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ABSTRACT

.Substantial strides have been made over the recent past.in uncovering

-

~ the role of many of the important factors that determine_thevphysical
mechanisms of high-temperature creep, but many significant details yet require
clarification."The apparent actiyation energies for high—temperatﬁre creep'
of metals and dilute solidjsolution alloys are independent of creep stress
»_and strain. In general they are in good agreement with the activation energy
of self diffusion. It has been firmly established that the rate is controlled
'by the rate of atom mohility and is proportional to the-diffusivity; The
»substructural changes in creep are insensitive to the temperature and depend
on the time and stress.A During steady-state creep the significant substructural
details remain constant. ; The exponent of the stress dependence of the steady-
state creep rate has usually a value of about five, although many exceptions
are. knownv
A complete solution of the creep problem in all its generalltles cannot
ipyet be glven. This is due to a lack of detailed knowledge of effects as such
lfactors as modulus,‘grain size,.stacking-fault energy, subgrain size and other
-'substructural features, ete. When the temperature dependence of modulus is
taken into account the true enthalpy of activation for creep in pure metals is
3 innexcellent agreementvwith the activation enthalpy for self-diffusiodn. The'
actlvatlon energy for creep does not depend on the jog energy or the stacklng- W
fault energy Although someiexperlmental observation suggests that the creep
_ rate mlght increase with an.lncrease inpstacking—fault energy, this question is not

yet satisfactorily resolved. Whereas the subgrain size decreases with increasing
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.étfess it is not known how it depends on modulus or on the stacking-fault

energy or how it affects the creep rate. Recent evidence suggests that the

effect of grain size on creep rate is relatively small.
No satisfactory theoretical model exists for primary creep where the

structure continually changes with time. Two kinds of models havé been

; suggested'for e steady—state creep: . the motion of jogged screw

dislocatiohs and the climb of edge dislocatibns. .The screw dislocation models

’ Co : R ,
- suffer from various handicapé,and major modifications are needed to obtain

the correét activation energies and stress laws. The climb models appear to

" account more ‘readily for the observed activation energiés and stress laws for.
-creepi However, some of the assumptions in several climb models, e.g.,
" dislocation pile-ups, effectiveness of Lomer-Cottrell barriers, etc., that have

"beeh;ﬁsed'to;defelop the stress laws are questionable. Furthermore, assumptions

vrégardiﬁg constancy of disl@cation sources independent of the stress level are

,not;very;tenable.

_f Th¢feventual solution of the problem Qf.steady-state creep will depend

on a more ‘intimate understanding of the formatién, nature andvrecovery'of the

sﬁbstructure. More éomplete'empirical data are needed on the creep rates. Also

more detailed and systematic investigations are needed on the subétructures
“that arevdeveloped with specific emphasis on their.significanée'to,the creep

mechanism.
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I. INTRODUCTION

[

Creep is the continuing‘plastic deformétion of materials when subjected .

'to a constant stress. It has now been firmly established that creep of

iy

crYStalliﬁe solids occurs as the result of thermally-activated migration of
»dislocations, grain boundary shearing, and diffusion of vacancies. It can
.‘také place at all températures-aboverthe absolute zero, Because of thé great

. 3 .
versatility of dislocations and the numerous interactions they may undertake

vwith oﬁe Ahéther,'additional latfice defect;, and varioﬁs substrucﬁural details,
a number bf diffefent diélocation mechanisms can cont?ol.creép; At low
,temperatufes,-high inﬁensity thérmél fluctuations‘in energy'aré SO iﬁfreqﬁeﬁt
‘that disi&cations cﬁn surmount only the lowest energy bafrieré thaf imﬁede their.
motion. “As fhey pass over these they arrive at new and often higher eneigy
bafriers.which'they now surmount with an éver decfeasing frequéncy; Copsequently
1ow-températurelcreép is generally charécterized by an ever diminiéhing:éréép
rate. Iﬁvthis range the force acting onvthe disl§cation assists therml
fluctuations in.energ& in pushing the dislocation ovef barfiers: Conséqﬁehtly
the energy required for.activafion decreases with increasing values bf thé
stfess; and therefore, forvé given sﬁbstruétural'sta£e.add a constant strain
.rate; the flow'sﬁress decreases with increasing temperature. |

: At higher temperatﬁres the/thermai fluctuations nééded to stimulate the
low-energy mechanisms such aé thé cutting of repulsive trées, thé hﬁcleation.
.of kinkxpﬁirs, cross?slip, etc. ‘becomes so frequent that such barriers to v
dislocation motion are ﬁo 1ongéf effective. A larger'"apparent initial creep
» strain" is therefore obtained at higher temperatures.for the samé_applied'stress.

When these conditiohs prevail it might be-expected that the creep would
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rapidly approach immeasurably small rates as the gliding dislocations become

_.arrested at higher energy barriers that might result from lohg—range stress

fields,’attractive Junctions, etec, If, however, the temperature is above

‘about Tm/Q,Qnefhalf of the melting temperature, creep nevertheless continues

to féke place despite the fact that glide dislocations now become arrested

at{quite high énergy barriers. In contrast, however, it is Just at these

» high:temperatureéwhere‘creep continues ad infinifum until it is modified by

such auxiliary phenomena as grain boundary fissuring, necking and grain

" boundary cavitation which lead to rupture. The significant observation.to:be

made here is that at Tm/2 diffusion first becomes reasonably rapid. Above
thié temperature dislocations are known to acquire'a new degree of freedom

,in_fheir1motion; edge~-components of dislocations are no longer confined to

glide exclusively on their original slip planes and may climb to new planes.
B Although other suggestions have been madé from time tobtime,,it seems inevitable

that climb itself must heces?arily play a role in any model for high-temperature

creep; it need not, however, be the rate-controlling mechanism. For example

Cif climb'were extremely.rapid and some glide processes much slower, creep

might then take place in.an almost fully climb-recovered substructure as

controlled by a slow-glide mechanism.

j.It'is thg quective'of this_pgper,to evaluate the. present status of
expériméntal_khowledgehén-thg high—fémperature_créep of éomé metais and alloys
wifh pafticular reféreﬂce.tovthe signifiéande»of'ciimb~of diSlocatiohs; A
number of feviéwég symposia and‘mbnographs:are now évgilable_oh this as well

(1-13)

as. the much broader areas of interest in creep . The viscous=creep
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mechanism concerned with the stress-directed diffusion of vacancies in poly-

(1h)

crystalllne aggregates, flrst descrlbed by Nabarro and later further
Velaborated by Herrlng( 5), w1ll not be cons1dered here Rather emphasis will
be given to examples of creep ofcperse-grained‘metals under stresses where
diSlocationrmechanisms contriﬁute principally to the creep. Furfhermore the
creep'of dispersed phases, as e.g. SAP, which often gives results that differ
suﬁstantially from thésé usualiy obtainéd infsingle phase metals and therefore
appeérs>t§ be the reéult of special mechanisms, will also be omitted from_
‘consideration. |

This report is presented-ip three major sections. The first will be

conéerned with the effecﬁs of_the‘independent vériables of stréSS and températureb'

on the éféeﬁ'rgte and the possible influenbe:of;cryStal striucture, modulus of
eiasﬁicitya'stack;hg—faglt:eﬁergj and grain sizé on these data. In thevsééond
section emphasis wili be given to a review of the major substructural changes
that attend high-temperature c?eep. And thirdly a summary will be presented on
thé theoretical impliéations of the known éxperimental facts reiativé to the

: validity of various proposed high-temperature creep mechanisms.
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II. MECHANICAL BEHAVIOR

.Thevdependence of the creep rate, €, on the stress, O, and temperature,
T, is basic to an understanding of creep. Any acceptable theory of creep must
account well for all such reliable data. Several factors, however, serve

to'qomﬁlicate the pictﬁrel' Frequently test materials are not adequately

characterized.relative to purity, grain size and other pertinent quantities.

Gpod data require excellent control of the temperature and stress. In order

to cover a wide range of stresses at a given constant temperature, some tests

“must be conducted over very long periods of times.. As will be described later,

thévsubgﬁain size developed at the secondary stage of creep,valthough indepen-

1.denffof tﬁe tést temperature;'depends on the stress. Consequently, the effect

'of_étresglmay not easily be separated from the effects of coincident sub-

V'structura; changes. Furthermore the proportion Of,graih-boundary shearing

to the tbtal'creep strain increases as the stress is lowered. Other factors

: such'as.érysfallstructure, moduli of elasticity, stacking-fault energy,

:diffusivity, etc. also require detailed consideration.

AL Stréss Law

Theieffeét of stress bn the secondary creep rate will be emphasized

"heré,’fifSt because there are more data in this area than others and secondly

becaﬁse_ﬁqst existing creep theories are concerned principaliy‘with the -

~secqndarymstage_of.creep, Although other empirical functions have been

suggeStéd, the sécondary creep rate‘can“usually be represented as a powéf '

of the St}ess according to

€= o F{T} o (1)
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In general the exponent n is substantially constant over a wide range-
range of stress and temperature. At high stresses the secondary creep rate

appears to increase more rapidly than that given by a constant value of n.

(16,17)

the secondary creep rate is

somewhat higher than the value 6btained by extrapolation of Eq. 1. In some
ise (17,18)

metals this is believed to arise from the greater percentage of.grain
boundary_ahearlng accompanylng grain straining at such low stresses.

As shewn in Fig. 1 the ?alues ef'n vary from about 3 to.about T for
varlous solld solution alloys and pure metals. Most frequently pure metals
(19)

give values of k. 2 < n:< 6.9 which suggests an average value of n = 5.

Some alloys (20 21) (e g. Al - Mg and Ni - Au) exh1b1t values of n2 3 whereas

others (2? 23) (

e.g. Fe - Si and Fe - Al) have values as hlgh as sbout 6 < n < T.
The observed variations -in n for metals,appear to bear no systematlc
relationsﬂip with crystal structure, grain size, or stacking-fault energy or

any other known factor. ‘However the.data for those alloys Which.give n< 3 are

_;usﬁally in fair agreement with Weertman's viscous glide theory.

B. Appafent Activation”Energiesv‘

Since creep is a thermally-activated process, its temperature dependence

' .fevealedathat the temperature dependence was frequently given by the expression

Q. o -
€ f{d}e RT o 5 (2)

(3)

‘must'arise'principally from an Arhenius type of expression. Early investigations
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_ fwhefe-G'ié the'shéar modulus. of élaéticity. Similarly Sherby

-0

‘with rather good accuracy. The apparent activation energy, Qc, was shown to be

insensitive to the stress; it was in very close agreement with the activation

(8-13)

energy for self diffusion, HD. More recent investigations have invariably

. : t
served to confirm the validity of Eq. 2, and to reaffirm the agreement of Qc with

B O - .
B \ ¢ - i

€. Modulus of Elasticity

"When Eqs. 1 and 2 are combined the empirical relationship

€ e®F = I NIPAL | (3)

(24)

resﬁlts.'A';-however, differsigreatly from metal to metal. McLean and Hale

o “made the importént observation that variation in A' amongst the varibus metals and

alloys seems to depend Systematically-on their moduli of elasticity. They have
shbﬁn that the correlation of secondary creep rates among the varioué metals
and alloys is considerably improved when Eq. 3 is rewritten as

n. W)

€ o = Ag)

(13f19) suggested

the’empi?ical relationéhip o

S-4l
' (5)
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where D is the self diffusivity and E iS'Young's modulus éf elasticity, as
a basis for correlating the sécondary cféep rates of metals. When the temperature
variation of E was includéd, slightly improved correlations were obtained.

Deépite the virtués of Eq. 5, two major objéctions can Bé raised against v
it. First it is not dimensionally correct. 1In ofdér to»éermit unbiased comparisons,
tkhe term preceeding the équalify sign should be multiplied by the square of some
significant iength; which might havé different Qalues for the various metals.
Seéonaiy Eq. 5 i;‘ﬁét wﬁ&llyvéonsistént ﬁith the requirements £6r thermally-
.activated-ofrdiifusion—controlled mechanisms of creep. The driving force of any.
thérmallyfacfivéted'creep mechanism depends on a free-energy or cheﬁiéal-potential
gradientvresulting from thé éppliéd stress or a local stress concentration. The
:iﬁsensitivify of the apﬁarent activation enéré& to thé streSS‘mérely refléctsbthe
fact“that the usual exponentiai termy s in thé gradient expreséion réduce to the

linear case. This suggests a reiatidnship such as

L lill | n-1 N - ___.Hc | c
. = A e JReERS : -
= (e) (kT) < i . {8

for simple cgsés where the entropj is not a fuction of the temperature and Where

fl is an activatioﬁ volumé aﬁd‘Hc is thé activation énthaipyﬁfor.érégp; the shear

stfess, G,_entérs as a result of dislocation intéractions. AS’Wili be shown, when

.the tém?érétﬁfe variation of G is:takén-into cbnsideration,Hc, using Eq.-é, is in \i
_efcelient agreementbwith HD for ﬁost bf.the évgilable data oﬁ pure metals. This

-eﬁphasizes'that high temperature. creep is diffusion-controlled.
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' The value of Hé’is directly determinable from Eq. 6 or from the temperature

'sensitivity of the creep rate:

H. = Adne +RhTz<§3)nl(.1_-i)‘ (1) -
A | TG/ /T T/ B

- ¢ 7%)

Sinée high~temperature creep is diffusion-controlled, comparisoné of

‘the secondary creep rates might be based on

éskT _ A(__c_)’_)n | . _ (8)’-
e “Ae)

: whefe the Burgers vector, b, is tehtatively taken -to be the significant dimension

in eithef diffusion or deformation to provide the required dimensionless expressionm.
b_ The'tranSition from Eq. 5 to Eq. 8 does not alter the sighificence of n,
and changes only slightly the temperature effects. Nevertheless the change is

-nbt_trivial when comparisons are made between various metals in an attempt to

: uncover'whatvother factors might be involved in creep.

. I '
Eq. 8 is yet largely emplrlcal and attempts only to systematlze the effects of

D, T G ‘and b on the secondary creep rate. If other factors’ are also pertlnent,

Eq. 8 will have to be reformulated'so as to take these factors into appropriate

- consideration.



load tests. The Ni data from ref®rence M were obtained from constant-load tests
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whereas those from reference'K_refer to constant-stress data. Similarly the Ag

. data from reference Q and S refer to constant-load tests whereas those given in

. reference R were obtained under constant stress. ‘ ' !

D. ”Compafison with Experimental Results
A detailed evaluation of thevnéminal corrélafion of éxpériméntal data with ¥
'_tﬂé tréndsfsuggestéa by Eq. 8 suffers a number of severé handicaps:
' v
1. Féw constant‘stréss creep data aré available Bécause most tests have
been conducted under,constént load.,
2. Often creep data are obtained at témperatures bélow or abové tﬁé~
| téﬁﬁerature range where diffuéion—controlléd cféép occurs.,
- 3.: .Dafé on the'ﬁnrelaxed shear modulus of elasticity at high temperaﬁures are
then not: available. |
4. Data 6£‘self'diffusivities'are not aiways accurate.
5;  vInf§6mé tests grain growth and even recrystallization took place at the
' higﬁer teét températures. vThéSe changes are known £o produce aﬁnormaliy
high creep rates in’insfances wherevthey'have been observed. Occaéidnally
| invéStigators neglécted.fo éomment or even check onvthése possibilitiés
‘when.reporting their data.
| 6. PrécautiOnsatoLlimit:ppséible~errors due to high temperature_oxidation'were
. exercised in only ‘s fev cesés. | .
In‘generéi the test data ﬁsed‘here (vide Tables .I énd II) were obtained from |
constant—streés tests. The Mc; Ta, and some W Dgta, howeVer, we?e obtainea'
under”cdnstantéléad conditions énd tﬁen repbrted in terms of the true streés ] v
under stéady-state cbnditions, The other W data were obtained from constant-
e
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Table I. Summary of Méchanical Behavior |
_ S - S— - o __ __
Metal . References fqr, n Hc’ AT tesi:s Hc.’ Graphical Methodv HD ;SkT vhen
Creep Modulus Diffusion. H. Data H o Data o DGb . ) '
Data = Data -~ Data ‘ © 7. Source ¢ . Source 0/G=2%X10

Al A,B,C,D E F L.k 3.0 ¢ 34.0+1: A 3.0 1.8x10 T

' | | 3y.070-?

: +0.4 B .
Cu - G,H,D . I - J 4.8 48.4 G 50 *2 G 47.1 1.3 X 10742
Au X I L 5.5 L4845 K o 4.7 2.6 x 107%°
Ni - - K,M,N,D 0 - P . 'h.6, ‘66.5_ N 66+L M 66.8 3.7 X 10'_12

‘ 5.2 6L #6 K . S

Ag Q,R,S,D I T ~5.3 43 Q- L0-60 Q b1 5.7 X 10'lh
Pb u,v W X ~h.2 \2h;21255v_ o U oh.2 1.1 % 107t
Pt Y W Al 7.6 66th Y 66.6 1.2x 10t
' _ : : : ¥ . 11
Alpha Fe a,b ci d 6.9 63.0 a 60-64 T2.2 X 10
Fe-4%si . e ol - f 5.75  Ti.b. e 54.4
Ta - g g h h,2 11kl g 110+12 g 110.0 2.2 X 10'10
Mo i, X 1 5.3 ~93 § 10g*ww i 92.2 5.0 X 1012
W 2,0 K ot s ~140.3  ~7 x 10710
B-TL Q. W r 5.8 ~21 a + a 20.0 5.1 x 10+t




- Table I. Continued

*%

*R*

Metal . References for . n H , AP tests* H, Graphlcal Method¥*#¥ HD ' € KT
L L=< : ¢ ‘ o . S . _vwhen
Creep Modulus Diffusion : Hc Data Hc: - . Data : : DGb ' )
Data Date -- Data Source Source _ 0/G=2X10"
. _ o ' ' o -12
a-T% a W 5.3 21,0 qQ 2142 q 32,7 9.1 X 10
ca 8 t u 43 1955t 20.3%0.2 g 19.1 Fa1x 10783
Zn VW W X 6.1  21.6f1 w 2L .5%1.5 VW 2.3 - LoX 10713
*‘ H recalculated from AT tests using Eq. Tb.

c
H, estimated from "é TG l/cn vs. 1/T plot.

— . L 3 f )
There was much’ scatter in € TGn l/on at four test temperatures, this is the only value o HC that

could be assigned to fit Wlthln all four bands of scatter.

G calculated from random Young“s-modulus Values, v
D ‘used in calculatlons is an average of experImentally determlned values, as recommended by this

reference, |
Data is too scattered to assign a value of H .

Extrapolated from higher stresses ' ’ s -

Note: ' For the fcc metals Al, Cu, Au, Ni and Ag values of elastlc compllances VS, temperature are available.
For these metals the unrelaked shear modulus G was.calculated from the relation G =yl Chh(cll 12). The

Zresultlng value represents .the isotropic shear modulus in the (111) plane( 25) and provides-a very
good approximation to the effective G for dislocations on the (111) plane according to anisotropic
dislocation theory (see ref.'y). For all five metals G varied linearly with temperature over the .
temperature range indicated in Table II. For the other metals analysed G was estimated from data on
Young's modulus E as a function of temperature and from the value of Poisson's ratio p at 20°C
(obtained from ref. %), according to the relation G = E/2 (1+u). The Young's modulus values were

linearly extrapolated from lower temperatures when it was apparentthat' relaxations had unduly lowered their

value.

f
~



. Table II. Pre-Histdfy of Creep Specimeqs g

Testing

Metal Reported  Thermomechanical Grain  Temperature - Temperature - Comments
and .~ Purity - History ) Size . Range for ‘Range of Method ' '
Ref. in % and  Prior to Testing. . (mm). - which H;®H Creep Tests :
Impurities ' o o " According to Used in
in ppm . AT Tests. Fig. 5-7 4
Al(a)  99.995% Specimens 0.05 or T3> L410°F" 500-1100°F.  Const.  Marked grain growth
(A) 20 Fe annealed at 1 -3 Ref (C) (260-593°C) ~ stress was observed in alu-
\ 17 Cu 650°F for LOOOF tests tensile minum tested at 900
10 8i,2 Mg & hr. not used tests . & 1100°F.
-6 Na + Ca S in air :
A1(b) 99.996% . After machining = L T>210°C 250-550°¢, Tensile Tests were run at a
(B) . B of tensile speci- - Ref(C) - Tests at testing strain rate which
mens, 4 hour 150°C and in air increased systematically
anneal at 500°C 200°C were with specimen extension.
‘ not used Strain rate varied ~25%
during course of tests;
steady state creep
stress increased about
5%. To compensate for
this variation, the
steady-state stress was
recorded at a constant
: value of strain, € = 0.4,
Cu(a) 99.9%% Specimens 0.03  T=700°C 700°C, - Const. Tests made at T £ 630°C
(@) 40 Fe’ initially Ref(G) - Tests at stress not included because AT
8 8, 6 Ag cold-drawn : T £630°C tensile . tests showed H,< Hp.
5 Ni rods; annealed not used tests Grain growth probably
L Pb in vacuum % hr. " in air occurred during testing.
: - at 650°¢C :
cu(b) 99.995%  Material hot-. 1.0 T=700°C 700-950°¢ Const. Tests made at tempera-
(H) 20 0 rolled, recrys- ‘ Ref(G) ' stress tures between 660-700°C
’ 8 Ag tallized, cold- tensile were not included
2 H rolled; annealed tests because recrystallization
2 Ca in air or Hy at

1000°C for 1 hr.

in Hy

occurred during testing.

..g-[_



Table II. Continued '

Metal -

Reported

Thermomechanicali*

Testing

this invest-

dgation.

Grain  Temperature Temperature Comments
and - Purity History Prior Size " Range for Range of Method
Ref. in % and. - to Testing (rm) which H 2 H, Creep Tests
R Impurities a o According to Used in -~
in ppm _ AT Tests Fig. 5-7
Ai . 99.99%  Final heat-treat-- 0:47 7=860°C 860°¢C Corist.
(¢) © <10 non- ment 3 hr. at Ref. (K). stress
metallic- 980°C : compres-
<80 v sion tests
metallic - : in-air
S Ni(a)  99.75% As received mat- 0.33 T > 750°C. 800-1100°C Const. Tests were made in
(M) Principal erial machined . "~ Ref.(N) Ea load com~" air and helium. All -~
Cimpurity into tensile ' . pression  800°C, 900°C tests
is Coj specimens; an~ tests were used; only tests
traces of nealed 1 hr. at : performed in He at _
' Fe,Mn, 1150°C under 1100°C were used be-
Mg,Al helium cause of extensive
' oxidation during test-
. L B . , : ing in air.
Ni{(v) 99.96% = Final Heat-treat- 0.22 T=820-940°C  860°C Const. Nickel recrystallized
) 50 0 ment: 10 hrs. at after Ref.(K) stress several times before
10 S 1010°¢ recrys- : compres- minimum steady-state
<100 C ! tallization - sion tests creep rate was reach-
240 Co+ in air ed; values reported
CutFe ' are for minimum €
after these recrystal-
. K _ : v , ~lization periods. :
Ag(a)  99.95% Silver wire was . .20.5 Little in-  620-736°C Const. . Grain size in silver
(Q) - annealed as re- ' formation o load unreported. ‘Alloys
ceived for % hr. available. tensile containing 0.2 and
at 900°C AT test at tests 0.3 atomic percent
' 700°C in in air Mg -annealed under

identical conditions
resulted in grain
size of 0O.5mm.

Sho_ws Hc'.! HD

M
&

_9‘[ - .
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K . Table II. ‘continued
-Metal Reported = Thermomechanicel Grain Temperature Temperature Testing Comments
and . ~Purity History Prior Size - Range for Range of Method
Ref. '  in-% and . to Testing (mm) - which He®Hp, Creep Tests - - .
; Impurities = - : According to Used in -
: in ppm AT Tests Fig. 5+7
Ag(b) 99.97% Wire, cold- 0.017T same as . 600°C Const. Data reported as
i (R) <300 drawn from ' above stress Strain rate vs. time.
? metallic  0.06" to 0.02" - tensile  Only tests in which a
__impurities dia., annealed. tests in steady state creep
in Hp at 700°C air rate was reached were
, under T0 psi load. : _ v ‘ considered. Tests T5,
L “for 1/2 hr. S _ : i 76, 78, 79, 81, 86 .
: TR e e g 2 AT TR
Ag(d) 99.999% Wire specimens v0.03 - same. as 545-590°C Tensile The mean of the &g
(s) snnealed in above tests in values observed at
‘ vacuum at T> vacuum each test temperature
testing temp~ under. a was considered:
erature. Spe- single + €,=0.0005T min~1 @
cimens tested const. 590°C, 0.00043 @ 578°C,
with either a load. and 0.00016 @ 5u45°C.
clean or slightly
' - oxidized surface. :
M(c) ]| 99.996% Anneal 1 hr. at 1.0 358&418°C
(D) ‘Cu, Fe, 550°C in vacuum : : ,
Mg _ . :
Culec) |~ 199.96% Anneal 1 hr. at 0.6 " Same as ~6TL&TTS5°C Const. Recrystallization occur-
(D) - 10 each 975°C in vacuum Previously ' stress red during T75°C test;
. Al, Ni, Listed tensile minimum creep rate, not
Mg, 0 - tests in | &4, reported.
. - vacuum - '
Ni(e) | -99.99% Anneal 1 hr. at 0.4 978°C "
(D) : 1100°C in
vacuum
Ag(c) 99.992% Anneal 1 hr. at 0.7} 591&680°C
(D) 80 Cu 850°C in vacuum A

_LT-



Table IT. continued

. Metal

Reported Thermomechanical Grain = Temperature Temperature Testing Comments
snd  Purity  History Prior to Size Range for Range of “°  Method '
‘Ref. in % and Testing .= = (mm)  which H= Creep Tests
' : Impurities ‘ : ACCordiﬁg o Used in Fig.
in ppm AT Tests 5-7
Pb '99.999% Tensile specimens Single  T> ~ 320°K 320-593°K" Const. Two single crystals
(u) : made N crystal Ref.(V) g stress were tested to avoid
from 0.1 in. ) tensile recrystallization

wire tests in  during testing. Two-

' helium tests at high stress
gave creep rates too
high to be shown on

‘ Fig. 5 '
Pt - -~ ->99,98% - Cold-drawn wire, 0.1 No AT test 1100-1550°K  Const. Most test results
(Y) <100. Fe 0.38 mm dia., " to results - stress were from primary
<100 P4 -annealed in air 0.2 available tensile stage of creep, : és
at 1L00°C' for ‘ tests could be found only
10 min. in air for tests conducted
' o ' at stresses £ 2450 psi
: . when 1550°K £ T 2 1250°K
Pe 99.98% Cold worked 0.1 T > 227°C 605-753°C Const. The activation energy
(a) 1200 specimens recrys- Ref. (a,b) Stress of creep at temperatures
Lo s ~tallized in argon tensile near the magnetic trans-
30 P at 8Lo°C tests in  ition increases sharply,
10 C argon but creep is still
, 10 N _ diffusion-controlled.
Fe-4% Fe 96.02% Cold worked spec- 0.1 H #H 377-627°C Const. The activation energy
5i Si 3.92% imens recrystal- e’ D - stress of creep at temperatures
(e) 700 © -~ lized in argon tensile near the magnetic trans-
_ 140 ¢ at 975°C " tests in ition increases sharply,
10N : argon but creep is still
20 8i, P . diffusion-controlled.
< <

I
~

—8'[-



Table IT. continued

" Reported

Metal ‘Thermomechanical  Grain Temperature Temperature Testing "~ Comments
and Purity - = History Prior Size Range for . - Range of Method L
" Ref. in % and  to Testing (mm ) which H, = Hp Creep Tests - '
Impurities : ~According to Used in
in ppm AT Tests = Fig. 5-7
Ta Partial Electron-beam 3 T 2 1690°C 1690-2500°C  Const. Engineering creep rates .
(g) Chemical melted, cold- Ref. (g) ' load were converted to true
Analysis: forged, rolled,. - tensile strain rates, and the
60-170 C  swaged. Annealed tests in  instantaneous average
60-80 0 in vacuum for 8 vacuum & stresses corresponding
3-4 H hr. at 2050°C to He atmos- to these rates were
15 N - = make interstitial - pheres calculated with the
e content uniform assumptions of constant
among specimens specimen volume and
S tested , _ uniform extension.
Mo 99.9% Specimens manufac- "V15 T 2 1180°C 1650-2500°C  Corst. Comment for Ta is appli- {%
(i) <100 each tured from powder Ref. (j) load cable. Oo content dim- 1
Si, Al by pressing, sinter- ' tensile inshed from 35 to 25 ppm
Cr, Fe ing, and swaging; test in during testing at 1650°C.
Zr . eannealed in He at He atmos- Oo content equilibriated
<10 each = testing temperature phere at 5 ppm in those specimens
Mn, Mg for 1/2 hr. prior annealed at T 2 2250°C prior
Co, Ni - to loading ’ to testing. Some test
130-200 C ' specimens developed abnor-
110-180 N mally large grains and low
30-35 0 creep rates; these results
were not included. Possible
contamination from W during
testing (See ref. aa).
W(a) 99.95% Same as for ~0.0h 2250-2800°C  Const. No analysis made for oxygen
(m) <100 si, Mo : ' load content. Comment for Ta is
o Fe, Ti ' tensile applicable. Threaded ends
<10 Ca, Mn tests in  of specimens were coated "
30C He atmos~ with ThO,.
T0-110 N phere




.Tgble II. continued

Metal. Reported

*

-08-

Thermomechanical  Grain  Temperature - Temperature  Testing Comments
~and Purity ‘History Prior Size Range for Range of Method
~Ref.. * 4n % and ' to Testing . - - (mm) .- which Ho*Hp Creep Tests .
v Impurities . - - According to Used in
v ‘ in ppm AT Tests Fig. 5-7
- W(b) 99.973% Tungsten pro- 0.036 2250-2400°C = Tensile  -The flow stress during
(n) - 100 O duced from - ' ) tests in  these tests reached a
: k0 AL ‘ powder,; sintered vacuum nearly steady-state
30 C, 8i in H%’ swaged at value. The ultimate flow
10 NyF,C1 1500°C, and . - stress was used as an
Mg, P, Ca recrystallized in approximation to the
Fe, Mo vacuum at 2400°C steady-state creep stress.
5 Ni, Cr for 1/2 hr. '
. 3 Ta, Cs . . _
- W(e) -99.995% Electron beam 24l 3500°F Const. Recrystallization occured
- (o) 20 Ta  melted & puri- o load during testing.
6 C,.N fied, extruded. tensile
30 and swaged. tests in — -
<2 Al, Fe B vacuum
Mo, Ni, Si , o L
w(d) 99.99%  Arc-melted, 0.05 3500°F Const. Recrystallization ocgur%d .
(o) 25 Fe machined, to & load during testing. ésg-"‘:'.LQ'-- 3
15 Mo extruded, and 2.0 - "Lo00O°F tensile where L is recrystallized
10 N, Si  swaged. - o tests in  grain size. &4 values
9 Al ' : vacuum have been normalized to a
5 C,0,Ni. o o . .grain size of O.4 mm.
0-T% 99.98%  Cast rods were “a-Th’ ™80°C - 62-280°C ‘Const. Grain size of B-TR
B-T4 80 Pb extruded at 25°C, 1.0 ’ stress assumed to be about the
(q) 30 Fe annealed at 215°C B-Th compres- same as for o-TL.
30 Cu for 1 hr. ? sion in
S silicone
oil bath



B
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5 Pb

at 395°C for 1/2 hr.

» «
Table II. continued
Metal Reported ' Thermomechanical ' Grain  Temperature Temperature Testing Comments
and - Purity "History: Prior - 8ize * Reange for: .Range of Method
 Ref. in % and  to Testing . (mm) - which H,*Hp Creep Tests = = -
Impurities B According to Used in Fig.
in ppm . , _ AT Tests 5-T ,
ca 99.995% ~ Annealed 3/k 0.25 - 60°C <T<n 60-150°C Const. H,*Hp over this temper-
(s ). ' - hr. at 300°C 150°C: when stress ature range according
' : : H, recalcula- . compres- to ref. (s). .-
ted from Egn.(T7). “sion in -~ - ' '
) : _ . - S Ref. (t) .. ... 0 air
Zn(a)  99.97% - Annealed at L00°C 0.8 130°C<T<25L4°C 1k0s254°C Const.
(v) ‘110 Pb - for 1/2 hr.* : Ref. (v) ' © . stress
' 60 Cu T ' compression
50 C4 in air
20 Pe, Si -
13 Mg _ L o o T L
Zn(b) >99.99% Rolled at 150°C, 1.5  T6°C<T<v200°C 130-190°C Const. T
(w) 30:Fe  annealed in argon Ref. (w) ’ stress com-
20 Cd

pression in- air
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Comparison of creep.test data using Eq. 8 is justified only when creep is

diffusion-controlled. Yet it is well established that creep‘at 1Qwer temperatﬁres

can take place where Hc is less than the activation energy for self diffusion

Hb. Sevefal of the investigations used in this comparison reported creep data
at temperatures below which.Hc:-HD, according to A T tests, For this reason

' these data were not included in the comparison. Investigations of hcp metals

have shown that at very'high_temperatures Hc > HD; likewise data obtained at

these temperatures were excluded. The temperatﬁre range over which,Hcff HD

according'to AT tests is reported in Table II as Weil as the temperature range

IOf the data that were used in the comparison.

Data on the unrelixed shear modulus at elevated temperatures.are not generally

available s0 that in most cases it was estimated from Yeungls modulus of

.-elasticity and Poisson's ratio. The Young's modulus values were linearly

extrapolated from lower temPeratures when it was apparent that relaxations had
unduii loﬁeredrtheir value. For thelfew‘fce“metals for which single crystal
eleétic eempliances are known as a fuhction of temperature, the shear modulue
- . (25?_ Vaé calculated and used in the analysis.
Two ﬁethods Vere used.to obtain values fer the aetivation.enthelpy of '

creep; ¢Where data on AT testswere available, Hc was calculated from Eq. 7.’

In edditidn, for.eaeh of the metals examined, data were plotted accdrding to

Eq. 6 and H obtained graphically. In cases whére creep tests were reported

at maay'different temperatures, values of,HC could be assigned with confidence,



26—

but for séveral metals only approximate values could be assigned. As shown
in Table I, HC is in better‘agneement with the activation energies HD of self

(ll).v The Fe-L4% Si alloy data must be discounted

diffusion of metals than Was.Qé
in this context bécausé of tﬁé préséncé of compléxitiés arising from éhort}rangé
ordering.WhiCh{h resulté in a higher activation energy for éregp than that fof ;
‘the‘. aiffusivity of Fe.

| The significance of diffusion to high—température creép is further
emphasizedjby twb striking exémplés: As illustrated in‘Fié;_2;vSherby(l9)

has shown that the sécondary creép rates of austenite under é‘constant stress
and teﬁperature increase Withvéarbon content in a manner”fhat closely parallels

‘that' for the effect of C on the self-diffusivity of Fe in austenite. Such an

" effect of alloy goftening cahhot be easily explained on any other basis. As

shown in Eigs; 3 aﬁa7u§ the sécondary creép rate for 0. :Fé: - a£ g constant
" stress shows'almost fhé same vaﬁiation through thé magnétic-traﬁsformation range
of'temperatures'és does fhe‘sélf;aiffusivity of iron in & - Fe. Two facfors
contribute to thiS'efféét, naieiy thé témpgrature variation in £he modulus of -
elésficity‘and in the:fréé enérgy; H - TS, for self diffusion; Ovéf the
maénetic.tranSformation range, bofhithe enthalpy H, and théhéﬁfropy's become
fuﬁétionS‘of temﬁérature due tb changes in-mégnetic é£ate, It has beén.shown(26_29);
» ~that changes in H - TS play the major role in affecting the'apparent'activation
vénefgies fdr_qreep over the magnétic tfanéformafion_rangé;'thé changes in modulus
of elasticity provide a small édditiOnal éffect.-' |

Cuffept‘kgbwledge.on the effeét of stféss on the secondary c?eep raté'is
much léssisubsfantial than fér.témpérature.. The results for thé éefies of
cases that were examinéd are plotted in accord with Eq. 8 in Figs., 5 to 7. The

validity of a power law over a wide raﬁge of stresses is sustéined. The values

of n,.however;appear to vary somewhat from metal to metal..

L
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It is known that in some cases n decreases with alloying. But in other

instancesvalloysvhave values of .n approaching 7. These major differences cannot

_»bé ascribed to scatter.

- The variations of n that have been observed for rather pure metals,

‘showever usually appear to have a smaller range than those found for alloys.
-They fall to exhlblt any systematlc variation with any known factor. It appears
.that ‘Oone major current experlmental problem on hlgh—temperature creep concerns

'a-clarificstion of the Stressalaws for pure metals.

Two possible alternate attitudes might be taken regarding the observed

'variations'for'thé currently accepted values of n. The first suggests that n
j1s 1nfluenced by a number of uncontrolled factors such as graln size, subgrain

;31ze,'stack1ng—fault energles,r;mpurltles, oxidation, etc., the combined effects

of whiEthésﬁlt“in“nhst'fsls;l§msp§eais to:be‘s”n;ndom scatter in its value. The
‘second alternatlve suggests that n is the same phy51cal constant for all pure
,metals, namely about 5, which 1s dlctated by a single creep mechanism and that
'the‘Obsorved scatter in its value is due to experimental inaccuracies. Although
3lattef.attltnde'appears_somewhat attractive, at the present level of hnowledge

: itvcsnnot:be wholly endorsed without further experimental confirmation.



28~

E. Grain Boundary Sliding

During the creep of polycrystalline metals at elevated temperatures,

o =32 . R
. deformation may occur by the relative translation (30'3-) of one grain with

.

respect to another as well as by deformation within individual grains. UsualLy

associated with the phenomenon of grain—boundary sliding is the process of grainé

boundary migration(3l’33). Initial sliding occurs in the immediate vieinity of

the boundary. With increases in time,'the sliding gradualiy takes place over

a zone_of,finite thickness. The material: within the zone generally-shows
evidence of progressive grain-boundary migration and grain distortion. Usually
finer subgrains form in the vicinity of the boundary than'eiseuhere in the grain.

This may arise from local stress concentrations. The shear displacement in grain-

v boundry SLiding is non-uniform along the length of the boundary (31532). This-

non—uniformity arises from restraints imposed at the grain corners, and from

blockage due to ledges along the boundary (32- 3h)

(35)

McLean and Farmer have shown that the average graln—boundary dlS—

vplacement vs. time curves in Al are similar in shape to the total creep curves.

‘The ratio jéah . the strain due to graln boundary slldlng to the total creep

o (35)

strain was found to increase with 1ncrea51ng temperatures orrdecreas1ng

(30) (18)

stresses . Harper, et al. - observed the same trends but noted that below

. .a very low critical stress'the ratio decreased with further decrease in stress.

(31) - (36)

Fazan, et al. ", and Martln, et al. s found that E / E was 1ndependent

-of temperature for a constant stress, i.e., the effect of temperature merely

_reflects the fact that lower stresses were employed at higher temperatures. . W

(30) (31)

.McLean and Barrett ; observed that egb/ Qt increases as the grain size
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»deéreases£ :This_increase_isgteater_than would be expected purely from the
incfease in.grain—boundary aréa associated with the finérhgrain size. Except
. aF’verY 1owvstressés thé ratio Egb/ EZ.t is usﬁally small.

| it_ié'interesting to comparé the valués of the activation énergy obtainéd
from_grain%boundary sliding téstS'with thosé obtéinédvfor thé total éréép strain.
,ISﬁch‘a cémparison is shown in-Téblé IIT for Al, Cu and.Sn Whére Qs is the.acti-
. Qatioh engrgy for grain-boundary sliding obtained from surface measuremenﬁs, Qk

(38)

the valué obtained from Keé-type measurements of the anelastic grain-boundary

"~ effects, and Qé>is the activation énergy for creep.

Table III

A Gpmparisbh 6f ActivationﬁE§érgy.for Grain Béundaf& Slidihg;“Qs, for Interngi
.‘Erictioﬁ; Qk:.and fqr:Total-C?eeP,»Qé.

‘(after céﬁrad;-nef. 5)

QS, ' o ,Qk. , Qé

‘v_Metal, Jj' KCal/moie 3 Kcal/molé . ..+ ...Keal/mole .
AL 3337 0 32-38 34-36
w33 ' 32-b0 | - 28-37
Sn 9.2 . .. CL9L0 e 2D

G e T . e

V.These'déta reQeal,that small—ahgle anelastic sliding, large écale,grain—boundary
[slidingiéﬁd defofmétion o%vgrainsvby_creép.éxhibit»abouf théfsame activation

»enefgies. Thg coﬁstant vaiue‘of' Eéb/ E,t and the similarity between aétivation
.enérgieé for grain—boundaryvsliding and crystal deformation.suggest that grain-

boundary $1iding is‘related”to'éryétal'deformatibn.
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F. Grain Size Effects.

Experimental observations concerning the effect of grain size on steady-
~state creep rates are both varied and sometimes conflicting. Numerous early
investigators found that a decrease in the grain size resulted in a subsequent

(40~ hz) (.11 ,19,39,43,4Y)

decrease in the. high.temperature creep strength_ Ot

Afound that éﬁiat first decreased w1th 1ncrea51ng grain size and then increased
with a further increase in grain size beyond some optimum value.

It iS'not always evident as to whether grain size effects arise from
secondary factqrs that might ha#e been modified coincident with.the treatments
tnat'Wereiemployed in,developing different grain sizes. Changes in grain‘size
miéht'beracconpained by‘the_foliowing auxiliaryvmodifications;u. |

A 1. Type and degree of preferred'grain orientation.
2. Distribution of impurities.
"d3. Geometry and regularity of the grain boundaries.
'h;_ Dens1ty and distribution of dislocations,

Modiflcations 3 and h are unimportant since they are adjusted over the primary
vstage of creep‘as,a result of grainfboundary migration»and shearing or as
resuit of.subgrainvfonmation to ahﬂost fixed conditions during steady—state'
creep; | | o

Much of the data on graln size effects has been reviewed by Conrad (Ref 5)

'and by Garofalo(ll); More recently Barrett Sherby and Lytton( 5) 1nvest1gated
the creep of both randnmlx oriented,.and strongly cube—textured Cu{over cOmparatle'
;ranges'of“grainisizec é%neir;databonﬂthe randoﬁiyuoriénted’speéimenS?réVealed

that thevsecondary creep rate was independent of the method of preparation and
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and also grain size for all grain diameters greater than 0.1 mm. As the grain
diameterzwes decreased below anout 0.1 mm a slight increase was obtained in the
v:seeendary creep rate. Since all grain sizes exhibited the.same'subgrain size at
thejsecondary_staée in.these constant . stress constant tempereture tests, the |
anthors concluded‘thet crystallographiC-creep was unaffected By-grein size and
thetfthe increase in the'secondary creep rate when the grain diameter was
decreased beiow_o,l’mm'arises from the effects of grain-boundary sliding. It
v mnst:thentalsovfollow'that under the employed test.conditions the contribution
.of grein4beundary sliding wes negligible for grain sizes greater than 0,1 mm
' invdiameter. The bube-textnredeu, however, exhibited a lower secdndaryicreep
v:rete'nnderridentical test conditions than the randonly oriented material. This

¥

mlght be attrlbuted to both orlentatlon effects and higher re31stances to grain-

v'”boundary slldlng 1n the lower angle graln-boundarles of the cube-textured Cu.

(13)

‘:(Current ev1dence suggests that the effect of grain-size per se on
.the“secondary creep rate is'smeii except for'very'low stresses and very fine
grain‘sizes} Increased ¢reep rates with decrea51ng grain size appear

bprimarlly attrlbutable to gralneboundary slldlng Aux111ary effects arising

from texture,end 1mpur1t1es might account for some of the trends and inconsisten-

. cieg previously reported on grain-size effects.

. G. Stecking—Fault‘Enérgiesv

The unlversal agreement between H and . Hb clearly reveals that the stacklng-
‘fault energy in no way affects the activation energy for hlghrtemperature creep.

(13 L6- h8) have suggested that the stacking-

Recently, however, Sherby et al.
fault energy nevertheless affects the,secondary creep rate, not in terms of the

" activation energy but in a much more subtle way. Several issues concerning:
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the experimental verification of this suggestion warrant detailedpconsiderationt-
1. It was assumed thet,the seeondary creep rates of various netals could be
acorrelated on thevbasis.of Eq; 5 despite the‘fact,thef the terms are
nqt dimensionless and the eipression is not wﬁelly>in agreement with

theoretical expectations,

2. It was, in.effect, tacitly assumed that the reported variations in n are

_due to,random_scatter and that, n has the same constant value for all metals.

3. Values of ES/D for a series of metals at a constant value of Ov’/E‘var.ied

by a factor of about 10h,'increasing with increasing stacking-fault energy.
4. The stacking-fault energy was assumed to be,independent of the temperature,

o 5._‘ The results suggested that the stacking—fault energy X appears to have
; affected wthe secondary creep rate déecording: to the express1on
& A xs'g-(_‘l)n- | ®
D 0 E | | |
‘Sevenel-objections to the ferm'Of Eq.,9 are immediately apparent_even'wnen
n-is assnmed(to be the same for eil meteis; They include items covered by one
and two eited‘abope; iFurthemere Av,'which was treated as a constant in the
vcomparisen has t;e dimen51on of the rec1proca1 of a length squared and
multiplied by an energy per cm2 to the power 3. 5 Finally‘the formulation ef
the equatiOn in terms of a power_qf the stacking—fault energy contains the
| physiceliy unacceptable implicatien’thatvcreep rates would Be infinite fer

“’metals-naving infinite stacking;fault energies. Obviously, if the;stacking—

[
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fault energy does affect the.seconaary creep rate, its effect cannot be as
;feprésenteé by Eq. 9.

b?"Abléss;objectional aﬁproach to possible effects of stacking-fault energies
might be baéed-on'the more aégeptable relationship given by Eq. 8. The following
Assumptions need yet be.made;

| l: The.grain<size‘effect is small.

2. Althoughvn appears to vary from 4.2 to 5.5,the same value 6f'n.ﬂ5
is‘éssumed to apply to fcc metals.

" 3. The most accurate values of & kT . for comparison occur near the center of
' ’ DGb -l '
- the 0/G stress range, .say at O/G/= 2x10

- With these assumptibns Eq. 8 might be qualifiédly adjusted to read

.‘.éskT = " {L _o;)“_ | (10
- AT e

. "W££h'thesé aSSumpfions the'cofrglation shown in Fig. 8 was obtained in
»terms.of a)dimensionless stacking—fault energy parametér X/Gb.
1Care'ﬁa3'exercised-£o inclu@e all of the published measurements of ‘X/Gb |
:for pure Aé, Au, Cu, Al;'éﬁd'ﬂi which have been obtained through direct measure-
.ment of stacking—féuitlenergy.: Tﬁe‘Value of_j! for Pb has beén estimated only and
 ﬁay-ﬁe in:étrof. Data oﬁ Pt was not includedG?n,Fig. 8 since ité value of n is so
,;muéhtg;eafeﬁ ﬁha@jﬁhat-aésumed_in (2) above. The incorporation of the shear modulus
intoi*the stackiﬁg—fault.energy pafametef \(/Gb abpears’necéSSary not only to
pro#ide.aﬂdiﬁﬁnsionless'parémetér but also to give consistent trends in the_corrélation.
vFor éxampie, the muchplower creep_ratés of Ni as compared to‘Al cannot be rationalizéd
| .on_b_{‘.he” ?.Jas"is ofyd‘-iffe-;‘ences. in stacking—fault energy alone since K'Ni> XAl With

- the use of the reduced stacking-fault energy x/Gb; however, they can. Similar comments
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can be made for Pb, which is believed to have a stacking-fault energy nearly
as low as that of Ag. The correlation of Fig. 8 is physiecally tenable in

fhet it seems to prediet a finite creep rate for infinite values of stack~

&

ing fault energy.e
' ' € kT

S
_ DGb
- from ebout lO"9 for W to about 5 x 10.12 for Mo. Sihce the stacking

. The values of for the bee metals at the samé value of ¢/G range

fault energies of bee metals should be gquite large, one might expect, on

the ba51s of the correlation found in fee metals, and neglecting other
& kT
S

- DGb

all of these metals.: The experimental creep‘data for bece metals, however,

poss1ble factors, that would be approximately 10 ~10 or greater in.
is not as well known as that .for fec metals¢  There exist large unexplained
différences between different investigations on the same metal, as the
four 1nvestigations on W summarized in Fig. 6 show. Thus 1t is not yet

€ kT
clear whether'the differences in —E—— for bcc metals arise from experi-

- DGb
‘mental inaecura01es, or from effects other than stacking~fault energy. If
other effects do exist, they might equally affect the correlation given
“din Fi_g.. 8 for the bee inétals.’
IIL CREEP INDUCED SUBSTRUCTURES
’~Thevdecreasing creep rate over fhe primary stage for constant conditions
of stress and temperature musﬁ necessarily be a reflection of-the substruc-
tural chahges that take place; the. constant creep_rate over the secondary—stage
of creep demends,"equelly, that all significant substrhcﬁural features must
have reached a steady sfate,\ It 1s not yet clear, however, Just what sub-
‘strhotural details might:be significant in this respect. Immediately upon loadihé
dislocation entanglemenfs and celle are produced which bear some‘resemblance,‘

to those'observed in strain-hardened metals at low temperatures. During the

'primary stage of creep these cells and ehtanglements disperse either



through recrystallization or whatbis more pertinent here throuéh.dynamic recovery
processes such as cross slip and climb, The'dispersal of the original entangle-
ments and cells, although probably facilitated by cross slip; is largely due
.7to polygonization resnlting from'the'climb of edge dislocations. Cross—slip
:flS known to be dependent on the stacklng—fault energy which might, for this
reason as well as others, play some role in creep.
Contradictory ev1dence ex1sts regardlng the effect of stacking-fault energy

_onithe rate of polygonization. Using x-ray analysis Franks and McLean( 2)

‘have demonstrated that~Al polygonizes more rapidly than the lower stacking-
";tfault energy metal Cu dnring the-process of'creep. .But the temperature at
which they tested their Cu spec1men was in the range for which H < HD
'[Furthermore they did not 1nvest1gate the effect of strain—rate on polygonization.

(50)

Barrett has shown that Cu" does form well defined subgrains when the rate

tof straining is slow enough. Hardwick and Tegart(5 1) have shown that in general
:metals with high stacking-fault energies polygonize rapidly during creep where-
as metals'having‘lowrstacking;fault energies tend instead to lower their energy
by recrystallization. It appears that recrystallization occurs only when the
.driving'force for recrystallization cannot be diminished rapidly enoﬁgh through
recovery processes.wx~

.Threéfsubstructural features are accessible for study by electron-transmission
microscop&, etchapittlng technlques, optical microscopy, and X-ray . analyses They
';mlght be cla531f1ed as follows | | -
1. The disposition and'density ofvdislocation in the'interior of

subgrains.
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2.'.The nature of the sub-boundary walls and thé suﬁgrain disorientations
&croSé tﬁém.

3. The subgrain size;

- These issués will be discussed'with major émphasis on:tHé'stéady—étate

conditions.

' A. Dislocations in Subgrainsr

The dlslocatlons that ére present in the interlor of the subgralns
during hlgh—temperature steady—state creep( 2k hY 22 6L}e usually more or less
randomly p031tloned. D;poles and loops are notgd occaSLOnally; The absence
.‘of_piledfﬁp dislocatibn érrays énd entangléménts is highly‘significant. In
" the féwfgases that havé.béén examinéd thé densify of dislocations in the
' subgréiﬁ;intef&ors inéreasés foughly-with theiééuare of fhe'streSS»as’shown
lin Fig. 9... Wifhin,£h§18ca£ter of thésé data; the wéll-knownvrelationéhip for

the equilibrium distribution pf dislocations under and applied stress, namely

i ;. | ‘ B ' _ : v
'_2_'_“-‘“ bejg I - - (1)

vséems'ﬁo'be #alid Thevvalue of ok however appears to be somewhat greater
than that of 0.20° to C. 25 usually obtalned in stressed metals at low tempera~

tures.

B. Sub-boundsries

'Subgrains-in'polycrystalline_aggregates are demarked from each other

by low-angle tilt and twist boundaries of a complex nature. In a recent



_recent studies

l-1nvest1gatlon on-the creep of 51ngle crystals of Mo, however, Clauver, Wilcox,

and: H1rth(53) have demonstrated that tilt boundarles predomlnate. In general

the formation of subgralns arises prlnc1pa11y~as a result of polygonlzatlon due

vt to ‘the climb of edge dislocations under condltlons where cross—sllp is faclle.

;Although early investigations suggested thatythe angle Between'the individual

(11,30)

‘subgrains continued to increase over the secondary stage of creep s more-

(11,51,54=56)

E coverlng examples that involve exten31ve deformatlon,

.'.suggest'that'the subgrain mlsorlentatlon eventually reaches some constant
' llmltlng value This observation is consistent with the concept that the
'51gn1f1cant substructural detalls must remain substantlally constant over the

-‘secondary stage of creep.

‘The needvfor a more detailed study on subgrain misorientation under

i

_secondary-stage creep (including the possible effects of stresses; stacking-

" fault energies and purity on the degree of misorientation) should be emphasized

4

here. 'lf; for example; the misorientation of the'subgrains'increases over'the
secondarj‘stage of creep; it becomes apparent that such_misorientation is not
a signl}lcant substructural‘variable since it does not affect the creep rate.
But if'the'misorientationtrenains constant ouer much of the secondary stage it

may be a significant variable and then should be taken into consideration.

C. Subgrain Size

Early 1nvest1gatlons suggested that the subgrain size increased with

1ncreas1ng values of test temperatures and w1th.decrea51ng strain rate(lo ll)

(10,11)

Shortly thereafter however, -, 1t was shown that the subgraln srze could

preferably be related more simply to the stress alone, regardless of test
temperature of the secondary creep rate. Higher stresses result in finer

subgrainlsizes. ‘The limited data currently available(l3), shown in terms
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of dimensionless:parameters in _Fig. 10, suggest that the subgrain size .is related
almost linearly to the reciprocal of the stress, The results also indicate that
‘stackihg—fault energyuightheansiénificant variaBle in determining the subgrain
siZe, the subgrain diameter being larger for a : higher W/bemctal-at-a com— | o
parable:valueyof"c/d. '

-It is significant'that the‘same suhgrain size is developed in a given metal
underg01ng steady—state creep; regardless of 1ts prev1ous workrhardened or precrept

cond1t10n(lo).

When, for'example, as shown in Fig, 11, a metal is flrst crept
"under a high stress so as to develop-a finebsubgrain size and the stress is then
decreased-to a lower value, theicreep rate decreases abruptly and then increases
{uith time until the secondary-creep rate is a simultaneous migration of sub-
boundarles and readgustment of the substructure to glve the unlque and now larger
B steady-state subgraln size approprlate to the lower stress(57), It also follows
- that the density of dislocations w1th1n the suhgralns decreases to-the value
appropriate to the lower stressvand it is probable that the'subgrains also
acqulre a cons1stent dlsorlentatloh

Although the effect of stress alone was emphas1zed in the above dlscuss1on,
it appears llkely that crystal structure Whlch dlctates what types of dis-

locatlons are present the shear modulus of elast1c1ty, whlch.ln part determlnes

dlslocatlon-1nteract10ns, nd the stacklng-fault energy, whlch appears to be

5

| ‘;_”importahtwlh polygonizatloh, might also be s1gn1f1cant in establlshlng.the :

substructural features'durlhg.steady—state creep. -The. emphas1s glven here _ . *
; to the stress merely reflects the fact that some rather tanglble, although
1hcomplete, ev1dence ex1sts on the'effects of this varlable.

| It isflnteresting now to-speculate on which of the’threelaboveementioned:

. . substructural features mightnbehmost'important in steady—state'creep. When,



‘after:esteblishing steadyestate at a high stress, the stress is abruptly
deereased, the'substructure at first remains cldse to tﬁat}developed by the
higherkinitlal stress. Under these conditions the initial creep rate should
'nearly'corresPond to that for a structure which has a highﬂdensity of dislocations
in the subgrein and a fine suﬁgrain size; During thé'périod over which.the
ddslocetion density decreases'and the subgrain size increases to that appropriate |

_ to the lower stress, the creep rate increases to its new steady value, If creep
{f were exclu51vely due to the dlslocatlons in the body of the subgrain, the creep

’ rate should have deereased and not increased during the transition period. On
thls bas1s 1t sppears that the creep—rate may not be so much dependent on thev
-dlslbcatlons in the body of. the subgralns. The observed trend suggests that
_Creep rates mlght increase as a result of" 1ncreases in the subgraln size. |
Accordlng to the data presented in Fig. 10 , however, the subgrain dlameter
'7,1n fee. metals does not appear to increase w1th,an increase in 'K/Gb to the same
"degree asvdoes the steady-state creep rate. Other factors such as unique dis-
loc_:a.tlon reactlons, purltyb, ete. might also influence the sub'érain size, and
‘in this way account fer the bbserved' spread in éSkT at constant values of |
o /G for-a series of metals. ?he'above remarks‘mgggly emphasize the need for
definitive research inithis'are;. Not only subgrain size but equally subgrain
mlsorlentatlon and d1slocatlon den31t1es 1n the subgralns themselves need to be

nvestlgated more thoroughly
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IV THEORETICAL IMPLICATIONS

' A. Geuerai'DiSCussion

Any‘reelistic theory for high-temperature creep of metals must satisfac;
torilylaccount for all of,the experimental observations that have been documen—
ted in Sections II and I#i of this report. For the restricted ranges of;
{temperature and stress that were reviewed, these data are_sufficiently coherent
to suggest that all uight well be rationalized in terms of a single unified
'theoreticai approach. The variations of the power n of the stress law and the
effect of stress .on the steady—state substructure, however, empha51ze the
. complex1ty of the theoretlcal problem and suggest that it may be unreallstlc to
pbelleve that hlgh—temperature creep mlght be completely~descr1bed in terms of
a s1ngle dlslocatlon mechanism.

A complete theory for high—temperature creep must account for the'generation
ofidiSIocatibns, their motion through theblattice;bformetion of subgraius (including
_the detai;s of their composition,'size, and misorientation),the annihilation of
dislocations, aud the'stead&QState'densitj aud type of.dislocations.within the
subgrains -'It must also rationalize the effectsuof stress, temperature modulus
of elast1c1ty, stacklng—fault energles, impurities, etc. on these substructurai
features and on the secondary creep rates. In this sense no complete ‘and fully
.adequate theory for_highétemperature creep has yet been'developed; A1l current
theories,for creep have had the much.less pretentious objective of accounting

.semi—quantitatively for only'the‘mechanical behavior of creep in terms of a

»

~single rete~c0ntrolling.mechanism. The substructural deteils5essential to each
model were either assumed without experimental conformation or they were

expropriatéd from experimental data. None of the:'existing theories attempt to
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predict thefsubstructure. Since the creep rate usually~changes many orders
of_nagnitude as a result of the substructural changes that attend primary creep,
it is obvions that the'role of the'snﬁstructnre is far from a trivial one and
. thus demands much more COnsideration tHan it Has thus far Been accorded. On-
__the other hand a semiﬁtheOry‘for hiéhetemperature creep‘which;is erected on
':ekperimentally confirmeé suBstrnctural details Which.are'judiciously incorporated
rinto the theoretical.analysis still has substantial virtue insofar as such semi—
ttheories might account for the role of various auiiliary\factors on the creep
behavior,i

'Despite the-current emphaSis on dislocation models,:there still remains
extensive interest in thermore phenomenological aspects of creep. Such interest
stems.from the hope of erecting a suitable phenomenological structure that will
. permitvreasonable deductions from the factors that affect the creep rate w1thout
nece351tat1ng cons1deration of detailed, complex, and often unknown dislocation
vprocesses,v In this sense a valid phenomenological approach might play the same
role in creep as»does classical‘thermodynamics'in chemistry and physics insofar
as it might permit correlations of phenomenon without demanding a detailed

(58).

'picture of mechanisms. The orlglnal concept of Bailey . subsequently

‘ extended by Orowan(59), and' discussed by other investigators(GO), that the
secondaryicreep rate resultsffro;'a balance between strain-hardening and
recovery, yet appears attractive. |

- The statement that thevsecondary creep rate is determined by a balance
'betveen the rate of recovery and the rate of strengthening is tautoglogical
-'and therefore not debatable. The real issue concerns comparisons of what.
”krecovery rates w1th.what'strengthening rates. In an interesting series of

(61,62)

e investigations Mitra and McLean have shown that the'high-temperature
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secondary creep rate can be deduced from a stress-sensitive reéovery rate at
reducéd stresges.and 8 strengthening rate determined by the room teﬁperature-
 stress-strain curve. It has been shown, however, that recovery under reduced
stregses-leads, in its initial stageé,.to migrafion and coalesence ofvsub- , 4::
grain‘£ouhdaries(57), in a diétinctly different manner from thatrwhich pre-
vails during secondery creeb. Furthermore there is a difference between the
foom—temperatufe strain~ﬁgrdened sqbstfucture and the subsfructure devéloped

at thé secondary'State of high-temperature-creep.  Therefore the observed corre-
.latiénvappeérs to have’beén somewhat fortuitous;vthe fact thaﬁvit was ob-~ :
tained, however, deserves éénsiderationx‘ The “strength"‘dufing high-tempera-
vtufe:éreep might be éccounted for by Eq. ll.whidh differs from the relation-
ship:that appliéS‘to room temperature only insofar #s Qa seems to be slightly

‘ greaﬁgr for creep.s If'fﬁrﬁher,:the recovéry rates under a reduced stress are

similar to those that apply during secondary creeb'despite the difference in

details, the observed correlation might yet be justified.

B, High‘Teggératﬁre Cregg»Theories
iIn order to;provide_some background‘fér the_discussion in the fol;owing
subheqtion'oé-the £heoretical impliéations of'the previousiy documented high-
o tempéréturé.créep data, a brief oufline.will be presented here on the various
- creep theorles that have been proposed. The theories fall int¢_two major cate~
'.gbries,'thoée that refer tovglide céhtfolled méchanism such as the motion of
tjogged séreﬁ'dislécations.and,the_nqdal theory, and those that refer to dy-

namic;recdfery by clinmb.

»

1. Motion of Jogged Screw Dislocations

'As screw dislocations glide, their Jogs can only advance by the noncon-

éerﬁaﬁiye.emission and/or absorption of vacancies and/or interstitials. In view of
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’ the.highrenergy of formation of interstitials it has generally been conceded -
1 that the vacancy mechanlsm is much more probable, Vacancy=generation and

'absorptlon models fall into two major categorles, those that are based on

(63

thermal.actlvatlon, e.g; Motts origlnal model, and those that are diffusion-

@u) .o e (65)

>controlled as suggested by Frledel -, Hirseh and Warrington " and Barrett

(52),

' and le Although the varlous models dlffer somewhat 1n detail from one
another and are frequently given special interpretations; the factors of major
._iﬁﬁerést ﬁé#e are at'léast-sufficiéntly similar in all cgséSﬂto permit a

' (66) who

'ﬁdeééfiption'of this process in terms of the recent dislocation by Gibbs

has shown that £0 & good approximation,

Yo = Ps 6D ( e kT -1 ) (12a)
. - T4b?
o = Ps 6.D (l" e kT ) (12b)

% = o, wDeb [ iy TLb
¥ Ps%-i—( sinh —k-gr——>

:(léc)
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where. % is the Secondary sheer strain rate and the subscripts e, a, and ¢

refer to cases of exclusively vacancy-emitting jogs, exclusively vacancy-absorbing
Jogs, and equal numbers of both types of jogs respectively on‘the'screw dislocations,
‘The term jos, T, _Qj and Dc'refer respectively to the density‘of the "mobile"_
screw dislocations, the applied shear stress, the mean distance Between jogs; and
the core diffusivity. | o -

'Fer“these eqnations'to‘correctiy describe high-temperature creep.they?

“must‘predict a temperature dependence for * which is approximately equal to
v that for bulk dlfqulon. Neglectlng the temperature dependence of }: s which

is probably that of the elastlc constants, it is clear that the temperature
:dependence of X arlses prlmarlly from D or D and from the Jjog separatlon -ﬂ

.In the case that all jogs on screw dislocations are”produced by-mechanical intere
v Sectien, vﬂj shonld be independent of temperature, and the_actiration energy for
creep shouid approximate that for D or D,. Under conditions of very9slow-creep,
_however, it seems likely that some of the Jog population will_be'prcduced by

other processes; including perhaps thermal activation;' In'the-case when all

Jogs are thermally produced, Qj is proportlonal toéa__;LJ where U, is the t

J

energy to’ form a'jog of one atomic helght. Then the effect of temperature upon
'QJ

energy for"x 1s reduced. below that of the dlffu31v1ty Slnce the actlvatron’

is opposite to 1ts effect on dlfqulVlty, so -that the apparent activation

'energy for creep is close to that of bulk.d1ffus1on one can conclude tHat (l)

Eq. 12¢ cannot be a rate—controlling mechanism forvcreep, and (2) Eq. 12a and

12b can be rate-controlling only when most jogs are produced By‘athermal processes.
(9 )

Weertman - has shown that the ‘most likely Jjogged screw mechanism is that

of Eqn. 12b when jogs are produced mechanically, since vacancy-
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absorbing_jogs are produced in greater numbers by intersection processes.
One of the primary difficulties of the jogged-screw*dislocation models
is prediction of the stress dependence of creep. At lower values of stress,
TZ .b -
. kT
Egs. 12a and 12b reduce to just this term. In order to arrive at the observed

stress power laﬁ5for creep it follows that Pq must Increase approximately as

-when the value of is small, the bracketed expression in both

‘Th, if the reesonable'assumption is made that zj is independent of the

stress.f;But it might be expected-that'ps is a fraction of p of Eq. 11 and

2(67)_

_therefore.increases only &t T .This reveals that the actual creep rate

. at high stresses is much greater than that suggested by either Egq. 12a or

Eq. l2b.a For example analyses based on the creep data of Cheng et al. (2 7)
suggestfthat the high secondary creep rate observed in Fe - 3% Si alloy would
}reQuire_en untenably high denslty of screw dislocations approaching a value

" of 1018fper cm? at theﬁhigher stress levels. Furthermore the preferred rela~

'Ii tionship given by Eq. 12b suggests that the creep rate should increase less

rapidly with stress at the. higher stress levels whereas the opposite is ob=-
served experimentally. These deviations of the,interpretation based on Eq.12a
’:‘and:Eq::lQb from.reality are too great tO'hope that any minor refinements to
the theory might provide a satisfactory agreement with the observed facts. :,

If the motion of jogged screw dislocations is ‘not rate—controlling
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some other slower mechanism must bé sought, The difficultygheré centers around
the fact tﬂat, according to the intérpretation given, Egs, 1l2a and 12b

predict créép rates that aré mﬁch éloWér than those obtéinéd éipériméntalxyy
Sincé the theoretical formulations are good this démands that thé prévious

' interpretations mﬁst Bé modifiéd; Sﬁcﬁ,modification is demandéd“by»thé récént‘
obsé;vations by~Clauér; Wiléox and Hirth(53) that most of the dislocations in
érept éingle cryétals of Mo aré in edgé oriéntétion. Obviously screw dislocations
must movevrapidly and éésily annihilaté each.Othér By cross-slip, Thé highv
veloéiﬁy Qf'scfew dislocatidns can bé accountéd for by either thé'dislécation.
core.diffﬂsiqn modél, Eq. 120; or by a volumé diffusion modéi in which..jj is

' Very largei |

" noted, from electron-transmission

(b) - Nodal ThéofH forICréé .

k.micfographs of crépt'stéinleSs;steels, that some dislocation networks consist-
: i ¢ v

o .

of a c:os#zgfid of two sets of dislocatiéns which,aré Jjoined by short ndaél
ség;n?nté of thé'co-mbiﬁed dislo¢ations. Oné st of dislocations bows out'bétwéen
the'hoda1 segmeﬁts in the plane of the net while the otﬁeriset seems to remain
sfraigh£f¥'This suggests that the Burgérs vector of the firsﬁvlies in-fhé slip
?lane which is also thé plane of thé'net whéreas thé Burgers Qéctqr of the
second iies-in'same alternaté plane. ,Consequéntly the Burgérs véctor of the
Shért\nodalisécﬁions have a éomponeht out,of»fhe slip plane. If'creép.arises
from glide Qf the mdbile set of dislocati0ps? such glide can dnly take pléce

at a:faté>dictatéd by the,a_~c;imb of the nodal.éégments."Li tacitly;assumedé
that the climb of thé‘nodes wés limited by the frequehcy of thermal activaﬁion
and not by ,vth_e.i{rolum‘e diffusion of vacancies. If n are the number atoms along

-a‘npde, he_Suggests’on the basis of Eyring's reaction rate theofy-that
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o . ' - Sf;ngm 2 n
. n 2 —_— /2.
- kT b . kT Tibsing
X_s = PZ ~ snh¢ e‘ | sinh o kT (13)

" where j° is the density of ﬁhe mobile disloéations, h is Planck's‘coﬁStant,

'vgf is the free energy of formation of vacancles, g, is the free energy of motion 
of an atqm'in the node, .Q 1s the length of tﬁé.dislocatién segment, between
thg nodes, and 95 is thé angle Betx&een thé two sets of dislocations. The power
"'..nAentérs ﬁq. lj‘becausé it wasvassumed that'fhe forward motion of the node de-
pended On. some cooperative action among n atoms of the nodé; it is not immediate-
;ly evident that the apparent activation energy for'creep need, necessarily always
approximaté that for self diffusion. The tacit assumption made'i? interpreté-
tipn that P is independent of'the applied.stréés seems:rathér.unlikEly. Fur-

_ thefmoré, és piesently fbrmulated, the modgl dbes not permit comparisons of the
ciéép,behavior of differen£ ﬁetals_in terms of the known effects of thelr shéar
S mbduli éf elésticity%‘ The repairs that must be made on this model before it
éaane‘apcepted_are»major~but do nbf apééar fo.be nearly'as'drast}c or as

difficulf as those for,the‘quged~séreW'dislccation.model;

3, "Climb ‘from Piled-up Arrays

”vThe:first serious‘fofmulation disloaationnclimb theory for steady-state
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éreep was presénted by:Weertman in 1955, It constituted a major advance in the
rationalization of tﬁé'méchaﬁical ﬁéhavior of métals at,high.témperaturés, The
first verSion(To); which postulatéd_dislocation arrays-piléd up aninst Lomer-
Cottréll dileCationé; was iimitéd to fce métals; Only the"seéond and more
generally applidaﬁlé”modéi will Eé discﬁsséd héré, Weéftmaﬁ assuméd that
dislocatioﬁ loops wéré émittéd from fiiéd and moré or 1éss uniformly\distributéd
Frank—Read éourcés;' Scréw'dislocations of oppésité éign from adjacént sources
 cross—s1ippéd with éaéé and fhﬁs annihilated éach.Othér; In contrast, hoWever;
the leading edge dislocatidns from adjécent'sourcés would bldgk eacﬁ,others
motion'as a result of their mﬁtual intéractions; Additional dislocations; howéver;
‘would continue to issué froﬁ thé éources until thé back sfress on thé'sdurce
equaled the applied étress. It was furtﬁer ﬁacitiy-assuméd that the.ﬁiled-up
arrays were completély'analogoué to arrays piléd—up against rigid B#rrieré.-
Further defoma,tiori, thén, couid only take plaée when thé two léad dislocé.tidns
of opposite sign élimbed togetﬁér and anhihilatéd éach other,vthus relieving thé
_backAétressés oﬁ thé t#o sourcés and permitting anothervdislocation'to be
 generétea and_ﬁé#e oﬁt.froﬁ_éach soﬁréé. Thé climbiraté was assuméd’to.be
diffusion—contréiied with distanéeé of about thé éeparation of the arrays -
between thé v§éancy-source and sinks, Every atomic position o the climbing
dislocationbline was aSsdmed‘tdﬁbe an efficient_aﬁsorbér or.émitter.of-vacanciés,

On this basis Weertman estimated that

‘sinh ETZ.;,"L; | ey
: 8 GI.S- NO.SkT

—

S o .Vszz_

| X _ wiT*D
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where N_ere the number of dislocation sources per unit volume. The bracketed
fermvis smallvover a wide range of sfresses and therefore, eXCept for the very
1highest levels of stress, the‘secondary creep rate is predicted'to inerease as
1:“-5,
~ The major.virtue of Weerﬁman‘s theory is that it correlates‘quite well
with mosn of the mechanicai data on.high—tempereture creep. It accounts for the
observed apparent activetion'energies, the effect of the modulus of elasticity,
. and gives almost the observed stress law..'
Despite its exceilence, however,. several assumptions require discussion:
i) It is-not evident why the number of effective Frank—Read sources should be
_constant deSpite theoretical attempts to justify_this'aséumption. For example,
Vif_segmenﬁe‘of disloeations'in thevsubgrains serve as F-R sources, N should
yincreasefes abqut 'tz. 2) Piled.up arrays ofbdisiocations are not seen in metals
v'f thatlare'in_the secendary etaée of creep. This_ie expected in terms'of their
_dispersal=due tofthe'entra degree of freedom ef dislocetion motion permitted

(72)’ ;1 (73) (74)

"'by cllmb Calculatlons by Head ~and Hazzeldine have shown that
- even in the absence of cllmb, plled-up arrays of dlsIOCatlens of opposite s1gns
on nearly parallel‘sllp planes are unstable; they decompose into widely spaced
' dipeles. 3) The assumption Qf'piled-up arrays of dislocations seems to have
.been invoked in order to obtain a nredieted cree§ rate that increases with a
suffieiently high’power of the stress to approach the experimental values.
Consequently the need to relax thls assumptlon has a 31gn1f1cant effect on
quallfylng the valldlty of the predlctlons by this model .

(75)

Christy presented a modlflcatlon of Weertman s theory Wthh assumed that the

driving force for climb arose from the reduction in $train energy upon annihi-



lation of'edge dislocations in piledémp arrays. His assumptions.that racancies
can be emitted and absorbed only at jogs and that the number of Jogs approaches
the thermal equlllbrium number, led to theoretical activation energies for creep
"that are at variance w1th,observat10ns on metalsr Christy'S'analys1s therefore

must be rejected &s being somewhat inferior to Weertmars earlier approach,

4. Annihilation 'Of ‘Dipoles by Climb.

Whereas piled—up arrays of edge dislocatlons are not observed during the

: secondary stage of creep; several 1nvest1gators have reported the presence of
edge dipoles in the substructure of crept specimens. For this reason Chang(76)
suggested‘that the-rate-controlling step in high;temperature creep might’arise-
from the recovery of dipoles. Dipoles are the result of a numher of digslocation
processes._ It is known that elongated dislocation dipoles decompose upon
'annealingﬁinto circular loops which, in the'absence of a supersaturatiOn of
vacancies,ﬁtﬁenashrinklinAsiZe;'fSinceithe formstion OfilOOps?tak635placeth“GOreﬁ
~diffusion and is therefore_relatively rapid, this step might herneglected ini:
the present context. Thus the time, EB, of the removal'of a dipole is- |

_ substantially equal to the tlme it takes for a loop to vanish, Silcox and

(78).

Whelan(77) have shown that , 1n terms of Friedel‘s climbfeqnation,ifa

- can be approx1mated»by

e

o= 41 (1-px) kT r? L - | - (5)
ZD0GRn(E)

where r is’the.radius of the loop, u is Poissons ratio; Z is the coordination

number and bo is the core radius.
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Chang made the reasonable assumptions that thevrate of annihilation
of dipoles followed first order kineties and their rate of formation was
proportional to the strain rate according to

L (16a)
dt e

and -

dn _ AY | | | (16b)
dt :

"'reSPeqtively, where m is the number of dipoles per unit volume and A is

their raté of prddnbtion per unit strain rate. At the steady-staté ﬁherefore

i = mzDebh(E)  ap
s G A(1-p) kT 2

Beyond this point the present authors suggest mlnor variations on
the analysis glven by'Chang. They suggest that the average value of 2r

mlght be a fraction f,. of ‘the maximum permissible helght of a dlpole, namely

2v= fG__ W
8 (l-w) T .
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in lieu of Chang's estimate that f

1 =1, and they-suggest that the number of

dipoles per unit volume be given by

. v 2 .b,.. - .
n = __'F_z_j_’_ _ f2 T - (19)
2L 2a%L G*b?

- Where f, is the fractionAof the d{slocation density P in the form of dipoles
of avefagé length L during steady-state créep. The second equality of Egq. 19
follows difectly-ffbm substructural observations as given by the empirical

relationship of Eq. 11. On this basis

y = _ 321().—‘#)7‘;2 D 1,“ 5, Gb 1 (20)
* f2«*ALKTG%b 167 (10T

which éives thé:same‘effécts of T ; G, D and T on the secondary creep raté
as deduced ofiginaliy by Chang. o

As might bevéxpected the'tréﬁds predictéd by the dipole recovery~model apé
>almost the same as those suggésted by recovery dﬁe to climb fréﬁ piléd—up arfays
of edge dislocaﬁions;' Thévéignificant issué is that_it‘deviates from réélity.
mq?e drastically than the'pi1éd—up array modél in pfediéting that.fhevéreep rate

increases slightly less--.rapi_dly than ’['h, in lieu of Ths

and in contrast
'with'about '7:5 usualiy obﬁained experimentally..’On the other hand the'dipolé
- recovery model seems to be based on much more acceptable assumptions regarding

substrucfufal details. As pointed out by Chang, however, a ﬁeakhess-of the dipole -

model seems to center about the tacit assumption that the dipoleS»arevﬁhe
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effective features of the substructure that hinder creep despite their short-
ranéevstreSS*fields. Of course;.dﬁring steadywstate:Creep it is necessary that
every substructural detail also be in the steady state, Conseqpently it should
" be pos51ble at 1east in pr1n01ple, to develop a theory for the mechanlcal behav1or
fdurlng:hlgh-temperature steadyestate creep in terms of recovery of any one of
toe several eignificant substrﬁctoral details;v‘It is also interesting to note
-'that the pre—exponential terﬁ in thetcreep rate might‘be erpected to increase
with decreas1ng stacklng—fault energy,at least for such.dlpoles as might be

produced by multlple cross—sllp

5. ‘Nebarro-Bardeen—Herring Creep.

(79) proposed a theory for highrtemperature_creep as a result

Recently Néberro
of climb of diélocations from Bardeen-Herring sources. It is not in competition
'::with the.previously discussed recovery plﬁs glide theories but rather deals with
 a parallel meehanism somewhat analogous to the HerringeNabarro_creep in poly—
_crYetglliﬁe eggregatee insofar_asvthe mass transfer ariees from vacancy fluxes,
it differsvfrom5the Herriog—Naberro model sihce'thevvacancygflux‘arises between
,climbiﬁé Berdeen—Herriﬁg soqrceé of opposite signs. For this.mechanism Nabarro

estimates_e'high—temperature creep rete given by

y - DbT®
> vaGzh<_%)_ |
T

: A p0551b1e example of NBH creep iéreep is noted in'the'high—temperature

1ow-stress creep of hlgh purlty Al reported by Harper and Dorn(16) ., For

&

stresses less-than about 30 psi at 920°K, Al exhibited'no initial straining and

. no large primary stage but entered into steady-state creep almost immediately.
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Simultaneously thére was a rapid reduction in grain-boundary shearing, Whereas
above 3O psi thé'créép raté dépéndéd on a hiéh.powér'of:thé”S@;ess (about n~ k4,5),
the créép raté séeméd to Bé'liﬁéar with.Stréss up to aﬁbﬁt'lo.psi in thé low stréss
range. 'Althgugh.it was_évidént that a néW méchanism was involvéd; thé activation
energy for créép:was éqﬁai to fhat fér sélf«diffusion ovér tﬁé léwer as well as
thevhighér.streés rangé; Fﬁrthéfmoré thé sécondary-créép rate was over three -
‘orders bf magnitudé gré&tér“than expéctéd from thé Nabarro-~Herring méchanism_

- for boiyérystaliiné.ﬁétals; ’A réviéw of thése data_suggésts that-the'cfeép rate
over the low stréss rgngé‘incréasés as about thé'third powér'of-thé'Stréss. At

a shear stress of _1: = ls;h X 10° dynés/cm2 thé'calcﬁlated»créep raté Based on
the NEH model is"\l.S X 1078 per second whereas the éipériméntaliy- determined
value (ﬁhich ¢6uld well bé slightly high becausé of thé incidénce of'somexélide)v
was 1.2 X.lo—7 per second; Thé agreément betweén‘thésé data and thé NBH.model

- appears to be feasonably good.
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C. Reflections on the Climb Process in Creep

The most significant single fact about high-temperature creep is

‘that its activation energy is in excellent agreement with that for self

diffusion. Although it is possible to account.for this faet in terms of

special thermally-activated mechanisms, 1t is much more likely that the

" controlling mechanisms are diffusion-limited.

-Current ‘analysis based on the motion of Jogged screw dislocatlons
1ndlcate that this model is not easily adjusted to agree well With all
of the mechanical facts. A major reason for disqualifying this model,

however, arisesmfromvreeently reported observations that in one otherwilse

(53)

typical example , most of the dislocations within the subgrains and

in the subgrain boundaries are in edge‘orientation.v This fact strongly

(70)

supports the suggestion, first made by Weertman , that dynamie recovery -

'_by climb of edge dislocations is the most probable rate-controlling mechanism

for high.temperature creep.

The excellent agreement between the activation energy for creep and

. for self diffusion further indicates that bulk diffusion of vacancies to

or from dislocations is the‘slowest step in the elimb process.. It has not

yet been established theoretically why this should be the rate-limiting step

for the climb of dislocatlons during ereep.

Early theoretical con31derations suggested that the emission and absorp~

“tion of vacancies during climb was facile only at jogs along a dislocation
- line. During climb, however, existing jogs are continuously eliminated.

.Jog production is not the rate-controlling step during climb-controlled

creep.. This means that either: 1) the vacancies are emitted or absorbed at

all atomic gsites along the core of an edge disloecation, not only at Jjog
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sites, or else 2) vacancies are emitted and absorbed;only.at jogs, and the '
- rate of production of these jogs during creep is at least as rapid as the
rate at wh:lch they are eliminated.
The first suggestionlnas received little theoretical consideration to date.
" It will not be consiaered furtner here but should be considefed as a'possibilit&,
since it is in accord nithfexﬁenimental observations on creep. The implications
of tne second suggestion Willvne examined in somefdetail.
There are several features of diffusion-controlled climb which should be

‘ considered when vacancy emission and absorption occurs only at jogs. If the rate

. of d1ffus1on of vacancies along dlslocatlon cores is approx1mately the same as

for diffusion in the bulk lattice, vacancy floW-occursvonly to or from jogs. This
corresponds to the case of "emission-controlled" climb which is discussed by

Friedel(78).: The climb rate is directly proportional to the density of jogs cj*

: present on'the climbing dislocation. During steady—State_creeplthis density is
maintained at;a?constant level by formation of new jogs to replace those destroyed
by climb. | |
It was once suggested that “jogs were nucleated thermally and that cJ (U +U )/kT
In this event, however, the actlvatlon energy for,creep should have eqnalled_that
'cfor:self diffusion plus the jog and constriction‘energies, Ujo+ Uc.v If emlssion-
controlled.climb is the rate—controlling mechanism in»creep,.jogs'nust be:produced
athermally.

The suggestion‘has.been'made‘that jogs are_producedvmechanically.as a
'result of intersection of glide dislocations with séreﬁ disldcations. Although.
(80) -

this concept had some support in the observatlon that Cu and

Ag do not polygonlze unless they are deformed concurrently, 1t is unllkely

»
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~that during slow creep intersection can produce a jog formation rate which
-1s as large as that of the destruction rate. Thus, this suggestion too
: must be discarded.

Several other ways have been'saggested by which jogs can be placed

(81)

athermally on a dislocation line. It was shown by DeWit and by

(82)

vWéertman that in a étressed crystal any stfaight dislocatioﬁ'is iﬁ
_ uﬁstable equilibrium and there is no energy barrier to prevent it from
assuminé the shape of é helix; provided that diffusion processes can occur.
" A disloecation in a helical form obviously contains a denéity of geometrical

jogs. . HEnée an athermal conecentration of jogs can be obtained on any

disloeation line in a stressed crystal., EThis process is more diffieult in

- ‘metals"of low ‘stacking-fault energy, for as Weertman pointed out it is

diffiguit for a widely extendgd dislocation to assume a helical form, .
 Lothe(83)'suggestedAandthér mechanism where the nucleaﬁidn of'gfeat
éuperéaturations_of jogs at sharp, consfrictéd dislocation bends may provide
the necéésﬁry,qogs. At sharp bends, the reduction in line enérgy'upon |
the formation of aijog mﬁy be so great that.a.jog begins'tb form as soon as
" a vacancy Jumps to the bend., “In fec metals cross-slip paét barriers cannot
go oh"indéfinitely unless the édge componénts left béhind_are removed by
qlimb;i_Ihe edge components left behind in cross-slip will always end at
'behds<of tﬁé type reéuired:fof hueleation.v It is not kpown‘wﬁethér
Jtheé¢ pr6cesses can prodﬁéevjogs with'the‘rapidityjneedéd to maintain
. diffusion-controlled kineticévddring'c¥eeb: o

S fhé obserVation ﬁhat thé activatién energy for Creep'equéls that for
- self diffusiontmeans thaﬁ,.for émiSsion-contrblled,climb; jog nucleation

" and motion must not require constriction of the jog as earlier theory



suggesteds Several mechanisms for direct nucleation of an extended
double jog whiech do not require constriction of a dislocation have been

(84)

proposed both by Thomson and Balluffi® and by'Escaig( 5) " Aveilable
experimentalievidence does not suggest any means of distinguishing between
~ the verions possibilities of double jog nueleation on extended dislocations,
and energy calculations are difficult to perform because the critical
nueleus is of the'order of core dimensions. Hirth. and Iothe(86) have
proposed a mechanism whereby'extended>Jogs can climb direetly by the ab-
‘sorption ofva vacancy.without'prior constriction; The mechanism is
'applicableJto the clinb of extended superjogs: provided that a nultiple
- number'of vscancies 1s absorbed before the entire superjog advances by one
ihteratomic’distance..'Tbus.it appears.possible that extended dislocations
can climb without prior constrictions |
The_preceding shows that emission~controlled ¢limb cannot possibly
- be.the rate-controlling proeess during creep unless jogs are produced
thermglly-activated :

athermally, without constrictlon, and at & rate not slower than their removal-
by climb. Theoretical mechanisms which meet the first*two of these require-
ments hate been proposed. Further consideration must be given to kinetics
of Jog production before it can be established theoretically tbat emission—
controlled climb is a possible mecbanism for high-temperature creep.

| ltvnow'seems likely that vacancles ean be ebsorbed or emittedCfrom'
.the core of a'climbing dislocation at positions otner than Jogs, even if
the actual creation or destruction of the4vacancies-occnrs only.at the jogs.
When vacency core diffusion is rapid in comperison to bulk diffusion,
the duasiéequilibrium level of vacancies that is maintained at a jog by

- climb stresses can also be maintained along portions of the core near

 the Jogs.. If core diffusivity is sufficiently high, the quasi;equilibrium



“1L'wh11e at jogs the concentratlon is enhanced by e
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concentratien can be maintained along the whole of ‘the dislocation and
the eendition of."saturation" that is discussed by Lothe(83) is achieved.
‘_ This ebndition corfesponds to the situation in'vacancy-absorption elimb
where the average impinging vacaney is able to travel far aiong the
disloeation line so;that it is destroyed at a Jjog before Jumping off. - In
vncaney—emission climb it corresponds to the case where vaeancies that_
- are ereated at jogs hevefsufficient mobility along fhe core to make vacancy
:Emission equally probable at ail sites along the dislocation.

o When bulk diffugio£>of vacanciesvisﬂrate~controiling, the fastest
rate of dlslocation climb is achieved when the dislocation is saturated,
and the slowest rate. of climb achieved when emiss1on or absorption oceurs
only at jogs (the emlssion-controlled case) Intermediate rates of climb
 vare_obtained when neither condition is completely fulfilled. Whien.case
is’écfuelly achieved during high-femperature creep depends upon the relative
’magnitndes of.vacancy cere'diffusivity and'jeg spaeing along the core.

Thomson and Balluffi(Bh)

have considered this problem in the context
_ ef_elimb of an unconstreined.pure edge dislocationlin a crystal whieh is
eupe?saturated with vacaheies. This case is not exactly the same sitnation
as_that’encountered}during’Ereep but many of the results should still be
“'appiicable. In‘tne caseféonsidered by ‘Thomson and-Balluffi “vacancy flow
arlses because of a gradient in vacancy chemical potential between Jogs
féon edge dlslocatlons and_the rest of the lattice. At Jogs ‘the vacancy
fcencenffetien is maintained at 1its equilibfiumvlevel, while other regions‘
1iof fhe crystal ere supersaturated.- During:creep the situation is reversed;

(87),

nThe bulk lattlce contalns an equlllbrlum concentration of vacancies
g_Q

XX :
T whe?e . is the
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net elimb stress which acts on the dislocation at the jog. When the ciimb
rate_is diffusion~-controlled, however, these two cases are analogous since
the fiux’cf nacancies to the dislocation depends only on the gradient of
the va’ca‘nc‘yfchemical potential and not on its absoiutle value.
. The critical parameters in the model of Thomscn and Balluffi are

'.thevaverage.Spacing betWeen jogs,clj, and the average distance a vacancy
tra#els along the core before jumplng off, afl. This latter parameter
is, of course, proportionel to the rate of ccre diffusivity. The model
shows'that.when alj <;E_the condition of.vacancy saturation is achieved
along the entire diSlocation line, As long as this condition is setiefied,
it‘doee not matter whether the prccess of jog fbrmation.is thermally ac-
tivated, bhevactivation eneigy for climb'wili be simply that for self-
diffusion.- _ | | |

When alJ >3 the climb rate is con51derably more difficult to. calculate.:
- Only a portion of the dlslocatlon line is saturated so that not all vacan-
. cies which diffuse to the dlslocatlon w1ll be absorbed,and not all portlons
of the dlslocatlon can emlt vacancies. The cllmb rate will depend upon
the concentratlon of jogs along the core of a disloeation in & manner
. analogous to the case of emission-controlled climb (for whlch alj is
infinite)t.‘ For ciimb_unde‘r these con_ditions to yield an activation energy
- equal to that of self-diffusion, jogs must be pfodueéd ,a%hejxjﬁ]all_y, _w»vithout_
;»thermelij-éctivated'constrictien, and at a ratevnct slowef than their |
v removeirby climb. It is necessary to consider whether this thlrd condition
can be achieved durlng creep before dislocation elimb can be con51dered as a

: possible rate-controlling mechanism for creep when alj > 3. This problem

~ has not yet been solved theoretically.
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(88,89)

Seidman and Balluffi have investigebed how well the condition
‘of Saturation is fulfilled for dislocation elimb in thé ?resence of
.vacanéy supersaturafions which are rroduced by quenchiné; Their results

are most easily expressed in terms of the efficiency of dislocation climb.

This quantity is defined as the ratio of the observed climb rate to that
'délcﬁlafed for diffusion-controlled elimb of sdtﬁrated disldcationé. They
‘studied fhe rate of generainn of vacancies in temperature-pulsed pure |
metalé where the vacancy source structure ﬁas known. From & knoﬁledge of

various source densities (e.g., dislocation density, subgrain size and
érain Bize), the meximum possible generation rates at each of fhe possible
sources were calculaeted énd.then compared with experiments. Their resﬁlts
revealed that in the présence of both large and moderate vacancy super-

.saturatidns disloeations climb with an efficienqy of from 0.1 to l.O,»even
in_léw-staciing-fault-energy gold., Thus, in quenching experiments, af

’ leégf, thgipondition of.saturation i1s often.achieved experimentally; |

There;ére,no experimgnﬁéi results available whieh Yiéld direct estimates

'.éfvthe ciimb1efficiency of,diSIOcations during high;temfeiature;creep. 
jThé re§ults_§f Seidman aﬁd{Balluffi are appliéaﬁle to creép only if the pro-

.ééés 5f j§g fbrmation‘is fhe same in both cases, and there is no a priori
"reaSOn:fd? beliéving.thié should bé tnﬁe, On the other hand; these are
fhe only existing measﬁrements of dislocation climbiefficiencyvunder any

. Cbnditions,_so that it may well be that climbing dislocatioﬁs are,saﬁgraﬁéd

with;Vacéncies during'creep. »Ceftainly the equivalence between‘actiﬁgtibn
ehergies for'éreep and self diffusion'suggesfs.that'this is.the éase."

5
’
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| Wéertman(go) has made the suggestion that the degree of saturation
7_of vacancies along disloeations might depend upon the width of extended
dislocatiOns. If the rate of core diffusion for a widelyidissociated
dislocation is sufficiently slow, the condition of saturation is not likely
to be achieved. The climb rate will then be decreased helOW‘that possible
under saturation. Thisicould provide an explanation for the difference
in creep rates in fece metals with stacking-fault energy which was discussed
previouslju

The critical assumption in this proposal is that diffusion‘of vacan-‘
'cies'along extended dislocations is sloW'in comparison to hulk diffusion.
'Recent tracer difquion studies of Baker, Wutting, and Birnbaum(9l)
clearly_show; however, that_core difquion is very rapid in comparison
vto bulh diffisuion,;even in a Lo% Ni-60% Co alloy where the dislocaiions
are-separated by approximately 15 atomic distances, The activation energy
for core diffusion in the alloy 1s less than half of that ofvbulk.diffusion,
so'that the rate of core diffusion is several orders of magnitude greaterb
than for. bulk diffusion. Earlier observations on enhanced diffusion in |

(92) suggested‘the»same result, but in these experiments it was not'so

evident that the enhanced diffus1vity developed solely from core diffu31on :
along extended dislocations. It nOW'seems that undersaturation ofeextended
dislocations cannot arise from & lOW'rate of eore difquion. .An explana—‘
tion for the apparent effect of stacking-fault energy . on: steady~state creep
-rates must be sought elsewhere. f-

Stacking fault energy may conceivable influence the length of path

over which»dislocations must climb during creep, and so affect_the average

rate of climb. rIts’infernce‘may lie in its effects on other details of
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_the substruecture developed.during creep., This problem has not received
nearly as much experimental and theoretical attention as it deserves.

6ther features of substructure certainly influence high-temperature
- ereep behaviér. The creep rates of metals are highly sensitive to the
'substructﬁfal changes‘that take place. Such effécts seem to be rgasonably
consistent; different metals exhibit similarfsubgtructural details for .
stéaayastate creep at identical values of U/G. The formulation of any
realiﬁtic théory must at leastvconsider'if not predict these significant
featgres in_order to arrive atvan;apprbpriatéwdéscriptibn'of;high—temperature

creep.
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SUMMARY

Despite the substantial progress that has been made in unraveling

the nature of creep of metals at hlghrtemperatures (above aﬁcut one—half

“of the meltlng temperature) many‘31gn1f1cant detalls yet requxre clarlflcatlon.

The follow1ng generallzatlons are now fairly well established.

1.

The apparent actlvatlon energles for hlghrtemperature creep of metals and

1d11ute solld solutlons are 1ndependent of the creep straln and 1nsens1t1ve
“vto the applied_stress; they are in close agreement With‘the activation

energies for self-diffusion. The agreement becomes even better when the

temperature dependence of modulus is taken into account and the true enthalpy

of activation of creep is estimated.

The changes_in the creep rate with time under constant conditions of the

independent variables. of stress and temperature are reflections of
subStructuralvchanges that accompany creep; such substructural changes are
' insensitive to. the temperature'and depend almcst exclusively on the time"

and the stress d1v1ded by the modulus of elasticity.

Under steady- state creep the significant substructural detalls remain constant

More creep resistant substructures are produced by higher stresses, Thus

* the steady-state creep rate‘depends not only on thevstress but alsc,On the
‘steady-state substructure produced in the test metal by‘that stress.

. Although many exceptions aredknown, the secondary creep.rate usually

increases'withlapproximately the fifth power of the stress. Attempts

" to separate the structural effects from the instantaneous stress effecti.

have not been conclusive.
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Attempts‘to present a unified.picture of highrtemperaturefcreep haye been
made difficult by the effects”of other factors such as mbdulus,vgrainvsize?

subgrain‘size and stacking-fault energies., Perhaps the most significant of

these is the modulus effect which can be'incorporaﬁed into the analysis

on a quasi-theoretical basis. In this way a more universal comparisen of

the secondary\creép rates of different metals can be realized, Nevertheless,

“even when this is done, the secondary creep rates yet differ from metal to

metai by several orders of magnitude due to theﬁeffects-of'other,factors.'

5Although early investigations suggested that grain size effects may be

large, the more recent evidence suggests that they are small,

Recent experimental evidence suggests that the creep rate increases with
an increase in the stacking-fault energy.

‘AlthOugh the'subgrain size decreases: with increasing ratios of stress to

"modulué it may also depend upon the stacking-fault energies or other

3

' factors,‘ Its effect on thevcreep rate has not yet Beeniisolated.
No . theoretical models'for primary creep have yét been announced due
. _undoubtedly to the complexity of the problem.

Two major types of models have been suggésted:for“the sdmewhat simpler -

case of steady-state creep, namely the motion of jogged screw dislocations
and the climb of edge dislocations, The screw dislocation mbdels suffer .
from7various héndicaps.andvreduire major repairs in order to account

cor?eétly for the activation energies and stress laws that are obtained.

'’ Some climb models appear to be able to account more readilylfor the
_ obéerved'activation energies and stress'laws'forféreep._'Many of the

‘assumptions on which they were based, however, are now questionable. None
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take into consideration the'possible effects of Jog energiesAor stacking-
fault energies on the rate. of climb,. Thefearlier'mode133 despite.their
v1rtues, assumed theApresence of plled—up arrays of edge dlslocatlons,

Such arrays are unstable under condltlons where clxmﬁ can take place and

would disperSe, In fact, no such arrays are seen in electron micrographs
-of crept ‘metals. Other assumptions~involving'fixed numbers of Frank-Read

sources regardless of the stress level, ete,, are.also disconcerting,

Several dpproaches to a better understanding of High~temperature creep

mighﬁ be suggested:

a) MOre-complete empirical data on the creep Beha&iof of metals-having'
different moduli, different stackiﬁg—faultvenergies, etc,; to provide
an acceptable corfelatibn of their creep rates, ige,; a.single'uﬁivereal_
relatiohship;'

b) A mere thorough investigation-on'the'substructﬁres fﬁat afe developed
w1th spec1f1c emphaSLS on thelr significance to creep mechanlsms.

¢) -The. eventual bulldlng of more realistic models for creep 1nclud1ng
" primary.as well as steady-state creep.
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