R DS TS

T S A i e A T WO

INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UM films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations

and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overiaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

cmrnra:



o



DEFORMATION KINETICS OF CREEP

by

Melek G. Akben

A Thesis Submitted to the School of
Graduate Studies of the
University of Ottawa

In Partial Fulfillment of the Requirements
for the degree of
Master of Applied Science
in Mechanical Engineering
Ottawa, Ontario, Canada

April, 1977

7

NERS/
D 2
S ®

SCIENTIAE

o %
U N
24y 683

@M.G. Akben, Ottawa, Canada, 1977




UMI Number: EC52054

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will. indicate the deletion.

®

UMl

UMI Microform EC52054
Copyright 2007 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346




ABSTRACT

The deformation kinetics analysis of room temperature
creep of high purity iron indicates two rate controlling me-
chanisms. The first of these is predominant during the ini-
tial part_of the creep process and the second in the latter
part when the internal stress increases and therefore the
effective stress decreases. It is suggested that these mecha-
nisms are associated with the overcoming of the Peierls-Na-
barro stress field by the formation of a double kink and the
lateral spreading of the kink. Strain rates diminishing to
zero are believed to be a possible result of non-negligible
backward activation over the doublelbarrier system.

It is shown that, for the proposed systeﬁ of two conse~-
cutive barriers, the limiting strain and the limiting effec=-
tive stress at which the rate becomes zero are proportional
to the activation parameters of the kinetics term associated
with the backward activation over the double barrier system..

This also indicates that the effective stress is not neces-

sarily zero for zero strain rates.

A model of exponential strain dependence of the dislo-
cation density has been proposed. The use of this model in
the deformation kinetics description explicitly includes the
effects of the initial dislocation density, dislocation mul-
tiplication, temperature, the initial effective stress and
the work hardening coefficient on the calculated creep be-
havior. Results from this model indicate'that the observed

sharp levelling off may be due to dislocation multiplication.
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1. INTRODUCTION .

‘Plastic deformation in polycrystalline metals is a com;
plex process. The redistribution of the atoms-the plastic
flow~is controlled by a system of energy barriers. To un=-
derstand the mechanism, first a kinetics analysis followed
by the analysis of the rate constants have to be carried out.
Each of these two stages of the study of plastic deformation
of a metal is a major research undertaking, as will be dis-
cussed in this chapter.

It is the purpose of this thesis to study the deforma-
tion kinetics of pure iron in creep and compare it with the
findings of a stress relaxation study on the égme.batch of
specimens. This kind of comparison is currentl& of interest
bacause our understanding is deficient, or lacking in com-
pleteness, and is sought after in ﬁajor labo:u:-a*l:orieszj"33'37'38'““'45

Creep is a thermally activated deformation process that

takes place under constant applied load or stress at any tem=-

perature., At high temperatures, creep deformation is exten-
sive. In most engineering applications high temperature -
creep is of great concern, but it has been shown by Glen1
'that creep occurs ét very low temperafures, even near abso=-
lute zero.

Conventional creep curves for low and high temperatures

are shown in Fig.1.1.1. The three stages of creep are gene-
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rally observed at higher temperatures and stresses. Dimini=-

shing strain rates are characteristic of low temperatures
and stresses.

One of the earliest descriptions of creep was given by

Andrade? as

€ = 60(1'+ pt1/3) ext
where € is the strain, t is the time, and ed&and B are expe=-
rimental constants. In low temperature creep, ¥ is very small,
thus Eq.1.1.1 reduces to

€ = eopt1/3. ' : _ 1.1.2

This is a purely empirical description. A logarithmic

relation between strain and time was given by Phillipg' as

€ —alog t + C

where o and C are experimental constants.
Results reported by Wyatt for the creep of pure copper
and aluminum showed that high temperature creep is better

described by Eq.1.1.1 and low temperature creep by Eq.1.1.3.

Creep behavior can 2lso be described by deformation ki-
) netics-a branch of chemical kinetics.Deformation kinetics de-

e scription of creep, or any thermally activated deformation




process, allows a complete description over the whole range
of the process and is based on the rigorous Rate Theory of

Chemical Kinetics.
1.2.THE RATE THEORY DESCRIPTION OF PLASTIC DEFORMATION

It was shown by Eyrin§ in 1936 that plastic flow can
be considerd as a form of viscous flow..He has developed the
theory of time dependent plastic deformation. The flow of
any material is essentially a rearrangement of the atoms.
During this process, interatomic distances change to the ex-
tent that bonds are broken and new bonds are established.

The result of this is called plastic flow or plastic defor=-
mation. Plastic deformation is therefore like a chemical re-
action and is identical to the isomerization of a giant mole-
cule. The giant molecule is the plastically deformed mate=-
rial in which the atomic arrangement changes but the compo- .
sition remains constant. Because plastic deformation and che-
mical reactions are identical processes, time dependent de-
formation can be described by rate theory. This argument is
valid for all thermally activated deformation processes. '

In the following a non-rigorous derivation of rate
theory is ‘given for the specific case of thermally activa-
ted deformation in crystalliné materials. A rigorous deriva-
tion of rate theory was given, among others, by Laidler7

and Eyring 7'.1




Consider the energy barrier represented in Fig.1.2.1.
The height of this. energy barrier is AG*.rIt should be noted
that the height of this barrier is from the ground state'oﬁ
the reactant.When a stress,vé is applied,the height of the
barrier is reduced by the amount of work wf introduced into
the system by the applied force in the direction of the force,
referred to as the forward direction,and is increased by wb
in the opposite direction,referred to as the backward direc-
tion.

The activation free energy AG? associated with the for-
ward direction is related to the partition functions of the
reactant and the activated states, the latter being the con-
figuration of the atoms from which the system can proceed
to the product state. The activation free energy Ad*was de-
fined by Eyring™ as '

Ack = 4} - ET 1n(-g-) 1,21
’ r

wvhere Qr and Qs are the partition functions associated with
the reaetant and activated states respectively, k is the
Boltzmann censtant, AE# the potential energy of the barrier,
| and T is the absolute temperature. The partition functions
considered here are of one degree of vibrational freedom
less than given in Statistical Thermedynamics. The one de-
gree of freedom is considered as a"loose vibration"z -as a

translational degree of freedom- whereby the bond is broken
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but not re~-established-thus overcoming the energy barrier?

For a unit deformation process to take place, a flow
unit must overcome the barrier. The flow unit passes ovef
the 5arrier E? times per second due to thermal vibrations.
The relation between k? and the activation free energy is

expressed as

- +
Ke. AG

Xt =« 2= exp(m—i~ ) 1.2.2
~'h ET

where « is the transmission coefficient, h is the Plank's
constant, and kT/h is a frequency factor. For low tempera-
ture deformation in metals, the transmission coefficient is
unity.It is a term introduced to represent the probability
of the activated complei going to the product stafe. It can

be greater than unity when a quantum mechanical effect known

as tunneling takes place]

When a stress is applied to the system, the height of
the barrier is reduced in the forward direction by the amount
of work wf externally introduced into the system and is in-
creased by the work wb in the backward direction.Using

Eq.1.2.2, the rate constant in the forward direction is

../w
- f
k., = k exp (—_——) 1.2.3
£7 L &

In other words, the flow unit will move over the barrier kf

times per second under the stress,7é.




The overall rate of the process also depends on the
contribution of each activation, & ,and on the number of flow
unitg, p%1,in front of the barrief. In low temperature then-
mally activated deformation processes,. the mobile dislocation
density is considered as the concentration of flow units.

Hence,the rate in the forward direction for a single barrier

is
Rate = 6p>f1ki.1 1.2.4
where kf1 = kf as defined in Eq.1.2.3.

Similarly, the rate constant in the backward direction

is
=+ b ’
k - k exp(-._- ) 1.2.5
b1 b1 T
The negative sign in the exponent for the work term is due
to the increase in the height of the energy barrier as a re-

sult of the applied stress.

Hence the net rate is

Rate‘= 6;&1 Kei = 8PpqKpq 1.2.6




1.3. DEFORMATION KINETICS

_During macroscopic deformation processes, the flow ﬁnits
have to pass over a large number of energy barriers. These
barriers may all be identical or some may be different. The
various kinds of barriers may be combined in a parallel,con-
secutive,or in the most general case, a parallel-consecutive
system. Deformation kinetics, as a branch of chemical kine-
tics, is used to analyze and define the combination of the
energy barriers associated with the deformation process under
consideration.

In deformation kinetics, the simplest possible system
is a single barrier with activation in the forward direction
only. In this case, the-elementéry rate constant is equal to
the Arrhenius rate constant. This simple éescription was
used to describe a variety of deformation processes,-e.g.
Wyatt$ Altshuler and Christian$ and Dorm® for creep, Rhode
and Pittl%or stress relaxation. The activation energy values
reported, where evaluated?awere'misleading because these va=~
lues include the work term. These values are therefore only
apparent activation energies., |

In thermallyzactivated processes, as the contribution
of the ex%ernal work decr§ées, the system approaches equi-
librium. Equilibrium is always a dynamic state in which the

flow over a barrier in the forward and backward directions

are equal, At low stresses the backward activation is not




pic level. For a large number of cases, the system cannot be
described by a sipgle barrier with activation in the forwérd
direétion alone; the backward activation must also be inclu-
ded., There is usually one other barrier or more that is rate

. €
controlling which becomes noticable at low effective stress-

es .
In determining the kinetics, one should go from the sim=-
plest possible case of a single barrier with activation in

the forward direction only, to the more complex forms given

below.

1.3.1, Parallel Energy Barriers
The overall rate of deformation of a system comprising

of m barriers in a parallel combination can be described in

. \ 12
deformation kinetics as

m .
Rate = ) 8(Ppjkpy = Pppkyy)- 10341
' 1=1
This type of system is very much like fluid flow through
pipes that are joined in parallel as shown in Fig.1.3.1.

1.3.2.Consecutive Energy Barriers

The description given for a system of -n consecutive

barriers in deformation kinetics is??

Py = Pyt (Kpyq/¥)
n

> (1/x5),

=1

10 '

Rate = &

1.3.2

negligible and must be considered as a reality at the micresco-
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“where vAis a frequency factor equal to kT/h, and

(kj)1=:1:7]-1-i21=1- :
£i
where~kbo = 1, and the subscript~1 on the LHS indicates refé-
rence to the ground state ot the reactant in front of the
first barrier. The fluid tlow equivalent of this system is

represented in Fig. 1.3.1.

1.3.3. Parallel-Consecutive Energy barriers

The description of the rate of a system comprising of
m parallel barriers each consisting of n consecutive barriers

. s R . . 12
is given in deformation kinetics as

B py =Py 1 k, , /V)
Rate = 236 1 E.n+1 p+1
1=1 2/ Do
j_1(1/FJ)1

. . 1.3.3

1.4, DETERMINATION OF ACTIVATION PARAMETERS

A kinetics approach gives a simple and systematic me-
thod by which thermally activated deformatioﬁ processes can
be analyzed. It is important to note that first the kinetics
equation of simplest mathematical form that deécribés the -
behavior over the yhole range of the experiment should be
determinedy then the individual rate constant, ki’ should be
analyzed. In other words{ first the possible:combination of
the rate constants shouid be determined for the process,e.g.
parallel,consecutive, etc.,then each of these rate constants
should be analyzed to determine the activation parameters Vj,

the activatibn volume which is defined in section 1.4.2, and

the activation energy AG*.




The activation parametérs determined from such analyses
should have physical significance. They should be compatible
with mechanisms that may be associated with the process uh-_
dexr the given experimental conditions. |

There are two methods used for thedetermination of the
activatioh parameters:the temperature change method, and the
stress change method.

1.4.1. Temperature Change Method

Temperature change methods at the same stress are used

to determine the activation free energy, expressed as

dlnk,

Agﬁ = -k ( d(1/T))Tystructure T4

where AG1 is the apparent activation free eneigy.lt includes

the work introduced by the application of force on the sys=

tem as

4G = AF & §o7pp 1.4.2
where Ad? is the "true" activation free energy for the ith

type of barrier, and Tofs is the effective stress.

1.4,2, Stress Change Methods
Activation volume is a non-geometrical volume related to
the.WOrk required to change the system from the reactant to
the activated state. In chemical kinetics] it is defined as
d1nk;

Vi =B

éﬁw’ )T,structure 1.4.3

13




The order of magnitude of the ratio V/b3, where b is
the Burger's vector, gives an indication of the rate controil-
ling mechanism.(In Appendix I a listing of these mechanisms.
is given.)mhe activation free energy gives a clearer indica-
tion of the rate controlling mechanism, however, temperature
change tests are more difficult to perform than stress change
tests.

Only a part of the applied stress-the effective stress-
contributes to the work performed on the system and is ex-

pressed as

Ttr - T R 1.4.4

where ‘q is the internal stress. The internal stress is the

consequence of the lattice imperfections, and the residual

strainz.5

In constant load and constant temperature creep tests,
time and elongation are measured,the strain and strain rates
are calculated.The effective stress decreases with the strain

according to the following approximate expression

- R
Tets = Terr = ¥ 1.4.5

where T:ff is the effective stress at the beginning of the
experiment, ” is the shear strain, and # is the work harde=-

ning coefficient. The latter is often taken as the slope of

14




the stress-strain curve at the stress level applied in the
creep test and is assumed to be constantthroughout the test.
The rate constant can hence be expressed in terms of

the éreep strain in a general form as

= * 0
kT AG; - T - B?
ki = exp(- ~Gi ) exp(+ Vy eff- ) 1.4.6
h kT kT
and therefore
ki~ = A1 exp(; -~ 7) 1.4.7

For the simplest kinetics,there is a single barrier

with forward activation only and the rate is

V1 H

Y) 1.4.8

Rate = 6p1A1 exp( -

The rate equation (Egq.1.4.8) can be analyzed by two
methods:

a)the time dependence of creep strain, or

b)the strain dependence of the strain rate.

The first method,as will be shown, involves an appro-
ximatﬂx1aqd therefore the second one is preferable.

a)The time dependence of creep strain. From Eq.1.4.8,

V. &
Rate = ?? = 6p,A, exp(- 1

dt

7) 1.4.9

15




Taking the reciprocal and multiplying both sides by 4%,
Eq.1.4.9 can be integrated,i.e.

.Z:it =f—— exp(—— ¥)d ¥ . 1.4.10
(o) 6/)1.1&‘I kT

Thereforé,

1 kT v.B

t = ioh, v{n[exp( " ?) - 1]

For sufficiently large strain

V.8

Y) >>1

exp(
therefore,kq.1.4.10 is approximately

1. ke R AL .
exp(— Y) T.4.11
kT

ot
il

dpAIA'1 v.E

From this we find that

Int = In(—— EL_y .17 , 1.4.12
o0p, A V. B kT
1™ 1
Thus the slope of a semilogarithmic plot of time vs. creep
strain, as shown in Fig.1.4.1 is proportional to the activa-

tion volume associated with the forward activation over a

single barrier as

dlnt _ ViR

ary kT

16
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Over the early part of the experiment where the second

term in EqQ.1.4.10 is not negligible,this method should not

be used.

b)The strain dependence of the strain rate.From Eq.1.4.9,

V1E

1n Rate = 1n Sph, - y

kT

Again a plot of the logarithm of the strain rate vs. the
creep strain is proportional to the activation volume.Figure

1.4.2 shows such a plot.
1.5. THE DETERMINATION OF THE INTERNAL STRESS

A1l of the methods described in the preceeding sections
require the determination of the effective étress.It is not
possible or easy to determine the effective stress directly,
therefore,it must be determined through a relation between
the applied stress T,» and a measurable value. From Eq.1.4.5,
the effective stress is related to the creep strain as

T 0

eff = Terr ~ 27

and from Eq.1.4.4, 7§ff is expressed as

o _ _ 40
Teft = T = T3

18




log Rate

-

.“\/intercept = log ¢$p1A1

Fig. 1.4.2. The determination of vV, from log Rate vs.

strain curve.

Strain
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where 7? is the initial internal stress.
In the following, a brief description of some of the

methods used to determine the internal stress is given.,

1.5.1. Creep Test Method

In low temperature creep when only primary creep is ob-
served, the strain rate decreases to zero. When the strain
rate is zero, the internal stress and the applied stress are
approximately equal. This method is illustrated in Fig. 1.5.1,a.
This method allows the approximate determination of the
internal stress when a creep test is performed and the rate
is zero. The time involved in performing a creep test can be
long, therefore, unless one is already performing a creep
test, the method may not be advantageous. It should be noted
that the strain rate can be zero without the internal stress

being equal to the applied stress, as will be shown in sec-

tion 3.3,

1.5.2., Strain Transient Dip Test

This method?®7 is based on the assumption that for app-
lied stress levels below 7}, creep recovery takes place, and
above 7;» Creep occurs. This method consists of observing
the creep behavior under the applied load conditions. The
load is incremented or decremented depending on whether creep
recovery or creep occurs untill the strain rate is zero for
a sufficiently long time. This method gives a range of inter-

nal stress as illustrated in Fig.1.5.1,b.
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1.5.3. Stress Relaxation Method
When the rate of stress relaxation is zero, the applied
stress is approximately equal to the internal stresst® is in

the creep test method, the time involved in the application

of this method could be long.There is also a similar uncer+
tainty in the evaluated internal stress because the stress
relaxation rate can be zero without the applied stress being

~equal to the internal stress level.(Fig.1.5.1,c)

1.5.4. Stress Transient.Dip Test

This method is based on the assumption that when the
stress level is below ‘E, negative stress relaxation will
occur.First the material is allowed to undergo stress rela-
Xxation at constant strain, then the applied stress level is

- alternately decreased or increased depending on whether po-
sitive or negative stress relaxation occurs!®This method
gives a range of internal stress for which the rate (d7/dt),

is zero, as illustrated in Fig.1.5.1,d.

1.5.5., Dislocation Density Dependence

The dependence of T; on the dislocation density p is

expressed empirically as®®

T, = a'ybp%
where o is a constant, u is the shear modﬁlus, and b is the
Burger's vector. Knowledge of the disloqation density could,

thereforg, give an indication of the intermal stress.(Fig.

1.5.1,¢e)
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1.5.6 Grain Size Dependence

Conrad and Sargent21 utilized Petch's relation betweén,
the érain size 4 and the internal stress, expressed as

C ra®
T, = Cd

where C is a constant. (Fig. 1.5.1,f)

The value of internal stress determined with these me-
thods is only an appriximation. It is of interest to note
that methods 1.5.2 to 1.5.6 have been compared by (}onraLci}5
on Titanium, and methods 1.5.2 and 1.5.4 by Ahlquist'® on
polycrystalline high purity aluminum. They have found that
these methods give approximately’the same internal stress
when the assumptions upon which the methods are based are

applicable to the test conditions.
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2.EXPERIMENTAL PROCEDURE AND RESULTS

2.1.MATERIAL SPECIFICATIONS

The high purity folycrystalline iron was recieved from
Johnson Matthey & Mallory Ltd. in form of 5mm diameter rods.
The impurity content was reported by the company to be 10ppm
(Mainly Si and Mn.)

The grain size was determined to be ranging from 95}{10.3
to 70x10™°mm with an average of 120 to 203 grains per square
milimetef?

The specimens were machined from the 5mm diameter rods

to 3mm diameter and 42mm gage length.(Fig.2.1.1)

O.5rad

Note: All dimensions are in mm.

Pig.2.1.1. High purity polycrystalline iron specimens used

for the creep tests.
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2.2. TESTING PROCEDURE

Two types of testing procedureswere followed.

2.2.1. Standard Constant lLoad Creep Tésts

The initial internal streSS'ag,was measured by the strain
transient dip test method described in section 1.5.2. Then
a constant load was applied and the specimen allowed to creep.
Only three of the tests were performed with this method due
to the advantages of the second method.(Fig.2.2.1)

2.2.2.,Incremental Load Type Tests

Measurement of ag

for the first test on each specimen
was carried out by the strain transient dip test method. A
constant load was applied and the specimen was allowed to creep
for an average of 3000 seconds (50minutes ), The creep rates
were found to reduce to zero in this time for the selected
stress level. The specimen was then fully unloaded and the
load was incremented. The incremented load .was then applied. .
This procedure of unloading and reloading was repeated two

4or three times for each specimen. An example of the typical
testing sequence for this method is shown in Fig.2.2.2.

In these tests, the internal stress was approximately
equal to the appliéd stress at the end of each test period.
Consequently, the internal stress ievel was established for
the test at the next stress level by the creep test method
describea in section 1.5.1. Results of all og measurements

are given in Table I.

27




el i .l7-<... B T w»l}..;.l,xi.ﬂ. . vonﬁa.a\u'sfunpmouvl. cwo H.Aa..ﬂh.m»«. mQO\o E oﬂxo - ﬂHO{“““HPm_”HHHw . O.m.m..... Nlm\ - Owﬂm. e

W (spuodoes) suY] W
W cOt yO! | ¢ot S0l ) (Ot w
M ] | T ER | T rn 0
|
ol
: | 10°0

. -]
2Uu/3% 92°¢cg = 40

L1 389%

L NS o ,
000
o o o 00000° - vo*o

[ -
cin P 4 ;
il :
} | | G0°0
RN S ST S FE T SUSVENTR SR RPN

28




6¢

0.10

0:08

0.06

0.04

0.02

0.00 ~

i ¥ a

: . Test 8.3

© 000 000 0 0 o

B | 00O
Test 8.2 &%u
L _ Cigr g O
o 05 = 25.00 kg/mm® O
: : ‘ > o
— Test 8.1 OOOO ©o

ow = 22.51 kg/mnm°

o
0%~ . . 4 S

o)

B Test 8.4
ot = 29.68 xg/mn?

o

@)

O00O0O 0 o OOO_
(®

~ o on 010
10! 102 10 104
Time (sec)

Pig.2.2.2. HHH:Mdumauob of the typical testing sequence.




TABLE I

INTERNAL STRESSES

Test Number Applied stress Internal stress of7o§
(62 kg/mm?) (03 kg/un®) (%)
1.1 23.26 20.39" 87.7
3.1 24.62 20.39" 82.8
5.1 24.24 18.72 77.2
6.1 22.45 19.86 88.5
6.2 25.39 22.81 89.8
6.3 27.84 25.94 93.1
7.1 22,57 21.16 93.8
7.2 24,36 23.04 94.6
7.3 27.10 24.46 90.3
7.4 29.05 27.94 96.2
8.1 22.54 19.99 88.7
8.2 25.00 23.04 92.2
8.3 27.39 25.37 92.6
8.4 29.68 28.31 95.4
9.1 22.88 20,94 . 91.5
9.2 25.01 23.05 g2.2
9.3 27.17 25.19 92.7
9.4 28,96 27.29 34.2
10.1 23.83 21.75 91.3
10.2 26.81 24.56 51.6
10.3 29.65 *27.59 93,1
1.1 22.51 20,54 9f.2
11.2 24.93 22.90 91.9
11.3 27.23 25,22 92.6
1.4 29.40 26,00 95,2
1241 23.63 19.46 . 82.4
12.2 26.55 24.45 92.1
12.3 29.46 27.48 93.3
13.1 22,93 20.66 90.1
13,2 25.51 23.50 92.1
13,3 26.90 25,60 95.2
13.4 28.91 27.717 96.1

* These values of 02 were not determined experimentally. It is the value of the
. relation between the internal stress and the creep strain for zero strain.
(This relation-is given in section 3.6,c.)
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In this test method, creep tests at different ag can
be performed on the same specimen. It also eliminates the
necessity of measuring ag for each test by a separate test .
sincé it is known approximately from the preceeding creep

test.

’

2.3. EQUIPMENT

2.3.1.Creep Machine

The creep machine was designed in a previous thesis?"
It is a constant load, tensile creep testing machine. A mi=

nor change in the loading system was effected and temperature

control was introduced.

2.3.2.Temperature Control and Measurement

The testing machine was enclosed with sfyrofoam. Heating
tape was mounted onto this enclosure. The tehperature was
controlled by a Fisher 15-179 Laboratory Immersion type ther=-
moregulater with a sensitivity of i.06‘K. The temperature in
the chamber was kept slightly above room temperature. In few
experiments the temperature varied about +.5 K and for the
large majority of them, the tempefature variation was leés
than +.25 K.

The éemperature was measured with copper-constantan
thermocouple wires with an ice water mixture reference junc-
tion. The temperature was recorded with a Hewlett Packard

7100B type strip chart recorder.
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2.3.35., Extensometry

The elongation of the specimens was measured with a -
Hewlett Packard TDCDT 250 linear variable differential trané-
former. Two rod gﬁides were made for the transformer to pre-
vent the lateral movement of the transformer rod and to re-
duce the hysteresis losses during the loading and unloading
of the specimens.

The transformer was mounted on the grip system as shown
in Pig. 2.3.1. The grip system was designed to prevent the
relative lateral movement of the upper and lower grips du-
ring loading and unloading. This was done through the use of
three s0lid guide bars. The grip system was jpined to the

weight pan rod by means of a universal joint for the same

reason.
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3.DISCUSSION

3.1.CREEP TESTS

A total of thirty two tests were carried out. The results
of these tests are represented in Figures 3.1.1 to 3.1.5 in
terms of the creep strain vs. the logarithm of the time, and
in Figures 3.1.6 to 3.1.10 in terms of the logarithm of the
strain rate vs. the creep strain. To facilitate the analysis,
these tests were divided into four groups with respect to the
initial effective stress, ogff.These groups are given in
Table II.The first digit of the code identifigs the specimen

and the second the applied stress level.

TABLE II

GROUPING OF CREEP TESTS
(o]

Group Oesf Test Number
Number (kg/mm?)
I 4.63 + 77 3.1, 5.1, 12.1
II 2.51 + .20 1.1,.6.1, 6.2, 7.3, 8.1, 10.2, 10.3,
| 13.1
I1T © 2.00 +.05 6.3, 8.2, 8.3, 9.1, 9.2, 9.3,.10.1,
1.1, 11.2, 11.3, 12.2, 12.3, 13.2
Iv 1.30 + .12 7.1, 7.2, 7.4, 8.4, 9.4, 11.4, 13.3,

13.4
Notel. All variations are one standard deviation.

Note2. Group III was subdivided into two groups for clearer
graphical presentationm.

Note3. For iron T = 0.50. 34
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Fig. 3.1.5. Time dependence of creep strain
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In the tests at the first applied stress levels, the
creep curves level off sharply. These stress levels corres-
pond to the lower yield region.(See Figures 3.1.1 to 3.1.5).
As seén from the stress-strain diagram23in Fig.3.1.11, there
is a pronounced yield effect.The typical sharp levelling off
is believed to be due to a relatively large change in the
mobile dislocation density in this stress region.The dislo-
cation density of the untested specimens is expected to be
low, therefore, upon application of the stress, the effect
of dislocation multiplication can be quite pronounced. Re-
sulté reported in literature!* indicate a change in the dis-
iocation density accompanying the yielding. This effect is
noticable in iron2?° 3%This possibility and the consequences
will be further discussed. The shérp levelling off behavior
has also been observed in the stress relaxation of nickel}!

The scatter in results represented in Figures 3.1.1 to

3.1.10 may be due to the following reasons: Plastic deforma- -

tion processes are structure dependent. For low stresses and
strains, the effects of the production methods and any pre-
vious deformation are more noticable. Another reason might

be the difference in the applied stress levels; the work har-
dening behavior is -different at different applied stress le=-

vels as can be seen from the stress-strain curve shown in

Fig.3.1.11,
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3.2. THE DETERMINATION OF THE DEFORMATION KINETICS

The deformation kinetics approach discussed in the in- ~

troductory section was used to analyze the creep test results.

3.2.1. Sirigle Barrier Kinetics

In the deformation kinetics analysis of a thermally ac-
tivated deformation process, the analysis starts with the
simplest possible description, that is a single barrier with
forward activation only. For most cases, this simple form
cannot describe the experimental behavior adequately, thus
the possibility of a single barrier with forward and back=+
ward activation, or a double barrier system comprising of pa-
rallel or consecutive energy barriers should be investigated.

3.,2.1.1. Forward Activation (V1l; The two. methods de-

scribed in section 1.4.2 were used for the determination of
V1. The application of these methods are illustrated in Fig.
3.2.1 and Fig. 3.2.2. (It should be noted that vV, = Ve, and
ky = keqe)

Using Eq. 1.4.12

1 kT V. H
Int, = 1ln( > ) + €

1 . -
65A1Vﬂi kT

where the work hardening coefficient is H = 0.5% to account
for the use of & instead of T. For iron2® 7= 1.4€.V1 can thus
be determined from the creep test results represented in the

logt vs. € coordinate system, as illustrated in Fig. 3.2.1.
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Similarly, from Eq. 1.4.9, V1 can be determined from
V1H

kT

€

ln€, = 1n(6p1A1) -

The application of this method is illustrated in ﬁig. 2.2.2

The calculated activation volumes are listed in Table III.

There appéars to be an increase in V1 as the effective stress
Tgff decreases. (For ironfe7'= 0.50)This behavior has been
observed by many investigators}%ﬂﬁ3

The observed scatter in V1 values is not unacceptable
and all values of V1 confirm the possibility910132233 <that
the primary rate controlling mechanism is the Peierls-Nabarro
mechanism.

It should be noted that if a different set of points
were considered to represent a linear section in the evalu-~
ation, the values of t, and é1, and therefore V, would be
obtained., The difference in V1 would not be large enough to
indicate a different mechanism, however,the effects of the
differences in ti and é1 would be carried into the evaluation
of all subsequent kinetics terms where they are used. Compa=-
ring Fig. 3.2.2 with Pig. 3.2.2,a2, one can see that for the
evaluation in some tests, the linear region is easily deter-
mined, but for others it is a matter of judgement as to which

section is ‘linear.

2.2.1.2. Backward Activation (V,,). The single term ex-

pression does not describe the creep behavior over the range

of the experiment. The next level of complexity that should
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be investigated is a single barrier with forward and back-
ward activation. The deformation kinetics description of such

a system is

vV.,H
Rate = GpTA1exp(- — €)
s Vb1H
- pb“AMexP(_—E;-e ) 3.2.1

where the subscript "b1" refers to the backward direction
associated with the first barrier. Eq. 3.2.1 éan be expressed

as

E= & - €, | 3.2.2
wheie €, and & , represent the first and second terms on
the RHS of Eq. 3.2.1 respectively. Therefore

€, = € - ¢ 3,2.3

The activation volume Vb1 can thus be obtained, as illus-
trated in Fig. 3.2.3. Out of the thirty two tests, twenty
five indicated the existence of a backward term Vb1’ Four
tests gave no indication of this backward term. No indica-
tion of this term is believed to be due to experimental scat-
ter and the method of analysis used, i.e. the use of semi-
logarithmié graphs.

The results indicated that there was activation over
the single barrier in the forward and possibly in the back=-

ward direction as well. The single barrier kinetics discussed
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Fig. 3.2.3. The determination of Vb1 for test 7.3.

From slope, V,, = 192b° and from intercept, 8p, 1A 1=

2.81x10 9sec™ 1.
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above, however, does not describe the behavior over the whole
range of the experiment. It was therefore necessary to consi-
der the next level of complexity indicated by theory, that

is the possibility that the effect of a second barrier was

also observed.

3.2.2. Double Barrier Kinetics

In general, the second barrier may be associated with

the first in parallel or in series. Both possibilities were

investigated.

3,2.2.1. Parallel Barriers. All tests were analyzed with

the assumption that the two barriers may be in parallel. On-
ly five indicated the possibility of a secomnd parallel barr-
ier. It was concluded that the rate 6f the process cannot be
controlled by a system of two parallel barriers.

3,2.2. Consecutive Barriers (Vzl; Previous investiga-

tions !323on the same batch of specimens indicated the possi-
bility of a second consecutive barrier. In the present stu-
dy, twenty eight tests gave a clear indication of the exis-
tence of a second consecutive barrier. Two test gave no in-
dication of this term. '
Theory requires that Vz, as well as the activation vo-
lume of any,subsequént barrier be greater than V1. Only one
of these twenty eight results indicated a V2 smaller than
V1, and even this is expected to be due to the inaccuracy

inherent in the graphical method.
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For the evaluation of V,, consider the rate equation

(Eq.1.3.2) with two barriers (n=2).Hence

py = P3(ks/v)

Rate = € = § 3.2.4
LI
k, k,
In the early part of the experiment
P3(k3/l/) <L p1 ’
therefore Eq.3.2.5 can be simplified to
e= &€ - gp (-4 7] 3.2.5
dat k1 k2
Thus
dt = —— ( —— 4+ —)ae . : 3.2.6
Substituting for k, and k, from Eq.1.4.7
k € V,H v H
[dt = [—l— exp( 1 €) + ] exp( E é):lde
ép A kT A kT
1 1 2
3.2.7
Therefore
1 kT V.H
t = [exp( — €) - 1}
6p1A1 V1H
kT V,H
. — [eXP( 2 e)-1].3.2.8
T .
6p1A1 VZH k
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Rearranging Eq.3.2.8 leads to

: vV, H
- kT exp( g €) - 1] =
6p A, VH kT
= V.H
$ o~ e KT oyp (o e)-1]. 3,2.9
épiay V,H kT

Because over the range where the effect of thessecond barrier

is noticable

v H
exp(—=—e€) >> 1,
kT

therefore, v

H
A BT (=2 ) =
6p1A2 V,oH kT
' - V.H
0 p1A1 V1H kT
Thus
- V,.H
I1n ] kT + 2 € =
dpjh, VH ko
- V.H
1ndt = —te KL [exp(—i—e¢) - 1]} 3.2, 11
6;01A1 V.H kT
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Eq. 3.2.11 can also be expressed as

- v H |
n +— XL . 2 6= 1n(t - t,) 3.2.12
Sph, V,H KT

where t is the experimental time and t1 is as determined in
section 3.é.1,1. The grgphical representation of Eg. 3.2.12
is shown in Fig. 3.2.4.

Another possible method by which the existence of a se-
cond consecutive barrier can be tested is in the following:

Eq. 3.2.6 can be rearranged to givelz

Vo .+V

ln(—i— - 1) = 1nC + —2—£2 ye 3.2.13
¢ kr
where C is a constant expressed as
C = -
T . [ - R ?
R CAGETTLAGE . 4 AGE
KT exp (= 1 . b1 f2
h : kT
and
( ks )
€, = dp A, exp(-———e) ,
1 P11 Er

and sz is an activation volume different than Vo The refe-
rence state of the formeris the ground state in front of

the second barrier, whereas for the latter it is the ground
state. in front of the first barrier. A graphical representa-~

tion of Eq. 3.2.13 is given in Fig. 3.2.5.
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Fig. 3.2.4. The determination of V, for test 7.3.
From slope, V, = 330b3' and from intercept, -6p1A2 =
3,07%1078ec” .
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Fige 3.2.5. The determination of vbT+vf2 for

test 7.3. From‘slope,”VbT = 400b3.'
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3.2.2.%. Backward Activation Over The Two Barriers(V3l;

In the pevious evaluation of V2, the backward activation
over the two barriers was ignored. For low effectife stress~
es, it is no longer negligible. During low temperature creep,
as the material deforms, the internal stress increases, lea-
ding to strain rates decreasing to zero.

The rate of deformation over a system of two consecutive
barriers can be expressed as

[ P (ky/V) .

Rate 6

3.2.14
S, L

k, k,
Because for high effective stresses

P% _
— kv << 1,
p.
1
this term is ignored in the evaluation of V2. This simplifi-
cation is no longer applicable for low effective stresses
and Eq. 3.2.14 must be used for the‘evaluation. In order to

determine V3 from this expression, it should be noted that

Py = p3. Thus Eq. 3.2.14 becomes

Rate = € =6p] 3.2.15
LI
) k1 k2
or, rearranging Eq. 3.2.15
_ . 1 1 .
0pyk, 6ok,

60




where it is reminded that

V H

€).

k3/v = A3exp( =

A semi=-logarithmic representation of Egq. 3.2.15,a is
given in Fig. 3.2.6. V3 can be determined from the slope.
Of the thirty two tests, six gave no indication of the exis-
tence of a backward term V3. Six of the remaining twenty six
were from a two or three point evaluation and were therefore
not included in the averages shown in Table III. Thus twen-
ty of the results gave a clear indication of backward acti-
vatén. These results therefore gave no conclusive indication
of the presence of such a backward term. The reasons may be
the folloQing:

i)Most tests were tefminated shortly after thé rates
went to zero. The effects of the k3 term are nétiégble in
these parts of the experiments where the rates are diminish-
ing to zero. There was not always enough data for the deter-
mination or detection of this term.

ii)The strain rates for the latter parts of the experi-
ments were very low, ranging from 10-6 to 1‘0'11 sec-1. The
rates ranged over six orders of magnitude in some tests. It
is not easy or always possible to record data over such a
wide range. Any calculation with low strain rates mentioned
has considerable inaccuracies.

iii)Determination of all activation volumes is done from

semi~logarithmic graphs. This introduces'inapcuracies. For
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Fig. 3.2:6. Determination of V, for test 7.3.
From slope, V, = 84Ob3 and from intercept, A3 =

o 3
1.75x10712,
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the determination of each subsequent term, these inaccuracies
add on. Thus, along with low strain rates, the k3 term, and
therefore V3 term is difficult to obtain.

iv)Throughout the investigation, only ﬁﬁ was considered
as the concentration of flow units, and it was considered to
be constanf. Recently it has been shown by Krausz3*that a

more complete description is given by

Py = Py *+ Py 3.2.16

where [ is the total concentration of flow units, and.p2
is the concentration~sof flow units in front of the second
barrier. The model considers a consecutive system of two
barriers and this leads to a rate equation with four kine-
tics terms in the denominator of ®q.3.2.14, and the rate con=-
stants are described somewhat differently. This requires the
determination of all four kinetics terms in the denominator
before determining the backward term k3. The analysis is much
more complicated for this case and was not looked into in
the present investigation.

v)It is also possible that there are more consecutive

barriers may be rate controlling. This possibility was also

not looked into.

For cases in which there was a clear indication of back=~

ward activation, the rates were calculated from the experi-
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mentally determined values. The calculated curves were in

good agrrement with the experimental data.

In terms of creep strain, the strain rate is expressed

as
V3H
1 - A3 exp(—-—:——e)
. kT
€ =
1 V1H 1 V,H
exp( €) + exp( €)

¢5p1A1 kT GpiAz kT

where deA1, 6p1A2 and,,{&3 are determined experimentally and
are constants, H is the work hardening coefficient, and the
activation volumes are calculated és described. In Fig.3%.2.7,

the calculated and experimentally determined rates are shown.
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Fig. 3.2.7. Full representation of € vs. €

VzH
for test 7.3.according to € = (1 - A3exp-;%——€)
' T

1 V.H 1 VoH

+( exp € + exp € ), where
py A, kT oA, kT

Ai and vi are as determined from Fig. 3.2.1 to

Fig. 3.2.6.
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3.3.LIMITING CREEP STRAIN,EFFECTIVE STRESS AND INTERNAL STRESS

In low temperature and low stress creep the strain rate
decreases to zero as the material deforms. The rate of a creep
process that is controlled by a system of two consecutive barr-

iers is expressed as

) 1 - k3/v
€= bp, 3.3.1
S S
k, k,

"For thée limiting case in which the rate is zero, the ex-

pression in the numerator of Eq.3.3.1 must be zero,therefore
1 = kg/V = 0. ' ~ 3.3.2

Expressing‘k3 more explicitly from Eq.1.4.7,thé Equation 3.3%.2

becomes
AGY 2., - HED
1 - exp(-—=) exp(-V3 - ) = 0, 3.3.3
kT kT
where elim is the limiting creep strain at which the rate be-

comes zero. It should be noted here once again that AG? is

referenced to the ground stafe of the reactant in front of

the first Barrier.

Rearranging Eq.3.3.3 we obtain

4G - VO + V3H€lim =0 | 3.3.4

€q




Thus, as the creep strain approaches the limiting value ellm.

the rate approaches zero. The limiting strain can be obtained
from EqQ.3.3.4 as
0 *
VT + AG
elim - 3 eff 3 . 3.,3.5
1‘V3H

The evaluation of €

Hm from experimental results is al-
so possible. The expression of Eq.3.3.1 in terms of experi-

mentally determined constants (Eq.3.2.17) leads to

: v H
1 - Ay exp(—2— eimy _ 3.3.6
thus
, 1lnA
etim _ -____%_ 34307
VBH/kT
The evaluation of elim is a means by which the experis

mental results for k3 can be cross checked. Of all tests for
which V3 could be determined, most calculated elim were with-
in 0.5% of the experimentally observed limiting creep strain.
Three were within 1.5% and only one varied by 4.6%.

In order to illustrate that the limiting effective stress
Tii? does npt have to be zero for the limiting case of zero

rate, consider Eq.3.3.2 in terms of stress rather than strain,
i.e.
lim

v Teff )

463
1 - exp(-——)exp(- =0 - 3.3.8
.k :
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Thus, the limiting effective stress at which the rate is ze-

ro is
:‘:
: AG
lim _ 3
Te.ff - _“.V. 303-9
3

The limiting effective stress is related to the limiting

1im

internal stress Ti

as (Eq.1.4.5)

lim 1lim
eff - Ta " Ty ¢

r
Erom this

. 13 AG
lim _ _ edim 3
Tetr = Ta T ‘_1; + — . 3.,3.10

kT

For low AGY and high Vs, 7210 is small and therefore,

T%im is approximately equal to the applied stress. In these
cases, the creep and stress relaxation methods'Of internal
Stress measurement described in section 1.5.1 and 1.5.3 re-
spectively, do not always involve much approximation. For
the most general caée, the internal stress can be evaluated
from Eq.3.3.10 using the activation free energy AG? and the
activation volume V3. This line of thought corrects and com-

pletes the recently introduced metheds of internal stress

measurement.




3.4. DISLOCATION DENSITY EFFECTS

It has already been pointed out that for the low tempé-“
rature deformation of metals, the concentration of f]éw units
is considered as the mobile dislocation density. In the fore-
going diséussions, the dislocation density has entered the
description as P, (or pf1), i.e. the concentration of flow
units in front of the first barrier. The mobile dislocation
density is known to change during plastic deformation. During
creep, where there can be considerable deformation, the dis-
location multiplication effect can be pronounced. The rela-
:.tive effect will be greater when the initial dislocation den-
sity pg is low, as will be shown. The possible effects of

dislocation density on the creep Behavior are briefly dis-

cussed below.

3.4.1. Effect of Initial Dislocation Density (p3)

In the early 1960's, Gilman}®and Gilman and Johnston''
showed the effects of pg on early creep behavior. In low
temperature creep, for low initial dislocation density, there
is an initial delay time, also referred to as the incubation
period. It is the period of non-measurable or negligible
creep strain. Longér delay times are expected for lower p?.

It has been shown3353%nat delay time is the general be-
havior of creep and is a parallel phenomenon of yielddrop.
The empirical description used by these authors is based on

Orowan's equation and is expressed as
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O

? =ab(p® + BY)v (- Teff 3uhot

To

_where'po is the initial dislocation density, ®.is a geomet- )
rical factor, b is the Burger's vector, B is thé dislocation
multiplication factor, and voland L aré empirical parameters.
Prediction of longer delay times for lower po follows from
this deécription. Results showas&ﬂithe parallel between de-
lay times and yield .

Studies by Krausz® on ice show that delay times are no
" longer observed after repeated loading and that delay times
are observed for low initial dislocation densities. The cor-
relation between constant load compression tests on polycrys-
talline ice where yield is observed, and creeﬁ behavior where
dislocation multiplicatioh leading to delay times has been
shown by Krausz3

Studies by Johnston35also showed that with increasing
stress the delay time also decreases, His explanation of the
correlation between delay times and yielding i& the following:
Delay times are observed when .there is no work hardening. De-
celerating creep is a consequence of work hardening and thus
corresponds to the appearance of the lower yield point.

The general béhavior of delay times associated with
yielding, absence or shorter delay times for increasing stress
and repeated loading have been observed in the present inves-

tigation,
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3,4,2, Dislocation Multiplication Effects

The strain'dependence of dislocation multiplication is

generally expressed by the approximate empirical relation
o]

Substituting this into the simplest form of the rate egqua-

tion (Eq.1.4.8.) leads to

. o V,H
€= 6A,(p; + B€) exp(=——é€) 3.4.3
: kT

This equation cannot be integrated. It is possible to get
an equation that can be integrated if the dislocation multi-

plication is expressed as

py = p? exp(Mé€) , ‘ 3.4.4

where M is a dislocation multiplication factor.Hence the rate
in the simplest kinetics description becomes

vV.H

€= pS exp(M€)A, exp(- ;T €) 3.4.5
V.H
1

= p &y exp|(- - + 1)e] 3.4.5

The integration of Eg.3.4.5 leads to

el - VE ;1‘

6ps,  EI ?

expE V,H

’ -M)e]-1} 3.4.6
e

2
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It is worth noting that Eg.3.4.5 and the integrated form,
Eq.3.4.6 consider the dislocation multiplication effect ex-
plicitly. These equations can be used in the evaluation of

the rate constants for cases in which the multiplication ef-

fects are considerable.

Considering now the rate equation for two consecutive

barriers (Eq.3.2.15) and substituting Eq.3.4.4 for p; leads
to '

1 -k /v
€= 6p? exp(Me) 3 5.4.7
1 1
——— + ————
ky Kk
or, more explicitly
. o
€=4p; exp(Me)
VoH
1 - A3 exp( €)
% Ty 3.4.8
V.H V,H
L exp( 1 €) + - exp( g €)
1 kT A2
An often more convenient form of Eq.3.4.8 is
VoH
1= Ag exp(—=—¢)
é = kT . - -
V1H 1 V2H
exp[( — - M)e:|+6-— exp[( =— - M) e]
pA; kT oA, kT
3.4.9
3




Equations 3.4.8 and 3.4.9 allow the effects of disloca-
tion density and dislocation multiplication to be included

in the description.

3.4.3. Total Dislocation Density P, Instead of p,.

The effects of using Py instead of p; were discussed in

section 3.2,b.
3.5. CALCULATED CREEP CURVES

The rate of a system comprising of two consecutive barr=-

iers with backward activation given in Eq.3.4.8 can be written

as
, V.H
¢ =85 - Cy [1 = Cs exp( 2 e)]
dat kT
V.,H - MET VoH - MET =1
01 exp( € + C, exp( — €)
kT
3.541
where
+ o
AGT - V. T
6, = exp( 1~ iTerr
Er
AGE - v, 70
kT
AGE - v, +°
03 = exp( 3 ~ 3 eff )
kT
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ko
c, = 857 —— N
Rearranging Eq.3.5.1, we get

.=1
V. H

dt = ._l_. [ - C exp( 2 e)J
) kT

3
G4
V,H - MkT V,H - MET
[?1 exp( €)) + C, exp( e% de
3.5.2
This is an equation of form
bx fx
dy = a e + C € dx : . 2.5.3
hx .
1-ge

where the denominator can be approxamated by an infinite se~

ries as

[e.2] .
! = E:gj edbX 3.5.4
hx =1
1 -ge J=

Thus Eq. 3.5.2 can be expressed as

o jv H
= ZC% exp(——=—v 3 €)
Cy 5=1 kT
V,H - MKT V,H - MkT
[C1exp( - €) + C, exp( — e)] ae
kT kT

5




therefore

- = -1
% V.H + jV.H = MET
+ —— Yg.cf [—2 2
0,04 T

VoH + JVgH - MET

[exp - — €) - 1:|. 3.5.5
kT ~

The experimental variables in Eg.3.5.5 are p?, tempera-
ture T, the initial effective stress T:ff , dislocation mul-~-
tiplication M, and the work hardening coefficient H. The ef-
fects of the applied stress enter through H as the work har-
dening behavior differs with the applied stress as noéticed
in the stress-strain diagram (Fig.3.1.12). The effects of

each of these variables are briefly discussed in the follow

wing.

a)Initial dislocation density p?. The constant, C,

is proportional ito' p?. Longer delay times are predicted
for lower initial dislocation densities.In Fig.3.5.1 calcula=-
ted creep curves showing the effects of different initial dis-
location densities are given. As seen in the figure, as the

initial dislocation density increases the delay time decrea-
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ses, and for pg = 1x1016/m2 it is not observed at all. The

limiting creep strain appears to be independent of the ini-

tial dislocation density.

0.015

0.010

0.005

0.000 : - . \ |
10° 10! 102 107 104 105 105 107

time (seconds)

Fig. 3.5.1. Illustration of the effect of initial dislocation
density on the creep curves calculated from Eq.3.5.5."he ini-
tial dislocation densities are for (a) 1x1016/m2, (b) 1x1o15/m2
(e) 1x10"%/m?, (a) 1x10'3/u®, (e) 1x10'3/m2,

(Note. For Figures 3.5.1 to 3.5.5,the following values were
used in the calculation of the creep curves from £Eq.3.5.5;

only the indicated variables value has been changed, the va-
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lues o1 which have been indicated: AGT = 0,.74ev, V1 = 40b3,
AGh = 0.76 ev, V, = 196b°, AGS = 0.013ev, Vg = 275b°, §=
6x107%n?, 0 = 1x10'4/n?, M = 0, H = 7x10%N/n® (71.36Kg/mn®),
7§ff = ‘lkg/mm2 and T = 300K.) ‘

b) Temperature T. All C;, and the exponential terms in
Eq.3.5.5'include temperature. The effects of temperature on
creep behavior are shown in Fig.3.5.2. As expected, it takes
longer for the material to deform to the same strain at low~-
er temperatures. ‘the iimiting creep strain is not effected

by the *Temperature.

1 1 | 1 1 |} 1 1 1 |
0.015 I
0.010 |
€
0.005 |-
0.000 ] 1 [ | ] (| 1 |
10° 10" 102 10% 10% 10° 10® 107 108 102 10%0 10™

time (seconds)
Fig. 3.5.2. Illustration of the effect of temperature on the

calculated creep behavior.
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c) The initial effective stress Tgff. The constants C,,
02 and 03 are proportional to the initial effective stress.
The calculated creep curves for different T:ff are shown in X
Fig. 3.5.3. The limiting creep strain increases with increa-
sing initial effective stress, also the time required to

reach the'same strain decreases with higher initial etfec=

tive stresses.It is of interest to note that the time at which

0.03\ ", ] 1 [ | | ' = h\

; T = 2kg/mm2 -

£r
0.02 [ -
€ -
1kg/mm? \

0.01 | -

. 0.5kg/mm® |1
0.00 : , ! ! I :

10° 10! 102 107 104 10°

time (seconds)
Fig. 3.5.3. Tllustration of the effect of Tarf on the calcu-

lated creep behavior.
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the creep curve 1eyels-off appears to be independent of Tgfff
d) Dislocation multiplication. The effect of disloca-
tion multiplication is entered into the description with an
exponential term, M. Calculated creep curves for differenﬁ
vaiueé of M are shown in Fig. 3.5.4. The creep curves level
off sharply fqr higher values of M. This increases the pos~-
sibility that the o@gervgdwsharpu1evé1l;ng¢offqof creep
curves is a result qffdi&loqajiop.mult;pliggtigp.Thé value-

of El}ﬂ;i% ot affected by dislocation multiplication, how-

#;; 1 T v 1 e—

-
’

yi T

0.015 P - -

0.010

0.005

0.000

time (seconds)

Fig. 3.5.4. 1llustration of the effect of dislocation multi-
plication on the calculated creep behavior, The value for M

is (a) 0, (b) 100 ,and (c) 200.
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- ever, the time required to reach it is reduced.

e) The applied stress. The work hardening coefficient
varies with the applied stress.In Fig.3.5.5, calculated
creep curves for various values of the work hardening coeffi-
cient H are shown. The 1limiting creep strain decreases as -
the work hardening coefficient increases. This is to be ex-
pecxedhbeéagsekthg“efiécxive:sxreégmredncesgiaster,at,greater

--work hardening.coefficients.

0.04 7
0.03 -
€ . .
i (8) -
0.02! n
| (a)
0.01: (¢) e
| (b) i
(a) S
0.00 1
104 10°

time (seconds)
Fig. 3.5.5. Illustration of the effects of the work hardening
coeeficient H. The value of H is (a) 815.49 kg/mmz, (b) 305.81

xg/mn2, (c) 152.91 kg/mm?, (d) 71.36 kg/mm®, (e)45.87 kg/mm®,

(£) 25.48 kg/mm2.
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The effects of the initial dislocation density, the ef-
fective stress, dislocation multiplication, and the work har-
dening have been investigated be Gilmaﬁ?’He used an empirical
description (Eq. %.4.1). The essentially theoretically rigth
rous description (Egq. 3.5.5) and the empirical one lead to si-
milar results. There is an advantage in the use of Eq. 3.5.5
introduced in this study because it directly allows the pre-
diction of the behavior at different temperatures, whereas Eq.
3.4.1 includes this effect only through the temperature depen-
dence of the constants as determined experimentally. Decrease
in delay time..is expected to accompany higher initial disloca=-
tion densities and lower H. The latter also indicates an in-
lim

crease in € . Such behavior is observed between tests 6.1,

6.2 and 6.,3; 7.2 and 7.3%; 8.2 and 8.3%; 9.1,9.2 and 9.3; 11.2
and 11.3%; and 13.1,1%.2 and 13%3.3. It is of interest to note
that H is the same for tests 13.3 and 15.4 and the creep curves

exhibit very similar behavior. (Fig. 3.1.1 to Fig. 3.1.5)
3.6. DETERMINATION OF THE WORK HARDENING COEFFICIENT

The deformation kinetics analysis of creep regquires that
the work hardening coefficient be known. The relation between
the effective stress and the strain was given in Eq. 1.4.6 as

. 0
Terr = Ters = HE

The work hardenign coefficient can be determined by one
of the following methods.
a) The slope of the stress-strain curve is a good ape-

proximation of H. The inaccuracies involved would be those
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| arising from the change in the stress-strain behavior from

specimen to specimen. Due to ILH#ders'bands formation in iron,
the stress-strain curvé exhibifs non-uniform strains at the lo-
wer yield stress region. This introduces inaccuracies in the\

determination of H in thebyield region.

b) The effective stress is related to the applied stress,

the internal stress and the creep strain as

T o = -
eff - Ta ™ T3

and also

- .0
Teft = Teff He

Therefore

o —-—
Terf = Ta

Thus

- B
Ta ™ TG % Terr ~ HE

=T, < Tg - He
Therefore H can be expressed as
_ _ 0
H - (Ti .’-i)/6 306.1

The work hardening coefficient can therefore be deter-
mined from the change in the internal stress. In the deter-
mination of the activation volumes from slopes , (section 3.2)7

the work hardening coefficient values used were determined
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by this method.

There was up to 1.25% uncertainty in the determination

of the initial internal stress 1? at the first applied stress

levels.which lead to an average of 12.5%uncertainty in (7i - Tg)
and therefore, in H.,as well. It is usually difficult to de-
termine an accurate value for H in the lower yield region

regardless of the method used.

c) The internal stress is related to the strain as"f

_ .0
=Tyt c/€

therefore

The: relation between the measured internal stress

(my = %Oi) and /e as shown in Fig.3.6.1. From a least squares
fit, 7, is related to J€ as

= 10,195+ 14.735/¢€

therefore

Ho= 4735
Je

g4
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TABLE IV

THE WORK HARDENING COEFFICIENT

Test og Aoy € H (kz/mmz)
Number ¥g/mm kg/mm2 % (a) (v) (c)
1.1 23.26 2.97" .405 100 367 232
3.1 24.62 4.29" .263 120 816 287
5.1 24.24. 6.06 2.208 120 137 99
6.1 22.45 2.95 1.562 ¥R 94 118
6.2 25.39 3.10 2.028 70 76 78
6.3 28.84 2.89 3.397 40 43 81
7.1 22.57 1.88 2.060 LYR 46 102
7.2 24.36 1.42 .428 72 166 93
7.3 27.10 3.48 3.040 50 57 63
7.4 29.05 1.94 2.840 39 34 51
8.1 22.54 3.05 2.209 LR 69 99
8.2 25.00 2.33 1.500 51 78 76
8.3 23,39 2.94 3,300 34 45 56
8.4 29.68 2.54 3.865 39 33 45
9.1 22.88 2.11 L747 LYR 142 213
9.2 25,01 2.14 .716 59 150 121
9.3 27.17 . 2.40 1.537 53 .78 85
9.4 28.96 1.86 1.680 39 55 68
10.1 23.83 2.81 3.030 LYR 46 85
10.2 26.81 2.73 1.780 55 77 67
10.3 29.65 3.99 5,360 39 37 46
1141 22,51 2.36 1.730 121 68 112
11,2 24.93 2.32 1.179 59 98 86
1.3 27.29 2.78 2.784 45 50 61
T 1.4 29.40 2.56 3.891 39 33 47
12.1 23.63 4.99 3.440 72 73 79
12.2 26.55 3.03 3.428 45 44 56
12.3 29.46 5.49 11.240 39 24 41
13.1 22.93 2.84 2.435 LYR - 60 94
13.2 25.51 2,10 2.599 77 292 60
13,3 26.90 2.17 3.186 48 34 48
13.4 28.90 2.04 2,087 39 33 42

LYR: Lower yield region. In this region H ranges from 20 to 115 kg/mmz.
as determined from the stress-strain diagram. >

¥mmese values are »2sed on og = 20.39 kg/mm2 from the empirical equa-
tion for ai(/E).
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The work hardening coefficient determined by these me-
thods is presented in Table IV. ''he greatest discrepancy is
in the region o, = 22.5 kg/mm2 to 25 kg/mmz.This discrepah—u
cy ié believed to be due to the irregular stress-strain be-
havior in this stress region as shown in Fig. 3.1.11, as

already méntioned.
3,7. COMPARISON OF RESULTS

Most investigations in literature cover the region in
which only a one term rate eguation is applicable. Compari-
son is therefore made of only the V1 (which has already been
pointed out to be identical to Vf1) and the V,,+V, values.
The summary of this comparison is given in Table V.

There is a good agreement between the present results
and those reported in literature for both activation volumes.
The results reported by Hanley and'Krausz;zare from the same
data as Maheshwarfé?therefore the results of the latter have .
not been included in the table. All results indicate the pri-

mary rate controlling mechanism to be Peierls-Nabarro mecha-

nism.
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TABLE 'V
COMPARISON OF RESULTS
Tgff ogpp V1/b3 (Vb1+Vf2)/b3 Referen?e
(kg/mn®)  (kg/mm?)
5.00 . - 45 - 45
2.50 - 30 - 40
2.50 - 45 - 43
2.50 - 50 - 44
2.32+.38 24.2+0.50 50+ 17 403+ 328 present”
2.00 - 50 - 28
2.00 - 55 - 43
1.26+.10 25.0+2.65 66+. 25 551+ 383 present*
1.25+.15 27.6+0,30 75+ 33 85+ 45 12
1.25 - 50 - 40
1.25 - 35-45 - 42
1.00 - 90 - 43
1.00 - 90 - 44
1.00 - 230 - 45
1.00+.03 25.8+2.04 104+ 46 925+ 1047 present”
0.80 25.0 64 - 10
0.65+.06 27.5+2.60 97+ 46 506+ 289 present’
0.55+.10 15,1+0.10  300+100 600+ 200 12
0.50 - 100 - 28
0.43 - 90 - 40
0.25+.15  5.2+.40 6004150 1400+. 750 12
™0 - 95-42 - 42
*The valuse of V1.are from the strain dépendence of the strain
rate. For values obtained from the time dependence of strain,
see Table III, 88




4., CONCLUSIONS

1. The deformation kinetics of pure iron at room temperature
in creep was found to comprise of two consecutive barriers

and the two barriers could not be in parallel.

2. The rate controlling mechanisms are believed to be associ-
ated with the overcoming of the Peierls~Nabarro stress field,
whereby a double kink is formed and spreads laterally over a

series of point defects in agreement with the stress relaxa-

. [
tion study.

3. Results indicated that the. levelling off of creep curves
maybe a result of backward activation?. Indications were that
backward activation is over the double barrief system. Increase
in the internal stress wifh creep strain strengthéns the pos-
sibility of backward activation. Due to inconclusiveness of
present results, it is suggested that creep tests of longer
duration be performed to clarify whether such a backward ac-.

tivation is the cause of the levelling off of the creep curves.

4, In agreement with Taylor'é%)original observations, the in-
ternal stress in pure iron was found to increase with the -

square root of the creep strain.

5. It was concluded from the deformation kinetics analysis
that, the limiting creep strain and limiting effective stress
at whch the rate becomes zero is proportional to Aé* and in-

3
versely proprotional to V3. It follows that at zero rate the
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effective stress is not necessarily zero and, therefore, that

the internal stress is only approximately equal to the applied

stress.

; 6. It is sugegested that the sharp levelling-off of creep curves
at the first applied stress level is a consequence of relative-
ly large dislocation multiplication effects. The dislocation
densities of the untested specimens are believed to be low,

therefore, the effects of dislocation multiplication are re-

latively large.

T From the rate theory description, the effect of temperature
on creep behavior can be calculated. The calculated curves in-
dicate that the delay time increases with decreasing tempera-

ture, however, the limiting creep strain is not directly ef-

fected by temperature.
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APPENDIX I

ACTIVATION VOLUME VS, MECHANISM?

V/b3 Mechanism
1 Climd
10 - 102 Peierels-Nabarro
10 - 102 Cross slip
102- 104 Intersection
102- 104 Nonconservative motion
of jogs.

Note:b is the Burger's vector.

The activation volume, when ekpressed as a multiple of
b3, indicates the mechanism that might be operating. some
ranges of V correspond to more than one mechanism and there-
fqre the activation energy should be determined to be more

certain of the mechanism.
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APPENDIX IX

THE ESTIMATION OF Ac’g AND AG*3

The ‘deformztion kinetics description of the rate of a

process in which two consecutive barriers are rate controlling
is
. 1 - k3/u
Rate = € = dp, (1)
ey
k1 k2
where
KT AG% + v 0 _V.H
k, = exp( 1 — i eff )exp(+-+§7-€) (2)
1 h KT K

In terms of experimentally determined constants, Eq.1

can be expressed as

1 - (A €
(45) o exp( - )
€ = - g (3)
\i
1 ex 1 €) 1 e 2" )
( 6p1A1)e kT (6PAy) k
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where (6p1A1)e, (.6;)11&2)e and (AS)e are experimentally deter-

mined.

Comparing Eq.1,Eq.2 and Eq.3, we find that

ET AcT - v 1°
bp—— exp(-—I— Leff) = (6pa,), (4)
kT Acg - VoTors
6P1 ~exp( T ) = (6P1A2)e (5)
AcE - v, 4°
exp(-—2——2250) = (45), (6)

In order to determine the activation free energies, it
is necessary to perform_temperature change tests. It is, how-
ever, possible to estimate the values of AG? and AG% if 6P1
is known, and AG? from Eq.6.

Results reported in literaturel0l3se indicéte an activation
free energy AG# of about .7 to .74 ev for zero effective

stress. Using these values, 6;% can be estimated from

( 6p1A1 ) g

AGT - ¥
_E_T_. exp( 1
ke

which is a rearranged form of Eg.4. A listing of the 6p1

b6py = (7)
L 1Tess ) o

values calculated for AG? = ,7 and .74 ev is given in Table
A"Io

Equation 5 can be rearranged as
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(6pa),

. . - kP ln—m——0
ép, E%

+ _
AGy = VoTerr

2 (8)

Thus, the values of AG? can be estimated using the calculated
values for 6p1 trom Eq.7. A listing of these values is also

given in Table A~I.

Theré is great variation in the calculated values of.AGz
AG?. 1"his variation is believed to be due to one or both of

the following:

i) The pre-exponential constants (6p1A1)e,,(dp1A2)e and
(A3)e are determined from semi~logarithmic graphs, as described
in section 3.2. The inaccuracies involved in evaluating (6‘5A1)e
are carried into-the calculation of 6p1. This, along with the
inaccuracy invoived in the determination of (6p1A2)e intro-
duces greater inaccuracies in the calculation of AGE? The in-
accuracy involved in determining (AB)e is even greater be=:

cause it isdetermined from very low strain rates.

ii) The dislocation density p, is considered to be con-
stant for this evaluation. It has already been discussed in
section 3.2 that the dislocation density changes. Also, it
was pointed out that a more complete description is given by

the use of p, instead of p, vhere

pt=p1"’p2
where Po is the concentration of flow units ( mobile dislo-

cation density) in front of the second type barrier.
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ESTIMATED VALUES OF 8p,,4G5 AND ~AG3*

TABLE A-I

Test osz AGT: .7 ev AG‘: = .74 ev AG:;:
Number (kg/mma) dp1 AG:(ev) 6p1 Acz(ev) (ev)
1.1 2.85 7.843x1077  .808 3.593%x1078  .846 .060
3.1 4.21 3,339x10™8  .720 1.522x10"7  .759 .013
5.1 5.52 4.855x10™8 657 2.281x107° 696 .059
6.1 2.59 1.454x106 706 6. WIx10~¢ 744 -
6.2 2.58 3.566x1078 722 1.654x107° 750 -
6.3 1.93 1.261x10~7  .571 5.848x10°7  ,611 .24
7.1 1.41 8.606x10"7  ,662 4.012x10"% 701 -
7.2 1.32 4.121x1077  .748 1.007x107% 772 -
7.3 2.64 9.039x10™%  .664 4.214x107°  ,702 -an*
7.4 1.11 4.236x10"8 428 1.975x107%  .466 1130
8.1 2.55 8.800x10™7 - % 4.099x10"° -3 -10,98"
8.2 1.96 1.012x107%  .704 4.713x1078 742 -17.59"
8.3 2.02 3,249x107°  .631 1.513x107°  ,669 .355
- - *
8.4 1.37 7.319x10°7  .664 3.409%10 .683 .984
9.1 1.94 4,023x10°8 664 1.876x10~7  -.265" -.104"
9.2 1.96 1.111x107 .453 5.181x1076  .492 ,083
9.3 1.98 2.742x10"% 714 “q.278%107% 753 .039
9.4 1.37 1.690x10~6 .58 7.882x10” .697 .097
10.1 2.08 1.579x1078 - % 7.361x1078  -.6377- 1,932
10.2 2.25 5.362x1o'6 .692 2,500x10™2 .T31 .145
10.% 2.36 9.002x10~8 461 4.197x10°° 500 .815
1.1 1.97 7.309x%10~ 1 - 3.122x107° - -
11.2 2.03 1.584x10‘6 .T712 6.843x10° .'148 .018
1.3 2.01 9.320x107%  .658 4.oozx1o'2 .695 477
1.4 1.40 5.115x10” .501 2.887x107° .545 .160
12,1 4.17 2.701x10°8 027" 1.250x107°  .067" 1.316
12,2 2.10 6.845x107% 447 3.166x107° 486 .739"
12.3 1.98 1.909x10™2 - 8.828x107° - -
13.1 2.27  2.179x1078 4 1.003x1073 3 .604"
13.2 2,01 8.377x10° 735 3.876x1077 773 .035"
13.3 1.30 6.066x10"8  .518 2.929x107%  ,558 .385
13,4 1.14 1.261x10™°  .421 5.819x107°  .460 1,296
+
Average energy values! .628%.113 .663+.113ev 425,554 2v

$ In the calculation of these averages, the values marked bty (*) were not included,

The variations are one standard deviation.

¥ The values of AG? could not becalculated from the experimental pre-exponential constants.

¥ These values were obtained from an analysis of two or three data points and are there-

fore not included in the averages.
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APPENDIX III

ANALYSIS OF THE STRESS RELAXATION OF
NICKEL SINGLE CRYSTALS

Results reported by Rhode and Pitt!! on the stress rela-
xation of nickel single crystals show a sharp levelling off,
as was observed in some of the creep tests on pure iron in
the present investigation. The authors reported tests perform-
ed at 3509 2739 1987 153%and 77°k. Their analysis was restric-
ted to a single barrier-forward activation type kinetics ana-
lysis. They concluded that the rate controlling mechanism was
associated with direct dislocation-dislocation interaction.
They believed the observed deecrease in the rate of relaxation |
to be a result of a decrease in.the mobile dislocation densi-
ty and an increase in the "long range back stress", i.e. the
internal stress.

Their reported results at 350° and 273%K were analyzed -
to investigate what possibly causes a decrease in the rela-

xation rate. An increase in the total dislocation density can

These effects, however, would be notiézble in the earliér
parts of the experiments. Also, a change in the internal
stress 1afge enough to decrease the rate as observed is un-
likely. The strains involved in stress relaxation are very
low and therefore one would not expect a large change in the

internal stress. The decrease in the rate of a deformation
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process is usually due to backward activation over the sin-
gle barrier system or another rate controlling mechanism
becoming noticable.

The results at 350° and 273%K were analyzed in this light,
it was fround that with a sinlge exception of the nine test
results,.there was a second barrier that is rate controlling
at lower stresses. The second barrier was found to be conse=-
cutive to the first,and a parallel combination is not possi-
ble.

Their results for the first barrier, forward activation,
was reported to give and activation volume ranging from 416Ob3
at 350°K to 1600b’ at 273%. In the present analysis, the va-
lues ranged from 3550b3 at 350%K to 167Ob3 at 273°K. The va-
lues are almost identical and iﬁdicate the possibility of the
primary rate controlling mechanism to be the same, i.e; in-
tersection or non-conservative motion of jogs.

At lower stresses, i.e. higher AT, the activation volume
of the second barrier was found to range at an average of
4x10%6° at 350%K to 1x10%b? at 273°K. 4t the lower tempera-
ture, the scatter in V2 was considerable; the determined va-
lues ranging from 2x103b3 to 2.6x104b3. The large scatter is
believed to be due to lack of more data. The values of V2
are an order of magnitude larger than V1 but are still indi-
cative of the same mechanism(s),

The V1 values determined from stress relaxation tests

are considerably larger than those determined by etch-pitt

ST




measurements (V1 = 600b3 at 273°K).The difference has been
reported to be due to tﬁe effect of the combined elastic mo-
dulus on the determination of activation volumes3 This éfﬁect
was ﬁot investigated.

A deformation kinetics analysis was used in determining
V1 and Vé. Three typical experimentél and calculated curves
are shown in FiguresA-1,2 and 3. The s0lid curves are calcu-

lated from the deformation kinetics description as

V.AT
b= et EL L epn( 1) 4
6P1A1E v, kT
V.4
1‘ kT exp(__%?__)

where E is the combined elastic modulus of the machine and
specimen, and AT is the change in the stress. This equation
is similar in form to Eq. 3.2.9, however, the "-1" term has
been neglected on the RHS of the equation. The agreement be-
tween the experimental behavior was found to be good. The
deviation observed at very early times is believed to be'due
to either non-negligible "=-1" term or, more likely, the se-
mi-logariﬁhmic graphical presentation.

It should be noted that these experiments were of very
short duration, an average of 15 to 20 seconds. Thus the re-
sults of the V2 term were determined from few points. The de=-

scription given in the present analysis gives a better fit
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Fig. A-2. Stress relaxation of nickel
single crystals, type P-4, at 273°K. The
s0lid curve is calculated from Eq.1.
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Fig; A-%3, Stress relaxation of nickel

sinle crystals, type Cu-12, at 273 K.
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than the single forward term description. It may be possible
that there is backward activation over the two barrier sys-
tem gausing the apparent levelling-off of the stress reiaxa-
tion curves, however, this term cannot be determined from

tests of such short duration.
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APPENDIX IV

CREEP OF A "SUPERPLASTIC" ALLOY

Creep tests were performed on a Noranda Z~500 free ma-
chining alloy. The reported composition was 25% Al, 5% Cu,
0.5% Mg and Zn ballance. This material is believed to pos-
sibly have superplastic properties, i.e. a stress exponent
close to unity.

The machined specimens were like the pure iron specimens,
the difference being in gage lengths which varied from 42mm
to 65mm. The tests were performed‘at room temperature., The
material was found to creep extensively, up to 18% strain at
an applied stress of 31.8 kg/mmz;

The deformation kinetics analysis outlined in sections
1.4 and 3.2 was attempted. The step-by-step analysis could
not be applied due to the non-linear creep behavior. A typi-
cal creep curve is given in Fig. A~4. It was therefore con-
cluded that creep testing is not a suitable method for the
study of the deformation kinetics of this material.
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