gy
where o 1s determined frum the approximate relation
G = Go(1 - aT)

The order of megnitude of the term szfzcoq., vhich is 3 x 10-16 ergs
per °K, ie within the estimated error of B, which is 18 x 10-16 ergs
per °K; this term can therefure be neglected in comparing the

B values for dlfferent materials. The values £ B for diffsrent
metals are presented 1n the following table:

Mgterisal B Reforencs
(ergs/°K)
Aluminum | 40 x 10716 | 13
Copper 45 - - 14, 15
Iron 39 17
Lead 54 20
Nickel 33 18 Ce—
Platinum | 42 13 T o
Silver 38 13
T™n 47 19

A correlation exists between the scatter of data presented in
figure 6 and the scatter of B valies In this table. The straight
line in figure 6 falls between the exnerimental points Por aluminum
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and iron. The table gshows that aluminum and iron have B values

equal to 40 X 10716 and 39 x 1016 ergs per K, respectively. The
polnts above the line in flgure 6 are all related to metals that have

B values less than 40 x 10-16 ergs per °K and the points below the
1ine correspord to B values greater then 40 X 10-16 ergs per °K.

The correlation between the direction of scatter of data for A
and B 1is satisfactorily explained by considering the method used to
obtaln experimeatal values of A and B. For each materlal, values
of H (dsfined es A + BT) were plotted against T and the values
of A and B were obtalned from the intercept and slope, respec-
tively, of the best stralght line drawn through the points. For a
given material, the valuo-of the intercept A will inocrvase as the
glope B of the line drawn through the experimental points is
docoresased. In view of thls sxplanatlon, the scatter of date for A
about the theoretical line appears to result from experimental error
alonu. It can also be concluded that the correct values of B fall
about thelr mean value much more closoly than thoee in the tabls.

When the term containing o is neglected, B becames equal to
P!, vwhilch from equation (17b) is the negative of the entropy of
activation A4S,. The high negative value of the entropy of activa-
tlon 1n the creep process has been pointed out in references 3 and 13
but satiefactory quantitetive explanations of the maegnitude of this
feactor could not be given.

On the basls of the present treatment, the reatriction of direc-
tion of 5 atoms participating in the generation of an activated com-~
plex accounts for the large negetive entropy of activation. A good
approximation of the value of the probabllity of oscillation p of
an atom in the slip direction can be obtalned by substituting wvalues
of B for P' in eguation (16). A value of about 3 X 10°3 was

obtalned for p when P' wes equal to 40 X 10716 ergs per °K.

Factor B
The theorétical expression for the factor p 1is given by
B = qvxf(1 - 2F(T))

The term F(T) in this oquation 1s related to the dack stress Ty
(equation (22)), which resulted from the inner stress fleld about a
dislocation. This streses fleld is rolated to the modulus of rigid- _
1ty & (refuvrence 6). Therefore, B abt any given temperaturs was
expected to bo a function of G, Figure 7 shows that at room temper-
ature f varies as G2 vhere n 1is approximately 3. :
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In order to determine whether the temperature dependence of G
could alone acocount for the temperature dependence of B, the vari-
etion of G wilth temperature was lovestigated. It can be seen in
figure 8 that for iron, B end G > have about the same temperature
dependence. Flgure 6 shows, however, that B 1s proportional to
G2 . Therefore, it can be concluded that F(T) ocontains a temper-
ature-~dependent factor in addition to G.

EVALUATION OF RESULTS

The statement 1s made in reference 9 (p. 344) that Ya full
interpretation of ocreep results in terms of dislocation theory would
be welcome but has not yet been achieved.” In the present report
two contributlons are made to a fuller understanding of craep in
texms of both rate-process theory and dislocation theory. The First
contribution is the guantitative depondencs of creep on physical
constants of the materlial; the second is an understanding of tke
origin of the large negative entropy of activatlon AS,, which was
a source of difficulty In previous treatments (raferemes 3 and 13).

Although the previous theorles have besen successful in showing
tho dependence of creep on stress and temperature, none has been able
to show the guantlitative dependence of creep on physical constants of
materials. From e practical point of view, equations that relate
creoep to gtress and temperature have useful engineering application
in predlcting the creep behavior of a given material. These equa-
tione can yleld llttle useful information, however, to the metallur-
glst who must £ind criterla to use in syntheslizing alloys for better
creep resistance. A knowledge of the dependence of creep rate on
physlcal constants of materlal would ' yield. such criteria and there-
fore have a practicel as well as an academic interest.

(The empirical equetion that glves the dependence of steady-state
rate of creep on stress o and absolute temperature T ocan be teken
as .

61 k7 A + BT

T R/ 33t (218)

log u = log

The theoretlcal treatment in this report has shown that the param-

oters A, B, eand B depend on physical constants of the material
in the following manner;

A = VG, £2x2 (23)

B = P' - Vx2f2Gq = P' - M (24)

B = qvxf (1 - 2F(T)) ) (25)
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Equation (2la) shows thet, in order to have & low rate of creep,

A and B must be large and B must be small. Equation (24)
Indicates that the effect of any physical constant on A wlll bu

in the opposlte direction to 1ts effect on B. Inasmuch as o In
equetion (24) is of the ordvr of 104 and P' has been shown to
be approximstely constent for all pure annocaled mebterisls, the phys-
ical constant will have a groater effect on A thanon B up to a
temperature of ?r.O40 K. The mcet important physlcal constant in
equation (23) is the moduluu of rigidity at absolute zero Go ines-

much as the other constants do not vary much in order of magnitude
among different materials. Empirically B was also found to decrease
with increesing G. Pure mstals having high modull of rigidity will
therefore be creep resistant.

The relation between modulus cof rigidity G and modulus of
olasticity E 1s glven by

E

G=35irm - B

Inasmuch as values of p usually run from ebout 0.3 to 0.4, the
effect of varilatlons in this factor for different materlals will he
g0 small that In general, pure metals will be crae'p rogistant if
their modulus of elasticity 1s high.

The extension of the theory to alloys, in particular heat-
resisting elloys, wlll require modification to include the effwcts
of strains produced by solld soluble atume end precipltated parti-
cles. In view of they nsed for criteria that will hasten the devel-
opment of alloys having heat-resisting proportiss, any indications
that can be obtaincd fram the present theory should bo considersd.
The theory suggvets the use of materilals of high modull of rigidity,
and therefore of high moduli of eldasticity, such as tungsten, molyb-
denum, and cemented tungsten carbide as matrix materials for heat-
registing alloys. An Investigatlon conducted under the auspices of
the National Defenpge Rvsearch Committee has shown that chrome-base
alloys having high tungsten or molybdenum content generally have
better heat-resist.ng propertios then currently used alloys. The
uge of stlll higher percentages of these elomonts therefore merits
serious consideration. ’

Alrcraft Engine Resecarch Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlio, January 18, 1946.
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