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HIGH TEMPERATURE CREEP IN METALS
AT INTERMEDIATE AND LOW STRESSES

Farghalli Abdel Rahman Mohamed
Inorganic Materials Research Division,.LaWrence Berkeley Laboratory and
Department pf Materials Science and Engineering, College of Engineering,
_ University of California, Berkeley, California
ABSTRACT

" ‘High-temperature creep has been studied in aluminum-3% magnesium * -

(solid solution alloy), aluminum, lead and tin in the stress range of -
-6 -3 |

G using double-shear type specimen at temperatures near

the melting point. The experimental data reveal two important

trangitions in the rate controlling mechanism:

(i) For aluminum-3% magnesium there is a transition from viscous glide R
'behavior to climb-controlled mechanism at T~ 6 x 10 5 | The -
identification of such a transition was determined'from the stress
exponent, n, the type of the creep curve onserved_and‘the activation
energy for creep.

(i1) For aluminum-37% magneeium, lead and tin at T < 10_5 G the dominant
creep mechanism changes from climb mechanism to HarperQDcrn creep,

a type of viscous deformation first reported in pure aluminumvat

high temperature and low stress. It is characterized by a creep

rate which is linearly aependent on.the applied strees and apparently
independent of grain size. The identification of Harper-Dorn behavior
“in the metals tested was determined from the linear stress‘exponent,
the discrepancy between the experimentai values of the creep rate and

that obtainable from various mechanisms of viscous deformation and

the close correspondence between the experimental data and the
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earlier results on pure aluminum. The experimental results on
aluminum repréduce_the data of Harper and Dorn almost exactly, despite
a significant &ifferencg.in the sample and lpad geqmgtries.

The exﬁerimental evidgnce of Harpér-Dorn creep in aluminum—3Z
magngsium, lead and tin along with data indicating the éccurrénte'éf
the same‘creep behavior in other materiéls suggests.that Haréer-Dorn
creep might be a generél mechanism’for creep at high temperature and -
low stress. Available microstructural evidence on the mechanism of
Harper-Dorn is reviewed. While the details of the process afe unknown,
available data may be interpreted aé due t0~climb'of "saturéfed" dis~
‘locations; The simpie Harpér—Dorn créep behavior diséppears when the
applied stress exceeds_a critical value_or when sample grain size
becomes sufficiently small. In the first case, thé rate controlling
mechanism chénges to climb behavior while in tﬁe second case‘Nabarro-_

:Herring mechanism dominates.
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I. INTRODUCTION

A. General Review

The time-dependent plastic deformation of ﬁaterials under constaﬁt :
stress 1s known as creep. Creep can fake.place only as a result of thermali
activation of the deformétion pfocess (Fig. 1). 'Cénéequenfiy,rthe
shear strain rate of'creep,‘?, for the ith méchanism can be written‘
férmally in terms of the probability of a thermal fluctationl a;

?i = f:{r,st,T}exp—hI(T,ét,T)/kT V v Q@)

-f;{t,st,T}exp-h;(r,st,T)/kT‘

where k is the Boltzmann constant and T is the absolute temperature, - The

enthalpy of activation, h,, depends on the applied shear stress which

i®
assists the forward reaction (+) and hinders the reverse reaction ),
thus giving ﬁagnitude and directionality to the strain-rate. The fre-
quency term fi reﬁresénts the strain per second ﬁer successful fiuctuation,.
into ﬁhich the activation entropy has been incorporated. Both the |
frequency féctor; fi,bandithe enthalpy of activation{ hi’ cqnld be a
function of the appl;ed shear stress, T, the instantaneous s;fuccure of
the material, st, and the temperature, T. As in all kinetics of reaction
proﬁlems, the net forward rate is determined bﬁ the totalbcontribution
to the forward rate minus thé totai-copﬁribution'to the re#erse‘rate,
which gives rise to the two terms of Eq. (1).

Occaéioﬁally, several mechanisms operate simulténeously. 'if they
operate in sequence, such that the second can take place after the firét

mechanism has occurred, creep for the sequence'is dictated by the slowest

process. When the total éreep rate arises from a series of parallel,



and independently operative mechanisms, the total creep rate is given by |
the sum of the contributions over all such‘iﬁdependent processes; The

objective of fundamental investiggtion on creep, is the determination of

the rate-controlling mechanisms. When the mechanisms of creep areiun-
covered in sufficien; detail, it should be possible to predict the-éhape _
of the creep curve and thus facilitate creep testing as well as desigﬁ
for creep resistance. Furthermore, when the mechanisms are known, it may
be possible to introduce factors that block the prominent mechanisms - and
thereby reduce.the creep rate. Frequently, 0ver.cértain regions of
stress, structure, and temperature, the creep rate arises prindipally from
.a single méchanism. | | |

The analyses here will be limited to discussion of high temperatﬁre
creep phenomena that are controlled by diffusion mechanisms. >Such dif-
fusion—tontrélled processes assume significance at temperature above about
one-half of the melting point. In this range of temperatures, the creep

rate is almost always determined by one or more of several diffusion~

controlled mechaniéms. In addifion, above gm/z diffusion becomes reason-
ably rapid, and dislocations acquire a new degree of freedom.in their .
motion; edge-components of dislocations are no longer confined to glide

» exélusively on their original SIip planes and may'climb to new planes. |
The most important diffusioﬁ-éontrolled’mechanismsvsuggested:fbf hiéh
temperature creep include ' ' ' N
(i) stress-directed diffusion of vacancies in polycrystals

(ii) thermally activated motion of Jjogged screw diélocations

(iii)climb qf.edge dislocations | |

(iv) solute atom diffusional processes and viscous drag.
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The viscous creep mechanism concerned with the stress-directed dif-
fusion of vacancies in grain boundaries,2 superplastic mechanism,3 and
dispersion hardened creep4 will not be considered here.

(1) Stress—directed diffusion of vacancies in polycérystals

Creep by the stress-directed diffusion of vacancies,-formulatéd
originaliy'by Nabarro5 and further eléborated by Herring,6 is one
of the best understéod mechanism for high temperature creep. ‘Thrée
steps are involved in the original stréss—directed diffusion model
for creep: (1) The formation of a vacancy in the grain volﬁme near -
the grain boundary under a positive stress. '(2) Its migration to
.the boundéry_that is under a negativelstress. (3) Itsvannihilation
at that boundary. |

The flow of vacancies will be matched by an equal and opposite flow

of atoms resulting in a longitudinal extension and lateral contraction

of the grain with time under stress (Fig. 2). The shear creep rate,

?8. is glven by

Yo = Avu 2 | | e
where b is the Burgers vector, t the applied shear stress, d ‘the mean.
grain diameter, and kT thé Boltzmann constant times the absolute;temperé-
ture. The diffusivity, D, is obtained from the tracer diffusivity D*. A
For pure metals | |

p= 2 o | (3a)
and for binary solution alloys7 | |

* *
Dy Dy

b= p’+N D %)¢
(NgD, +N,Dy )

(3b)



where NA and NB are the atomic fractions of A and B atoms, and f is the

correlation factor. The dimensionless constant ANH depends insensitively

on the geometry of grains, but is generally estimated to have an aﬁerage

.value of 14,

Nabarrq creep applies only to polycrystalline aggregates at very
high teméerature, fine grain size aﬁd very low stresses.8 It providés
an independent deformation mechanism.which does not involve the motion
of dislocations.  Nabarro creep is characterized by a creep rate that’
increases linearly with stress and.inversely'with the square of grain

diameter, and has an activation energy that is nearly equal to that

for self diffusion. Limitations of Nabarro creep will be discussed in

more detail later in this thesis.

(i1) Cfeep due to the motion of jogged screw dislocations

Jogs in edge dislocations do not materially restrain the motion of
an edge dislocation because the jogs also lie in slip planes, but jogs
on screw dislocations are edge jogs, and if the screw dislocation is

forced to move, such jogs must move from one slip plane to the next

~adjacent slip plane.' This is only possible as a result of atom transfer

(see Fig. 3). In view of the high energy df formation of interétitials,

it has generally been conceded that the vacancy mechanism 1is much more
probable. Vacancy generation‘and absorétion models fall into two major
categories, those that are based on therma; activation, e.g., Mott's
original model,9 and those that are diffusion controlled, as suggeéted
by Friedel,lo_Hirsch and Warringtonll and Barrett and Nix.12 Althougﬁ

the various models differ'éomewhat in detail from one another and are

.,

»

whe
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frequently given speclal interpretations, the factors of major interest

here are at least sufficiently similar in all cases td.permit a descrip-
13

tion of this process in terms of the recent dislocation theory by Gibbs

who has shown that to a good approximation;

i, = 60 Dlexp( L /k)-1} %)

where ?e is the secondary shear strain rate and the subscript e refers.

to the case of exclusively vacancy-emitting  jogs. The term Pgs T, L,

3

and D refer respectively to the density of the "mobile" screw dislocations,

" the applied shear stress, the mean distance between jogs, and the dif-

fusivity. As will be illustrated in the discussion of this thesis, the
screw dislocation models suffer from various handicaps, and major modifica-

tions are needed to obtain the correct activation energles and stress laws

for the high stress-low temperature creep behavior. However, for the -

case of low stress-high temperature creep, the screw dislocation models
with some modifications could be one of the possible rate controlling
mechanisms.,

(1ii) Creep due to climb of edge dislocation

The theory for creep due to climb of edge dislocations is much more

- difficult to formulate accurately than that due to the motion of a_jogged

screw dislocation. This arises from the fact that the rate at which edge

dislocations climb depends intimately on the geometric details of dis-

location patterns that are produced under stress in the vicinity of the
climbing dislocation. These patterns have not yet been sufficiently -
well documented to provide unambiguous guides to formulation of the climb

process in détail. ‘The theory for climb of dislocations has been discussed
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by Mott,la Seeger, and Weertman. However, the first serious

N

formulation dislocation-climb theory for steady-state creep was presented

by Weertman in 1955.16

It constituted a major advance in the rationaliza- ;
tion of the mechanical behavior of metais'at high tempefatures. The'firsﬁ
version, which postulated dislocation arrays piled up against Lomer-
Cottrell dislocations, was limited to fcc metals. Only the second17 and
more generally applicable model will be discussed here. Weertman assumed
that dislocation loops were emitted from fixed and more or less uniform-
ly disfributed Frank-Read sources. Screw dislocations of opposite sign.
from adjacent sources could cross-slip with ease and thus annihilate each
bther. In'confrast, however, the leading edge dislocations from adjacent
sources would block each others motion as a result of their mutuai infer-
actions (Fig. 4). Additional dislocations, however, would continue to
‘issue from tﬁe sources until the back stress on the soufce equéled the
applied stress. It was further tacitly assumed that the piled-up arrays
were cbmpletely analogous to arrays piled-up against rigid barriers.
Further deformation could then only take p;ace when the two lead dis—.‘
 locations of opposite sign climbed together and annihilated gach other
this relieved the back stresses on the two sources and:permittiné'another
dislocation to be generated and move out from eéch source. The climb

rate was assumed to be diffusion—controiled with distances of about the

separation of the arrays. On this basis Weertman estimated that - - e .
. ,"2,[21) ' /3 T2'5bl'5
Yg < ) sinh 15 = (5)
. 6% 8 G "7VN kT
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where N is the number of dislocation sources per unit volume, The major

.virtue of Weertman's theory is that it correlates quite well with most of

the mechanical data on high~temperature creep. It accounts for the
observed apparent activation energies, the effect of the modulus of

elasticity, and gives almost the observed stress law. . However, several

- objections have been raised against the theory. These objections will be

reviewed in the discussion section. Nevertheless, it seems inevitable
that climb itself must necessarily play a role in any model for high~"
temperature creep; it need not, however, be the rate-controlling mech-

anism.

(iv)l Solute atom diffusional;process~and viscous drag

A number of different dislocationfsolute atom interaction mechanisms-

may be responsible for producing viscous glide creep in'solid solution

alloys. Any interaction mechanisn 0219220

that ¢an reduce the rate of
gliding diélocation motion to a value which is so low that glide becomes

slower than dislocation-climb recovery, can produce such creep behavior.

. For instance, when solute. atoms are bound to dislocations through the

Co-trell atmosphere,20 glide can proceed no faster than the ;até of
solute atom diffusion.

A derivation for the rate of glide-cqntrolléd creep, which'ddes not

~ invoke fixed dislocation sources or glide of dislocation arrays; was

made for the simple case where all dislocations'within a'crystal drag
Cottrell atmoépheres.21 It was assﬁmed that as each solute atom
Jumps forward one Burgers vector under the action of the applied
stress, the dislocation also moves forward one Burgers vector (Fig. 5).

Therefore, as shown by Bird, et al.,21 the steady—state creep rate can



be approximated by

P
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This result is similar to that originally derived by Weeftman.22 The . ' -

only difference is that the pre-exponential term is independent of-solﬁte
' concentratisn and independent of thebdetails of the Cottrell interaction’
mechanism. A review of the 1itsrature shows that viscous glide creep
is rate controlling in some solid solutions ssch as Ai—Mg, Cu~Zn, and_
Au-Ni. ﬁp to the present it has not been possible to predict which
solid solution alloys should creep by the viscous glide mechanism and
_which should creep by dislocation climb |

There are two comments concerning the steady-state creep rate pre-A
'dicted from Eq. (6). First, the diffusivity (D) differs from that given
for the climb mechanism (vacancy diffusivity) since it reférsvto'the
'chemical interdiffusivity of the alloy, 5, or equivalently ts the Darkeﬁ

expression23 for interdiffusivity for binsfy solutions

D(ND +ND)<1+T111A) N ¢))

where NA and NB are the atomic fractions of A and.B atoms, YA is the
activity coefficient of the_A species, and D* is-the tracer diffusivity.
Secondly, the stress exponent, n, is often greater than the theorstically
suggested valus of three. The Au-Ni and Al-Mg alloys_demonssrate the "
usually obssrved effect of solute concentration on the stress exponenf.24

As.alloying content increases, n decreases from values characteristic of

climb-controlled creep (4-6) towards the limiting value of three that

is predicted from a simple model of viscous creep.



-location ciimb. In such cases A has a mean value of 6 x 10

2. Typical Creep Curves

1. Semi-Empirical Apﬁroach to Créep Mechanisms

A recent survey by Bird, thherjee and Dorn21 (hereafter referred to
as BMD) concluded that the steady-state rate of creep of a metal deforming
at high temperature through any diffuéion'coﬁtrolled mechanism is given

by the dimensionless relation

I G (8)

DGb G
'In this equation A and n are.constants depending upon the particﬁlar
operafing mechanism, |
At high temperature (= 0.5 Tm)'creep in mgtals is controlled by dis-
7 and the

parameter n takes a range of values depending on the crystal structure.

For fcc metals n lies in the range 4.2 to 5.5 and increases with Gb/T "

where T is the stacking fault energy. For bcc metals n lies in the range

4.0 to 5.5,.and is neaf 4.5 in the majority of cases. For hcp metals,
n is between 3.0 and>5.5, " In solid solution alloys such as Al-Mg, éreep.
is controlled by viscous glide motion of dislocations, and these alléys
display values of n .from 3 to 3.6. However, for the NabgrrOfﬁerring

-

mechanism A is dependent on the inverse of'thé square of grain size, and

n=1,

The curve in Fig. 6a illustrates the ideglized«shape'of,a creep curve,
The slope of this curve (%% or v) is referredfto a§ the creep rate.
Following an initial rapid elongation of the épeciﬁen, Yor the creep rate

decreases with time (primary creep), then reaches a steady state

(secondary creep), énd'fiﬁally the creep increases rapidly with time until
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fracture occurs (tertinary creep). Major differences between the creep
curves of various materials, however, are noted over the primary creep
stage. Accordingly, there are two important types of creep curves

(Fig. 6b).

a. Type A (usual type). It is obtained for all annealed metals and
some alloyé. It exhibits a decelerating primary creep rate, illustratiug
the continued formation of a more creep resistant substructure during the

. transient stage. Climb-controlled mechanism gives creep curve of this.

O type.

b. Type B. It enters the steady-state almost immediately, is gypical
vof materials in which the substructure pertinent to creep remains sub- .
stantially constant. Such a creep curve has been observed whenever the
rate-controlling mechanism is Nabarro-Herring in métals or viscous glide
bin solid solﬁtions.

The same steady-gfate creep rate is obtained in metals and alloys'_
regardless of their previous mechaniéal behavior. It is clear, tﬁere— '
fore, that the secondary creep rate is7obtaihed.when a balance 1is -
reached between the rate of generation of the creep-reéistant substruc-

ture and the rate of its thermal recovery under the applied stress.

_B.. Thesis Objective

A common method of presentiné cree; data is to plot thevlogarithm
of the stress against thé logarithm of the steady creep rate. With this
type of plot straight lines will be obtained for the highef streases;‘
Frequently high-temperature strength data aré needed for conditions for
which there is no gxperiméﬁtal information, i.e., very low Stresses.

Obviously, in such situations extrapolation of the data to very low
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sfresses is one alternative. Howevef,'reliable éxtrapolation can be made
only when it is certain that no change to another rate-controlling mechanism
occuré in the region of extrapolatibn’which would produce.a change

in the slope of the straight line (log t-log ¥ piot). The effért in

this thesis_is deﬁoted to three cases where there is a change in thé pre-
dominant.mechanism as the stress is decreased or:the grain size ié |
made smaller. The first case deals with the :ransition from viscous

glide controlled to climb controlled mechanism, while the second illustrates
that ﬁhe rate controlling mechanism at very_loﬁ stresses changea,from

climb process to behavior of the Harper-Dorn type. The third case

.demonstratesthat a transition from Harper-Dorn creep to Nabarro creep

is expected as the grain size 1s made small,

l. Transition from Viscous Glide Process to Climb Mechanism at

Intermediate Stresses

For metals and alloys in which dislocations glide readily, the creep

mechanism is climb-controlled as typified by the nickel curve in Fig. 7a.

When solid solution alloying results in a viscous glide, the viscous

creep mechanism'controlé as typified by the nickel-50% gold. >However,

climb always occurs in alloys where the creeﬁ rate is viscous glideé

" controlled (the two mechanisms are sequential). As can be seen in

| Fig. 7a the value of ?skT/DCb'for'climb’mechanism falls below that for

5

the viscous mechanism for 1/G < 5 x 10 . Since the climb-cqntrolléd

and the viscous glide-controlled mechanisms are mutually exclusive,
only the slower can control the creep rate. Consequently, it is '
anticipated that alloys which exhibit viscous glide mechanism at high

valués of 1/G will fevert to climb-controlled mechanisms when 1/G is
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décreased»soméwhat below 5 x 10-5; ﬁxﬁerimentai verfication of such a
transition is unavailable. Therefore, the first objective of the present
teseﬁrch was undertaken to test this prediction. The material selected
for such a purpose is aluminum-3% magnesium. It was chosen for two |
reasons: First, it has been established that this alloy is one of the
solid solutions which exhibit viscous creep at higher stresses. Sécond-
1y, it is cheaper than nickel-gold alloy and a useful industrial
material.

As wi;l be shown, the transition in creep mechaniém from viscous
glide to climb process occurs in this_alloy, Iﬁ addition, a thirdvcreep
‘mechanism wag found to govern creep at very low stresses. In fact, the 
secoﬁd transition was unexpe;téd and therefore partially motivated
the research toward thé second objective of the.thesis.' |

2. Transitién from Climb Mechanism to Harper-Dorn Creep

at Very Low Stresses

Harper-Dorn creep refers to the anomalous creep behavior first
reported by Harper and Dorn25 in their studies on pure alu@inum in the
region of low stress and high temperature. Although the observéd;cteep
behavior was in harmony with two characteristics of Nabarro-ﬁerring;
model (stress law and the activation energy of creep), the creep rate
was established to be orders of ﬁagnitude higher than expected and
it was independent of grain size (Fig. 7b). Consequently, this fact,
élong with several substructural observations, led Harper ahd.Dorn 4
to the conclusion that such a creep behavior cannot be ascribed to

stress-assisted diffusion models. Since that time, no major effort

has been devoted to test whether Harper-Dorn creep is a significantly
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new mechanism of creep,vor perhaps an experimental or meterial anomaly.
Accidentally, in the study on aluminum-magnesium (as mentioned before)
a beﬁavior, which is phenomenologically identical to that previously
found by Harper and Dorn, was observed. At the time when the obser-
vation on aluminum-magnesium was reported, Muehleisen26Afound no e#i-
dence fof behavior of the Harper-Dorn type in leWbstressecreep of pure
copper. These results raised the possibility that Harper—Dorn,creep is
unique tovaluminum and its alloys. .

This possibility motivated the work repsrted here, in~wﬁich the o
low stress-high temperature creep of pure lead_and tin were investigated.
’These two metals wete chosen because of their low melting points (allow-
ing good temperature control in tests at temperatures near T ) and their
differing crystal structures (lead is face-centered cubic, tin is body
‘centered tetragonal). Both metals were foumd to exhibit a creep behavior
which appears to be of the Harper-Dorn type.

| Since the load and sample geometrics employed in this research differ
significantly from those used in the earlier work, 25,27 creep rates for
bulk samples of pure aluminum, polycrystale as well as single crystals,
were measured to test consistency with the data of Harper and Dorn.

In addition, it will be demonssrated that Harper-Dorn creep is a
dislocation—dominated process'with umique substructural featmresf 'Suchl
a dislocation-dominated process will be speculated as climb of "saturated"”

dislocations.
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3. Transition from Harper-Dorn Creep to Nabarro-Herring Mechanism

As will be demonstrated later, Harper-Dorn creep and Nabarro-Herring
creep are independent parallel mechanisms. Therefore, the total creep

rate at very small stresses, provided no third mechanism intervenes, is

given by the sum of the contribution over both processes. However, under

certain conditions it is expected that Nabarro-Herring mechanism becomes
the dominant mechanism. Such a condition will be specified, and new

, evidencez8 for the expected ﬁransition will be discussed.




IT. EXPERlMENTAL PROCEDURE

Aluminum-37 magnesium was supplieo by Kaiser Aluminum and.Chemical
Corporation. The final product contained the following elements 1n atomic'
percent: Mg-3.29, Si-0.003, Fe 0.003, Mn-0. 006 Cu-0.005, Cr-<o. 001,
Zn~-0.003, Ti~<0.005. The remainder 1is aluminumf The cast’ingots were
soaked at 783°K for 48 nours‘and air cooled. After scalping ~0.2 in.l
per surface they were flush heated to 686°K and stabilized atrthat
temperature for about an hour. The ingots which initially measured about

3 1/4 in. thick were hot rolled to the final thickness of 0. 875 in.

in five passes. Ultra high purity-lead and tin (99.999%) were procured

from the United Mineral and Chemical Corporation. High purity aluminum-.

was obtained from Cominco American Incorporated. Single crystals of

_aluminum were grown in this laboratory using a modified Bridgman -

technioue.

Double;shear specimens of the shape and dimensions shown in Fig. 8
(lnset):were prepared from the experimental materials., Prior to«testing-
the specimens were annealed for the dual purpose of relaxing internal
stress and stabllizing the grain size. Aluminum;3z magneslum speoimens
were annealed in situ for a minimum of 2 hours at a temperature slightly
above the planned test temperature prior to testing. The lead samples o
were annealed at 590°K for 48 hours, resulting in a nean graln size
of approximately 1.5 mm. The tin samples were'annealedvfor 96 hours
at 498°K, yielding a mean grain size of 2 mm. The polycrystalline

aluminum samples were annealed for 5 days at 927°K, giving a grain

size of about 9 mm.
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Tests were carried out either on an Instron teéting machine (aluminum-
magnesium for high stresses) or on a suitably designed creep testing
machine at constant load; for this specimen configuration, constaﬁt load‘
implied constant stress. The creep testing machine is shown in Fig. 9.
Tests on_aluminum-3% magnesium and pure aluminum were conduéted in air
in an eléctric furnace, while tests on lead and tin were performed in
stirred silicon oil baths. Temperatures were monitored with Chromel-
Alumel thermocouples held in direct contact with the specimen (Fig. 8)
and Qere held constant to better than *1° by a proportional controller.

The length cﬁanges were recorded by a linear variable diffefeﬁtiél
btransformér, and were accurate to 15 >.<'10_5 inches. By using double-
éhear type test specimens, uniform elongations and constant steady-
state strain-rates were obserVed to shear strains beyond 0.80.

For aluminum-3% magnesium the range of the stresses from 8 X 10-3 G
to 10--6 G was employed (Table I.a). The range of stresses from'~1 to
~35 psi was scanned at a temperature of about 923°K (0.99 Tm) for pure‘
aluminum (Table I;b). Thfee single cfystal specimens (aluminum) were
used to cover the Harper-Dorn region., In the case of lead, tﬁe range
of stresses from ~1 to ~100 psi was investigated_at two,temperatﬁres:
587°K (0.98 Tm) and 554°K (0.93 Tm). Tests at two additional témperatu?es
were conducted to determiné the activation energy for creep (Table I.c).
During the tests at higher stresses complicatlons were encountered due —
to sample recrystallization. In this case the minimum strain-rate was
taken as’theAsteady-state'value asg discussed by elsewhére.zg' This may have
caused the rélatively high scatter in the lead data; For tin, the

stress~range from ~5 to ~100 psi was scanned at 495°K (0,98 Tm). Tests
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at three additional temperatures were conducted for use in determining

the activation energy (Table I.d).
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III. EXPERIMENTAL RESULTS

A. Creep Behavior of Aluminum-37Z Magnesium

As noted in the earlier section, data were obtained through both
creep and Instron tests. In any creep test at the steady state, fhere
are three variables related by one equation, These variables are the
~applied stress, T, the strain-rate, ?, and the temperature, T. On the
Ihstron machine, both‘the strain-rate and the teﬁperature are externally
imposed. The measured parameter is the stress for the steady state,

-and the technique is known as strain-rate cyéling technique (Fig. 9).
Whereas, on the creep machine, the ﬁeasured variable is the steady state
strain—rafe since the stress as well és the temperature are the inde-
pendent parameters. In this case, the technique is named differentiai

~ stress, Howgver, in bothvtheSe cases the speciméns were left.to achieve
the steady state before changing the stress or the strain-rate. Figufe 10

-clearly domenstrates three regions with two transitions, the first at
T = 100 and the second at T = 20 psi. Important differences were notéd
in the creep curves corresponding to ﬁarious regions. Figure 11 is a
schematic representation of the important features of the‘curﬁes observed
in the three regions. | |

Creep curves in region III are typical of solid solution ailoyétwith
no extensive initial strain ﬁpon loadiné. They are characterized by
brief transient creep, indicating that the substructure pertinent to
.‘cfeép remains substantially constant. Additional support of these
findings is obtained through intermittent loading experiments. In 6ne
of the tests the specimeniwas unloaded éfter it crept to a certain

strain in the steady state and left for about 3 hours at the test
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' temperature. Upon reloading to the original stress the‘steady'state'

was échieved immediately and no traﬁsient was observed (Fig. 12),
It may be noted that sometimes inverted creep curves mﬁy be‘observed
in the viscous glide region. An example is shown in Fig. 13 for
aluminumfsz magnesium where normai primary creep was observed before.
deformation while inverted curves were observed after deformation. In
novcaée were such invérted transients found in the present study of
aluminum-37 magnesium. |

‘In contrast to these observations, extenéive normal primary creep. .
regions were noted for specimens creﬁt in region II. The deéelerating
érimary créep illus;rétes the continued-fofmation of a more creep

resistant substructure during the transient stage. When the stress was

removed and reappliediafter an hour, a region of primary creep was again

observed following a small instantaneous strain (Fig. 14). However, the
final steady-state créep rate was exactly the samé as‘the_original
valﬁe;

Creep curves obtained in region I.are similar to curves obtained
previously from tests of pure aluminum in the same stress fapge. _The

transients observed in the annealed samples were present even after

‘ prior deformation.

Plot of log ? vs log T at constant'temperaturg gives the stress
law for creep. Figure 15 represents such a plot for viscous glide wi;h

average slope ~3.14, while Fig. 10 gives slope of 4.2 for region II,

- and a slope of ~1 for region I.

The temperature depehdence of the steady-state creep rate was

studied in each of the thfee'regions. Effective activation energies
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were obtained from the slope of the Arrhenius plots shown in Figs. 16a, b

and c. To compensate for the effect of the shear modulus and temperature,21

n- l 1000 1000
T

T is used in lieu of the usual plot of log Y vs

log YG
| | . 2. - 1000

(where n is stress exponent). Figure 1l6a shows plots of log YG T vs =

at constant stresses of 300 and 600 psi. These data fall in region III

and give a value of 33.10 * 2.16 kcal/mole for the activation energy.
1000

Log §G3T vs is plotted for region II in Fig. 16b. These data yield

a value of 31.08 * 0.52 kcal/mole for the activation energy for creep.

A similar plot for the region I is presented in Fig. 16c where log x%

is plotted against 1000

T since temperature variation in this region covers:

.a small range. The line drawn through the datum points yields a value _
of 35.7 £ 5,78 kcal/mole. These three values for the effective activation
_energigs for creep are.also included in Table II. An aVeragé value of

33 kcal'/mole.was obtained for the activation energy.

The data obtained are plotted in Fig, 17 as log %%%-vs lag T/G with

D= 1.86 exp<f 2ﬁ42§g> The unavailability of interdiffusivity data on

aluminum-3% magnesium forced the choice of the value of the diffusivity

of pure aluminum. The diffusivity of aluminum is taken from least

squares fit to the composite high temperature diffusion dataBO’31

(Fig. 32). The shear stresses employed range from about 2 X 10-6 G

to lO-3 G. The equivalencé of the creep and tension testing is apparent

i

from the overlap of the datum points obtained from these tests (Fig. 17).

The lowest available cross head speed of the machine restricted the data

to stresses greater than or equal to about 4 X 10_5 G. Three distinct

regions appear in Fig. 17: region III extending from stresses of about

5 ‘ . =5 -5

6 x 10 ° G and beyond, region II from 10 © G to 6 x 10 © G and region I
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bc‘a].ow'lo-5 G. The values of the stress exponent (n) and pre~exponential
factor (A) obtained in these 3 regions are tabulated in Table II.

B. Creep Behavior of Aluminum

The results of creep tests on pure aluminum are plotted in Fig. 18

25’27 The parameters

together‘with the results obtained by Harper and Dorn.
used for.this plot afe a non-dimensional strain rate,.&kT/DGb, and a
non-dimensional stress, (T/G). The Harper-Dorn data were rephrased in
terms of these variables by transforming the tensile stresses and teﬁsilé
strains they reported accor&ing to the relations
ja3c
' 9
T=30-0)

_ Thé value oo}appearing in the second of these relations.is a corfection
term H#rper and Dorn found necessary to account for an apparént back
stress presumably due to surface.effects in their thin plételet sampleé.
Sincevthe Present research used bulk saﬁples, no correctionAterm‘is |
necessary; the data extrapolated naturally to zero strain rate gt zero
applied stress. |

~As is appareﬁt from Fig. 18, the agreement between the ptesent.'
results and those of Harpe: and Dorn is excellenf bdth in the H#rper-
Dorn creep region at low stress and théeconventiénal creeﬁ'région beyond
the knee of‘the curve, The single and polycrystalline'data lie on the
same curve,:showing the independence of creep rate and grain size. ' For
comparison, the predicted rate of creep via the Nabarro-Herring -

]

mechanism 6 has also been plotted, using the relation
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(GKT/oe) = AL (/D7 (t/6) @b
where.ANH is a coﬁstant équal to approximately 14. The measured values
for low-stress creep in aluminum lie several ordérs of magnitude.above
the Nabarro-Herring estimate. | |

Primary creep waé noted in all tests conducted during this research,
both in single crystal and polycrystalline samples. This observation‘
aiso agrees with ;he results of Harper and Dorn.

C. Creep Behavior of Lead and Tin

1. Stress Dependence of Creep Rate

The experimental results obtainéd from'isofhermal creep‘tests'at 4
different femperatures are presented in'Figs. 19 and 20 for lead
and tin respectively. Because of the time limitation on the
measurement of shear strain-rates below about 2 X 10-'9 éec—l,‘the
entire range of stresses could be scanned only at the higher'tempefa;ﬁres.
The data at these higher temperatures do indicate a trénsition from
a higher slope (~4.9 for lead and ~6.6 for tin).to a lower_one_CYI for
both metals). The transifion from high stress region to low stress
region was observed at shear stress values of ~14.5 and—~l6.d psi for
lead at 0.98 Tm and 0.93 Tm respectively. A value of ~32 psi was
found for this transition-stress at 0.98 Tm for fin. |

-

2. Creep Curves

Typical creep curves observed in both the regions are shown in
Figé. 21 and 22 for lead and tin respectively. As is clear from thesé,
normal primary creep regions were noted in the entire stress ranée for
both the metals. I; is i;portant to note ?he presence of this primary

" creep in Harper-Dorn creep region (where the creep-rate is proportional

i
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to the applied stress), since the diffusional creep mechanisms
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2,5,6

which predict linear creep behavior are characterized by the absence of

_/

this primary creep region.

‘3. Temperature Dependence of Creep Rate

To determine the activation energy for>creep, the logarithm of.
the modulus-compensated steady-state strain-rate (?Gn—lT) vs the
reciprocal of the absolute temperature was plotted at constant stresses

of ~30 psi and ~100 psi for lead and tin respectively (Fig. 23). Here

values of ~4 and ~6 are used respectively for lead and tin for (mn-1),

since the averages of the slopes of the lines in Figs. 19 and 20 were

found respectively to be ~5 and ~7. These data for both the metals

fall in the high stress region. The least square analyses of the data

presented in Fig, 23 yielded values, for the activation'energy for

deformation, of 22,920 * 180 cal/mole for lead and 23,070 * 1,820 cal/mole

for tin. These are in essential agreement with the self diffusion data,

namely . | |
D = 0.28 exp(-24,200/RT)  for lead >

and |

D = 0.78 exp(-22,350/RT)  for tin >

No attempt ﬁas made to determine_the activation energy for creeﬁ in the ‘

low stress region. Howevef,va value of 24,945 cal/mole was inferred

from fhe data at temperatures 587°K and 554°K presented in Fig. 19,

Thus the activation energy for creep appears to be esséntially identical

to that for yolume self-diffusion throughout the employed stress range.

Similar findings were repbfted earlier in pure aluminum. In additionm,

the same behavior wés observed in aluminum-3% magnesium.
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The creep data for lead and tin presented in Figs. 19 and 20 were ana-
_ i YKT
lyzed in terms of Eq. (8) and Fig. 24 is a plot of log oep Ve log (1/G) for
both the metals. As is clear from this figure, the data at various
temperatures coalesced into a'single line for each metal. Again the
data reveal.transitidns from high stress region to low stress region

5 G for lead. Values of

at stresses of *10_5vG for tin and 2 X 10
A and n obtained from the least squares analyses of the data are tabu-
lated in Table III, along with the values predicted.from thévgoverning

equation of Nabarro-Herring creep (Eq. (2-b)).
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IV, DISCUSSION
The various diffusion controlled creep mechanisms documented in

Table IV, can be classified into two groups. The first group includes
5,6 | 3,21

Nabarro-Herring, Coble,2 and perhaps superplastic cfeep és well
and these mechanisms are due to changes in grain shape arisiﬁg directly
from vacancy fluxes under chemical-potential gradients. The. second
group includes creep by climb;7-and-viscoué glide,22 and in contrast
to the mechanisms of the first group, the creep behavior is due to
average rates of slip dispiacements of dislocationé released by climb.
At the steady state, a balance must necessafily be obtained bétweeﬁ |

. the rate of accumulat;on of dislocationé and their rate of removal
by climb-recovery. To account for continuing steady-statéléreep,
-recovery by dislocatibn climb must always be operati?e at high temper-;
atures. In solid solution alloys, however, as notéd earlier,balthough
climb‘always occurs the'creepbrate is controlied'by viscoué glide |
motion of dislocations when it givés the slower rate. Since dislocation
glidenand c¢limb aré:in series, the total creep rate in solid
solutions is due to the rates ascribable to eithér climb or viscous
glide, dependent on which is.cbntrolling, plus the sum of ratesAffom all
'remaining mechanisms. As will be’clearz although many parallel mechanisms
can be operable at onme time, usually oneiexhibits the highest créep'
rate and therefore becomes dominant over speciai ranges of T/G aﬁd T, :
Transient creep seems to occur only when dislocation cells ahd A
enténglements are produced_as a result of the initial plastic straining

that take place upon the application of stresé.sé In the absence of

initial plastic straining, however, the steady-state creep rate is
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achieved almost immediately folloﬁing stressing, Obviously, Nabarro,
Coble, superplastic and viscous glide mechanisms do not exhibit transient
'stages (in some cases a very brief'transien; appears). This is also

true for the recently proposed Nabarro-Bardeen-Herring mechanismss‘based
on climb of dislocations from Bardeen—Herring sources (hereafter N-B-H).
The correlation of the present experimental results with the thus far
ddcumented theories will be discussed next.

A. Region III (Only in Some Solid Solutiomns)

A value of 3.2 for the stress exponent (n) in this stress-range in-
aluminum-37% magnesium discounts the possibility of climb (A) and Nabarro
(D) creep ﬁechanisms (Table 1IV). Furfher elimination‘is achieved through
the pre-exponential factor, A. The experimental value of‘A (Table II)
refutes (B(a)) as the‘controlling mechanism since even if Lj is taken
conservatively as "10b", this factor is too large compared to 51, wﬁile
the Nabarro—subgrain36 and N-B-H mechanism35 can be ruled out since
they predict too small a value for A, In addition, it is questioﬁable
on theoretical grounds whether the Nabérro creep in subgrains_énd_N-B—H
creep can even take precedence over viscous glide and/or climﬁ mechanisms.z.1
This isolates the viscous glide mechénism and the experimental results -
are in iine with the predictions based on this mddel. As was méntioned,
the expression for the creep-rate prese;ted here for glide was taken
from BMD21 and this differs slightly from Weertman's,z2 in that thé
latter‘theory predicts solute—concentration—dependence.of the pre-

exponential factor. Moreover, such an expression can be derived in a

more straightforward way as given below. 
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For the case where all disloéations within a crystal drag Cottrell

atmospheres, the shear strain-rate is given by36

Y = pbv = pb -;& b exp(-fd,f) {exp(rl}g )- exP(- T—g—)} - (34)

where v is the dislocation velocity, v the Debye frequency, p the dis-

d
energy of activation.fOr solute atom diffusion. Since:TAb2<KikT and

1ocation'density, A the distance between solute atoms and f, the free

D= vbz exp(-fd/kT),

3
] Tb .
| Y =200 S5 35)
and, since - . P =555  (Ref. 21) - . (36)
‘ o N Gb ‘ : .
. ykT 3 e
with a = 0.6 - pep = 6(1/6) o | - (6)

- It 1is important to note that the proper diffusivity applicable here is
the chemical interdiffusivity of the alloy as giveﬁ by Eq. (7). The
paucity of data on the chemical interdiffusivity and the.activity -
coefficient makes éccurate ¢orrelaﬁion‘of the expression with the
preéent experimental findings difficult. However, as noted by BMDzl‘
this should not make too much difference in the present -case of

~ aluminum-37 magnesium solid solution alloy. As is clear fréﬁ Table II,

experimental results in region III corrglate wel; with Eq. (6); |

B. Region IT
The experimental values for the'pre—exponeﬁtial factbr énd the
stréss expohent for aluminum-magnesium, aluminum, lead ahdAtin Afe
documented in Table IX anmeable ITI respectively. This region
illustrates creep behﬁvio: generally attributed to the climb~controlled

process.
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" As was mentioned in the intrbduction,'jogs on screw dislocations
may impede the consefvative motion cf thc dislocations and further
slip.is possible only by the nonconservative motion of these jogs in
the direction of the advance of screw dislocations. One of the pfimary
difficulties of the jogged-screw dislocations models is the prediction
of the stress dependence of creep. At lower values of stress, when _.
the value of EE%;E-is small, the bracketed expression in Eq. (4) reduces
to just this term. In order to arrive at the observed stresc power law
(~4.2 in aluminum-magnesium, 4.5 in pure aluminum, 4.9 in lead and
6.9 in tin) with average value for n = 5, itvfollows the ps must
4, if the feasonable assumption is.made
that Iﬁ is independent‘of‘the stress, But it might be expected that
Pq is a fraction of p (totai dislocation density) and therefore increases
only as T2.21 This reveals that the actual creep rate at high stresses
is much greater than that suggested by Eq. (4). It was concluded'that
the jogged screw dislocation models suffer from various inaccuracies aﬁd
require major repairs in order to account correctly for the activation
energies and stress laws that are obtained.

If the motion of jogged screw dislocation is not the rate—ccntfolling
mechanism in region II, some other slower mechanism must be scught. The
recent investigations by Clcﬁer, Wilcox and Hirth37 on Bcc molybdenum
show that a majority of the dislocatioﬁs'which they observed in crept
specimens in an edge orientation. - Thus a mechanism based on some kind
of edge dislocation climb seems more reasonable. The first serious

formulation of a dislocation-climb theory for steady-state creep was

presented by Weertman.17 ‘The derived equation (Eq. (5)) at lower
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values of stress, reduces to
) T4.5, D

Y= CW'Gs.s kT

(37)

S

where N is the number of dislocation sources per ﬁnif volume . and Cw is
constant. The major virtue of Weertman's theory is that it correlétéé
quite well ﬁith most of the mechanical data on high—temperaturé creep;
It accounts for the observed apparent activation'energies, the effect -
of the modulus of elasticity, and giveé almost the observed stress law.
Despite its excellénce, many of ﬁhe assumétions on which it w#s

based are now questionable. First, it is not evident why the number of
'Frank—Read'sources should be constant'despité theoretical attempts to
jﬁstify this assumption. .Secondly, piled up arrays of dislocations

are not seen in metals that were in the secondary stage of creép. A

probable reason is that the thinning techniques may result in their

dispersal. However, calculations by Head,38 Li39

and Hazzeldine40 have
shown that even in the absence of climb, piled up arrays of dislocations
of opposite sighs on nearby parallel slip planes are unstaﬁle; they o
decompose into widely spaced dipoles. Therefore; Mukherjee, et a1.29 |
indicated that the assumption of piled up arrays/of dislocations seems .
to h&ve been invoked in order to obtain a predicted creep rate that
increases with a sufficientiy'high powef of thé stress to approach-

the expetimentél valﬁes. Several approaches have recently_béen

suggested, such as dipole annihilationél and N—BFH35 creep, to correlate

the creep behavior in region II . However, none of these approaches

predict the correct exponent as well as the pre-exponential factor.

Mukherjee, et a1.41 observed that although Chéng's theory41 based on
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*

dipole annihilation does not predict tﬁe correcfion values for (n) and
(A), it nevertheless has very attractive features and further modifications
along these lines may pfove valuabie.

In an attempt to present a unified picture of high—temperatﬁfe creeﬁ,'
BMD21 suggested a semi-empirical approach to correlate the creep déta.
Such an ;pproach considers the effect of modulus of elasticity, subgréin

size and stacking-fault energies. Four steps are involved in arriving -

at Eq. (8). The first step assumes that the sécondary cfeep rate can’
usually be'represented as a power of the stress according to

Y, = £T)" L | - (38)

In general the exponent (n) is substantially constant over a wide rangef
of stress and temperature. At high stresses the secondary creep rate
appears to increase more rapidly than that given by constant value of n.

The second step deals with the temperature dependence of thevcreep rate,

Since Creep is a thermally-activated process, it was:aSSumed that its
temperature dependehce arises principally from an Arrhenius type of

expression,

(39)

The apparent activation energy, Qé, has been shown to be insenitive

-

to the stress; it has been shown to be in very close agreement with the
activation energy for self diffusion. When Egs. (38) and (39) are
combined, the empiriéal relationship results '

o
MYS oRT

n

A'T (40)
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The third stépAconcerns the incorporation of the modulﬁs effect into

the analysis. It was found that the value (A') differs greatly“from )
metal to metal, and that variatioh in A' seems to depend systematiéally :
on the modulus of elasticity.42 On this basis, it was suggested that

a better3correlation'of the secondary creep rates among the various

metals is possible when‘Eq. (40) is rewritten as

X v
v RT n :
s ¢ = an(3) | (41)
, ’ _-HD/RT
where G is the shear modulus of elasticity. Since D = Do e . and
'QC = HD’ Eq. (41) becomes i | |
. __% = AM? (l) . (42)

G

The final step was carried out for two purposes; first, to make Eq. (42)

consistent w;th the requirements for theimally—activated.or diffusion;
4 controlled_mechanismg of creep; secondly, to put:the expression in
dimenéionless form. The fact that the activation energy qfvcreepkisk
insensitive to the applied stress merély illustrétes'that the usual
exponential terms 1n-the free energy gfadient expression fedgﬁe to a

linear term. This suggests a relationship such as

H :
@@ e

for simple cases where the entropy is not a function of femperature

and where V is an activation volume and H, is the activation enthalpy

C

for creep. Equation (43) can be rewritten as
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To permit unbiased comparisons, the tefm preceédingithe equality
sign should be divided by some significant length, Burgers vector b
was téntatively taken to be the significant dimension in either diffusiop
or deformation fo provide the required dimensionless expression, -

DGb A(E) | (8
In the first survey, 29 it was suggested that n is a universal constant
and the reported variations in n are due to rgndom scatter, while A
depends on the stacking fault energy. The alternative possibility, howgver,
which was ﬁresented in the second and more gengral review21 is that A
‘is a-universal constant and the remaining paraﬁeter, n of Eq. (8),
increases wifh the dimensionless quantity Gb/T where I' is the stacking—.
fault energy.

For aluminum-3% magnesium, the very fact that at higher‘strésses'
(region III) a smaller n value (~3 compared to ~4 of region II) was
observed indicates that the mechanisms responsiblé for tﬁe region IIX
(viscous glide) and region II act in series. The added obéervation
of the equality of thé activation energies for creep in both(regions'
with that for self diffusion leaves no doubt that the viscoué glide.
motion of dislocations and dislocation climb control créep in region
IIT and region II respectively. 'In addition, a strong evidence for
such a transition is provided by the transition in the type of ‘the
éreep curve. In region III (viscous glide), the creep curve
immediately enters the steady state, while in region II there is
extensive primary creep. - Such an obs;rvation is in harmony with the

characteristics of the creep curve expected, if viscous glide and climb




fault width in pure aluminum is insensitive to magnesium additions.
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mechanisms control region III and'regien II respectively.

The present experimental results on aluminum-3% magnesium in the climb
region region can be compared with the climb expression for pure aluminum
given by Eq. (8) with A = 6>_<107 and n = 4.2, Such a comparison isAshown in
Fig. 17 where it is elear that aluminumemagnesium data fall beloﬁ ;ﬁe
aluminum.curve. There are three possibilities fbf this difference.

The first possibilit& might have arisen from the diffusion frequency
factor (Do)‘since'the appropriate diffﬁéivity is.giVen by Eq. (3-b) in

lieu of the simpler D*/f for pure aluminum. The second possibility

_‘ might be due to the strengthening effect introduced by magnesium solute

‘atoms on the aluminuﬁ matrix. The last possibility might arise if the

magnesium reduces the stacking fault energy of pure aluminum. Howevet,

the last effect is disqealified due‘to the. observation that stacking

| 43
Therpresent data on aluminum in region II (Fig. 18) are in line with

BMD's‘predictionszl as'well as the earlier work by Servi, et al.,44 Weertman45

and‘Sherby, et al.46 For 1ead; their ptediction 'egggested.an exponeet

n of the order of 4.7, compared to the present experimental value of 4.9,
Earlier studies by Dorn and co-workers47 on the-creep of eiﬁ'indicate

thaf the activation energy for creep is about 22;700 cal/mole, while

Breen and Weertmanag found a value of 26,000 cal/mole for the same.

These values are in essential agreement with the present one of

23 070 cal/mole as well as the more recent value for self diffusion in.

33 A re-evaluation of the data of Breen and

polycrystalline tin.
Weertman at higher temperatures vhere a value of 26,000 cal/mole was

obtained for the activation energy, yielded a value of 5.91%0.31 for n and
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+ 14.74 15

- 9096
6.59 and 3.55 X 10

) % 1072 for A. These values should be compared with

17

(1.03
obtained in the present investigation, The fact
that the above values of A for tin are orders df magnitude larger than
those based on the predictions by BMD on fcc; Bec, and HCP metals; 
illustrates that yet unknown factors concerning the crystél structure
also play a significant role in high temperature-creep.
C. Region I

In this region (7/G < 10—5) the sfress eXponentsvwere found to be
near unity for aluminum, aluminum-3% magnesitm, lead and tin, Mechanismé
which predict viscous deformation sﬁch as Nabarro-Herringsfs yield values
vfor the sﬁrain—rates which are prders:of magnitude 1oﬁer ﬁhah those
observed (Table V ).v However, as shown in_Fig._ZS, the present resuits
v fa11 very close to the earlier observation of the HarpeffDorﬁ cfeep on
pure aluminum. |

Harper-Dorn creepbwas first reported in pure aluminum by Harpér

25

and Dorn, and Harper, Shepard and Dorn.27 The new creep behavior

was manifested by several characterisﬁics. The most important_of.these
are: (1) the creep rate is linearly proportional to the‘appiied stress;
(2) the activation energy for creep is nearly equal té that for sélf
diffusion; (3) single crystals exhibit almost the same creep

rate as polycrystals. The first and second characteristics Suggeste@
that such a creep behavior might be ascribed to the Nabarro-Herring } ¢N§
creep mechanism. However, the third observation was ingompatible'with ‘

the Nabarro-Herring model, since that model predicts negligible creep

rate for single crystals.-
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~ The present experimental work on bulk samplés of aluminum in shear

conf irms the earlier work by Harper and Do‘rnzs’28 who tested thin plstelets
of -both single and polycrystalline aluminum samples in tension. In spite
of the difference in the kind of specimen used the type of the stressing
and the grain size of polycrystalline specimen (d ~ 9 mm in this inves- .
tigation and 3 mm in Harper-Dorn study), theiagreement between these
distinct investigations is excellent. The same creep behavior in v

pure aluminun has been recently confirmed-by another investigation

conducted by Barrett, et al.49 who tested bulk tensile specimen of both'

single and polycrystalline (d ~ 10 mm) in tension. The aggregate results.

of the three investigations (present, Barrett, et 31.49 and Harper,

25,28

et al. ) are shown in Fig. 26, where a non~dimensional shear strain

‘rate (132> against a non-dimensional shear stress (T/G) was plotted on a

DGb
log scale. To obtain this plot, the tensile data of Harper and Dorn

and Barrett, et al, were transformed to shear data using Eq. (9). The -
scatter about the Harper-Dorn line is due principally to a small consistent |

deviation between the results of Barrett, et al. and the results of

- this thesis. The data also scatter somewhat near the knee of the curve

where the mechanism of creep is changing. For comparison Fig. 26

also contains a plot of the creep rate predicted from the Nabarro-Herring
model for the grain size (9 mm) used in this investigation. As can be
seen from Fig, 26, the predicted rate of Nabarro-Herring creep'is roughly
three orders of magnitude 1ower Moreover, the single and polycrystalline
data lie on the same curve showing the independence of creep rate and
grain size, Consequently,the basic conclusion from such extensive |

work on aluminum is that the existence of Harper-Dorn creep in pure
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aluminum is well established expefimentally.

Ihe first clear evidence for Harper-Dorn creep in a material
other than pure aluminum was found by ZJ’.lingS0 in studies of the creep
of silver foils under low strsss. The cﬁrve.through his data is :
plotted in Fig. 27. The data were taken at a single temperature,
950°C, on foils having thickness ~600U and grain diameters ~200u. Ths
creep rates found in region I of this curve are, in fact, comparable
to those predicted from the Nabarro-Herring model for this grain size.
However, Ziling obtained direct measurements of grain elongation during
creep, using both marker and surface interferometric techniques, and -
concluded that grain elongation can account for no more than 30% of
the total deformation. The remainder, he concludes, must be attributsd
to deformation in ;he interior of grains, presumably through sréep of
the Harper-Dorn type. As can be seen from Fig. 28, the dimensionless
creep rates of these specimens coincide exactly with those observed
in Harper-Dorn creep sf aluminum.

' The experimental results on alumiﬁum-3% magnesium reveal a.change
in creep behavior at T ~ ].0_5 G. Below this transitional strsss the
strain rate depends'lineafly on the stressrand_ths activation energy
for creep asproximafes that for self diffusion. .Ths creep fates
observed in region 1 are two srders of &agnitude‘abové those'prsdisted_
on the basis of Nabarro-Herring model (Tabls V). Moreoﬁer, a normal
primary creep is evident in tests conducted within region I. These
findings, coupled with the observation that the observed dimensionless
creep rates in region I afé reasonably close to those found;for pure
‘aluminum, lead to tﬁe conéluSion that Harper—quﬁ creep is domisant'in

aluminum-37 magnesium at low stresses.
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In case of lead, the creep rates in region I lie considerably above -
~those predicted from.the Nabarro—Her;ing model fot the grain sise
(1.5 mm) for the lead samples used (Table V), bet are within a faetor'ofg
about 1.5 of the dimensionless creep rates found in the Harper-Dorn
region of pure alumieum.. In addition, lead undergoes an appreciable
primary creep at low stresses and the activation eneréy for creep
is'apprbximately the activation energy for self diffusion,

The strain rates obtained in region I for tin are uniformly more
than two orders of magnitude above the Nabarro—Herring prediction for
the’ grain.size (2 mm) of the samples qsed, but are within a factpr Of tﬁo
of the creep rates of pure aluminum. Normal primary creep is observedv
in region I. The activetion energy for creep in this region I is asstmed

. to agree with self diffusivity, but has not been checkee since the

. very low absolute strain rates in region I of tin have restricted
measurements to T > 0,98 T t This gives an insufficient temperature
range to determine valid activation energies

Hence there is now persuasive evidence fof Harper-Dorn creep in-
four materials other than pure aluminum: Al-3Mg, silver, lead and tin.
To make this evidence definitive one should demonstrate that the
strain rates in region I of these materials are independent of grain

- size. 2revious work indicates  this lack of dependence, sinee small
variations in mean grain size from sample to saﬁple have ho'apparent
effect on the creep rates obtained. Attempts to gather more'definitiﬁe"'v
data have been complicateq by sample preparation proﬁlems and by
recrystallization problems in high temperature tests on very large

‘grain samples of lead and tin,
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The data on aluminum, silver, aluminum-3% magnesium, lead and tin .

for Harper-Dorn creep are well represented by a linear relation

DGb App (T/6) - | - @)
where AHD"a dimensionless constant, ranges from1.39 X 10-11 for

aluminum-37% magnesium to 7.24 X,mlO“ll for tin. The values of A for allb

metals which show apparent Harper-Dorn creep are given in Table V.
The apparent success in finding Harper-Dorn creep in other materials
suggests that Harper-Dorn creep may be an important general mechénism»

of creep at high temperature and low stress. However, not all attempts

lto find Hérper—Dorn creep behavior have been successful, Muehleisen26

saw no evidence of Harper-Dorn creep in studies of creep in com-

pression specimens of copper at low stress. His measurements extended

down to stresses T ™ 5.10_6 G and non-~dimensional strain rate %g%-~ 10—16.

As can be seen from Fig. 28, this range of conditions extends slightly
into the range of apparent Harper-Dorn creep in other materials., Pines.

and Sirehko51 may have observed HarpeffDorn creep in copper at

6

T~5x10 G, but the evidence is not clear.

1. Subs;ructural Features of Harper~Dorn Creep

| The body of available microstructural evi&ence indicates that
Harper-Dorn creep is dislocétion-domina%ed and charactérized'by'a low
density of dislocations dispersed through large subgrains. 'EvidenceA.
for a dislocation-dominated mechanism was noted in the original work
of Harper and Dorn25 and Harper, Shepard and Dorn.27 This evidénce
included fhe'observation of strain repbvery following creep, the uniformity

of strain inside the grain as well as across the grain boundary (marker
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experiment) and the occurence of extensive primary creep. More recent

work by Muchleisen26 and by Barrett, Muehleisen,»and N:Lxl'9 established

' subgrain formation during Harper-Dorn creep and showed thet the rate

of Harper-Dorn creep can be significantlylreduced by distributing a

fine precipitate (in'thie case Al Fe) through the microstructure.
Zilingso concluded that 70-90% of the total strain he observed during
low-stress creep of silver was due to dislocation ‘motion in the interior '
of grains.

Avallable evidence indicates that the dislocation density ) during

Harper-Dorn creep of aluminum is low (<104 cm ) and independent of the

applied stress. This result was obtained both by Muehleisen from etch -

pit counts, and Nost end Nes»-,52 who used X-ray topographic techniques.

vThe data are plotted in Fig. 29 as the dimensionless parameter Yo b vs

the normalized stress T/G. At high stresses (t/G = 10 ) the dislocation

density increases as Tz 21 The transition in the stfess‘dependence of

~ dislocation density is extrapolated to be at a stress value of about

3 x10 6 G. This finding is in agreement with the observed stress

level (~4 x 10 G) in aluminum, where the transition from the climb

controlled to Harper—Dorn'creep occurs,

The evidence on‘subgrain formation is less‘definitive. Harper, Shepard

and Dorn did not observe subgrains either because the technidue was not
developed at that time or because of the large subgrain Size'which might
have equaled their employed grain size (3 mm). Muehleisen noted sub-

grains and obtained data on the variation of subgrain size with applied

stress. The stress data are ambiguous because of the appreciable scatter.
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The work of Mueh'leisenz6 suggestéd that the subgrain size is
independent of the stress, whereas Barrett, et al.,49 using thé same
data; claimed the subgrain is inversely proportional to the stress.v
However, the subgrains are large, having diameters in the range 1;3 mm,

2. The Status of Present Theories on the Mechanism
of Harper-Dorn Creep

Several suggested mechanisms of Harper-Dorn creép show promising_
agreement with the experimental data, though they require restrictive
assumptions and hence less appealing hypotheses. These include creep
through glide of jogged screw dislocations,27 creep through,unsaturated
climb of jogged edge dislocations,53 and cfeep‘of the Nabarro-Herring
type within éubgrains.36 (See Table Vi.) |

Creep through the glide of jogged screw dislocations was the
mechanism favored by Harper, Shepard and Dorn. By modifying the
equation given by Hirth and Lothe53 (Appendix A); an equation of the
form (Eq. (43)) is obtained with , :

| Apg =12 Lb | | - (46)
where Lj 1s the spécing befween jogs. Equation (46) gives a_creep.réééd
of the order, the observed one if Lj ~ b, an extremely high -job density and
p =_104 cm-z. If these jogs are of tﬁe same type, the dislocation ﬁill
certainly saturate.* If thg jogs are of opposite type they will tend
to annihilate by climb and will lead go an overall agtivatioh energy
for creep which is expected to show the effects of core diffusion;

Creep through the climb of jogged edge dislocations is goVerned_"

by53 an equation of the form (Eq. (45)) (Appendix B) with

* : -
The velocity of diffusion of the ‘dislocation is controlled by the dif-
fusion of vacancies through the crystal, and no longer by their production
from the jogs or absorption by them.
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Equation (47) predicts a creep rate'near the observed one if Ljv~ 20 b

~ and p_= 104 cm—z, which is roughly the spacing expected for thermal

jogs in aluminum nearvthe melting point.26 However, the assumption of

a large population of nearly straight edge dislocations near the melting
point is difficult to accept. If the dislocation did not saturate one
would expect53 core diffusion to influence the activation energy for .
creep, in apparent conflict with the experimgntal daté.

Friedél36

originally favored a,Nabarro—Herfing mechgnism a;ting‘
.acrosé subgrainsvas ihe mechanism of Harper%Dofn‘creep (AppendixvC)f
This mechanism obeys:an equation of thevform Eq. (2-b) with the ﬁarametér
d equals to the mean subgrain size. As has beén pointed Out,26'the
- large subgrain size observed during Harper-Dorn creep of aluminum caused
the creep raté predicted by this mecﬁanism to fall.well beloﬁ thel'
observed one. Moreover, the subgrain size in aluminum either
decreases with the applied stress or at least shows appreciablelédatter
 over the domain 6f HArper¥Dorn creep. This vafiation woﬁld induce a
scatter in measured creep rate considerably greater than that obseryed
experimentally. |

Finally, Barrett, et al,49 have regently suggested a mbdellbased
on a balance between the generation and annihilation of gliding
dislocations. ‘When the model is reformulated in dimensionless form
(Appendix D), it gives a Harper-Dorn equation with |

App = 30.b°8_(5_ is constant ~10) (48)

However, to arrive at the required stress exponent, it was assumed that
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subgrain diameter depends on the.stress, a condition which has not yet
been well established (see Ref. 26 and 49).

3. A Proposed Mechanism for Harper-Dorn Creep

The available data may be plausibly explained as due to creep via'
climb of saturated" d:leocations,S3 that is, when the dislocation
climb velocity is controlled by the rate at which vacancies can
diffuse to (or from) the dislocation line. The eonsistency of this
mechanism with the experimental data may be summarized as follows.

1. The strain rate due to creep at low strees is given, according to-
Hirth and Lothe (see Appendix D) by an equation which may be
rewritten in the form of the governing Eq. (45) of Harper—Dorn
creep with

Ao = - 6mpb/In(/p b) C(49)

Given p = 104 cm -2 and b = 2,86 x 10”8 for aluminum, Acs is computed

as Acs = 1,2 X 10_11,.in excellent agreement with the experimental

value, A =5 X 10711,

2. At low stress the activation energy for creep via this mechanism is
the activation energy for self diffusion.

3. The mechanism is dislocation-dominated. Consequently, its rate should
be markedly decreased if_a fine precipitate is dispersed through the
matrix.49

4; The rate of creep via this mechanism will be independent of grain size
for large grain sizes. |

- 5. The low dislocation densities'pbserved during Harper-Dorn creep

(“‘103 - 104 cm-?) are sufficient to saturate any dislocatibn which
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contains a preponderance of jogs of one type (vacancy-absorbing or
vacancy-emitting). Friedel36 §redicts saturation for dislocation’

densities p < 105 2

cm— .« It 1s evident that the last observation of
the low dislocation density is the cehtrai point which gives the
"saturated" mechaﬁisﬁ advantage over the other sﬁeculated mechanisms.
since the jogged screw, climb of unsaguratedvdislocation and the dis-
loéafion balance mechanisms readily pfedict the firsf four observations.
-In addition,vthe.saturatéd dislocation mechanism has little_dependence
on the type of the disiocation (i.e., it'aoes not require pure edge’

Oor pure screw).

4. The Domain of Harper-Dorn Creep

Harper-Dorn creép_is limited to streéses and étrain rates below

. the knee of the log %g% vs log /G plot. In the absencé of establishéd
creep ﬁechanism the ﬁosition of this knee cannot be predicte&. However,
if it_is_speculated that this knee is due to a change in dislocation
density from the low, constant value found in region I to the high,
increasing values (paIz) found in region II, an interesfing'correlatiqn
may be drawn. Let the change in the dislocation density be due to
activation of dislocation sources at a critical value of the applied
stress,.(T/G)c. Let these squrgesvbe'nodes in‘tﬁe array.of dispersed

/Z_the characteristic length

of the array. Then dislocation multipliéation by the bow-out mechanism36

- dislocations, having an expected spacing (p)—l

givés

(1/6) = 2/p b o . ~ (50)

or 5.6 X 10"-6 for aluminum having p ~ 104 cm—z, very close to the value

observed.
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Recent data indicate that Harper—Dorn creep is also limited by
samp;e grain size. Burton28 studigd the low-stress, high-temperature
creep of fine~grained aluminum foils. He measured creep rates which
may be shown to obey an equation of the formv(Z—b) 6f the governing
equation of Nabarro-Herring creep if d is replaced by the "effective"
grain size of the foil of thickness t,

ar =V o (s1)
and if ANH = 130. This number 15 large compared to thé gxpected valﬁé
of 14, but does not seem unreasonable due té the’approximations inherent
~ in the Nabarro-Herring model, His dgta aré_plotted ;ogether with the
creeﬁ curve for 1arge—grained aluminum in Fig. 30. The measured creep’
rates are uniformly higher than those observed in ﬁarper;Dorn creep of
bulk aluminum, |

The.effect of small grain size is anticipated on the bésis of any
one of the candidaté mechanisms discussed abqve. These dompeﬁing |
mechanisms may increase the rate of Nabarro-Herring creep at small grain
size by providing vacancy sources and sinks which decrease the effective
diffusion distance, but they cannot decrease the Nabarro-Herring creep:
rate. Since the relation governing Harper—Do;n creep (Eq. (45)) pfedicts
a-creep rate independent of‘grain sizeé and the governing equation of . -
Nabarro-Herring predict a creep rate wﬁich increésés as d-zl(Eq. (}4»»'
-ﬁhere exists a critical value of the grain size, dc’ such that;

(a) For d <<d_ |
Nabarro creep predominates, and the creep rate is dictated by the

diffusion model

e ' 2
& = a@) 3
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(b) For d = dc
Nabarro creep includes the contribution from Harper-Dorn méchanism,

and the total creep rate is given by,

. 2 ’ - . ‘
kT b T -
A ®) ¢ ) - (52)
() _For:d3$>dc |

Harper-Dorn creep predominates. The creep rate is represented by
YT _ T
)
These trends are schematically shown in Fig. 31, It is clear that the

‘extreme limit of case (c) is testing of single crystals. '

The experimental values for AHD and ANH in aluminum are 5 x 10 -1l
"and 130 respectively. Hence, d is given by
2 I
b
Ap = ANH(E—> o 3)
d! = 460u - o (54)

‘Nabarro-Herring creep should be anticipated for foils of anaJJer grain size,
Of the foils tested by Burton only two had an effective grain. size
d'> d;-and they exhibited zero creep rate. The.rgmainder of his data
fall in the Nabarro-Herring region and show agteement with the Nabarro-
Herring model. On the basis of these data, Burton pﬁraéed the general
conclusion that the low-stress, high-temperature creep of pure aluminum
follows the Nabarro—Herring model.
Of the two foils from Burton's set having d' > dé, the first had
a thickness éf 2.5 mm and a mean grain size of 15 mm, giving an effective

‘grain size d' of approximately 6 mm. This sample was tested at effective
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6 G, a value which falls in the transition region .

shear stress of 3.3x10°
at the knee of the creep curve of bulk aluminum. Thick samples’of
’coarsengrained aluminum show an apparent mixture of Harper-Dorn and 3 . -
climb-dominated creep at this stress levei. However, Burton was unable
to measure a creep réte for his specimen and reports creep rate zero.
The second coarse—gfained épecimen tested by Burton is described
iﬁ Section 5 of his paper. The thickness of this foil is not given,
but the grain size is reported to be 10 mm. This sample was tested af
effective shear stress of 5.7 x 10“6 G. Reférence to the creep curve
of bulk aluminum shows that this value of the Shear-stress is well
above the maximum value at which'Harper—Dorn creep is observed, Thiqk o
samples of coarse grained aluminuﬁ show an appreciable creep rate governed
by the climb mechanism at this stress level. However, ﬁurton failed
to obServe creep in his specimen and reports creép rate Zero;
It is difficult to base any general conclusion on two data points

in creep, particularly when the limit of resolution of the test apparatus

and the reproducibility of the results are unknown. However, there -

are only two possibilities: either the coarse-grained foils tested

are thick enough to exhibit creep behavior typical of bulk aluminum.

or they are not. : | . .
If the foils are assumed thick, tﬂ;ir low creep rates méy'be '

attributable to experimental problems, but certéinly cannot be used to _ T

question the existence of Harper-Dorn creep. As mentioned above, the

latter foil was tested at a.shear stress weil above-the maximhm at

which Harper-Dorn creep isAobserved. ‘At this stress ievel (t =

6

5.1 x 10 G) the climb mechanism acting alone would give a creep rate
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Vhigher than four ofvthe values measured by Bﬁrtbn in fine—grainéd
specimens. The other coarse—g;ained foil was tested at nn effective
shear stress whichifalls in the knee of the creep curve. Again at
this stress level (T = 3.3 x110"'6 G) an extrapolation of the curve
representing climb dominnted creep of aluminum shows that the climb
mechaniém anting alone would cause a creep rate above at least one
of the values measured by Burtnn for thinner foils. Burton's results
are markedly .inconsistent with the measured creep behavior of bulk
aluminum whether or not Harper-Dorn creep exist.

On the other hand, thin foil effects may be responsible for the
" low creep-rates of this sémple. The annealing or pinning of dislocations
at the free surfaces of a foil should influence the rate of creep by
dislocation—dominated processes, and may have the effect of’suppressing
" the raté of creep due no either the climb or Harper-Dorn~mechanism to
values below those measurable by Burton's technique. In thié context,
it is interesting that those of Burton's samples which nnpear to nave
undergone creep by the climb-dominated mechanism exhibit créep ‘rat‘:es which
are uniformly below.the curve for bulk alnminnm. While there is, | |
unfortunately, only vone relevant datnm point, the deviation.from bulk.
bghavior is more prononnced for the thinner of the two fine-grained

foils which appear to have crept by the. climb mechanism.
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V. CONCLUSIONS ' z
High-temperature creep data on aluminum-3% magnesium analyzed in
| YKT |
terms of the dimensionless parameters DGh and T/G revealed three
distinct regions.. Values for the stress exponents in the three

regions were found to be 3.2, 4.1 and 0.9 respectively in the high

(III), intermediate (II) and low (I) stress region. A value of

the three regions and this value is in godd agreement with that

for self-diffusion in pure aluminum. Viscous glide and dislocation

climb mechanisms were found to be operative in region III and II.

Such a transition from viscous glide to climb mechanism is févorable
from a practical point of view since it gives creep rates lower

than those predictéd by simple extrapolation to high stress values.
The expefimental resultslon low stress, high temperature~creeb of
aluminum reproducd the data of Harper, et al. and Barrett, et al. -
almost exactly, despite a significant difference in the sample and

loading geometry. Hence it is concluded that the existeﬁce

of Harper-Dorn creep in pure aluminum is well established.

A creep behavior which appears to be of the Harper-Dorn type-is‘

observed in aluminum 3% magnesium, pure lead and pure tin over a _
. o

range of normalized stress (1/G) rodughly identical to the range over

which this type of creep had been found in aluminum and silver. Two

- interesting correlations may be drawn from this obserVation.

First, Harper-Dorn may be an important general mechanism of creep
at high temperature and low stress. Secondly, metals become

weaker than expécted in the limit of low stress and high temperature,
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and a clear "danger" is involved iﬁ simple extrapolation from
-i T high stress region.
‘ 4, fhe body of available microstructural.evidence, which is drawn
almost entirely from research on pure'aluminum, indicates thaﬂ
Harper-Dorn creep is a dislocation-dominated mechanism and chafacter—
ized by a low dislocation density dispersed through rather large
subgrains.
5. Tﬁe available data on Harper-Dorn creep ma& be plausibly explained
as due to creep via climb of "saturated" dislocations. Other
candidate mechanisms have been suggested and showed proﬁising agree- 
ment.. However, ﬁany of the assumbtions, on which they are based,
; are questionable."
6. Simple Harper-Dorn creep behavior disappears when the applied stress
exceeds # critical va1ue or when sample grain size becomes sufficiently
'small. A recent ekperiment reveals that 1f‘a sample of d < dc is tested
aﬁd if no third mechanism intervenes, the Nabarro-Herring creep
will dominate over the Harper—Dorﬁ. Reasoning from these experimental

data give dc ~ 460y in aluminum.



-50-

ACKNOWLEDGEMENTS

This thesis is the outgrowth'of research inaugurated and guided by

- the late Professor John E. Dorn. Much of the experimental work reported -

was done under his supervision. The remainder shows his strong influence.

.I amvdéeply indebted'to Professor J. W. Morris, Jr. for his continued
iq;erest, support and many valuéble contributions during the course of
this project after the death of Professor Dorn. I also wish to expresé
my appreciation to Professor F. Hauser and Professof S. Ravitz for
reviewing the manuscript. |

Thanks are due to Jean Wolslegel and Sﬁiriéy Ashley for typing the
manuscript; to Gloria Pelatowski for preparing the figures; to Lloyde,

Crawford, Al Lyle and Jack Wodei for their technical assistance; and to

- Chol Syn, my friend, for his help and cooperation. Lastly, I give my

" sincerest thanks to my beloved wife, Gamalat, for her unlimited patiehce

and invaluable encouragement,
This work was done under the auspices of the U. S. Atomic Energy

Commission.




.,
R
e
.
v
g()
s
i
Y]
P
T

~51~

APPENDIX A. GLIDE OF JOGGED SCREW DISLOCATIONS

Consider screw dislocation with vacéncy-forming jogs at a spacing
LJ and height b. For stresses below a critical value, the'dislocatidn
bows out between the jogs but is pinned ai them. By means of thermal
activation,'vacanciéé aré produced at the jogs and the dislocation
glides forward. If the entire bowed-out dislocation configuration moves
forward uniformly by the emission of one vécancy from eéch Jog, the |
distance of advance ig ~b. |

' The free-energy change per length Lj of dislocation segment is

dF = chemical work--mechanical work o (14)

Chemical Work

The total increase in free energy upon introduction of n independent

- and noninteracting vacancies at random among n, atom is

A

(QA + n)!

n,! n!
A

F=n ff - kTAln (2A)

where ff is the free energy of formation of a vacancy and the lgst term
arises from the configurational entropy of rgndom mixing of n vacancies

among n, atom. Therefore, the average work that must be done in adding

A
a vacancy to a random mixture of n vacancies and,nA atoms is
dF 7% |
= - kT —_f
T ff kT 1n — , | (34)

Since the free energy is min. at equilibrium, the equilibrium number

of vacancieé, n s is given by



n -ff/kT
2 ..
n
s
where
n = nA + n
or
C -f_/kT ,
2t 48

s
Co and CB are concenfrations.
The extra work that must be done in creating'a vacancy in lattice that
contains n vacancies as referred to.one that contéiﬁs the eduilibrium

number of vacancies is given by the chemical work

c

. 5F\  (9F o ‘s
b () () e, w2
c 9 c an c £ C
o .
CS ' CS .
= kT lnE——kT 1n—E v v‘ _ (54)
o
C
—lené—
o

Méchanicai Work

Wﬁ = (Force on dislocation/unit length) x'Jog spacing
x distance of advance - | (64)

=ob*L *b -
' 3

Al local equilibrium dF = 0, so that

e/c, = exp -t - L (78)




where C/Co is the vacancy superconcentration

If oszj < kT (very low stress), (Eq. (7A) becomes
. ) _
ob“L ‘ ,
- o ———l .
C Co .Co KT . (84)

now, assume that the vacancy superconcentration C/Co is in quasi-
equilibrium with jogs over spheres of radius ~ b. Fick's second law -
for spherical coordinates in case of stéady state gives

187 /2 3¢ ' o
-%g?(r Da—r)g_tg:o , v (94a) .
wy - .

Integrating twiée‘(assume diffusivity, D, isvconstant)

Kl' ' , '
C%-;—+K2 o (104)

where Kl and K2 are constants to be determined from the boundary conditions

C=¢C at r >
o

2 (114)
( ob“L ) ' o
C ='C° 1+ KT at r=b>
solving for Kl and KZ’ the solution is
o] b3L _ ‘
C=C 4w *+¢C - (124)
The total flux of vacancies is
J = area of sphere X (flug!unit area)
2 P (134)
= 4nr [-Dv E;-(C - Co)]
where Dv 18 vacancy diffusivity.
The velocity of jog equals the velocity of thevdislocation
’ b L :
= = * = 3 -__1 .
Vj Vd J°*b 4 (Co b Dv) *T (o] (144)
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Since
lattice diffusivity, D, = C_ b3 D,
_ D (15A)
Vd = lmbLj ET',° ’ .
and
€ = pbY (16A)
Then
e = 47b Lj kT | | ‘1(17A)

the last equation can be written in the form of Harper-Dorn equation
~as follows using the transformation of éraﬁd g to the_equivalent'Values

of Y and T (Eq. (9))

\?RT=. o |
e = 12mL, (/6) . (18a)

Comparing Eq. (18A) with Eq. (45) gives .

(AHD) = lZﬂbL '  N | {;94)
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APPENDIX B. CLIMB OF JOGGED EDGE DISLOCATION

Consider a single jog on straight edge dislocation. If a climb

2 .
force g%— acts on dislocation per unit length, the force on the jog
j ) .
-1is
GbZ‘ : : : ' -
Fj =‘-ir- * b (it is assumed the jog height ~ b) (1B)
J

The work done to emit a vacéncy by jogvmotion is

2 4 -
W e 9%%_ ‘beba= 9%}. - (28B)
h 3 .

The vacancy superconcentration in local equilibrium with a jog is given
'by similar expression to Eq. (8A)
. 4 _
C-C =c = - - (3B)

L kT
° N

If 1¢ 15 assumed that jog is a point source where quasi—equilibfium
is maint#ined_with a surface of radius ~ b around the jog, and Fick's
second law is applied for the case of spherical coordinates at the steady
state, a similar procedure to the one used in Appendix A éan be carried
out, First, the solution of Fick's sécon& law with the same two boundary
condit;ons specified in Appendix A gives

5

ob o ‘
€2%"% mam @

Seéondly, the net flux of'vacancies is written as

2. o ‘ ‘ o
J = 41D rj—lz,—f . (5B)

and the velocity of climb. is,

Vb =J *b=41bD ijT | .(6B)
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Finally, the creep rate, é, is obtained as

€ = pbyV = pb2J = lmb"pD < __ (7B)
‘ ijT‘ :

If the Eq.' (7B) .is rearranged in the form of Harper-Dorn equation,

the final expression is

b - L, O NG
with
' -3 ' '
_ - 12Tb7p - (9B)
(AHD)JE. Ly | - |
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APPENDIX C. SUﬁGRAIN CREEP

Subgrain creep Can'be derived by formulating Nsbarro-Herring
equation'with-subgrain diameter, 6,>rep1acing the grain size d.

Consider‘a subgrain dimension § stressed as shown in Fig,. 2.'_It
is assumed that the subgrain boundaries are regions which act as sources
and sinks for vacancies. When a tensile stress is applied normal to
a sub boundary, it can assist in the formation of a vsncancy since ic -
will do work UQ per vacancy produced where Q the volume of a vacancy.
At sub boundary subjected to tensile stress, the probability of finding

a vacancy is
+= '- T g&) | | (
n o=n (exp ff/ki>(exp KT v _(1C)‘

while the probability of finding a vacancy at sub boundary subjected

' to compressive stress is » , A _
' _ of, |
n = ns(exp - ff/kT>(exp - ﬁ) IR . (2C)

The difference in concentration of vacancies between the two subgrain

boundaries is

+ - 1 on ogv
" -0 = fem - gp/ualer < - e - 7] 30)
- The diffusion path is approximately 7/2 %— and therefore the conc.
gradient for this path is about -
+ - cn ofd o
cC -c =16 - [ ~ _ ~v]
5 ng exP f /kT exp - kT - exp - 7 (4C)
S ,

Since -lf—,f.z <1 for the usual values of the applied stress,



: -ff/kT
16 Qv e 4]

conc, gradient = KT

If h is taken as the height of an atom, the area of an atom is %u

the flux of atoms across an atomic area is givén by

L Q ' '
J h Dv (conc. gradient)

where Dv = diffusivity of wvacancy.

For each atom transferred (in opposite direction to vacancy flow),

strain is

‘and the strain rate, €, is

i = (strain/atom) X total flux/sec

fff/kT
= 2_h . 9_ . . 16 Qv exp o
s n W CmOKT
. 32 Q D, /KT )
Y=3 2 kT S*P

Since ‘0 = T for this case of loading

~£ /KT
D=D exp
and g
Qv=b
'Equation (8C) can be written as ' -
3

v = av B D_
veAZ "

(50)

Then,

(6C) -
;he

o

(8c)

(90)

where A' isbdimensionless constant which dépends on the geometfy of

subgrain, but is generally estimated to have a value of 14 for the case

of Nabarro-Herring creep. Comparing Eq..(9C) with Harper-Dorn creep




t S ga .
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gives AHD as

(), - 1’?._(%)2 o - e
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APPENDIX D. DYNAMIC BALANCE OF DISLOCATIONS

(a) Dislocation generation,

It is assumed that the dislocation multiplication occurs at a fixed
number of sources by a diffusion controlled climb mechanism. The rate
. . + - ) ‘ "
of dislocation generationm, Q%; is written as,

dp+ v

o -
TP h : (1D)

where po is the fixed dislocation source leﬁgth per unit volume, h is
the climb distance required to create a dislocation and Vc 1s the climb

velocity. The expression for climb velocity, V., is the same given

AC’
by Eq. (6B) in Appendix B
N . 2 .
ob
> p 2.
- Vo =D T | . _ .(2D)
and
Gb : R '
h=3 | | (30)
Therefore,
+ » 2
CTdE T P® kT 6 (4D)
(b) Dislocation annihilation.
Dislocation annihilation is assumed to occur only at sdbgtainv
boundaries.
| - v .
do__ . .8 .
qt " P3 ‘(5D)

where p is the mobile dislocation density, Vg is the glide velocity and
§ is subgrainvdiameter. Subgrain size, §, can be approximated as

(according to Barrett, et al.)

%'= 6o (g) , i : i - - (&)
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Equation (6D) is slightly different from that assumed by Barrett, et al.
since it is written here in dimensionless form. Combining Eq. (5D)

and Eq. (6D) gives

- Vc ' ..
o _ 8 . :
"dt - P3ep | (7D)
‘ o
At the steady state
| | dot  do- L o
de " ac - 0 : ' - (8p)
- solving fo: P, .
| 2D o |
b= pob kT v (9D)
R
The creep process is controlled by climb but the strain is produced
by glide. Therefore, the creep rate is given by,
€ = pb vg ~ (10D)
Substitute for p from Eq. (9D)
. 3D
€ = g
poéob kT ¢
or '
Y= 30,3, b3 kT (11p)
Equation (11D) can be written in Harper-Dorn type as follows,
YRT _ . 2 | ' N
DCh 3p°b 66 (t/6) o (12D)

with

(AHD) = 3p b 6 : - e . (13D)



APPENDIX E. CLIMB OF SATURATED'DISLOCAiION
- Consider the case of edge dislocation near the center of a cyliﬁdet
and parallel to its axis (the same treatpent can equally be applied to
a mixed dislocation_with almost the same fiﬁal answeri. The shear
stress exerts a force ob per unit length on the dislocatién. Therefore,
the local equilibrium vacancy concentration néar the core is given by
an equa;ion similar to Eq. (8A) (Appendix A).

Fick's second law for cylindrical coordinates at the steady state is,
19 ac)_ac._' |
r or ("_Dar =3 -0 - (2E)

(the derivatives with respect to 6 and z are zero by symmetry)

To solve Eq. (ZE),.it is assumed that Co and D are constant, These“

simplifying assumptiohs are reasonable except in a«region.very close

to the core. The solution of Eq. (2E) gives,

C= K1 Inr + K.2 7 . (3E)

to determine K1 and Kz,'two‘boundary conditions are needed.’ These are;

C=2¢C at r =R
o .
3

o~ . S‘l)-—’ -
C-—Co(l+ k’l‘) at r=>

(4E)

The solution to Eq. (2E) which satifies the above conditions is,

ob3' In (R/r)

kT 1n .'(R/b_) (5E)

C=C +¢C
o 0

The net flux per unit 1ehgth of dislocation J_is given by
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J =ﬁarea of cylinder X flux per unit area

) "9 : (6E) ‘
== 2mD, 57 (€-¢) |
Combining Eq. (5E) and Eq. (6E), we obtain
3 ) S
J =2 Tl wm (7E).
The Vélbcity of dislocation (climb).
AP o . (8E)
b2 . ,
‘then,
a5 D -
\J 27“’ Co'kT in 775 © (9E)
Since .
. € = pbV ,
and - - © Qom)
D = b3C D '
oV
The creep rate, é. is
et
In R/b kT "

Equation (11E) can be reérranged in the form of Harper-Dorn equation

“(transform € and 0 to ? and T)

YkT 6ﬂpb o ' : : S
DGb In R/b (G) : {(12E)
since R = !;r the final form of Eq. (12E) becomés
5 | | |
JkT _ _ 6mpb? | s
DG 1nvpb (G) ' L
with e
: 6m b2 ' |
(Am) = - )
cs 1n/pb :
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APPENDIX F. SHEAR MODULUS AND DIFFUSIVITY

(a) Shear modulus.

The unrelaxed shear modulus df most metals can be represented by
G=A-BT . (1F)
where G 1is the shearvmodﬁlus (Dynes/cmz), T is the absolute tempefaturev
(°K), and A and B are materials constants. The values of the shear

modulus for the metals considered in this thesis are,

6=3.02%10"-1.6%x1® T For alumtnun®® (27)

G=9.96 %100 - 8.83x 10" xT For 1ead®™ (3F)

6 =2.61x 10 - 1.86 x 108 x T For £ (4F)
and - - |

G =3.06 x 0™ - 1.27 x 108 x T For si1ver®’ (5F)

: Fér aluminum-3% magnesium, the modulus of pure aluminum was used since
an experimental evi&ence shows that the shear modulus is indépendent
of the concentration of magnesium58 up to 10%. |
(b) Diffusivity.

The diffusivity of metals can be represenﬁed by the_féllowidg

Arrhenius relation |
D=D exp(-H/RT) NG

where Do is the preexponential féctor (pmz/sec), HD is the enthalpy of
diffusion (cal/mole) and RT is the gas constant»times thg absoldte
temperature. |
' 32 ti 33 59

The values of the diffusivity for lead, n>> and silver>® are

I3

respectively,
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Dy, = 0.28 exp(~24,200/RT) an
D, = 0.78 exp(-22,350/RT) , . (8P)
Dy, = 0-4 exp(=44,100/RT) o
For pure aluminum, the diffusivity is taken fiom a leastvsquares'fi; td
- the composite high temperature diffusion data of Lundy and Murdock31
and. Beyeler and Adda;30 The value estimated is given by _
D = (1.86 % 0.25) exp(-34,230 % 211/RT) ~ - (10F)

It might be noted that the value of Do is different from that‘estimaféd
by Robinson and et a1.6o using the same data;. Their eétimated value.
is 2.25. The tracer diffusivify daté have an advantage overvthe |
other inveétigations'since they repreéent.the actual values of the
diffusivity at the submelting temperatures. It is élear, from Fig. 32,
vthat the theoretical predictionGl is a facfor of 2 below the fracer
data. While the data by Volin, et al;62 converge to the tracer data
for T > 0.95 Tm’ the discrepancy between the traéer data anvaMR63

(Nuclear Magnetic Reéonance) results increases as the temperature

approaches the melting point.
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APPENDIX G, COMPUTER PROGRAM

Definitions of Terminology Used

M

T

SN
SDI
SC
SD2
a
c2

Cc3
suM

AVE

Metal or alloy tested
= Absolute temperature °K
= Creep rate, 9 sec

= Applied stress, T psi

Sﬁear modulus = Dyhe/cm2

= Diffusivity cm2/sec

= Diffusivity factor :cm2/sec

= Activation energy for self diffusion = cal/mole
= Burgers vector cm

= Constant for each metal Dyne/cm2

= Constant for each metal Dyne/cm2 - °K
- iika/Dicib,

= T4/

= log &ikri/nicib

= log 'ri/G1

= Number of experimental points

= Stress power

= Standard deviation in stress power

= log (the interéept of straighggline)

= log (standard deviation of the intercept)
= Intercept of the straight line

= The upper limit for the value of the intercept .

= The lbw limit for the value of the intercept
= '

Average.
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PROGRAM CREEP (INPUT, OUTPUT) )
DIMENSION T(lOO) R(lOO) S(lOO) »G(100) D(lOO) BB(lOO) CC(lOO) YY(lO

A0) ,XX(100) ,
-PRINT 2 ! ' :
FORMAT (1H1,30X*DETERMINATION OF STRESS LAW FOR HIGH TEMPERATURE '

CREEP*/SQX*IN*/SOX*PURE M¥*)
DO 11 1Z = 1,2 .
READ 34,N, (R(I) I =1 N)

34 FORMAT (13/(zx 7E10.3))

36

READ 36,(S(I) , I = 1,N)
FORMAT (2X,14F5.3)
READ 35,(T(I) , I = 1,N)

35 FORMAT (24F3.0)

CON = (1.38054E-08)/V

DO 10 I = 1,N

G(I) = AL-BLAT(I) :

D(I) = DO*Exp(-Q/(1.987*T(I))
BB(I) = CON*R(I)*T(I)/(D(I)*G(I))
CC(I) = (S(I)/G(1))*6.8947E+04

 YY(I) = ALOGLO(BB(I))

XX(I) = ALOG10(CC(I))

10 CONTINUE

CALL LEAST(YY,N,XX,SN,SC,SD1,SD2)

17 PRINT 444,SN,SD1, SC SD2
444 FORMAT (/10X*SLOPE=*2XF11 6% +CRr*F9 6/10X*INTERCEPT**E16 6% +CR

777
11

A-*E13.6-
Cl = 10, #%*SC

C2 = 10. ** (SC+SD2)

C3 = 10. ** (SC - SD2)

PRINT 777 , C1,C2,C3

FORMAT (10XE16.6,5XE13. 6,5XE13.6)
CONTINUE .
END

SUBROUTINE LEAST(Y,N,X,SL,CI,SDL SDT)
DIMENSION Y(1),X(1)

SUM1 = 0.

- SUM2 = 0.

- DO 13 I =1,N

13

SUML = SUML + Y(I)

SUM2 = SUM2 + X(I)
AVEl = SUM1/N
AVE2 = SUM2/N
SUM3 = 0.

- SUM4 = 0,
SUM5 = 0.
SUM6 = 0

DO 15 I = 1,N

SUM3 = SUM3 + (X(I) - AVE2)*(Y(I) - AVEl)
.SUM4 = SUM4 + (X(I) - AVE2) %42

-SUM5 = SUM5 + (X(I))**2
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15 SUM6 = SUM6 + X(I))#*2

SL = SUM3/SUM4 :

CI = (AVE1*SUM5 - AVE2*SUM6)/SUM4

SUM7 = 0.

SUM8 = 0,

DO 18 I = 1,N ' ’

SUM7 = SUM7+(X(I)-AVE2)**2*((Y(I)-AVE1)/(X(I)-AVEZ)-SL)**Z ,
18 SUM8=SUM8+(X(I)-AVE2)**2%( (AVEl*X(I)—AVEZ*Y(I) )/ (X(1)~AVE2)~CI)**2

RN = N

AN = SUM4*RN

SDL = SQRT (SUM7/AN)

SDT = SQRT(SUM8/AN)

RETURN

END
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Table I.a. Aluminum-3% maghesium data.

 Applied Stress

Temperature Creep Rate Region
(°K) Psi Sec™l
798 194.7 6.613 x 107> III (Instron)
798 242.8 1.323 x 1072 "o
798 297.8 2.645 x 107 "
797 297.8 2.645 x 107 "
800 298.0 2.645 x 10°* "
797 394.0 6.613 x 107 "
802 366.5 6.613 x 10™° "
797 494.8 1.323 x 107 "
797 1 490.2 1.323 x 107 n
- 802 609.3 - 2.645 x 1072 n
802 613.9 2,596 x 107% "
841 220.0 6.490 x 10 "
840 293,0 1.298 x 1073 "
839 358.3 ' 2.596 x 1073 "
838 450.2 - 2.596 x 1073 o
842 445.6 ' 6.490 x 1073 w
842 579.0 2.66 x 1073 "
868 347.6 1.33 x 107 "
868 284.5 2.66 x 107" "
869 168.7 1.33 x 107 o
877 362.4 1.33 x 1073 Lu
853 208.5 2.67 x107% "
853 278.57 6.67 x 10°° "
853 333.15 1,33 x 1073 "
853 413.79 2.67 x 1073 "
863 363.3 2.66 x 1073 "
864 296.5 1.33 x 1073 "
862 249.3 6.67 x 107 "
725 1792.0 6.67 x 1073 "
725 1287.0 3.33 x 1073 "
725 1010.0 1.33 x 1073 L



' Table l.a continued

74—

Temperature 'Applied Stress Creep Raté | ﬁegion
(°K) Psi Sec~1 .

725 8080 6.67 x 100%  III (Instron)
725 - ~599.5 2.66 x 107 "o
725 515 .0. 1.33 ><_1o’4 "
672 2207.9 2.66 x 1073 "
672 1768.0 . 1.33 . x 1073 "
672 1442 .0  6.67.x 1074 "
672 1051.0 2.66 x 107 "
672 902.7 1.33 x 107 "
635 402.5 1.33 x 1073 "
635 ° 320.0 6.67 x 107* "

" 635 240.0 2.66 x 107 "
635 200.0 1.33 x 107% "
635 155.0 6.67 X 107> e
854 241.95 4,96 x 107% IIT (Creep)
857 170,00 5.95 x 1074 "

857 240,00  s5.97 x 107 "
704 513.00 1.09 x 107 "
624 - 672.15 9.20 x 107° .

630 672.15 1.286 % 107> "

630 672.15 1.300 X 107> on
630 702.00 1.342 % 107 "

630 468.00 4.92 * 1070 N
625 423.8 2,56 * 107° "

625 423.8 2.86 % 107° "
800 146.6 2.645% 107>  III-II (Instron)
870 146.1 1.33 x 1074 - m |
871 114.4 6.67 X 107 II (Instron)
853 114.04 2.67 X 107 "

865 102.6 2.67 X 107 IT (Creep)
866 27.86 1.73 * 107/ Com




Table l.a. continued

Temperature Applied Stress Creep Rate Regioh
(°K) Psi Sec™t v :
866 27.86 1.77 x 107’ II (Creep)
866 36.9 2.95 x 107 woo
857 42.55 8.88 x 107’ "
857 42.55 7.33 x 107/ "
855 60.70 1.94 x 1078 "
834 123.5 2,93 x 1070 "
842 72.2 4.20 x 1078 "
838 85.7 6.66 x 107° "
838 53.0 '1.06 x 107 "
834 99.0 1.16 x 107° "
856 53.1 1.89 x 1078 "
856 53,1 1.59 x 107° "
858 33.56 2.31 % 107’ "
858 33.56 2.82 x 107/ "
858 20.52 5.1 x 1078 II-I (Creep)
868 24,0 6.98 X 107° "
866 4.98 1.5 x 1079 I (Creep)
868 6.8 2.35 x 1078 SR
866 8.84 2,71 x 1078 "
866 15.17 4.21 % 1078 .
854 8.45 2.2 x 1078 "
- 857 14.0 3.29 x 1078 e
857 7.0 x 1078 "

1.9
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Table I.b. . Aluminum data.

Temperature . Applied Stress Creep Rate

Region
(°K) Psi : Sec™l '
923 37.5 () 1.46 x 107% I
923 L 28.2 (P) 4.00 x 107° I
923 21.5 () 9.2 x107° II
923 15.0 ()  1.31 X 1076 I
923 12.5 (P) 4.1 1007 II-T
923 03.22 (P) 4.26 x 1078 I
923 02.01 (P) 2.2 X 1078 I
923 01.5 (P) 2.46 x 1078 1
923 00.95 (P) 1.39 x 1073 1
925 | 03.65 (5) = 8.6 X107 1
925 | 02.11 (S) 4.06 x 1078 I
925 : 01.28 (S) 2.26 X 1078 I

. P -~ denotes polycrystals

S - denotes single crystals
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Table I.c. Lead data.

Temperature Applied Stress Creep Rate Region

(°K) (psi) sec™!

554 21.4 5.7 x 1078 11
554 26.0 4.77 x 107’ I1
554 30.6 9.2 x 1077 11
554 32.7 3.56 x 10°° I1
554 37.2 5.17 x 107° 11
554 23.5 3.75 x 107/ I1
554 46.4 2.66 x 107° 11
554 55.5 5.5 x 1070 11
554 21.4 2.94 x 1077 11
587 15.4 2.05 x 10/ II
587 17.6 4.4t x 10°° I1
587 22.3 4.70 x 10~/ 11
587 24.5 2.20 x 10°° II
587 26.3 3.55 x 1070 I
587 31.3 9.15 x 10°° 11
587 ©35.7 2.04 x 107" 11
587 44.6 4.37 x 107° 11
587 54.0 1.80 x 10°% IT
587 68.0 9.99 x 107> I1
514 35.0 2.00 x 1077 I
514 - 39.7 9.8 x 1077 11
514 44.3 1.16 x 1070 11
514 57.3 5.45 x 107° 11
473 44.3 3.16 x 107/ 11
473 57.8 1.11 x 107° 11
473 66.5 1.15 x 1078 I
473 71.2 2.00 x 107° 11
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Table I.c continued
Temperature Applied Stress® Creep Rate Region
(°K) (psi) sec—1
554 3.85 8.3 x107° I
554 5.00 1.02 x10°8 I
554 7.3 1.53 x10°8 I
554 10.17 2.7 x1078 I
554 14.6 3.34 x1078 1
587 1 1.77 x10°8 I
587 4 3.2 x1078 I
587 6.3 4.88 x 1078 I
587 8.54 8.7 x1078 I
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Temperature Applied Stress Creep Rate Region

(°K) (psi) : sec™!
554 21.4 5.7 x1078 11
554 . 26.0 4.77 x 107/ 11
554 30.6 9.2 x 10~/ II
554 32.7 3.56 x 1070 I
554 37.2 5.17 x 10°° II
554 23.5 3.75 x 107/ 11
554 464 2.66 x 107> . II
554 55.5 5.5 x107 I
554 21.4 2.94 x 10”7 I
587 15.4 2,26 x 1070 11
587 17.6 2.59 x 1072 II
587 | 22.3 3.28 x 10 1II
587 24.5 3.60 x 107° I1
587 26.3 3.87 x 1072 I1
587 31.3 4.6 x 1070 I1
587 35.7 5.25 x 107° II
587 4.6 6.56 x 1070 11
587 54.0 6.94 x 107° I
587 | 68.0 9.99 x 107 I
514 35.0 2.00 x 1077 I
514 39.7 9.8 x 10~/ II
514  44.3 1.16 x 108 11
514 57.3 " 5.45 x 1078 II
473 44.3 3.16 x 107/ 11
473 57.8 1.11 x 1078 I
473 66.5 1.15 x 1078 11
473 1.2 2.00 x 1078 11
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Table I.c continued

Temperature Applied Stress” Creep Rate Region .

- (°K) (psi) sec™! ‘

554 3.85 8.3 x107° I
554 5.00 1.02 x107° T
554 7.3 1.53 x1078 I
554 10.17 2.7 x1078 I
554 14.6 3.34 x10°8 I
587 1.8 1.77 x1078 I
587 4.1 3.2 x1078 I
587 6.3 . 4.88 x1078 1
587 8.54 8.7 x10°° 1

T
N i

P e
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Table I.d. Tin data.

- . Temperature "Appli‘ed Stress Creep Rate _’Regib'ti '
°K) (psi) sec” S
495 30.9 1.6 x 1078 I
495 40.0 9.25 x 1078 .
495 62.8 2.27 x 1078 11
495 98.3 445 x 107 11
495 85.0 1.62 x 102 1I
495 48.6 2.00 x 107 1
495 44.0 8.00 x 1008 1

495 71.6 8.9 x107° 11
495 35.7 4.8 x 1078 I
495 67.5 2.94 x 107° I
495 54.0 5.3 x 107/ I
427 175.0 2.27 x 10° 11
427 ° 150.0 5.00 x 100 - 11
427 114.0 9.25 x 1070 11
427 102.0 2,37 x 1077 11
427 132.3 3.3 x10% 1
461 126.0 2.56 x 107> . Ir
461 61.8 1.00 x 10~/ 1
461 107.0 7.6 x 1070 I
461 73.0 318x1077 w1
461 85.0 172 x 1078 I
402 228.0 7.18 x 107 II
402 244.0. T 2.14x107° 0 IX
402 152.0 7.8 x10°% 11
402 182.0 6.00 X 1076V5 CIT
402 195.0 14 x 1074 ar



Table 1.d contirued

. Temperature

(°K)

Appiied Streséﬂ-'

(psi)

sec”

Créep R?te”

“ Regioﬁ -

495
495

495

495

17.6
10.8
'5.38

2,57

- 8.3
4.35

2.78
1.17

X

X

I
I
I
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® Table II. Experimental values for varidus parameter in

the three region for aluminum-37 magnesium. .

H
Region kcal/mole n A
I 33.1 #2.16 3.27¢0.03  51.4718-1
| -+ | -13.3
1 33.08£0.52  4.06:0.07 (9.2f§1i2 x104)

1 35.7 45,78 0.91+0.03 (1.39fg'2gvx10'11)




Table III. Experimental values for (A) and (n) of
) .the data on .lead and tin.

Region I . Region 11
Metal n : A : ' ‘ n . A
Lead 1 0.97:0.08 (2 88's" gi)xm'll 4.92+0.57 (1.38f‘1*°g;§)x108
(d=1.5 mm) . | )
Tin +9.76\., ~11 | . +59.55\ . 17
+ + .
(d=2 vm) 0.94%0.07 (7 267," 22>><1o 6.59+0.28 (3.55_3._35 x10
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Table IV. Diffusion controlled creep mechanisms

# Mechanism Relationship

A Dislocation Climb‘ %%%-= 6 X 10 ('l'/G)4 to 7

B Jogged Screw Dislocation ————41 (T/G)3 (a)

DGb

-I-)Yigg = 'n('c/G)3 ®)
c

' YET _
C Viscous Glide DCH - 6 (T/G)

D Nabarro-Herring ‘ %%E’ 14 (b/d) (t/G)

E Coble XX 100 (b/d) (t/6)
D, Gb _

F Superplastic %E§§'= ~200 (b/d‘)2 (T/G)z'

YKT

DGh = 14 (b/6) (t/G)

e Nabarro-Subgrain

/by = 10 (1/6):

CYkT 1
- DGb " 7in (4G/7T)

H Nabarro-Bardeen-Herring

(a) if jogs on the screw dislocation are all either
vacancy emitting or adsorbing type.

(b) for the case when equal numbers of both types of
jogs -are present, :

D = core Diffusivity

= grain boundary diffusivity

'—I-U"n

L, = mean distance between jogs

‘d = mean grain diameter
- § = subgrain diameter
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FIGURE CAPTIONS
Thermai activation process.
Nabarro creep.

Motion of jogged screw dislocations.

~ Climb of edge dislocation.

Viscous glide process.

Idealized creep curve,

Typical creep curves.

Viscous glide vs climb in nickel-gold.

Harper-Dorn data on pure aiuminum;-

A typical stress-strain CUr§e~during differential strainfrate_'
tests in.Al-BZ‘Mg.. Inset shows the drawing of the double- |
shear type specimens. | |

Creep machine.

Plot of log ? vs log T for Al1-3% Mg at T=857°K indicating the two
transitions. | | |
Séhemaqic representation ofithe creep.curves observed in the
three regions. | |

Typicai intermittent-gtress test in geéion II1 showing:no-or'

brief transients after reloading.

-Typical intermittent-stress test in Al1-5% Mg depiéting the

observation of inverted primary creep after reloading.
Intermittent-stress test in region II showing the existence
of normal primary creep even after prior deformation.

Stress law for viscous glide region.

(Y

e

g -
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20
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Arrhenius plot of log ?GZT vs ;020 in region III. Slope of the

line gives a value of 33.1 % 2.2 kcal/mole for the activation

energy for creep.

1000
T

Plot of log §G3T vs in region II at a constant stress.

The value for the activation energy'for creep was found to be

31.7 £ 0.5 kcal/mole.

1000

T in region III. The slope of the line

Plot of log %I-vs
yields a value of 35.7 kcal/mole for the activationvenergy'
for creep. |

Plot of log %%%-vs]gg T/G depicting.the three regions with
slopes.3.2, 4.1 and 0.9 indicating the transitions from glidé
to ciimb and climb to Newtonian viscous creep mechanisms, .Data
of Harper and Dorn on pure aluminum are inclﬁded fér comparison.
Plot of log %%%-vs log T/G for pure aluminum. Data of Harpér
and Dorn are included fo: comparison.

The effect of stress on the steady-state creep rate of lead.
The efgect of stress on theisteady-state creep rafe of tin,
Typical creep curves for lead observed in high-s;:éss region

(t = 46.4 psi, T = 554°K) and low-stress region (T = f;3'psi,

T = 554°K). | |

Typical creep cufvés for tin observed in high-stress region.

(T = 126 psi, T = 461°K) and low-stress region (T = 10.8 psi,

T = 495°K).

Effect of temperature on the steady-state creep rate of lead

and tin in higﬁ stress region.
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25

26

27
28

29

30

31

Data on creep of lead and tin compared to creep behavior of

-88-

Plot of log %—lé% vs log‘ T/G for lead and tin, indicating the

transition from climb to Harper-Dorn mechanism.

aluminum and aluminum-3% magnesium.

Data of three investigations of the low~-stress, high-temperature

creep of coarse-grained .aluminum.

High~temperature, low-stress data on silver.

| Data on metals’which éhows appafént Harper-Dorn creep. :

Stress dependence of dislocation density.

The data qf Burton on thé creep of fine-grained foils of
aluminum in vacuumv(data péints) compared fo creéb behavior -
of alqminum_in bulk (solid 1line). |

Ngbarro'creep Qs. Harper-Dorn creep.

Diffusivity of pure aluminum.
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(o) STRESS -DIRECTED DIFFUSION OF VACANCIES IN POLYCRYSTALS

Nobarro Creep

&q

/‘ “\
/ \ ;
~CO RN
-

~O—» g e=t— Compressive
o o ~ Stress
\\ /— : (.o-)
A | ¥ .&
o Tensile Stress
(o)
= Vacancy flow
=== Atom flow '!
b T f.
7 Aﬂ.dz kT © ;
Ay= 14-2] i
XBL724-6170

Fig. 2
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(b) CREEP DUE_TO THE MOTION OF JOGGED
“SCREW DISLOCATIONS

o Direction

of
- Movement

Vacancy

has to

Diffuse

Away
¥ = 6pgD (e'mjbz/kT_n

: XBL724-6171

Fig. 3
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(d) SOLUTE ATOM DIFFUSIONAL PROCESS AND
~ VISCOUS DRAG

c)|"‘l
N

XBL724-6173

Fig. 5
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CREEP CURVES

Primary Secondary Creep /TGF“C'"Y'

1. ‘Creep / Creep
| | ' ate | -
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-

Time (t)

- Fig. 6a

Ciimb '

Nabarro or
Viscous Glide -

oo

Time (t)

XBL724-6176

Fig. 6b

| I / Frdcture.
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‘Viscous Glide
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XBL724-6174

Fig. 7a
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04— Harper -Dorn data on Aluminum _
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Instron- machine Y= 10-3 -1073 sec™!

Creep-machine y= 10°% - 1070 sec™!
’——l-/\——!’_\
-— b= : . ?0? —
HER i
L( L ' JfL Loads.
( ‘ (L|)
Specimen
] Grips
\
P{/////,"/// 7/
d =l
LVDT.
- To recorder
‘ _ 4 : ] Loads
XBL727-6475

Fig. 9
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~Al-3 Mg S o

Region I

Strain, arbitrary units

- Cm—— - S—

i Region I

Time, arbitrary units
; : XBL 721-5930

Fig. 11
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0.20 I | '“] - l
Al-3Mg No.23
0.16 Region I _

Reloaded
0.12 1 hour at =
847°K :

008 —

T = 847 °K

T = 3864 psi |

Y = 394 x10"sec’
004 ~
| 1 1 R IR

0 20 40 60 80

Time, hours
' X8L 721-5932

Fig. 14
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Fig; 15
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I0'21- o Harper-Dorn data (d=3mm) | -
Present Study
o Polycrystalline Al (d =9mm)
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




. o .
TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





