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A STUDY OF TTIGH TErPERATURE TEW3TICHT ATD

COLPRESSTONT CRELE REHAVICUR

A SUMNARY OF TIHE THESIS SUBRITTED BY C.A, 'TAL¥ER, B.Sc.,
FOR TEE DEGREE OF DCCTOR OF FHILOSOPFY IN
THE FACULTY OF EWGINEIRING OF THEZ UGRIVERSITY OF GLASGOYT,

The origins of thermal fatizue are first considered,
with reference to the turbine hlades of Jet fturhine aero-engines.
The relationship between this problem and the investigation
described in the thesis is then expleined. A detailed descriptic
follows of the development and structure of the alloy to be

tested - Miwmonic 105.

To enable a systematic understanding of the creep
curves produced experimentally, the theory of creep in two~phase

alloys is reviewed, aznd in view of the high test temperatur
involved, an examination is included of the time dependent changes
occurring in two-phase systems produced by precipitation from a
supersaturated solid solutvion, The literature review is concluds
with a survey of previous relevant creep investigations, in
particular those carried out to compars tengile and compressive

creep behaviour,

The development of tensile and compressive creep

apparatus is described, including detailed consideration of the

P

design of compressive loading devices,

[1)

nd of a creep furaace

2

i
made in two halves specially dessigned to suit the sype of

compressive creep macnine chosen,

Details/
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Details of the experimental vprocedure are discussed

c
at some length since they expylain the small scatter obtained

in the creep data. As well as ths se cijowed in the
creep tests, a description is included of ithe metallogrophic

exanination of specimens after creep testing,

’The rasulis of the crsep tvesting progra~me are
as a series of graphs of creepy strain versus time, Since
the tests were carried .out at constant load, a procedure is
developed Tor correcting the constant load creep curves to
constant stress curves. A nowledge of the strain-ra?l
dependence upon stress is necessary for this correction.
This dependence has been weasured, and its significence is
discussed, Since the theoretical discussion showed that the
strain rate dependence upon temperature varied from one nickel

alloy to anoither, the activation energy for creep was measured,

both in tension and compression, The resulting values are
discussed, hoth in relstion to each other, and to the values
found by other workers. The discussion of results ends with

a critical comparison between the creep curves mezsured in
tension ana compression, which involves a detailed consideration

of the nucleation and grovtnh of ecracks during creep deformation.

The relevance of the Bauschinger effect to thormal
fotigue prediction, is pointed oul, and the present state of
understanding of this effect in two-phase alloys is outlined,
The developmant of a device S0 nmeasure this effect at high

tenmperature is described.

Tne f{inal chapter draws together the conclusions
from the rest of the Thesis znd discusses their more general
siznificance in the experinental and theoretical investigabion

of time~denenlent deformation,



A STUDY OF HIGE TUTARATURE TRIUSION AVD

COLFRESSTON CREHTEP BWTATIONR

A Thesis subnitted for the Degree of Doctor of TPhilosophy

is
in the Faculty of Bngineering of the University of

n N
Glasgow.
mngineering Laboratories
University of Glascow October, 1G47.

Glasgow, T.2.



ACKNCTLWHEE AT

The author wishes to thank the University of
Glasgow for the vprovision of laboratory facilitiss, an? Rolle~
Royce Limited, Aero-Engine Division, Derbhy., for {inancial =xnd

technical supvnort,

Acknowladgenment is also made here of the sssistance
received from Professor J,D. Robson, Dr. P, Yancock, ani other
members of the staff of the Faculty of Enginesrivg. Jue ncie
is taken of the relp, both spiri+ua1 end physical
frou the research students and +ecxn10~1 stafi of the laterisls

Labvoratory,



1.

24

TABLE OF CONTENTS

INTRODUCT ION

1.1 The Problem of Creep and Thermal Fatigue

1.2 The Structure and Development of the Nickel
Base Alloy Nimonic 105

1.3 Theory of Creep in de-Phase Alloy Systems

l.4 The Effect of Precipitate Particles on the
Mechanical Properties of Metals

1.5 Time Dependence of Precipitate Size
Distribution

1.6 Review of Relevant Previous Studies

1.7 Conclusions

DEVELOPMENT OF CREEP THSTING ®EQUILPMENT

2.1
2,02
2.5
244
205

2.6

2-7

Compressive Creep Rig

Tensile loading Rig

Specimen Design

Furnace Design and Temperature Control
Measurement of Creep Strain

Constant Stress Creep Machines

Conclusions

Page No.
1

1

12

20

24
30

34

36
41
42
43
46
51
52



3

EXPERIMENT PRCCZDURE

5.1
32

343

546
347

5.8

The Testing Programme

Assembly of Compression Creep Tests
Tensile Creep Tests

Calibration of Tbermocouples

The BEffect of Temperature Variations on the
Creep Rate

Considerztion of Brrors
Metallogravhy

Conclusions

DISCUSSTON OF THE RESULTS OF THE CREEP TESTS

Introduction

4,1 The Effect of Strain on the Applied Stress

4.2 Dependence of Strain Rate on Siress

4,3 The Temperature Dependence of the Creep Rate

4.4 The Stress Dependence of the Activation Energy

445 Changes in Precipitate Size and Amount, and
their Effect on Creep Bsehaviour

4,6 Grain Boundary Cracking and the Results of
the Metallographic Examination

4.7 Comparison of Creep Benaviour in Tension and
Compression

4.8 Conclusions

Page No.
53
53

o7
60

60

61
62
63
66

67
67
68
72
14
17

19

85

89
95



Page lo.
5. INVESTIGATION OF THE BAUSCHINGER ESFECT 95
5.1 Review of the Bauschinger Effect . 95

5.2 Requirements for a Bauschinger Testing

Programme . ’ 96

5.5 Requirement for a Bauschinger Testing
Machine 97
5.4 Development of the Bauschinger Machine 99
6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 104
6.1 Conclusions 104
Suggestions for Further WYWork 108
APPENDIX ' 110

REFERENCES 113



CHAPTIR ON=

INTRODUCTION,

1.1 The Problem of Creep and Thermal Fatigue

1.2

1.5

1.6

1.7

The Structure and Developmnent of the
Nickel Base Alloy Nimonic 105

Theoxry of Creep in Two-Phase Alloy
Systems '

The Effect of Precipitate Particles on
the Mechanical Properties of Ietals

Time Dependence of Precipitate Size
Distriduticen

Review of Relevant Previous Studies

Conclusions

Pag

vl
o

13

O,



HAPTER  ONE

INTRODUCTION

1.1 The Problem of Creep and Thermal Fatisue.

L2

At temperatures considerably below half the absolute
melting point (Th) of a metal, the assumption may be made
that stress and strain are uniquely related. This assumtion
no longer holds at temperatures approaching and in excess of
half Tm, It is found that a test piece impressed with a
constant tensile stress extends with time, This phenomenom
is known as creep, and during the pzst hundred yearg; ereep
has commanded ever increasing attention from engineers and
metallurgists as the working temveratures of machinery have
been increased. Typical temperatures encounktered in high
temperature environments are the 300000 encountered by space
vehicles re-entering the atmosphere; 1000°C in a gas-turbine
aero-engine and 600°C in a steam turbo-generator.  Since
the long-range purpose of this investigation is to assist
the econonic usage of aircraft engines the temperature of

interest here is the second of these,

The gensral mode of operation of all jet engines is
the same in that air is drawn in and compressed, prior to
burning and rearward ejection, in an axial flow compressor,
which derives its power from a turbine driven by the outflowing
gases, The combination of high temperature and centrifugal
stress produces an extremely testing environment for the
turbine blades, In this situation creep can he a limiting
factor in the life of a blade, either due to the loss of

dimensional tolerance, or to actual failure.

In/



In recent years the development of cooled turbine
blades, in which air is blown down cooling holes in.the
blade, has reduced the problem of creep, The life limiting
factor which is now of most importance is the thermal
fatigue indvced by thermal shocks at the beginning and end

. . )]
of each period of engine use(lf.

Thermal shock is produced during the start-up
of an engine, when cold turbine blades are suddenly exposed
to a high speed flow of hot gas. The outer surfaces of a
blade are heated immediately to a temperature many hundred
degrees higher than the blade core. Thermel expansion in
the hot surface is restrained by the covre, and so the surface
is held in a state of oompression§ if the thermsl shock is
of sufficient severity, plastic flow will occur, As the
temperature gradients lessen, the core expands, so that the
surface is now in tension, and further creep relaxation can
occur, As will be understood, a similar shock is experienced
on shut-down, when the hot hlades are exposed to & cool streanm
of g=zs, The heating shock is usually held to be more
damaging, since the thermal stresses are developed at a higher

ot

temperature(z).

The result of repeated thermel shocks is that the
deformation accumulates as fatipgue damage, and results in
cracking of either the leading or %railing edge of the blade.,
Once a crack is present, the blade life is severely limited,
since the centrifugal stress tends ‘o profugate thz crack

across the whole cross-section.

For safety reasons, the 1ife of a blade must be
known with a certain degree of accuracy. If the life were
gimply creep limited, blade life could be defined as a
certain amount of rununing time, Since thermal shock is

now the main cause of damage to blades, the number of shocks

as/



as well as the amount of running time must be included,
Since relaxation of the thermal stresses will occur during
high temperature running time, the incorporation of running

time in a blade 1ife criterion is not irrelevant.

The object of thermal fatigue analysis is to
calculate how many cycles of heating, holding at high
temperature, and coecling, a particular blade configuration
will withstand, By using modern high sbeed computers, the

problem has been tackled in the following manner(B).

Knowing the temperature of the exhaust gas, a
distribution of temperature over the surface of the blade is
assumed, Trhe blade cross-section is then divided into an
array of square elements and the temperature of each element
is calculated, From known thermzl expansion data, the strecs
regime at each element can he calculated. To fihd the
plastic strain st each point, the stress~strain-time
“behaviour must be known at each temperature for the materizl
in guestion, An additional complication erises from the
fact that the temperature distribution throughout the blade
is changing repidly during the first few seconds of the

thermal shock.

The main obstruction to a complete solution of the
provlem is the lack of precise knowledge of material
behaviour, As a result of the extensive creep testing which
has been carried out, the tensile properties of some nickel
hase alloys.are suificiently well known, A solution has
been computed on the assumption that the unknown compressive
creep properties were identical to the tensile ones. This

solution could be inaccurate due %o two factors,

1) Compression and tension creep are not necessarily

identical.

2)/
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2) The material may exhibit a Baﬁschinger effeot(4).
This effect appears as a drop in the flow stress after prior
straining either in the same oxr the opposite direction. The
importance of this effect in thermal fatigue 1s apparent,
since the blade elloy is stressed successively in opposite
directions, Thus the presence of a Bauschinger effect
could powerfully affect the amount of plastic strain

experienced by a blade,

The vrogremme of research described in this thesis
is designed to shed light on these factors, by measuring the
compressive creep properties of Nimonic 105, one of the
nickel alloys in common use in British jet engines. The
informetion required is the strain-time relationship for a
‘test pilece at various temperatures and uniaxial stresses,
both in compression and tension. The advantages of this
type of data over that collected from tests which more

nearly duplicate actual blade conditions are:

1) The uniaxial creep test is well established and accepted
both as a means for collecting useful engineering design data,

and for investigating deformation mechanisms in metals.

2) The apparatus required for such a test is relatively
simple, and usuaily consists of & lever loading device, a
furnace with suitable tenmperature control, and an extension

measuring device.

3) The results of these tests are fairly easy to interpret
and are used as a means of comparison between one alloy and

anocther,

4) Dislocation theories of creep can be used %o predict the
creep rate in a siniple stress system, The validity of the
theory cen be evaluated by comparing the prediction with the

creep rate measured in a uniaxial creep test,

As/



As a second line of research, it was intended to
measure the high temperature Bauschinger effect of M¥imonic
105, Although this 21loy is known to have a Bauschinger
effect al room temperature(5), no reliable information on
any netal or alloy app=ars Lo be available for the wmagnitude
of the effect at hign temperature. A more complete account
of the Bauschinger effect, and the progress made towards its

measurement, is given in Part Two of this Thesis (Chapter Six).

1.2 The Structure and Developnent of the Wickel Bas

Alloy Nimonic 105,

Before describing the present theories of creep in
metals, the composition and structure of the alloy in
question will be discussed. This is necessary, since the
theory applicable to a particular allcy is decided by the
microstruciure, During this discussion the reasons will be
outlined for the resistance of this alloy to the extreme

conditions experienced by an aircraft-engine turbine.

Conmposition.

Tne composition of Nimonic 105 is given in Table 1
below(6). As can be seen this is not a simple binary or
even ternary alloy. It is the purpose of this section to
rationalise the presence of each of the nine elements

nominally v»resent.

Table 1.
Element Weight Percent
Nickel Balance
Carbon 0.8
Chromium 15
Cobalt 20
*olybdenun 5
Titanium 1,2
Aluninium 4.7
Boron <. 0,01

Zirconium. <. 0.04



The Strengthening of Metgls.

A successful alloy for service at temperatures
of the order of 100000, must possess a combinaticn of
properties, Strength, corrosion resistance and toughness
are of prime importance, but ease of forming and the cost of
the constituents must also be considered, Qf the conmonly
available structural metals, nickel has better oxidation
resistance than iron, and is much more ductile than chromium,
but like all pure metals is fairly weak, After suitable
alloying the properties of the resultant metzal can bte improved

very considerably.

At 950°C, under a stress of 2,000 1b in , a pure
nickel test piece ruptures after 8 hours(7), while a Mimonic
105 specimen, under similar conditions, would remain unmroken
for 30,000 hours.

This remarkable strengthening is achieved basically
by two structural mechanisms - solid solution haerdening and

precipitation hardening.

S0lid Solution Hardening.

The principle which governs all attempts to make
stronger alloys is the restriction of the movement of crystal
dislocations, These are the imperfections which allow g
metal lattice to be permanently deformed(a). By introducing
atoms of a different atomic size into a lattice, irregularities
are introduced in the form of strain fields which surround
each solute aton. These strained areas retard the easy glide
of dislocations, and hence the alloy is stronger than *the pure

metal,

As the temperature is increased, thermal agitetion
helps the dislocations to overcome the barriers of the strain
fields, and the yield stress of the alloy falls. The general

structure of a true solid solution, however, does not change

to/



(9)

to any great extent after heating at high temperature .

For maximum herdening, large differences between
solute and solvent atomic size are desirable, However, for
a misfit greater than 157, the solid solubility is
restricted(lo), and once this level of solute concentration
is reacned, the solute precipitates as a second phase, anc

no further solid solution hardening accrues,

Since the effect of a second additive is
independent of the first, further hardening can be obtained
by increasing the number of alloying additions, provided the
golute atoms do not combine chemically to give an intermetallic

compound,

Precipitation Hardenino,

Although sclid solution hardening has bteen known
in the form of bronze and the iron-carbon =2lloys, for many
centuries, precinitation hardening was unknown till 19C85,
when it was accidentally discovered by Wilm(ll). But no
explanation of the phenomenon was given until 1919, when
Merica and his oo~workers(12) enunciated the principle that
hardening depended upon a so0lid solution whose solubility
decreased with decreasing temperature, An originally
honogeneous alloy could thus decompose into a two-phase

mixture when the temperature was lowered.

The second phase is usually precipitated as a
dispersion of fine particles, For a variety of reasons,
discussed later, these particles are effective dislocation

barriers,

To produce the desired effect, a two-stoge heat
treatment is usually necessary. A single phase solid
solution is produced by exposure at high temperature, alove
the solution temperature, and by quenching to ambient
temperature. An aging treatment at a lower temperature

results/



results in the beneficial dispersion of second phase particles,
The aging temperature is chosen as a compronise between the
short time required, dbut low amount of precipitate, of a high
temperature, and the uneconomically loung, but large amount of

precipitate, of a lower temperature.

The operating temperature of this type of 2lloy is
limited sevérely by the solution temperature of the precipitate
rhese, On the other hand, substantial strength is retained
even at temperztures fairly close o the solution temperature,
since even a small amount of second phase has a large

strengthening effect.

With & knowledge of the strengthening mechanisms
involved, the effect of individual alloying additions can now

be discussed,

Chromium has been recognised a8 a useful addition to
nickel since 1906, when Marsh(13) realised its beneficial
effect both upon corrosion resistance and upon streugth, as a
solid solution strengthening agent. Crromium itself bhas
excellent corrosion resistance due to its adherent impermeable
oxide, and in solution, chromium imparts this property to the

alloy.

+

Since chromium is available at a reascnable cost in
relation to its ability in improving these properties, it has
been added almost universally to nickel base alloys and in

particular, to Nimonic 105,

The most spectacular strength increment observed in
nickel alloys is derived from the precipitate phase based upon
Ni Al Since 657 of the aluminium atoms can be renlaced by
titanium without changing tﬁe lattice structure from face
centred cubic (Ni3 Al) to hexagonal close packing (Ni:3 i),
the formula is usually written Nia(Ti, Al), and is known as
the/



the gamma prime phase. Al though the h.c.p, eta phase is

Y

also heneficial to the cr=ep strength the ganma priwe is

preferable,. In its egnilibrium forn eta exists as long
thin needles, incoherent with the matrix, Such inconerent

particles aras less effaective as ¢islocation barriers than
the spheroidal, coherent gamma prime particles (see section

1.4).

As will be shoﬁn later, the best strengthening
effect is obtained from a large volume fraction of closely
spacad precipitates, This has led to an increase in the
amount of titanium and aluninium addsd te nickel alloys,
with the aim of increasing the volume fraction of gawna

prime.

The amount of gamma

T

rime present, however, 1s not
limited to the stoichiometric Nia(Ti, Al) composition. The
phase has extensive solubility for atoms such as chromium
and cobalt, especially in the early stages of precipitation
when the phase change reaction proceeds nost rapidly(l4).

It has been shown(14) that during high temperature exposure
some of these foreign atoms are rejected from the gamma prime
lattice. A refining process takes place so that the
precipitate conposition apnroaches the expected Nia(Ti, A1)

formula.

Hence the most racently developsd of nickel alloys
’ ] » 3 - I3
have up to 8 by weight titanium plus aluminium. After
suitahle heat treatment, the voluwme Traction of gamma prime

recivitate which results is over 507,
Py P

The effectiveness of the gamms prime precipitate
can be extanded to higher temperatures by the addition of
cobalt, which raises the solution temperature. A cobalt
bearing alloy can thus operate at a higher temperature thar
a non-cohalt-bearing alloy(15!16). Cobalt is also an
effective/
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effective so0lid solution strengthening element, though
because of the similarity in size between the nickel and
cobalt atoms, the strengtrening cbtained is less marked
than that froan the addition of chromium, By comparison
with Russian superalloys which contain no cobalt, and most
American ones, which do contain some, Nimonic 10% with 207
cobalt makes greatest use of this metal as an alloying

addition.

Since the molybdenum atom is almost twice as
heavy as the nickel atom, it diffuses more slowly through
the nickel laettice, and so slows down diffusion rates generally,
in particular at the interface between the gawmma prime and
the parent matrix(16). The rresence of molybdenum in Nimonic
105 thus slows down the precipitate agglomeration process,
4s do most alloying additions, molyodenum fulfils a maltiple

function, since it alsn acts as 24 solid solution strengthener

@

and forms a carbide of the foram ¥o Cg,  This type of carbid
is desirable, since thes alternative N,z 0Oy, where ¥ is a

~ S
rmetal ion, has been associated with brittleness especially

in welded structures(le).

The iwmprovement of ductility was given unexpected
help when it was found(17) thet accidental zdditions of

boron and zirconium iamproved the elongation of nickel base

A=

-

alloys, These originul additions were made as contamination
from the walls of the crucible in whickh the alloy was melted.
Decker, Rowe  and Freeman(l7) nhave carried out a systematic
investigation into the reassns for the inmprovement. They
concluded that the boron and zirconium atoms segregated to
grain boundaries, The reason nroposed is thatl the z%onic
sizes of these atoms, 1.7 A.U. and 3.16 A,U., for bororn and
zirconium respectively, are markedly snaller aud larger than
the major constituents of nickel alloys, for which the
substitutional stomic diameter has been given as 2,53 A.U.

For/



For this reason, it is claimed, the boron and zirconium
atoms tend to segragate to regions of grest lattice misfit,
such as the grain boundaries, The distorition creates
lattice sites of unnsual size, which would be unfilled if
these elements of de atomic size were not present. Such
vacant sites would act as imperfections which under the
influence of a stress could grow into a cavity, which could

eventually lead to failure.

In present practice these elements are added in
controlled quantities, since the amounts regiired are minute
(see Tadle 1). The presence of too much boron gives rise
to the formation of complex, brittle borides in the grain
boundaries, These reduce the duofility and hot workability
of the alloy both by their brittleness end their low melting
point. |

Despite being a minor constituent, carbon plays a
major role in preventing brittleness in nickel alloys. By
means of suitable heat treatment, the formation of carbides
can be induced in the grain boundaries. Since the mein
carbide-forming element is chromium, a region depleted of

chromium forms along grain boundaries. Now, the solubility

of aluminium and titanium in the wmatrix has been shown 1o be

decreased by presence of chromium(15). Hence in the region
depleted of chromium there is an absence of gamma prime
particles, This weakened region has high ductility, and so
the initiation of cracks is retarded. In support of this,
several observations(la'l9) show that an abssuce of grain
boundary carbides leads to low ductility and short creep 1if

The direct effect of the carbides is to act as precipitatio

3

hardening agents in the grain boundaries, retarding grain
boundary sliding, and preventing grain growth by boundary

migration,

ks/



As has been mentioned ahbove, the final properties
of a precipitation hardened alloy depend crucially upon the
heat treatment given to it. The first stz2ge for Nimonic
105 13(6’15) a solution treatment at 115000 for 4 hours
which takes into solution all but the most refractory
particles, A further 16 hours at 105000 allows carbon to
diffuse to the grain boundaries and form carbides, A final
treatment at 700°C for 16 hours converts‘a large volume
fraction ~ up to 507 - of the alloy to gamma prime. By
continuing the *treatment long enough for the particles to
grow to a few hundred angstrom, the precivitate is better
able to resist dissolution at high temperature than when the

particles are very small,

1.3 Theory of Creep in Two-Phase Alloy Svstems.

Curve Fitting,

The earliest attempt to systematise creep data was
the fitting of mathematical expressions to creep curves.
The equation.proposed by Andrade(zo) is probably the best
known example of this approach. The strain, e, during a

test, is given, at tiwe t, by
e = el +Bt?) exp k t, where

€,y B and k are constants.

As Andrade pcints out, for smallavalues of B and k, this
can be written -%f = 904% Bt ° +k + smallex terms)
giving the well known transient (Z e, B) and steady state

(eo k) components of the creep curve,

llany other equations such as this have been

(21)

represent actual behaviour, none help to indicate the

devised s and while all may be useful in practice to

fundamental mechanism of deformation.

1t/



It has long been the dream of the metallurgist
to predict the creep rate in a metal, without recourse to
experiment, knowing ounly the stress and temperature
involved; and one or two parameters defining the material
structure, When dislocation theory gained general
acceptance, it became possidle to advance particular atomic
interactions to account for the bvehaviour of metals under
stress, In the case of pure metals and solid solution
alloys many arrangements of dislocations and atoms have
been proposed(EZ) as creep mecnanisns, In any particular
caze it has proved extremely difficult to idenwify the
deformation process which is controlling the rate of strain.
Hence the conplexity of the problem has caused slow progress

towards the prediction of creevn rates.

Two-phase alloys of the precipitation or
dispersion hardened type are, despite their structural
irregularity, more simple to treat theoretically, since the
rate controlling process can be assumed to be the interaction
of dislocations with precipitates(Za). Both single- and
roly-phase systems have been treated by Weertman(24’25’26),
who, almost alone, has had success in developing theoretical

expressions for steady state creep rates.

Since the ideas and assunptions used in Weertman's
analysis are of gr2at interest, the detailed argument is
given in an Appendix, Suftfice it here to say that the

assuned rate controlling mschanism is the climb of

dislocations around precipitate particles.

The following expressions result a) at low

stresses
de n o bd D
& - I (1)
dt 2k T h°

where/



T

where —— is the rate of strain

is the resolved shear stress

b = the Burgers vector
D = the coefficient of self diffusion
= DO exp(»Q/RT)
Q = activation energy for self difiusion
k = Boltzmann's coastant
T = temperature
h = the average second phase particle diameter.

At higher stresses, given by

o > -%? y where

shear modulus

=
i

A = interparticle spacing,
the creep rate is given by

de _ 2mo% A D

This equation is valid up to stresses such that

2 0‘2 A 2 > . .

m . b 1, and at higher stresses,

de % o2 A D ag? »b°

dt w2 b h P( Wk T ) ‘ (3)

The following points of interest arise from these

equations for the steady state creep rate.

1) At low and medium stresses, (equations (1) and (2))
the predicted stress dependence is a power law, while at

the highest sureases, the creep rate depends upon

2
o= exp(zcy A_b7 -). Jimilar expressions have been found for

k T
creep in 31ngle vhase alloys(26). A great deal of

experimental data has been fitted to a power law
dependence(9’27).

2)/



2)  Bquations (1) and (2) predict a temperature dependence
of the form exp(«Q/RT), and since Q is the activation
energy for sell-~diffusion, the measured creep activation

energy should be close to this wvalue.

" 3) The creep rate depends explicitly upon the structural
varaneters h and A. Changes in these during a test should
affect the creep rate,

"
-

Comparison of Predicted and Observed Creey Behaviour.

Despite the existence of Weertman's equations for
some eight years, no great mass of experimental evidence has
been accumulated to confirm the accuracy of Weertman's ideas.
To this author's knowledge, the only readily availadle
published information is the following: two studies of
dispersion hardened alloys - sintered aluminium powder(QB)

(5 A P) and thoria dispersed nicke1(29) (T D nickel), and an
investigation on two precipitation hardened nickel allofs -
1252 and Inconel 700(30).

The experiments of Ansell and Lenel(ga)on SAPF
alloys showed that the steady state creep rate obeyed, to a
high degree of accuracy,

de
at

where @ was found to be 37,000 k oal/mole. This, then

= KXot exp(—Q/RT)

snows excellent qualitative agreenment with Weertman's
equation (2), since the activation energy for creep is in
excellent sgreement with the figure for self-diffusion, and
the derived stress exponent is 4, e2lso in agreement with the

experinental value.

Despite a knowledge of the siructural parameters,
it proved impossible %o predict the creep rates, In general
the observed creep rates were much lower than those predicted
by equation (2). The c¢onclusion is drawn that the nuwber of

mobile/



mobile disiocations in a dispersion hardened alloy is much
lower than in a singlc phaszs alloy. In & single phase

alloy, there exists a continuous three-dimensional network
of dislocations, the developgmenti of which may be prevented

by the particles of Al, O, in S AP,

Similar results have been obtained for TD nickel(29l
in that the creep rate depended upon the siress according to
g powver law, with an exponenlt 7 and the creep activation
energy was 64 Xk cal/mole, in full agreement with the

activation erergy for self-diffusion,

The stress exponent of 7 is somewhat higher than
the calculated value of 4, and it is difficult to explain
the difference. The main structural difference between SAP
and TD nickel is that the Al2 Q3 particles are flat plateletsz,
while the thoria particles are spheroidal. Both typnas are

incoherent with the pure metal matrix surrounding then.

In the TD nickel alloy, the creep rate was fcound
2. .
to depend upon the structural parameter A /n, in agreement
with the prediction of equation (2), which is the appropriate

equation for the stress levels discussed,

The experiments carried out to determine the
relation hetween structure a2nd creep rate in precipitation
hardened alloys are more difficult than similar experiments
on alloys strengthened with dispersions of oxide particles,
since the size and number of precipitate particles is
continuouslﬁ changing. While the oxide particles are
insoluble due to their large energy of formation, the gamma
prime particles have been observed by Rowe and Freeman to
aggloinerate into larger particles(30) at the test temperature
of 871°C. The course of the agglomeration was followed by
interrupting creep tests after suitable fractions of the
creep rupture life, so that the structure could bs exanined

by electron microscopy.



Such a structural survey was carried out on the IM252
alloy which contains approximately 2%b of gamma prime, and
a linear relationship was found between Weertman's

structural parameter Kg/h and the steady state creep rate.

On the other hand, Inconel 700, with 40 vol% of
precipitate, proved to be insensitive to structural
alteration, insofar as could be ascertained. It would
appear that at the higher volume fraction of precipitate,
A?/h is not as sensitive to the variations in A and h which

undoubtedly took place.

On this evidence it may be concluded that Weertman's
equations, while still unable to predict absolute creep
rates, are probably based upon sound assumptions, and further

work is required to define their limitations,

There are, however, several observations which do
not entirely agree with Weertman's scheme. Wilcox and
Clauer(al) measured creep rates in TD nickel which had an
asymmetric, acicular grain structure. Although their
results for temperatures in excess of 0.5 Tm fitted an

equation of the usual form

de -
-EE = A ot exp(ﬁg)

I

where A is a constant, the values measured for n and Q
were 40 and 190 k cal/mole, compared with the expected
values of 4 and 68 k oal/mole respectively. These do not
fit into any theoretical formulation, nor has any

deformation process been associated with them.

An even higher value for the activation energy of
creep in a nickel alloy has been published by Dioguardo and
Lloyd(sz) who found @ = 215 k cal/mole in René’41. This
is far in excess of other observations of the activation
energy in nickel base superalloys(53a54) which have

generally/
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generally found wvalues between 80 and 12 cal/mole,
Likewisas, no explaenation exists [or these apparently

anomalous results,

Since all these studies hava been carried out on
polverystalline material, it can bhe arguved thal grain
boundary effects are causing this lack of complete
agreement, With the improvements in techniques of
dirsctional solidification, it would seem feasible to
produce single crystal test pieces with which %o test
further the validity of Weertman's equations, which take no
cognisance of the presence of grain boundaries. Such
experiments would have to be carried out on suitadly oriented
crystals, so that a particular set of slip systems could bde

made to operate under a known shear stress,

Qther Theories of Creen in Two-Phgse Allovs,

Although prominence is given here to the ideas
developed by Weertman, other theoreltical treatments of the
two-phase systuﬂ have been published recently. In
particular, febsler and Piearoey(79) have considecred the
multiplication of mobile dislocations with increasing
strain, and produced an equation which fits the creep
curves measured in the nickel-basze alloy D,S.-20C, Yo
detailed mechanism is assuned in this treatment, and the
values of the constant terms in the creep equation are

found by fitting the equation to the experimental curves,

Unlike Weertman's theory, this treatment does not
make useful predictions about the provable dependence of
creep rate upon structure and siress, It does, however,
forecast that the measured activetion energy for creep
should be twice the activation energy for self-diffusion in
the alloy, and indeed, experiment shows *that the activation
energy for creep in this alloy is twice the activation

ene I‘e‘y'/



energy for self-diffusion in pure nickel. This must be

regarded as satisfactory agreenent,

Another thecry which makes no explicit predictions
of stress and structure dependence has been developed in the

Soviet Union by Roitburd, Usikov and Utevskii.

After examining thin sections of & Ni-Cr-Ti-Al
alloy by transmigsion electron microscopy, Roitburd(35) and
his co-workers conélude that the dislocation struciure
present after creep cannot be explained by any accepted
disiocation mobtion e.g., glide, cross-slip or climb, They
propose that the rate controlling process in creep is the
movement of helical dislocations, which can proceed by neans
of short range diffusion flows from one segment of dislocation

to another of opposite sign,

On this basis, an expression for the sieady state

creep rate has been developed:

de D (By? s
s < Ay () o
where A = constant
n =  piteh of the helix
a = radius of the cylinder enclosing the helix
p = dislocation density,

By inserting values of the experimental parameters,
an excellent approximation to the observed creep rate was
obtained, It is concluded that the non-conservatise motion
of helical dislocations can take place at a sufficient rate

to give observable plastic flow,

In this theory no explicit account is taken of itne
precipitate dispersion, Presumably the dislocation deusity
p is restricted by the presence of the particles, as is

suggested by the creep tests on S AP ~ type alloys(56).

As/
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As the suthors comuent, the siress dependence of
the creep rate in this theory is more complex than the
explicit linesr relationship, since p will depend, in sone

ip,
manner, upon the avplied stress,

Before this theory can be generally accepted,
further experimental work is requixed, since the only
evidence at present depends upon the creep of one alloy at
one temperature and stress, and uwpon a dislocation dencsity
assumed to he of the right order of magnitude rather than

measured directly.

l.4 The Effect of Precivitate Particles on the Vechanical

Propverties of letals,

Weertman's analysis of creep in two phase alloys
assumnes that the second phase particles resist penetration
vy dislocation segments, While this may seem readily
acceptable for refractory, inccherent particles of Al2 q3 in
pure aluminium, it is not so for the gawmma prime precipitate,
which has a orystal lattice similar to the parent matrix, and
a lattice parameter which differs by cnly O.5f(37). It is
the intention of this section to set nut reascns for the
undoubted hardening which the presence of the gamma prime
accomplishes, The several effects will be examined

geparately as follows,

1) Bven & small difference in lattice parameters will
induce strains in 3 particle, and in the matrix surrounding
it. Such strains have been detected both by X-ray and
electron microscopy methods(aa). A dislocation encountering
a region of disturbed lattice, surrounding either a solute
atom or a precipitate particle, is retard in its motion and
Kott and Nabarro(59) have calculated that the stress

necessary to move a dislocation through such 2 strain Tield

is/



is
o = 2Gef
where o 1s the shear siress acting on the dislocation
slip plane
G the shear modulus of the matrix
a function of the difference in lattice parameters

f the volume fraction of precipitate.

This FTormula can be used to calculate the yield
stress of a metal, and estimates have been made(40) for the
yield stress in several aluminium alloys. In most cases

the calculation was fairly successful in its prediction.

The most efficient distribution of precipitate
particles can be seen to bte, both from this expression, and
from Weertman's calculated structural paramster tc be a
large volume fraction of particles, whose inlerparticle
distances are go small that the adjacent strain fields

overlayp,

2) A totally different type of strengthening effect arises
when the precipitate has an ordered structure,. The gamma
prime precipitate has an ordered structure, whose unit cell

is based on the f.,c.c., lattice with nickel atowms occupying

all the face centre sites, and titanium or aluminiuvm atoms
filling the corner sites, The passage of an ordinzry
dislocation through such a structure will destroy order alcug
its slip plane, leaving behind a so-called anti-phase

boundary (AP B). This is a high energy interface whose
energy of formation may be caiculated. from the analysis

given by Marcinkowski(dl), to be 400 erg/cn® for the

octahedral planes - the usual slip planes in an f,c.c. lattice,
In a disordered alloy the analogous defect is a stacking fanlt,
which as an energy of around 100 erg/cm3 s much smaller than

that of an A.F.B.

In/



In addition

surface is created between the particle and matrix.

to the energy of disordering, new

By

considering the work done in moviung 2 single dislocation

through a

&

particle, the stress required can be calculated(4o)

ie

fyy 3 oot Yy
- 'p (&Y L
o 3 -

energy ¢f a disordered interface in

the particle

to be

c =

where Yp = the
f = the

= the

r = the
Assuming Yp to be nuch
o >

Inserting f =
Yp =

b =
we obtain o > 80
= 51

which shows that very
the internal ordering

is realised that this

energy of the particle-energy interface
volune fraction of precipitate
Burgers vector

particle radius,

greater than Ygs Ve have

Yo
b
0.5
400 erg/sz
2.5 x 10'8 cm
ke/mn?
ton/in®,
appreciable strengthening results from
of the precipitate, especially when it

is a lower limit for the yield strength,

Tais figure of 51 ton/in® is a resolved shear stress, and

compares with C.6 ton/in? for the critical resolved shear

stress of a pure nickel single crystal(42).

However, it

has been foun&(41) that disleccations

can move tnrough superlattices in pairs, separated by an

anti-phase boundary,
dislocations
repulsion of
the/

the dislocations, and the energy of Torwmation o

The equilibrium spacing of the

is decided by a bhalance between the mutual

=y



the A.P.3. The Burgers vechors of the components of
such a superdislocation are so related that the discrder
created by the leading dislocabtion is repaired by the
second of the pair. The stress reguired tc wmove such a
configuration is less than that calculated atove.
Superdislocations have been observed in the matrix of
Nimonic alloys(37). The presence of Hitanium and
aluninium agparently induces some long range order in the

matrix.

It has not yet been proved that the motiocn of
superdislocations plays a major role in the deformeticn
of VWimonic 105, Evaen if such dislocations were the only
mobile types in a lattice, creen would bve slow, due %o the

a3

comparatively low density of such dislocations.

[

3) The proposal has been made by Fleischer(45:40) that
wren a dislocation is mowed into a second phase particle
interface dislocations must be created, with a Burgers
vector equal to the difference vetween the vector ia the
matrix, and that in the particle, The assertion is made
that even though this difference may be small, the effect
is physically significant, Since no quantitative

evidence is available for the size of the effect in nickel

alloys, it must remain a matter of conjectiure as to whether

or not this effect is of use in Nimonic 105,

4) When a dislocation approaches a region of different
elastic modulus, it experiences a repulsive force(43).
Since Fleischer has snown that the Guinier~Preston zones
in an Al-Cu alloy give rise to appreciable strengthening
by this means, it may be assumed by analogy that gamma

prime in Nimonic can act in a similar fasnhion,

There is thus good reason Tor the assumption

that gamma prime particles resist penetration by disloczti

as/

<

el

1

i

Sy



as required by the dislocation climd model for creep.
This does nob mean bthat dislocations rever cut through
these particles, since it is known that the yield stress
in alloys with a dispersion oi small coherent particles
is decided by the stress requirzd for dislocation cutting

of the precipitates(40).

1.5 Time Dependence of Precinitate Size Distribution,

An alloy with a dispersed second phase produced
by precipitation from a supersaturated solid solution has
a particle size distribution which covers up to an order
of magnitude from smallest particle to largest. During
high temperature exposure, this distribution changes with
time as the solute rearranges itself into a confisurztion
of lower surface energy. The net result is that the
smaller particles diminisn in size, while the larger

rarticles grow at their expense,

This effect has serious cousequences for alloys
of economic importance, since their creep resistance falls
with the coarsening of the vprecipitate, Continuous nigh
temperature use (e,g. steam turbines) is obviously more
dameging in this respect than intermittent periods of
exposure (short~rangenaircra;t engines), since in this
latter case further precipitation will take place during

each cooling cycle.

When an attempt is made to calculate the rate
of agglomeration a serious difficulty arises in
characterising the problem. issentially a mathematical
function ie required to describe the shape, size and spatial
distribution of the pariicles. The concentration gradients
which lead to overaging could then be computed, and a

precise solution calculated,
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In the absence of such a complete analysis,
several agpproximate calculations have been made, and will

now be discussed,

Ham(44) divided the material into an arrey of
cubic elements, with a particle at the centre of each cube.
The size of the particle was assumed insignificant
compared to the size of the cube, His results, thougnh
interesting, cannét be considered to have a more general
application, especially in the situation of interest, where
particle spaoing/particle diameter ratios are not greatly

in excess of unity.

A possible, and elegant, description of the
system of precipitate particles is a Fourier series,
Cahn(45) has used this technigue to describe the magnitude
of compositional fluctuations, as well as their arrangenment

in space, in a theoretical discussion of spinodal decomposition.

For a fair degree of success to be achieved the
use of such a sophisticated technique has, however, not
been necessary. The most concentrated theoretical effort
hes been upon liquid-golid systems, by workers such as
Greenwood(46), Lifshitz and Slyozov(47’48) and Wagner(49).
Cf these the most explicit and useful ireatment is that of
Wagner, and only his results will be considered. Vagner
avoids the problem of specifying the spatial relationships
of particles by assuning that the particles are far enough
apart for a region of equilibrium concentration to surround
each particle, This proviso is not as restricting as Ham's
condition on the size of the particles in relation to their
spacing, and is Justifiable in view of the success of
Wagner's theory, The size distribution may be defined by

any suitable expression e.g., a Gaussian curve.

For/



For the situation in which the parent solution
has been depleted down to the equilibrium concentration,

Wagner derives for the average particle radius, r,

- 8 Y D CO va 1_ (
T = -t"’ 4.)
9 RT
where t = tinme
C, = the equilibrium solubility of a
varticle of iafinite radius
Y = the interfacial energy between the
parent vhase and a particle of molar
volume Vg
b = the diffusivity of the particle species
in the matrix at temperatvre T
R = the gas constant = 2 cal/mole.

One disadvantage of this approach is that no
st

consideration is given to the effsct of elastic sirains,

both in the matrix and in the particles. Lifshibz and
Slyozov(47’46) examine how the elastic stress fisld created
by a difference in lattice parameter might affect the
diffusivity and solubility in a solid matrix, dvut do not

make it clear how important they adjudge this effect to be.
Or“anl(5 ) however, considers this a minor effect

compared to the restriction placed upon the system by the

coupling of diffusinn processes. This can be visualiiss=d

-

by considering a volume containing a coherent precipitate

particle, Then the flux of ztoms entering the volume for
the formation of the particle mist be balanced by an equal
flux of different atoms leaving. For a non-coherent

particle the situation is =more cowplex, since the numbar of

lattice sites present within a volume changes with the size

of the particle, The limitations this places on the

a

diffusion processes has, in principle, been calculated by

. (50)
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Another serious limitation uvon equation (4)
is the demand that the concentration of the prscipitat
constituents in the parent phase has the equilibrium
value so that it is independent of time, During the
high temperature exposure of Wimonic 105 at temperatures
higher than the aging tewmperature, the amsunt of
precipitate falls considerably (see fig.25). 1In
consequence the concentration of gamma prime constituents
rises in the matrix as the amount of precipitate
diminishes and agglomeration proceeds, Only after long
aging times does the volume fraction of gamma prime reach
equilibrium level, A complex situation thus exists, in
which, although the average particle size is increasing,

the volume fraction of gamma prime is diminishing.

In view of this, it is surprising that such
good agreement has been obtained between measurements of

the growth of particles and equation (1).

Mitch911(51) followed the course of agglomeration

in six Sommercial nickel base alloys. A1l his results

fit a t¥ time dependence for the average pavticle size.
Wagner's law was obeyed over a range of temperatures from
600°C to 1100°C,  From Nitchell's data the activation
energy for the clustering process will now be calculated.
To this author's knowledge, this calculation has not been
completed before, and no zctivation energy has been

reported for the clustering process in any other allocy.

If equation (4) is now differentiated

g BY VDG,
dte 9RT

an expression is obtained Tfor the rate of agglomeration.
Since this rate is diffusion controlled, a knowledge of
the activation energy suculd supvly information about the

mechanisn of formation.

Wow/
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Now Co has been shown to bo(21)

C, = exp(nH/RT)

where H

heat of formation of mrecipitate
2k cal/mole for Wi a1 (21)

LA

And D

1]

D exp(~Q/RT)
where Q is the activation energy for the diffusion of

the precipitate species.

8y Vy D -{ Q+H
Hence By o ot 0 oxp —LQHH)
dtz 9RT RT

Now, from Mitchell's data(57), the slope of the plot of

log (9$g9 versus‘l/T can be measured tc give
at’ Q+H = 29.6 k cal/mole
Thus Q = 27 k cal/mole,

!

This figure should compare with the activation
energy for the diffusion of aluminium or titanium in
nickel, However, the work of Sherby and Simnad(Bg) and
Swalin and Eartin(53) on the diffusion of molybdenum in
iron and tungsten in nickel indicates that the activation
energy for diffusion of solute atoms is not greatly
different from that of self-diffusion, which is 66 k cal/

nmole for pure nickel,

The wvalue mentioned above for § holds for =a
range of titanium and aluminium concentrations, and since
it is known(14) that other atoms than those given by
Nia(Ti, Al) are present in gamma prime, it is difficult
to assign any chysical significance to the measured

activation energy,

Further evidence has heen reported in agreement
with the time dependence given in equation (4). The
coprer-cobalt system, for alloys containing from C,77 to
27 by weight of cobalt, has been excmined by Livingston(54’502

In/



In this case a magnetic technigue was used to follow the

"

change in particle size with time,

Bannyh and his aséociates(55’50) folliowed the
quglonurailoﬂ of Feac in @~iron at 700°C over a GO~fold
increase in average particle size. Using an electron
ﬂicroscopo techuique, they found that their resulis shiowed
a té time dependence for the average particle radius, in

agrecment with Livingston and liitchell.

The agreement of thess investigations is
encouraging but this satisfaction must be tempered by the
realisation that no success nas been reported in predicting,
from equation (4), the absolute rate of coarsening. This
is due largeiy to ignorance of the apyropriate values ofy,

the surface snergy.

In an alloy undergoing deformation, large numbers
of vacsncies are produced by the deformation processes, I3
is to be expected that these vacancies would raise the
diffusion rates in the alloy, High diffusivity paths also
exist along dislocation cores, These effects may well
comhine to raise the rate of agglomeration. From the
evidence presented above, and in the next paragraph, these
higher diffusion rates do not result in a change in the
time dependence of T,

-~

The Effect of Stress on Precipitation,

-

3¢ far no allowance has been mada for the

~

sence of stress upon the precipitating sjrstemo Mo

¢

pr
difference has been noted between agglomeration produced
under stress, in a creep tesi, and the unstressed
behaviour(SG’sl), and so this effect can be taken to be
negligible,

=

From the calculaticn, by Mott and Nabarro( ’),

~

of the elastic energy of the strain ficld surrounding a

precipitate/
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precipitate particle, Oriani(sc) has shown that the
elastic energy, per atom of precipitate, is independent
of the particle size. This implies that once the
equilibriun fraction of precipitate has beexn attained,
surface energy is the sole driving force for precipitate

agglonaration.

In conclusion i% may be said that while the
i C ~
derived t° time dependence has been shown to be accurate,
Further work is required before rates of agglomeration

can be predicted on purely theoretical grounds,

1.6 Review of Relevant Previous Studies.

Despite the difficulties involved in testing,
the subject of comnvression creep has aroused interest from
time to time. Sully(54) hag recommended compression creep
testing &s a means of testing small samples of material,
Such limited samples wmight arise in the investigsation of
experimeatal alloys, or in the testing of specimens taken
from engiﬁeering structures. Despite this advocacy, the
technique does not seem to have gained wide acceptance,
probably due to the difficulties of compression testing and

previous investment in tensile equipment.

Super-~allovs,

Of particular interest is the extensive study of
high temperature alloys carried outkby the Marquardt
Corporation(59’6o’6l). These alloys were the iron base
K-155, cobalt base L-605 and nickel base Rene 41. The
first two of these are solid solution hardened, while the
third is strengthened by the gamma prime precipitate,
During the above investigation, several types of test were
used, including short time tensile and compressive creep
tests, in which the maximum test time was limited to 15

ninutes, In spite of the differences in structure between
the/
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the alloys, the creep data for each alloy has been
shown(g) to obey a relationship such as

de Ac™

= — explz=
at T ‘(RT !
in agreement with Weertman's equation (see 3.3). In

M

this case n = 4 - 5, in fair =zgreement with the predicted
values of 4 -5 for a pure metal and 4 for a dispersion
hardened alloy. However, the measured values for Q were
always far in excess of the appropriate figures for self-

diffusion.

In general, the conclusion was that compression
creep rates were lower than the corresponding teunsile ones.
The René/41 data at 982°C is particnlarly interesting,
since at very short times - less than 100 seconds, the
tensile curve at each stress lay below the compressive one.
Thereafter tensile creep strains exceeded the compressive

by progressively greater amounts.

Since all these tests were carried out on sheeti
material, a bracing device to prevent buckling was
essential to the test equipment, dny specimen which
tended to buckle would not then be nnder simple uniaxial
compression, The criticism may also be made that the
specimen was heated by passing a large electric current
through the specimen. This might affect the materizl in
two ways 1) Since it is known that dislocation corcs can
ve electrically charged, such a dislocztion would
experience a force due to the presence of the eleciric
field, in addition to the applied mechanical stress,

2) The electrons passing througn the material are scattered,
in particulzr by solute atonms, The electrons transfer
their momentum to these atoms, which are moved through the

lattice by this "electron wind",

Yo/



between tensile and compressive creep ¢n a thecoretica

tasis, aad so the main conclusicn from this work is that

ompressivs creep raites are the same is a safe one, Since

c
the renze of experimental parameiers was very large - strain

N
[
o]
(@]
b
C

e
. o n—5 1 "‘l - doun O - PR
rates fromn 10 to 1.0 sec temperatures from 87
04730 ~ +he correlation of the data wiith Teertman's
equation ie powerful support for the concept of dislocation

»

¢climb as the dominant rate contrelling mechanisn of creep.

ifsnjoine has repcrtéd the resalis of tests on
. - - - - By o -
stainless steel at 5565°C ang 59300, wnicn showed the
tensils creed rate {0 be always greater than ithe counpressive,

o
s . : 0 - Al T R Y
inother investigation SHOTGC(") that the creep

1

rates differed, but in a more complex manner which depended

ne available restlts on rure z2luniniun and its

alloys show oven greater ceuplexity, and even d139@186$ ant.
ff;\
" 3 \ fal (‘, h]
tne data of Heimerl and Fa rquar\‘*/ shows generzl agreement
between tensile and compressive creep rates. The exceptions

are at low temperaitures, around 15000. where the effects of
precipitation and nrestvawq were most marked and itensile

4

cree) was Zreater itnhan compressive,

_—

n the othsr hani, Garlssonl63) et al. conclude

after tesis on sheet aluminium alloys that compressive creep

was generally different from tensile, Depending upon the
stress and texrsrature, these workers found either the
tensile or compressive creep could e greater,
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Pure nickel.

The results on pure nickel differ(94) from
the rest in that they show a compressive creep rate
decidedly higher than %the tensile one, A tentative
explanstion is given on the basis of the grain boundaries
acting as sources or sinks for vacancies, Since no
evidence appears to have heen published confirming the
postulated grain bvoundary behaviour, this theory must

awzit further evidence before heing.accepted.

a

From these investigetions into the crecp
properties of various alloys, the following conclusions

may be drawn
1) In general, tension and compression creep are dilferent.

2) The magnitude of the differences depend in a complex

way upon siress temperalbure and structure,

5) In the face of an almost complete lack of theoretical
speculation, an explanation does not exist for those

differences which have been measured,

w

4) This is understandable since the resclved shear stres
on a slip plane is the same, wnether prodfuced by a
tensile or compressive force, The stress experienced
by a dislocation segment should therefore be the same

in tension and compression.

T, D, nickel,

Recently, interesting results have bheen
published(29’65) on the tensile creep of nickel-thoris
alloys which contained from 17 to 4 of ThO2 particles,
When recrystallised by cross-rolling and annealing et
1200°¢, these alloys showed benrzviour in fair agreement
with the theoretical predictions of Weertman. The

» . 4
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activation energy for creep was measured as 6€ k Cal/mOle,
compared with a range from 63 - 66.6 k cal/mole for the
self-diffusion activation enersy in nickel. Also the

creep rate depended upon the strees according %o

Qf. o oh

at constant temperature, where n = 7, compared with

Weertman's predicted value of 4,

A similar alloy, swaged and tested without
subsequent recrystallisation had an activation energy
three times that for self-diffusion and a wvalue for n of
40,

The differences between the tvo types of materisal
lay in thetangled dislocation siructire and elongzated
grains of the as~swaged material, compared with the

annealed, equiaxial grains of the recrystallised material,

These results illustrate the caution with which
creep data in complex alloy systems must be viewed, since
the comvosition of the alloy, in thig case, gave little

iti
c¢lue as to the expected creep behaviour,

1) The steady sbtate creep rabte varies with stress
according to a powsr law, wibth an exponent determinecd

LW SN

by the alloy structure,

2) Crecp is diffusion controlled, and measursd activa

[ od

icn
erniergies are, in the case of nickel alloys
range 80 - 120 k cal/mole

t

oy
s}
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3) The steady state creep rate depends upon the
structure of a two-nhase alloy according to
Weertman's structural parameter Xg/h, where h is
the particle diameter and A the interparticle

spacing.

1
a t° law, as derived D

4) At high temperature, h depennds upon time according
to

Wagner, -

2

The precise values for the stress exponent and
activation energy must thus be determined for each material
separately, since these have not been predicted
theoretically, nor can values measured for other materisls
be assumed to be applicabdle, The values of these
parameters were therefore measured for Nimonic 105, and

are tabulated in Chapter TFour,
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CTAPTER TYC

DEVELOPYVENT CF CREEP TESTING ESUIPITENT

In view of the requirements outlined in the
Introduction, the apparatus necessary for the experimental
part of this investigation had to fulfil the following

functions.

1) To apunly accurately known tensile or compressive

stresses to a specimen of Nimonic 105,

2) To maintain this specimen at a temperature of about

lOOOOC, this temperature to be known and constant,

3) To measure the ensuing deformation with sufficient
accuracy. These requirements are not mutually’
compatible, since the accurate measurement of
deformation usually requires direct aggéss to the
specimen, This access is precluded by the specimen
temperature being of the order of 10C0°C, and so the

use of remote sensing extensometry is essential,

2.1 Compressive Creep Rig,

As has been statel before, the reason for the
lack of compressive creep data is the difficulty of applying
an axial load to the specimen when it is hot and of
maintaining axiality during deformation, With this in
nind, a suitable rig for creep testing in compression was
first designed, For the comparative tensile creep tests,
the tensile equipment was copied, as far as possible, fron
the compression rig. The aim in this was to maintain

testing/



testing conditions identical in the two sets of tests,

c
except for the state of stress.

Since so few compressive oreep investigations
have been carried out, no standard form of apparatus has
evolved, It is possible to classify the different design

vhilosophies as follows

1) A method which does not require the accurate guidance
of a compressive force on to a column test plece is the
three~ or four-point bending test. For this test the
specimen is a simple flat bar, and the load can be
applied by a more simple guide than that required for
axial compression, However, Tor calculations of
stress and strain to he made from the applied load and
measured Jdeflechion, a knowledge of unisxial
behaviour is required. Although opposite sicdes of the
bar are in tension and compression respectively, the
creep behaviour in woth states of siress cannot be
derived frowm one experiment. Thus two sets of fests
are required, and any analysis of the bending test
would be rendercd inaccurate in the presence of
cracking. This type of test bas been used for nlastics
at ambient temperature(éé) and for ceramic materials at

very high teﬁperature(67).

2) The most simple compression rig for a cylindrical
specimen consists of an interlocking shackle whicu
converts a tensile full into = conipressive one, This
shackle can be small enough to it inside 2 normal %ube
furnace and can be mounted in a tensile creep nmachine,
This system has been used successfully with aluminiusm
alloys at temperatures up % 5000(63).

For
application to this shud wimonic 105, such a

reverse/



wear at the higher temperaturss, even i nmaude <l tne
aost corrosion and wear resistant alloy available After

few tens of hours the alignment would no longer bhe

sufficiently accurate to guarantese the accurats loading

reguirved for a successful compressive creep itsst,

&L

5) The method which apygeared to be moseh capadble of developnent

for use at the high temperatures required, was a rig
designed at the National Engineering ILabora 4nry(68),
This rig uses a cylindrical specisen, which sits on a
maesive anvil of heat resistant material, while a

conpressive force is applied by & rod which is guided

fron outside the furnace (Figure 1). The accur=zcy o
these guiding surfaces is crucial to the success of the

machine, All thuree holes in the nain frame were Jrilled

in line on one machine withcut Jdisturbing the aliznrent -

of the frzme between the drilling of each hole. Tne size
of the frame was decided by the mininmum furnace size

necessary to heat the sp2cimen accurately., The loud

ul»

-
w
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derived from the lever arm of a tensile cresp machin

by hanging the main frame (1) from the lever arin, 2nd

shackling the loading rod (2) to the foct of the mechine.

By guiding the loading rol frowm outside bthe Turnace,

the oxidation problen. eucountersd in method (2) above is
avolded, A close tolerance it tetween the loading rod and
its hole in the main {rame can be anaintained permanently. In
practice, this bearing was lubricated with a. film of "olyslip"

greasa,

1 !*
1
o
n
|
)
]
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crrinin aliera
to the original design, in view of the tezpsratures involve?

£

Becaus O

Himonic /

its superior strength ani oxidation resisiance.
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Vimonic 105 was used for the load bearing v»lattens (2, 3} in

-

the kot zene. Although at first sight it would appear to be
bad design Lo use the sane alloy Tor test piece and loading
rams, this was necessary since no betier alloy was availabdle
Tor the structural members, The stress on the loading rans
as a Tactor of 10 lower %than that on the specimen due to their
greater diameter, The maximum temperaturs experienced by the
loading rams was also lower, if only by a few degreecs, than
that at the specimen, The spherical bearing caps (4) were
made of Stellite 4 as belore, due to its superior harduess,
These caps were used as final alignment devices to zccommodate
ny small defect in the machining of the specimen ends, The

lubrication of the bhearing surfaces proved to be a problem of

4

some difficulty. Two factors were involved: (sece Pigs. 1, 1h),

1) To act as a true spherical bearing, the stellite caps have

to be able to slide Treely on the Nimonic Temale surfaces.

2) The specimen ends will be restrained from deforming by
the unyielding StOlllL@ cap. This leads to a
"harrelling™ of the specinen, with consequent oversll
lowering of the observed creep rate This barrelling
can be avoided by lubricating the interfzce between the

specimen end and the Stellite cap.

The two most common high %emperature lubricants,
powdered graphite and molybdenum disulphiﬁe are both inadequate
in this aprlication on account of thermal instability, their
useful temperature limits being 400°C and TOOOC resyectively.,
The manufacturers of "Molyslip" suggested that this lubricant
should be applied, and degraded to molybdic oxide at high
temperature. This procedure has been found to give sowme
lubrication above 700°C, The decomposition of Yo 52 would

release sulphur in rather high local concentrations. ™h

-t

e

s
sulphur would then attack the Winmonic parits, and the specimen,
since nickel alloys are particularly prone to atiack by
sulphidation/
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sulohidation, In agddition thre lio 02 is volatile, and so
would not provide long-term lutrication, For these rcasons,

this procedure was discarded,

A Tew tests showed that a proprietary antisesisze
compound "Grade 516", made by loly-Penl was effective, but
analysis showed the compound to coatsin quantities of sulphur,

and so this method had to be discontinued.

The most efficient lubricant which was tested was
semi-colloidal glass suspended in iso-propyl alconhol, Such
glass lubricants have been developed for hot rolling and forging
processes, and have bheen reviewed by Alder anrd Phillips(69).

The particular glass chosen softened at about 9C0°C, and had a
useful range of temperature up to 11.00°¢, Despite its
excellent qualities as a lubricant, this glass had its drawbacks,
since when hot it reacted with the Stellite, and corrosion pits
were formed, In addition, because it hardened on cooling, this
substance bonded together the specimen, the Stellite spherical
caps, and the Nimonic push rods. Before the caps would be
aligned for another test. they had to be heated to hreak the
glass bond, and reground to remove the glass and corrosion rits.
Because of these practical considerations, colloidal glass was

ruled out 2s a possihle lubricant,

A possible lurricent would have bsen gold, or silver,
plated on the ovvrosing fac=s, Although no data was available
on the performance of these metals as lubricants, two factors
seemed to discount any possibility of their being used: they
would probably have seized the mating surfaces on cooling, in
the same way as colloidal glass did: and, because of this,

~

the vlating would have to be renewed hefore sach test. Cn the

B

other hand, silver bearings have Been used in Jet engine

. . . 70
avvlications with apparent success(' ).

In view of the lack of a suitable lubricant, test

s
vere carried out to see if g lubricznt as such was essontizl,

e

Satisfactory/



Satisfactory antiseize properties were obtained using a
preoxidation treatment on the Stellite and Nimonic vearing
surfaces, with a thin film of powdered chromic oxide interposed.
Since ssgtisfactory crsep tests could he completed using this
simplified procedure, it was adonted and used throughout *the
testing programmé. Since the spéoimens were given an aging

heat ftreatment after being machined, a sufficient film of oxide

wasgs present on them without further treatment.

2.2 Tensile lLoading Rig.

The technique of tensile creep testing hzas been
developed over many years, and so the basic principles azre
well known, and have heen reviewed recently by Penny et al(ql).
The usual type of machine employs a lever arm pivoting on top
of a rigid framework (Figure 2). The specimen is attached to
the base of the machine and the lever arm, by means of
universal joints, and a force is applied by hanging weights
from the long arm of the lever. Such a machine was available
in the University of Glasgow at the start of this work - the
3 ton High Sensitivity model made by the Nand Engineering
Company., In view of the length of time occupied by creep
testing, a second machine was built, similar to the Yand machine,
and, in particular, with the same lever ratio of 17:1. The
tensile tests were carried out on one machine and the compression
tests on the other, By this means, two tests could proceed at%
the one time. Work was begun on two more creep machines, bhut
these were not completed in time, This was no real loss, since
two creep tests proved to be sufficient to occupy the full time

attention of the author.,

The shackles used to carry the load to the specimen
in the hot zone were machined from 7/8 in. bar "Nimonic 105",
These were attached via universal ball joints to the creep
machine »ase and the lever arm (Figure 2), The specimen was
screwed into these rods, which were preoxidised before uss %o

ensure/



ensure that the specimen threads would not seize,

2,3  Spscizuen Design (Pigure 3).

Under ideal conditions; a specimen for a compression

test would experience a perfectly axial load. The length of
the specimen cculd be set at almost any value, limibted only by
elastic huckling, However, due to inevitable wachining and

assenbling errors, some bending moment is always present, The
wil= L0~ 'r?.._;.v- g.i.lv (&)
length-to~diameter ratio of a creep specimen must hence be
estricted. For the nurpose of obbaining a measurable creep

rate for a given applied load, a long thin creep specimen is

ohviousiy more desirahle than a short fat one. The former
is also more unstable as Tar as buckling is concerned, Ag a

-
compromise, a specinmen size of 1.3'" in length ant 0.1 in in
cross section was chosen, This gives a length to dl neber
ratio of 3.65:1.

A freguent criticism made of compression ta2sts is
that the end restraints on "the specimen are severe, even when
a cylindrical test piece is comnressed betvween flat plattens.
Such criticisms ignore the end restrazints placed upon all

h |

tensile specimens by ~the threaded portion of enlargsd cross-

section, It would be possible to carry out comnression tesis
on specimens with similar enlarged threaded snds, Desgpite

-

this, *the right cylinder was chosen as the compression hest
piece, to minimise the end restraints (see Figurs 3). The
length-to-aianeter ratic of 3,65:1 was large enough for any
end effects to result in lititle change in the creep rate

s
5

meacsured over the whole specimen,

The size of the gauge length of the tensile test

piece was dictated hy that chosen for conpression, since

otherwise unkrown effz2cts due Yo specimen size would nhave becn
prasent, The specimen for tensile creey tests was thus more
massive than is normally eaploved, and consisted of a gavge
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length 1.3 in. leng and 0.1 in® crosu-section (0.357 in,
alameter) with a suitzably enlarged poxbtisn on ~ither end to

carry a 0.625 in. B.3.¥. thread (sce Pigure %).

These spescimens were nachized in the solution~
treated conditicn from one heatbt of Wiasaic 1G5 Wy Rells-~Royce

Foundsfield tensoretbter were machined oub of t¥z bLznsile

two compressive untested creep teszt pisces, Room temperatlur
ensi &3 showe et one Tlsiaate Teneils Strergths of all
t le teats showel that the Uliiaate Tensil vrergths of all
. b} ~ 1 . 2 vy >
' specimens tetween B4.4 and 88 honjin”® ., Ihis
four specimens lay “etlween 84
agreencnt lg satisfactory evidence that the two tyvu of
specimen havae the same peoyerties Lerore creep testing.
. — N\
2.4 Furnace Desisrn ol Te pezaiara Crntro) (Fiss, 4, da),

One

jar]
e
&

alvantage o bthis typs of cemipression rig
i Shat the {rame restricbts the sizme of
used, This is pacticularly sericus for bthz leng
furnace, since any furnace which utilises the {uil space

1

available has to bLe wmade in two paxis,

Consideration was ziren to the use of o furnace
short enongh to be slipned down off the test piece, ¢o thai a
new one could he pulb i place, This would hava resiricted

the length of the furnace to 4 in,, which

was Loo

e
-

provice an slequabe constant temperature cone over the length

o

5 el . T I AT fen o -y 29 7
of the gpescimen, Hernce a spiilb [urnace was deemed necessary.

Since the requirement for a splii furrasze is

somewnet wiasual, no suitahble furnace was commercially

availadvle, Tne original Iurnsce designed at the Kational

T0m 3 3 » T - 2 1 R S LR T o o P
EBrngineering Lavoratory nad ite heabter windinss cenented io
shells cast {ron refracicry concrete. These shells were then



mounted in casings packed with insulating powder, ATt

5

many trials, this design was [found So be inpractical due to
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the frllllhj of the refractory shelle
ﬂ“tur 41 to supoort the windings was gouy
that vorous firerrick offered 2 useful combination of

properties, By a chenge of design, a greater thickness of

i
firebrick could be used; the firebrick was easy to machine
and porous, so that bthe cement, used to hold dowa the windingzs,
could fora a powerful bend hy seeping into the heles in the

firebrick,

Tne required inbternal tubular shape of thae furnace
was hollowed ocut oversize in two Tirebricks claumped hougether,

’ El

Bach hrick was mounted in a casing (sece Fig. 4) packed with
Norgan "Tri-Yor Kaowool" insnlation. The {urnace was
conpleted hy cemenbing tue windings in Place and sscuring the

wires to terminals on the furnace casing, The cementing =as

carried out last so that the wirdings woeuld not be danaged

during mounting,

Bach winding ccnsisted of a coil of wire wound on a

0.25 in, mandrel, This c¢oil was stretcred to separaie
neighbouring turns of the coil, and bent into three parallel
straight sections. Two such windings were cenented

symmetrically in each brick, with u gap of one inch between the

Initially, the resistance wire used was the nickel-
chroziua "K" alloy made by Bribtish Driver-Harris. The use

later, of Kenthal A1, improved the 1ife of the furnace, partls

because of its higher temperzture capabilities ard partly Lecause
of its higher specific resistance. Mis latter propesriy
permitted the use of less wire, seo that the spiral coils coul

be extended further hefore “eing cemented, Because the n»itch

of these spirals was grsater than that of the nichrome ones,

there/



there was less likelihood of hot spots cccurring, and

producing premaiure Tfailwre of the furnace,

h)

The restriction on the size of the furnace left
insufficient room for iwsulaticon. Thus +the heat losaes were
higher than would have beaon dasired, Large heat losses alsc

occurred by conduction through the heavy push rods, The

effect of these heat losses was to raise the temperature of the

e

main framxe to 150°C in places, This aflected the design of the
extensometry, as will he shown, Degpite these losszes, the
avevage rate of power consumvtion during a test at 1000°¢C was

only 900 watts,

In a cylindrical enclosure such ag that defined by
the inner walls of the furnace convective currents are always
present, carrying a flux of heat upwards. This bhecomes a
serious problen when a zone of constant temperasture is Jdesired.
The problem can be tackled on two fronts: the convection
currents can be reduced and their effect can be counteracted,
Towards the firgt aim, the ends of the furnace were plugged
.with "Kaowool", and a set of annular stainless steel heat

shields was placed in the upper part of the furnace (Figur

(D
]
e
.

The second aim was achieved by supvlying more power to the

bottom set of windings, by including a variable resisztznce in

parallel with the top pair of windings (Figure 4a). The ratic

of power supplied to top and botfom could thus te adjusted untiil

the reguired tezmperasure distribdbuticn was ach

j s
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this aim was the correct spacing hetween the two sets of
windings in each halfl of the furnace, The spacing was

determined by trial and error to he just cver 1 inch,

Tc obtain a constant temperature indepenient of room
tenperature 2nd random mains voltage fluctuatiocas, the power
of the furnace was regulzted by a "Sirect" controller, This
is an electronic unit which senses the furnace temperature by

means/
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means of a platinum resistance thermometer held against the

inside of the Turnace wall, According to the temperaiure

("‘

sensed, the "Jirvect" controller makes the necessary adjustment

anks

to the furnace powsr (s Higure éa)

4]
®©

Over periods of 100 hours, this system proved to be
capable of maintaining the temperature consbtant to witrin
+1.0 C° of the desired temperature. Tests with three Pi-Pt,
137 Rh (platinnmmrhodium) thermocouples wired o the specimen
showed thalt the temperature variation over the gauge lenghh

was 0.5 CO,

As testing proceeded, expertise was gained which
allowed tempersture variations to he reduced to very small
values, especially in the srort time tests, The effect of
temperature excursions away from the desired valuve will be

discussed in the nex® section.

The ornly difference in furnace design hetween teznsile
and compressive apparatus was that the bore of the tensile
furnace wes 0,5 in., smallerw, This was posnible because of the

T 2

smaller diameter of the tensile louding shackles compared with

»

the more massive rams used in the compressive rig. The smaller

(s

bore peraitted the use of more iusulation; less power was
required to maintain a given temperature, and so longer furnace

life was obkainedq.

A useful change in £he control systen was ithe use of
graded balance resistors, with a maximum resistance of 200C Q,
and a maximum current rating of 2 amp, At maxi=num registance
these drew only a swmall current, but within a few seconds their
resistance could be reduced Lo the level of 2Z0-4CQ required

re
for Ffurnace control. (Figure 4a).

2¢5

=
P

teagurenent of Jresy Strain (Fiqures 1. la, 2

-. — [ Lo . o 2 o - LI s ]
The neasuarenent of changes in speacinen dimensinons

during,
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during high temrerature testing is a problem which has yet to
be solved in an ideal form, Briefly stated, a2 method of
neasurement must bhe found which does not interfere with the
stress system on the specimen, or with the teunperature

distribution within the Turnace,

Until very recently, all methods envisaged a sensing
elenient outwith the high temperature region. Advances in the
design of sirain gauges indicate that high {temperazture strain
gavges can he develoved with sufficient range to te of use in
creep testing, Such gauges would be close to a perfect
solution, since they are small, and only require two electrical
leads to enter the furnace(72). As yet, no report of their

use, in this application, has bheen found.

Systems of extensomelry in actual use have been
reviewed before(73), and much research has been devoted to
improving their sensitivity. The choice of a particular
systern is dictated by the accuracy required and the length of

the tests, -

Yor tests involving large deflections in %imes of an
hour or two, measurement of crosshead movement by a dial gauge
has proved adequate, It is assumed that all the nmovenent
measured represents specimen deformation, and that temperature
fluctuations are small, since expansion in specimen and shackles

could swamp the deformation,

For long tine high-accuracy creep testing, the Yartens

mirror and roller system has becn extensively used, in

conjunction with legs wrojecting from the furnace from ezch en

jo. R

of the specimen, This system is less sensitive to temperziure

deviations, and possesses great long term stability and it has

been used in tests lasting for years,

Kanter/
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Kanter and Spring(58’63) have developed a method
which does not require mechaninal contact with the zpecimen
These workers used twin telescopes attsched “o vernier scales
to observe oppesite ends of a gauge lengih, through a winiow
in the furnace, The use of this approach at the tenperatures

)

of interest here is limited due to the dificulty of defining

a gauge length accurately on 2 body glowing hot.

The systems discussed so far are nct inherently
autbmatic, This is no drawback fer short or very long tests,
However., when sts last for a few minutes, or some itens of
nours, difficulties arise, in the {irst case due to the
insbility to take sufficient readinges and in the sscond %o

the large gap

in measurenent occasioned by the interveniung

4]

nights, In an investigatbion such as this present one, which
is interested in the range of time indicated above, a system
of avtomatic data collection is attractive, if not essential.

h)

Tith the advent of electrouics which are stable
over iong pericds of time, a range of electronic disglaceasnt
neasuring ‘evices has become availabdble, suitable for aut
use, Such an instrument was chossn for the measurenment cf

-

creep Gdisgplacements in this stuly - the Recording Ixtensometer
manufactured by C,W.5. Instriuents, A diff

transformer transducer is used as the sensing elsuoen®,

Changes in sypecimen length are convertel linearly into a d.c

voltuge, suitable for printing out on a potentiomsiric recorder

The long~term accuracy of the C,7,S. instrumnent was

o R RRV)

claimed to Be 9 micro-inches. It was found in practice tha

ot

the accuracy obtainable wg3s limited by radisiion from the
coils of the furuace, which ~were iunducbively wound, It was
found that when pover was apylied to the furnace, a '"noisy"
outpub was obtained on the mosh sensitive ranges, Yhen the
transducers were reuovel from their position below the

a ’
furnace,/



furnzcs, the stabilily of the output was as good as claimed
icatio

in the specil n, Attemplts bto filter out the interference
dil not meet with saccess, Since a non-inductive winding

for the fTurnace is inmpracticzl. for lacl: of spzce, the liwiting

-

{n

[41)

discrinination of the sysier is 50 micro~inches,

Since the maximum oparating temperzture of the

transducers is 4C%C, thew cannob Be albbached directly ts the
gpecimen gauge lengin. Delformsticon in the specimen vwas
transaitted to the transducers by means of a sysotbem of rods
and rollers,

Conmpressive Extensogetry.(Fig. la, 1b)

It was intended bthab Lhe extensomeber rods should

be clewped directly to the test piocce, usling three &r our
cone~ended screws for each pair of rods, However, during

. Irarate
henbing, the clamps consistently became loose at around ZCGTCy

"

due to differences in the btbhermal coefficient of expansion

between the spscimsn ancd the clamps, which were machined oud
of "Brightiray" alloy. Compression tests without exbtensometry
showed that specimen end eflects were small - no barrelling of
the specimens was easurcd, The points of atiachment were

thus moveld outside the gauge lengith 1o positisns ~n the loading

raig above and “telow the spucimen, The first tests were

carried out with one leg on eacn side of the speciren, spring

-

loaded against the top ram, Since no plastic defsematicrn wus

Py

~

expected in the lower ram, or the main frame, measurerent of

&

the movenent of the top ram gave the specimen deforwmation

=

directly. The "Brigntray" logs expsrienced the sanme
temperature regime as the ram, hence only a swall error could

arise {rom any temperaiture [luctuation,

Then conziderstion was given to the msasuvrement of

o g

1
!

activation energy, whic
rate/

1 necessitated measurement of the creep



rate bafore and after aun abdbrupt temperature change, it
became clear that this siagls leg Jdesign must be wmedified,
The large thermel capacity of the Jower ram prevented the

ram and extensomneter leg from staying at the sane temparature
after an ahrupt change of 20 C°. Until the tenperature
became stable throusghout the furnace, further msasurements

of the creep rate could not be made. A second leg on each
side of the specimen was adled, this one hanging from the top
of the lower ram, but held clear of it so as not to dbs in
thermal contact. With this arrangement (Fisure la),
measurement of creep rate was possidle 5 minutes after a
temperature change, as compared with 45 minutes with the
single leg arrangement, By this wmeans the sirnuciural
changes, in the specimen, taking »lace batween thes two

measurensnts ~T creesp rate, were nininised,

Bach transducer body was held in a brass hlock
screwed to the leg connecting with the upper ram; the core
rested on a block attached, in the Tirst instence. %o the
main frame, and inthe later arrangement, to the leg
connecting with the lower ram, This Sower Tlock was
provided with 2 micrometer thread, so that the transducer

core could be rsset in eany desired position.

Since it was inperative that no deformation eghould

take place in the exiensometer legs, the forces in them wers

keprt to 2 mivimum, Ine btersion in the sunporting springs was
adjusted to a value just sufficient to »nld the upper leg in

position, The rollers were piaced in line with the springs,

s0 that no bending moments should be induced in the legs

As mentioned above, neat lost from the furnace
raised %Yhe temperaiure of the main frame to as wmuch as 150°C,
This was tawen into consideration in positioning the
trda sducer mountings It was found that sufficient convective
OOO*lRS occurred wren the transducers were placsd 4§ in., below

the wmain Trame,



Tensila Extensometry, (Figj,Za)

In view of the arrangenent decided upon Tor the

COLDT@E&IVL axtensc

U)

ebry, the tensile specimens were altereld,
by machining a groove on the enlarged portion at each end,

so that the legs could be firwly clamped in this position
(Figare 3).

Since more room was available on the tengile machine

micrometer barrels were used for resetting the transdvcer

cores, During a perind of three months, when a malfunction
in the Recording Ixtensometer rendered it unusable, tnese
micrometers were used as bhe extension measuring devices, A

reliable contacth device for use with the microneters was
constructed from a battery and light bulb, which 1it ap when

the micrometer maile contact with the upper leg. The accurwcy

of this ursten was 100 micro-inches, with excellent stabiliiy.

4 better solutiocn 1o the problen of attaching the

extensometer legs is described in a recent review(Tl). Ths
gpecinen is-machined with small ridges delining the giuge
langth and the sxtensoneter legs are clampe& to these,
Unrcriunately, the production of specimens had been completed

-

before this method was discoverad, btul the reproducitility of
the data obtaincd showed that the nethods adopted

no vercepbible error,

2.6 Constant Stress Cresp lachines.

Nearly all creep tlests are carried cut abt constznt

load rather than constant siress. In 2 Tensile test, the

stress inecreases with incresasing strain, and wmany creep

machines have “een devised %o counteract this tenlency(58’215
"'J). In the main, these machines ars feirly comolex, and

1

limited in the sirain and gauge length they carn accommodate,

Siﬁoe/



Since the maximum strain anticipatsd was 20?, ana since
strains derived from thermal shock are expected to be much
smaller than this, the use of a ceonstant stress device was
not thought necessary. As will be shown, allowance for the
changing stress can he made, given a knowledpe of the sitresg-

4

strain rate relationship.

2.7 Conclusions,

1) The problems associated with developing the N,E.L,
design of compressive creep wmachine for use at

temperatures up to 1000°C have been solved,

2) A furnace of unusual and novel design has been developed,
and shown to meet the requirements for creep itesting.
Despite an overall length of only 10 in., this furnace
gives a zone 1.3 in, long of temperature constant to
within +0.5 C°,

3) A tensile creep testing apparatus has been developed
compatible with the compressive crzep machine, so that

tests can be carried out under conditions as nearly

identical as possible.
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3.1 The Pesting Prosranme,

The actual tests carried out during this

0

progranme were decided by considering their apnlication

to thermal fatisue problems. Yhen the details of the
programme were dJdecided, no pfeliminary analysis of the
thermal fatigue probvlem was available, Hence the testing

parameters were derived with a cerizin amount of surmise.

Since nost deformation seemad 1ively to take
place at high temperature, the main exprerimental progranmtie
was confined to the ranse of temperature between 250°C and
100Ce¢, A few tests were conlucted at lower temperatures

to indicate the general trend of the creep hehaviour,

The stress levels were chosen tec give rupture
times on fension Trom a few minutes up to 15C hours, The
maximum stress used at 1000°C was equivalent to SO of the
Ultimate Tensile Strength, and the lowest, 37 of *he U.T.S.
This stress ran~e 1s large enoush for useful conclusions io

be Arawn a2bout a general stres

t
0
d—
P
{o
i_ln

o

n
conplete list of the %estis carried out is

accompanying Table,



Test
umber

24
C32
C37
721
31
723
C30
T30
C33
T3]
C34

715
T16
720

e}
4

enserature
oC
1GCO
1600
1CCO
1000
1000
1000
1000
1000
1000
1000
1G00

Creep Tests on Nimonic 105

+

HE

Stress

Tension

Test
1iCURS

Lenzth of Sirain

Fl
o

Remarks

Compression (except where stated otherwise)

ey MR

+20,400
-20,400
~20,4C0

417,000

-17,000
+13,600
-1%,600
+10,200
~10,200
+ 8,500
- 8,500

+20,400
+20,400
+20,400
+20,400
-20,400
-20,400
+17,000
+17,000
+17,000
+17,000
-17,000
~17,000
~17,000
-17,000
-17,000

17 min,
24 min,
25 min,
80 min,
60 min.

p)

5
25
24
50
50

N ol

11
11
4

4

1&s
19
27
50
50
A8
41

17

25
0.7

19
0.5

10
0.7
1.7
0.7

05
0,6
0.5

Fracture.

Test stopped at onset

of tertiary creep.
Fracture,

Fracture.

Preliminary test
No extensometry.

Specimen buckled.
Controller failed.
Furnace temperature
rose to 1100°C.



Number Temperature

C

T

Test

T 6
T10
T11
c26

T35
€36

T34
T35
€38

C39
T28

T26
T27

C35
T18

in the test number signifies a compression test,

O¢

950
250
950
950

950
930

800
800
800

800
1000

950-1000
950-1000
950--1000

950

- 55 -

Creep Tests on Nimonig 109

Stresgs Length of Sirain
Test
+ = Tension . HOUR %
- = Compression
LB.INZ,
+13,600 150 8.5
+13,600 130
+1%,600 110
-13,600 125 1.5
+20,400 41 465
~20,400 64 1
+61 4200 26 445
+61,200 33 6
"‘61 ’200 35 157
-61,200 27 0.8
‘{‘15 ,600"'20 ’400
+13%,600
+17,000
-17,000

+13,600-20,400 103

in the test number signifies a tensile fest.

Remarks

Fracture,

Fracture,

Fracture.
Pre-aged 2 hours
at 950°C prior to
testing.

Strain-~rate
sensitivity
determination.
Activation energy
determination,
Activation energy
determination.
Activation energy
determination,

Fracture,



Since a scatter of experimental data is usually
expected in creep testing, it was anticipated that at each
stress and temperature, several tests would bhe carried out,
to obtain reliehle results. Tensile tests at 950°C were
repeated several times (see Figs, 16-18). The scatter of
the creep curves was much smaller than anticipated and it
was found that scatter between tests was much smaller than
the differences measured between tensile and compressive creep
rates. In some cases it was thus felt that after one test
sufficient accuracy had been obtained for no repetition to bhe

necessary.

This, however, is modified for the compression tests,
for which there is the ever present problem of the dbuckling of
the specimen, After each test, each specimen was exaznined for
signs of misalignment, which showed up as oxidation of the ends.
In most tests the ends were completely free from oxidation.

A test for buckling was then carried out, by placing the
deformed test piece on a flat surface beside an undeformed one.
Any buckling showed up clearly when the deformed specimen was
rotated. Tests which resulted in buckled specinmens were
discarded, and another test carried out under the sanme

conditions, until a satisfactory test was nroduced,

The effect of buckling on the creep curve was seen as

a large increase in creep rate (Figure 19). The fact that
some specinmens did buckle with the above result can be used *o
show that the low compression creep rates reported later are
not due to bhuckling effects, The result of a creep test in
which the specimen buckled is shown in Figure 19, along with
tvo other tests carried out under the same conditions, It

can be scen that the effect of the buckling causes much larger

differences than the scatter bhetween successffl tests,

3,2/
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3.2 Assembly of Compression Creep Tests.

The alignment of the svecimen was the first and most
crucial step in the as:embly of the compression test an
aprroximate positioning was carried out by eye. Aligning
clamps were then screwed round the top and bottom loading
rams (Figure la)u These clamps held the gpecimen parallel to
the loading axis, and co-axial with the rams. A light load
was placed on the load platform so that the specimen should be

held firmly in pl=ace.

The loading and aligning systens were tested by
cementing three strain gauges to the specimen, parallel to the
long axis, and spaced at 120° intervals round a dismeter,
Heights were added to the load platform, and at each increment
of load 2ll three sirain gauges were monitored by a '"Peekel™
strain gauge meter with a resolution of 1()“7 in, The measured
elastic modulus agreed precisely with the published value,
taken from the '"Nimonic Handbook" published by Fenry Wiggin and
Company(6). This was satisfactory, since it implied that

losses in the load transmission system were negligihle.

The outputs from the three strain gauges wers
compared to detect bending in the specimen, After ezch
loading cycle the svecimen was dismounted and realipgned. Over
six repetitions the maximum difference in strain amounted to 107
of the mean value. The average difference in strain was less -
of the order of 57, Anything short of the most careful
alignment produced very large differences, with one side of the
specimen in tension, the other in compression, In view of
these results, it was concluded that the alignment system was
accurate enough to warrent extended trial during high temperature

creep.

With the specimen held firmly, the aligning clanps
were renoved, Two Pt-Pt, 137 Rh thermocouples were wired to
the/



the specimen, with the thermocourle beads pressed tightly
against the srecimen, Tests showed that shielding the beads
of the thermoccounle from direct furnace radiation made no
difference to the tempersture mezsured, O0f much greater
importance was adecuate contact between the thermocourle and
specimen. One disadvantare of wiring-on the thermocouples
was that the soft platinum limb became deformed, and after
repeated straightenings, hecame weak. At this point the

thernmocouple was scrapped and a new one used in its place,

After nounting the extensometer legs, the furnace
was put in its place, before the iransducers were locked in
their holders. Exposure of the transducers to dust and grit

from the furnace was thus kept as small as possible.

At this stage it would be natural to balance the
loading lever to allow for the weight of the main frame
hanging from it (Figure 1). To do so would have necessitated
removing the load from the sﬁecimen. In this condition, it
would have heen possible for the specimen alignment to have
altered. The beam was thus balanced before the specimen was
aligned, an allowance being made for the weight of the upper
loading ram, by adding a few pounds weight to the loading
and carrying out the final adjustment by means of the moveable

balance weight on the crosshead (Figure 1).

During the initial heating neriod the balance
resistors were excluded from the circuit to keep the output
current from the "Sirect" below the l3-ampere capability of
the mains supply. Heating was rapid-within 20 minutes of
switching on it was vpossible to reach 1000°C. Nornal
procedure was to bring the furnace temperature to 40°C below
the required tes®t temperature, and to adjust the temperature
distribution at this level. When the difference between tobp
and bottom thermocouples was less than § CO, the furnace

temperature/
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temperature was raised to the tegt requirement and final
P 3

balancing carried out,

Becanse of the long term stability required in the
creep tests carried out at 950°C, at this temperature a 24
nhour period of stabilisation was allowed beiore loading,
This time fulfilled a second purpose in that the material was
given the same amount of aging before testing at IOOOOC, b
loading these tests 3 hours after reaching temperature. This
shorter period of stabilisation at the higher temperature was
possible dvue to the expertise gained during the tests at 95000
and to the, generally, shorter length of the tests at 1000°¢,
It is felt that these precautions to ensure identical materiszl
structure at the start of each test is a major factor in

increasing the accuracy of the experimental results.

Just prior to loading the extensometry calibration
was checked, The weights were then apnlied during a period
of 30 seconds, so that the last weight was added just before
the extensometer output was printed or the chart recorder ~ a
Kent '"Multilec", Fark IIT, This point was taken as the zero
for measurements of creep strain, It may be noted here that
the effect of the impact of a weight being placed on the load
platform was checked with the strain gauged specimen, The
maximum excess load due to the impact of a weight was measured
as 0,5 1b,, that is, less than 17 of the total load. In

addition, no long lived transient vibrations were recorded.

During the course of each test the temperature was
monitored continuously, either by apnlying the thernoccouple
outputs to a Kent Multilec recorder, or by direct measurement
on a Cambridge potentiometer. On the recorder, a
discriminztion of 0.5 C° was possible, With the potentiometer,

changes of 0.1 C° could be detected.

In/
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In compression the creep experiments were
invariably ended hy switching of{ the power to the furnace,
while leaving the specimen loaded until cool, By this rmeans,
the dislocation structure developed during creep was
preserved for future examination by transmission electron
microscopy. However, due to the lack of an electron
microscopy until the closing stages of this investigation, no

such transmission studies were in fact carrvied out,

3.3 Tensile Creep Tests,

These teslts were nuch more ensily assembled than the
compression tests, since no specimen alignment was necessary
Otherwise, the procedure was as outlined in the previous section
for the coapression tests. The exception related to the
action at the end of a test, After those tests in which the
specimen was allowed to break, the falling weights were caught
by a shock-ahsorber of expanded polyshtyrene, and the furnace

switched off imnmediately after,

3.4 Calibration of Thermocouples.

Before use all thes thermocouples were calibrated for
the temperatures of interest against a thermocouple calibrated
at the National Physical laboratory. The accuracy of the

calibration of this standard was +0.3 C° above 800°C,

For checking, each thermocouple was connected to its
own length of compensating lead, and the junction placed in a

o

furnace along with the standard thermccouple Tnen the

e,
thermocouples reached the furnace temperature, the e.n.f, from
each was measured, Repeatable results were not obttained until
a satisfactory method was found for meintaining thernal contact
between the two thermocouple beads, Despite the fear of

damage to the staniard, the only useful wmethod was to wire the
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Each thermocourle was calibrated for all the
temperatures at which it was used, and in fact, 2ll the
tests showed agreement betveen the standard and the creep
test thermocouvle within the limits of the original calibration
of the standard. For these calibration tests, as for the
creep tests the thermocouple cold junctions were maintained at
Zero degfees Centigrade by immersion in a well-stirred nixture

of ice angd water,

3.5 The Bffect of Tenverature Variations con the Creep Rate.

We now consider the effect of small temperature
variations on the creen rate. According to the arguments
advanced in the Introduction, the crecep rate follows an

exponential temperature law, i.e.,

¢ « expﬁﬁ%)

If now the temperature changes from T to T + 8T, we have,

when 8T is small compared to T,
i

) LY, -Q .
n = A ]
gT R(T+67) RT
. Qs8T
RT? :

If now numerical values are inserted

Q
T

I

100 k cal/mole
1000°¢ = 1273%yk

a table can be drawn up as follows, to show the effect of §7

on the creep rate

I

or °¢ eT+6T/éT
0.1 1.003
0.5 1.02
1 1.07
2 1.15
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From this table it can he concluded tha
temperature Fluctuations of more than one degree cannot be
tolerated for a large frachtion of the duration of the itest,
Cyclic variztions in temperature of about a2 desree or less,
with a period =much shorter than the duration of a test,
would have a negligible effect on the final creep curve,
For thislreason, almost constant supervision was
the temverature of each creep test, so that any drift from
the required temperature should not go undetected for lonsz.

Such driit was usually cavsed by abrupt changes in th

]
&}
th (6]
ot
iy
[}

ambient conditions, such as those Jue tc the cpenin
windows of the lahoratory in which the creep tests were
carried out,. One of the most imﬁortant factors in obtaining
accurate temperature measurement was found to be adequate
stirring of the ice-water mixbture used as a standarl cold
junction for the thermocoupleas, A desirable feature for any
creep testing facility is a thermostatically controlled rocn
for the creep machines. This assists in maintainine coastand
temperatures at the test pileces. Al though the

this investigation was not so controlled, the temrsraiare
remained fairly constant due to the continuous use of severzl
furnaces which maintained room temperature above that of

surroundings,

3,6 Consideration of Errors,

The variations in temperature discussed 2bove =2re *he
nost important source of error in the determination of creep
curves, Several other errors must be consifered belore *he

overall accuracy of the creep tests can be assesseid,

Tne weights use? in the loading of the ¢
machines were of two kinds. Those used for nearly 211 of the
test were a set of 40 1b. and 20 1b, iron weisghis, cal

accurately/
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accurately to within 1 part in 7,000 of their stated
weight. Another set used occasionally were 10 1b. weights
calibrated to within 0.5 of their stated weight. In no
case did these 10 1b. weights comprise more than 207 of the
total load, so that any effect due to their less accurate

calibration should be mininmised.

The calibration of the transducers was carried out
prior to each test by means of a barrel micrometer with a
4 in, dismeter, incorporated in the C,N.S. Recording
Extensoneter, This was used to move the core of a
transducer whose performance matched exactly that oi the
external transducers. A typical calibration would thus be
that 10 mV., on the Kent recorder'chart represented .025 in.
4 .0C02 in. Yihen the chart record was processed so that
the creep curve could be plotted on a convenient scale, one

side of the dotted line was consistently read.

Time was measured during the test by two means,
The recorder drove the chart at a known speed e,z., 4 in./hour.
This was used routinely to measure tinme, and the speed was
checked by noting the time on an electric clock periodiczlly.
The chart drive system in fact proved itself to be extremely

accurate, and was never Tound to be in error,

In the absence of sufficient tests at any one
temperature and stress to estimate the accuracy statistically,
it is estimated that the final accuracy obtained was +107,
although bvetter agreement than this was obviously obtained in

such tests as the tensile ones in Figure 15,

3,7 Yetallosraohy,

After testing, 2 portion from the gauge length of
each specimen was sectioned longitudinally by grinding, and
polished, first on wet silicon carhide papers, starting with
220/
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i

200 grit, and finishing with €00 grit, then on "Selvyt"
cloth or a Struers "MNol'" polishing pad, impregnated with
diamond dust and lubricated vith "Larcon" polishing lubricant.

-+

i
At Tirst all the polishing was done by hand, hut latsr an
autonatic polishing attachment was oh%&ined for the diamond
polishing stage, Although slow, this device produced a very
fine polish.

-

Pobeen

ad

When a scratch-free polished surface ha

e

!\

produced, an etching treatment in a mixed acid etch reveale
the microstructure for examination in the light microscope.
The composition of the etch is given below.,  The etch was
apprlied eibher by swab or immersion for 7-10 seconds, and

was followed by a hot water wash, and drying in a blast of

compressed air,

Composition of Chenical Etch

Witric acid, concentrated 15 ml.
Hydrochloriec acid, concentrated 85 ml,
Anhydrous ferric ‘chloride 5 gr.
Cupric chloride 5 er.
Water to make up to 200 ml,

Very late in the course of this investigation, an
electron microscope was installed in the Engineering Denzriment
of the University of Glasgow, 4 few of the specimens were
repolished and etched electrolytically to leave the gamna
prime particles standing clear.of the surface. The etchant
used was an aqueous solution containing 107 glycerol and 57
hydrofluoric acid, using a nickel-chrome cathode at an
etching voltage of 2-4 volt, Replicas of these specinens
were examined in the electron microscope, znd the resulting
photographs were measured to detect differences in the

amount of gamma prime present after tensile or compressive

creeyp. Lack of time preventad extension of this

investigation/
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investigation to include detailed analysis of 211 the
specimens and, of particular interest, examination of
dislocation arrangemnents in thin sections of deformed

material.

The main metallographic study was thus carried
out by light microscopy, and consisted of an examination
of the visible damage caused by creep deformation, In
particular the incidence of grain boundary voids and cracks
was investigated by scanning the surface at right anecles to
the stress axis, using a magnification of 400 X, The cracks
and voids were counted, and classified according to their
position: either at a triple point, elsewhere on a grain

boundary, or within a grain (see Figures 27-42),.

A further subdivision was made according to
whether or not the cavity was associated with a large srain
boundary particle, e.g. 2 massive carbide or a cyanonitride
particle (see Figures 34-37)., The smallest caviiy
detectable was about 1p across its smallest dimension (see
Figure 30).

On all the tasnsile specimens a careful comparison
was made between the gauge length, and the undeformed
threaded end. This was useful in showing that the
intragranuar cavities were not due to deformation, since
equal numhers were present in the gauge length and the

enlarged ends,

The effect of oxidation on the surface of the
specimens was routinely exanined, to ensure that no gross
changes in gauge diameter due to this cause should go
undetected. However, no oxidation was ever observed to
penetrate deeper than about half a grain diamneter (see
Figure 44),

3.8/
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1)

3)

Conclusions,

A reliable creep test procedure has been developed,
and the scatter observed was very small, especially
after the first few tests during which expertise was
developed (Compare the tensile tests in Figures 15
and 18).

This accuracy was thoughtto be due to the attention
given to ensuring that the material at the start of
each test had the same amount of aging, and to the
supervision given to the temperature measurement and

control systems.

A method of crack analysis has been developed which

should enable the gsrowth of cracks Lo be followed,
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DISCUGSION OF THE RESTLTS OF THE OREYP TESTS

Introduction.

This chapter is devoted to the éxposition and
discussion of the results of the creep testing, and the
subsequent metallographic examination of specimens, Since
not all the creep tests had the same ovurcose - from some
were produced strain-tine curves, while from others values
for the activation or stress exponent - the discussion is of
necessity somewhat complex, Pirst the effect of sirain
upon strain rate is discussed, and constant stressg curves are
computed from the constant load creep curves plotted in
Figures 6 to 19, The reason for this is that comparison
between tensile and compressive creep curves produced under
constant load is not nossible at large strains, as shown in

section 4.1.

As was pointecd out in Chapter One, *the stress
exponent, and the activation energy should be measured for
the particular alloy under test. The results of these tests

are discussed next, in that order.

Before comparing the creep behraviour in tension and
compression, those factors which may change the creep rate
are investigated, Firstly, cracking, and so incluled in this
section are the results of the optical metallography; secondly
precipitate changes, and the resulis of the small amount of

electron metallography carried out.

Finally, the creep behaviour in tension and
compression is compared, and likely causes for the differences
are discussed in terms of the theoretical treatment developed

in Chapter One,



- 68 =

4.1 The Tffect of Sirain on the Aornlied Stress,

As extension or compression proceeds, the cross-
section of the test-plece is constantly chancing, In
consequence, desplite the fact that the load is constant, the
stress impressed upon the specimen changes. During a
tensile test the stress progressively increases. This leads
to the ohserved creep rates being higher in a constant load
test than in a constant shress test, Andrade first pointed
this out, and devised a method for apvlying a constanti
stress(zo). Because of these changes in cross-section, it
is not realistic to compare the creep curves in tension and
compressinn until allowznce has heen made for this effect,
The following caleulation shows how such allowance may be

made,

It is assumed that during the course of 2 creep
test the test-piece maintains a constanl volume. Since the
elastic strain is snmall comnpared with the plastic creep strain,
both the longitudinal and lateral elastic strains can be

neglected,

b

For a test-piece of gauge length ¢ and cross-

sectional area A, the constant volume condition implies

£4A constant

}
60A0 vhere

f RO and A are the values of £, and A at the start of a test

/.?)

A i,e. at zero time

hence A = 2.0

Thus the stress on the speciren,

load (L)

A
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Now, at a voint in the test where the strain is e,
¢ = 60(1 +€')!

where ¢ 1is positive in tension, negative in compression

L

80 o)
‘ A

il

(1 +¢)

i

o (1 +9), where

O, 1s the stress at the start of the test.
To determine the effect of this change in stress upon the
creep rate, a strain rate Adependence upon stress is assumed

of the type derived by Weeritman's analysis
. / .
i.e. € = k Gn', where k 1is a constant,

and, in the next section, n will be shown to be 9 for these
tests. 4

For a constant load test, we thus have

& = kg +d" (1)

This can be integrated to give the strain-time relatioaship

in a constant load test

-n+1 141
1+ ¢) - (1 +¢€)

(n - ko (b - t)

where e, 1is the strain when ¥ = t,. If the primary creep
strain is subtracted away from the creep curve, the condition
could be €y = 0, at t = 0, This is the equation of the
creep/



3,
if no structural changes took place, Since 1% is known
that the precipitete size dist

a high tamperature creep itest, the conlition of no
structural change is not metk. This equation (2) is,
hence, of no great value in correcting constant load curves
to constant siress. Bquation (1) is more useful in this

respect, and, in fact, was used in the following manner,

Bach creep curve was aprroximated by a series of
chords, Each chord represented 3f or 1¥ of strain
centred on a particular value of strain, say, €. For the
purpose of discussion, let us call the strain interval be¢ .
If the stress were constant, then in the same time interval,
the amount of deformation would not be de, but 6@/(1+6)’.
This follows since the creep curve can be avpproximated by a
series of sufficiently small chords, anl since the creep
rate in constant stress can be derived from that mezsured

in constant load by means of equation (1) above, -

strain rate at congtant 1o0ad

strain rate at constant stress = 5
(1+¢)-

o
Each new increment &¢/(l+¢)” is fitted to the pravious one,

to produce a new creep curve, as shown in Figures 6§ - 15,

It may be arzued that this process of normalising

[}

the curves to constant stress invalidated by the creep

i
damage caused at the higher siresses. Such increzsed creep

4]
©

damage may be present, but all the important eifects can be
shown to hapvnen during the first few percent of strain when
the stress is essentially constant, as can be seen from the
Tollowing table, giving values of (3 + 8)9 in tension

and compression,
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¢ (1+¢)? (1+6)°
(percent) Tension Conpression
1 1.1 0.9
1.5 1.14 0.88
2 1.2 .83
2.5 1.25 0.8
p 1.3 Q.77
3.5 1.%6 0.74
4 1.42 0.7
4.5 1.5 0.67
> 1.55 C.65
6 1.7 0.59
7 1.64 0.24
8 2 0.5
9 2.2 0.45
10 2.36 0,42
15 345 0.28
20 5e2 0.19
25 Te5 0.1%

It can thus be seemn that only 2 snmall effect will
;v.’ - . - L T

operate below 27 strain, while, in fz2cb, no great difference

. L2 - ] - = £ 57 1 9 .

appears until strains in excess of 47 are reached (see, e.g.

Figures 6 and 14).

=
>
®

constant load and constant stiress curves are
shown together in Figures 6 ~ 15, along with the corresponding
compressive creep curves, Since the sirains observed in
compression were very small - usually less than 27, no
correction was required to convert these to constant stress

curves,

As/



-T2 =

Az will be seen, the amount of correction to the

~

tensile curves is not large except at large values of strain,
and, indeed in the case of Figure 10, no correction was
aprlied, since thsz toital strain measured was 1.57, On the
other hand, the tensile curves shown in Figures 5 and 7
reduce to straight lines, and have undergone large amounts

of correction,

It is possible that constant-stress ruoiture tianes
could be derived using this method, and extrapolating the
curves to the same total extension as isg nmeasured in the
constant load tests, Since this ductvility does not chzange
much with stress, the value obtained fron the constant-load
tests conld bhe used, Rough estimates from tre availahle
data indicate that such rupture times would exceed the
constant-load rupture times by as wmuch as 50?. This
procedure could he inaccurate due to the voids which develop
as strain proceeds. Juch of the extension takes place just
prior to rupture, and so the constant-siress rupture life
might not Ee much longer. An approximate determinztion
could be carried out with the present apparatus by progressively

Fa

reducing the load as the strain increases,

4.2 Denendence of Strain Rate on Stress.

The stress dependence of the creep rate was

measured by carrying out a creep test at various loads, The
amount of sirain required at any one load to establish the
creep rate was very small - about 0,17, and the total strain
over a stress change test was not more than 0.57, hence no

correction to the stress was reguired on account of the

changing cross-section, Assuning 2 stress law of the form

a/
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o / .
a plot of log e versus log o should give a st

raisht line
with a gradient n. The results of these tests are showmn

[4

in Figure 20. Stress~change tests were carried oul in
tension at 95OOG and 1000°¢, Tve values of the minioun
creep rate measured in constant stiress tests al 1000°C are
plotted on the same granh, These are included ia the
estimation of n, although the material in the different
tests has had slizhily different aging The values of n

-1t

calculated from Figure 20 are shown below

Test Type Temperaiure Stress Range
(13.1I% -2
Compression, constant stress 16C0°¢ 20,400~ 8,500 3
Stress change, Tension 1000 20,400-10,200 10
Stress chanre, Tension 950°¢ 20, 400-13,600 1C

after 100 hour creep

 Another method of we“unrlro n is to use the change

=

of stress in a constant load teot. From the analysis in the

previous sechion ¢ = X o, (1 + e)

Hence by plotting log é versus log (1 + ¢), the
value of n can be obhtained from the slope of the resulting
graph (Flgure ca) This applies so long as k is constant
i.e. that the structure is constant during the test. Fron
the information given iun the paper by Nitchell(sl), it can
be calculateld that only a small overaging effect takes place
during the tests shown in Fipures 6 and 7. In fact the

precipitate size should change only by a factor of 1,1

The further objection may be made that, since a

©
re
jol
5

small amount of cracking is observed, this will vitiate

value of n derived in th

[.}-

S wWay, Since the amount of

4

cracking must increase with increasing strain, it would
expacted/

¢
6]

L
AW

=

-

[A)

-
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expectad that the value of n so derived would be high.

In fact the averare value derived in this way fron Figure
2

4 is 3,3, Thus, 2l1%though this value is, i7 anything,
high, it is in reasonable agreement with the values derived,
by other mcans, ahove, Tor the slbress cxponent reguired

Lfor the analysis of the previcus eoction, an averaze value
c} £ b o

of 9 was taren.

Although this is nuch higher than the value of

derived by Weertmsn, it is not out of line with other stress

exponents nmeasured in two-phase alloys. These rangs

from 4.5 in Rens dl(g) through 7.7 for ¥ar H—?OO(?é)

40 in . D, nickel(é9). MTis larsge range of values is not
covered by the estinmnted errors in these investigations, znd

so it must he concluded that the stress exponent . is a pronerty

i
of the particular materisl used in any series of tests,

The fact that the stress ekponent mensured in
compression agrees well with that in tension is powerful
support to the argurent that this high value is not due to
cracking. Large variations in the value of the stress

o
L

exponent have been observed in other systanms, A series

o]

gold-nickel alloys has been investigated, and values of n
from 2 %0 5,5 have been measured, depending upon the

. . 7
concentration of nlokel(‘7).

4.3 Tre Temperature Dependence of the Creep Rat=,

In line with the widely held view that crecp is
diffusion controlled, creep tests at constant lozd but chazgin
temperature were used to measure the activation energy of the
¢creep process, The results of thase tests are shown plotted
as log é versus 1/T in Figures 21 to 2%, end in the tazble

below,
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Stress Tenmperature Range  leasured Aciivation
18,182 Op Energy
k,csl,/mole
1%,600 tensile 9501000 205 + 2C
17,000 tensile 950-1CC0 190 + 20
17,000 compressive 950-1CCO 250 + 25
The values for the activation energy bzbulated
above agree well with the figure of 210 + k.czl/mole

n ' q 3 k]
reported Tor Rene 41(’), al though they are much higher than
those rveported for several other nickel base alloys of

different composition, vhich span a range from 80-133 k.cal/

(33,34,77)

mole For comparison, the activation encrgy for
Ay - - 3 » '7) “ . =
self-diffusion in nickel is 66 k.cal/mole (‘3). The wide

spread of activation energies for creep, and the disagrecment
between predicted and measured activation energles, have not

yet been explained in any satisfactory manner,

It can be seaid, however, that the measurenenis of
Conrad et al(g) on Rend 41 and the present invesitigation share
the feature that they arsz very high tempersture studies in
which the activation energy was regsured by recording the
creep rate a very short time aftier the attainment of the test
temperature,. This feature is not shared by the other
investigations quoted above(35’54’3?) in which the creep rate
vas measured some longer time after the change in temverature
In this latter instance, rclatively small changes in the
amount and size of precipitate partvicles would occur during

this measurerent,

These considsraticns render plausible the proposzl
g
by Conrad et al(’) that a) the higher activation gnergy is
due to the changses in precipitate structure which zre known

to ftake place at high temperatures or b) there is an energy

of/
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of interaction between a solute atom and a precipitate which
leads to an increased activation energy for climb, and hence

for creep.

The distinction hetween these becomes blurred when
it is realised that both imply that the structural ordering
and compositional changes, involved in the formation of gamma
prime particles, hinders the climb of dislocations round these
particles, Since the phase boundary is highly coherent, it
is unlikely to be a »rolific source or sink of vacancies.
There will hence be a flow of vacancies towards or away from
the climbing dislocation. Diffusion within the precipitate
rarticles has not been considered as affezcting the rate of
clinb, but given that such vacancy flows do exist, a possidle

explanation for the magnitude of the activation energy could

be found in this effect. This idez is developed helow,

As stated before, the gamma prime particles have =
fully ordered structure based on the f.c.c. lattice, and in
such systems, very high activation en=rgics for diffusion
have been measured(Tg). For Wi_ Al, a value of 164 x.cal/
mole is quoted. This figure would, presumadbly, be modified
by the titqnium, chromium and cobalt present in bhe ganma
prime of UWimonic 105, but in such z two-phase system the

[T

activation energy as measured in & creep test should be some
combination of the activation ensrgy in Kia Al, with that in
pure nickel, In the absence of a comnlete understanding of
the diffusion processes involved, a value for the creep
activation energy cannot be vredicted, Two considerations
of which give added force %to this argument

a) the large amount of gamma prime present in modern nickel

keat~resistant alloys,

b) the observation of supsrdislocations in the matrix of a

i
nickel a17ov(37) waich indiczte that some lonz range

Y

ordering is present, This ordering would increase ith

b

activation energy throughout the alloy,

-
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4.4 The Stress Den=sndence of the Achivaticon Eanerwsy,

The difference betwesn activation energies
neasured in tension (s=e table, section 4.3) and compression
was not unexpected, sincs the creation of a vacancy should be
assisted by =2 tensile appiied stress; and hindared by a
compressive stress. Tha compressive activation energy should,
therefore, he the higher, since, in essence, this energy is
comnounded of two nparts: +the energy to produce a vacancy, and
the energy required to move it from one atomic rate to a
neighbouring one, We can express this approximately as
&Q=Q, +A DV,
where Q is the measured activation energy in k.cal/mole
Qo is the activation energy, at zero stress, in k.cal/male
p is the applied stress
Vy is the volume of a vacancy

A is Avogadro's Vumber = 6.02 x 1022,

The term p Vy is simply the work done by the external

forces when a vacancy is created in the latitice.

For the present case, a value of IO(A.U)3 vas used

for Vy, giving

£
1

Q0+APVV

Q, + € o x 10 7 k.cal/mole
1b.in 3

: . . . =2

where ¢ 1s the applied stress in 1lb.in ~.

+ 17,0CC 1b,in"%,

il

If we take o

I

we have Q@ = Ry + 1.02 ¥.cal/mole,

The difference in activation enersgsies shounld thus

=i
be of the ordsr of 2 k cal/mole. This is an order of megnituds

feds
&)

smaller than the measured difference of 50 k.cal/mole. The

-

experimental error associatad with the measursement of activation

. s \ . .
energy is +107, hence the actval difference in ¢ may be much
smaller than the fizure queted, dut still apnreciably larger

&

than that predicted Trom the above snalyvsis,
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Since 211 the tests were carried out in

-

fashion, with the tcmperature reduced from 10C0°C in steps of

10-15 Co, the possibility of systematic error was mininmised.

(O]

The decereasing temperature method was adopted to minimise the
effects of structural changes during the tests. After a
comparatively brief period of time at 1000°C, the equilibrium
volumne Traction of precipitate would not have heen reached, so
that when the temperature was reduced very little further
precipitation would occur, During the alternative, increasing
tenmperature method, the amount of precipitate would tend to
decrease as the temperature was increased, so that structural
change would certainly take vlace between successive measuremants

of the creep rate.

In an extensive series of measurements of Q in
Nimonics 804 and 90, Heslop(Ba) observed no stress deperdence,
but a slight increase with tempsrature an increase of 307
being observed over the temperature range from 700°C - 90000.
On the other hand, Murray and Choubey(34) obtainad a strong
stress dependence ovar the same strsss range, but since the
neasurements were spread over a wide temperature range, it is
likely that the effect is due to temperature rather than stress.
Indeed, thesc aunthors ascribe the changes in 2 toa change in

the mechanism of creep deformation, from cross-slip to clinmb,

From these several observations, it is concluded that
at the stress levels discussed the activation energy for creey
is 1ittle affected by stress - induced changes in the energy of
formation of a vacancy. This effect is certainly much smaller

than that which increases the activation sner

(0]

. ~
zies to 20C7 more

2
than the value for self-diffusicn in pure nickel

*

Also, from the limited observations made, the
activation energiss in tension and comnression are differsnt,
Further experiments would verify this point and determine more
accurately the magmitude of the difference. An indication

that/
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that the stress should affect the activation energy is given
by the work carried out by Butcher(so’g“), who found that the
cactivation energy for creep in a constant shear stress test

was linearly dependent upon the apovlied hydrostatic nrassure.
A smaller effect should probably be expected from the present
experinents, in which the applied stress is uniaxial, hence

Butcher's work cannot be compared directly with this present

study.

n

4t 5 Chaz’l{“'(}.

(L
(@)
ct

in Precivitats Size and Amount, and their I

L

on Creep Behaviour.

The discussion of section 1.5 showed that a systen
of precipitate particles tends to a more coarse size
distribution as it is exposed at high temperaturs. The creep
resistance of precipitation hardened 2lloys is further reduced
by the fall in the wvolume fraction of pracipitate. for
Nimonic 105 the final aging treatment at 700°C converts about
50" by volume of the alloy to the ga~ma prime phase, From

Figure 25 wiich rived from the data given in the paper by

is de
(19),

volume fraction of gamma prime falls with incressin

Rowe and Freeman it can be seen that the equilibriun

& temperature,
0 . .

so that at 1000°C, only ahout 2077 ganme prime will remain after

long aging times,

Together these effects reduce the number of
precipitate particles zand increase the spacing between then.
Quantitative expression can be ziven to this i
by considering Teertzan's derived structural parasmate
where A = the average interparticle spacing

h = the averags particle diznmeter,

For a ziven velune fraction of ga—mme prime, V,

<
f

A+h ?

since/



since the volume frachion of precipitate is mesosured by
summing the intzrcephs ol precipitate particles on a2 line
dravn on a micrograph of a nlane section of the syzcimer
is then given by bthe ratio of the sum off the intercepts to

the total length of the line.

. A2 1 2
Eence i h(v- - 1)

Using Wagner's law (sechion 1.5), this can be written

2

LS\
" = (4 + B toj(frgy

here are stan a gives the variation of
where A, B are constants, and V(%) g s the veriation of

the volume fraction of gamme prime with time.

If v(t) were constant ; t{he structural parameter

would vary directly as h, As can |

be seen fron Figures 45 and

Q
o
i
(4]
©
o
\D
VU
o
O
(@]

AG, the amount of gamaa prime prassant after 60 h

. —ad + PO . ~ ~

is 297 in Tair agreement with Figure 2%, The effect cf this
+ ] » J’ 3 k3 .

decrease in the amount of precipitate from the 507 initially

ne Tollowing table, in which the

present can e ssen fron

5 0l
s \ 1 . . .
variation of the factor (& - 1), with changes in V  is

shown
Volume frachion of gamra prime (V) Fa +or(?-~ 1)
0.t 1
0.4 2.25
0.3 p.
0.2 16
If the factor 1) was substantially constznt over the

V
ohserved range of V, %he variation of R./h with time would bes
. . . 1
predictable, But, from the table given above, ¥ - 1)2

changes by an order of magnitude in the range of V  which is

Hence/



Hence without a speci
relationship derived by Tagner
prediction of crecp rates. This lac
be remediesd by a comparatively simyle electron o
investigation, but no suen study has, to this au

knowledge, been published,

The effect of precipifate chanres can he seen

clearly in the compression tests plotted in Figures € - 15

as an increase in the oonpression creep rate with tine. The
shape of these conpression curves folleows a patitern consistent
with the changes in precipitate size, At sheort bimes, that

is less than two hours testing at 100C°C, or less than four
hours at 950°C, the coupressive creep rates show no tenleoncy
to increase with time. At longer timcs, however, what aprears
to be a phase of tertiary, or accelerating, creep, is Tound.

This behaviour was unsxpected, since the stress is decreasing
throughout these compression tests, even if only slowly =2t

these low gtrains, and so the creep rate should have hecone
snaller as the strain increased, in accor’ance with the equations
devaloperd in section 4.1, That this tertiary creep should Ye

ascribed to overaging seems cer

el

fte

{:L

<r

n, since changes in cross
saction Jus bto cracking can be ruled out in compression, both
intuitively, and on the grounds that no cracking was observed
in specimens which had undergone comprassion creep. Another
alternative which must be rejected is the possibility thai the
tertiary creep is due to specinen buckling. As described
previously, careful precauntions were taken to prevent duckling,
and to detect it if buckling 4id occur. The onset of tertiary
creep can occur at small strains, as in Figure 10, but does

not necessarily appear at larger shtrains, as in Test Fo. C 37,

which resched 4 after 75 nminutes.,

Temperature/



Temperature Stress Strain  Tine Increase in € over

~2 “ .
°¢ LB, IN o nour ninirun value
10G0 20,400 4 1.25 1.5
1000 8,500 1.5 50 20
For ease of presentation a comparison of the two
tests is made in the table ahove. The high stress test,

No. C 37, was corrected to constant stress in the same woay as
the tensile tests, this ftime using a factor of (1 +¢ ? to
’ )

multiply the creep rate, Were the tertiary creep due to

buckling, it would be anticipated that the effect would be
larger at high sirains. This is not so, and in line with the

postulate that the tertiary creep is due to agglomeration
after a long time at high temperatures - 50 hours at 1000°C -

] 3

the creep rate increased by a factor of 20 over the minimum

vaiue, measured early in the test,

The compression cresp tests at 300°C confirm the
pattern of behaviour at higher temperatures. The rate of
agcloneration at 800°C is much lower than at 1000°2, an? so it
can be said that the amount of aging taking place is proportion-

ately lower,

The test carried out under normal conditions showed
no tertiary creep (Figufe 15Y.  Another test at 800°C, and
the same stress was carrisd out, but the syecimen was given an
overaging treatment ol 2 hours at 950°C in the creep furnace,
before testing b

eg
test was higher (F

an, As expecte’, the cresp rats in this
igure 15) than the previous one, and once
again, when even less agglomeration was expected, no tertiary
creep took place. It is worth while to mention here that the
stress in the tests at 80C9C was 61,20C 1b,in"®, three times
higher than the west stress used at more elevated temperature.
In these ftests the effects of buckling should have Yteern nost

obvious,/
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obvious, yet no tertiary creep was scen. It is anticipated
that, given lons enough at any high temperabure level,

tertiary creep would be observed due bo the changoes induced

[V

in the precipitate size distribution.

4,6 Grain Boundarv Cracking and the Results of the

NMetallosranhic WUxamination,

The discussion in this section will be devoted to
the incidence of cracking during a creep test, At the high

tempsratures of interest in this investigation, failure occurs

[¢5]

e

by the growth and coalescence of grain boundary cracks, This
holds as a general rule for metals and alloys, and the
inhibition of crack gprowith is a major objective in the heat

treatnent of Nimonic 105, as indicated in Section 1.2.
S

The precipitation of carbides in the grain boundaries
produces a zone free {rom gamna prime precipitate, This zons
is quite naturally, weaker than the matrix, and also more
ductile, so that stress concentrations around the cardide
particles, which are votential crack initiations, are relieved
by flow in the ductile zone. The mechanism of crack nucleabtion
and growth has been a subject of speculation and discussion for
some years, and this previous work has given risge to the

following conclusions,

1) In general, two types of cracking have been distinﬁuished(al)

<o

cavitation cracks, which appear as round or oval holes (Fig, 29)

and triple point cracks, which have a characteristic wedge
shaped appearance, and occur at the meeting oi three grain
boundaries (Figure 40). The growth of cavitzation cracks is
generally attributed to the agglomeration of vaoancies(ag).
This accounts Tor their abunlance on grain boundaries at right
angles to the stress axis, where a tensile force is most
effective in producing an excess of vacant lattice sites

Several/
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Several detailed accounts for the rate of growth of such

‘s . 82,83,8 , .
cavities have been publlshed( LA 4), and together with
experiments on the change in density of a me=tal undersoing

8 o -
creep( 5), these have shown that the number of cavities grows

steadily throughout a gest(86).

2) While the growth of cavitation cracks is susceptible to
mathemnatical treatment, the nucleation of these cracks is siill

(87)

a controversial nmatter. McLean propbsed that a2ll cracks
are nucleated by the action of grain boundary sliding at points
of stress concentration, either at triple points, or at ledges
on the grain boundary. The difference hetwesen the two types
of cracks is that ledge-nucleated cracs require vacancy
diffusion for their growth, while those at grain corners can
grow as sliding progresses without the addition of wvacancies.
In this wmodel of crack initiation the tyne of crack is decided

by the applied stress.

)('_"‘
3) A development of this idea is due to Gifkins(g‘), who
postulated that cavities could arise from a combination of

boundary sliding and slip across the boundary.

4) McLean's ideas have heen wmodified by Weaver(89), who found
that the type of cracking was influenced by the grain boundary
structure. An absaznce of carhides resulted in low ductilitby
resul tiny from triple point cracks. The presence of even a
few grain boundary carbides inhibited the growth of these

cracks, znd gave higher ductility.

Thisg work was limited in its scope, since tests were
carried out at ons stress aal tempera‘ure,
5) Thne riosst 3 1 1usi ] that { (33) Y
ne rost general conclusicns is that of Heslop\’//, who
t

N . .
suggested that the tiype of cracking Jepended upsn both siress

and tenperature for sz given structure,

6)/
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€)  Rowe and Freeman(go) observed that the ductility at
fracture in a cresp test was lowsr for an alley of superior
strength, An explanation is proros=d on the basis that
most of the strengthen 1ng of the alloy, in the form of nore
ganwma, prime, operates on the ma‘rix, This forces a greater
proportion of the deformation to take place in the

zones close to the grain boundaries, Less total specinen

extension is thus necded to cause microcracks to grow and

oalesce to the point at which failure occurs,

1

7) The shape of cavity cracks has been inves eted Ty
fracturiag at low jemperature specimens wnich had previously
undergone creep(90). The grain boundaries so reveszled were
examined in rewlica in an electron nmicroscope, In agreenmcent
with expsctation, the cavities vwere shown to grow as round

discs,

8) The supersaturation of vacancies necessary for the growth
of cavities would appear to be devendent upon the presznce of a
stress, since an annealing‘treatment has been shown to bhe
capable of renmovivg cavitiss produced YWy cruep defornation(9l).
This stuly is of particular intequt since the ﬁaterial used

was Nimonic 8CA, with a structure similar to Vimonic 105,

These conclusions revresent the background infornation
against which the results of the crack studies, carried out in

this present investization, will now be discussed,

The prinary objesct of the crack survey was to determine

the fraction of spsecimen cross-sectional area which cracked
during each test, As a secandary otjective the disiribution
of crack typss was investigated, to find the most likely sites
for the initiation of cavitation cracks, and to follow the
development of the cracking pattern adjacent to the fracture

surface in broken tensile specinmens,

The/
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The elfect of cracking on the crosg-saction of the
tensile gpecimens is shown in the following béhle. Yo cracks
were observed in any compressive specimen, The figures given
arve for the unnecked gauge lanrth in the sase of fractured

specimens,

Test No, Temperature Stress Strain Amount of Cracking Cracking

o¢ 1b,in"2 # % of cross-section Required®
T24 10C0O 20, 400 17 1 20
T21 1600 17,C00 25 5 20
T23 10C0 15,600 18 3 20
T30 10C0 10,200 10 1 20
731 1Q00 8,500 1.7 0 10
122 950 20,400 9 o 15
T20 950 20,4C0 0.4 9] 0
6 950 20,400 1 15
T15% 950 20,400 5 10
719 950 17,000 4 4 10
714 950 17,000 7 2 15
T13 950 17,000 7 5 15
T2 950 17,0C0 4 5 10
711 950 13,600 A 15
710 950 13,60C 1.5 10
T 6 850 13,600 9 20
T33 930 20,400 4 1 20

* These figures will be used in the discussion of section 4.6,

The/
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The amount of cracking shown for specimen Tll is
anomalous, since this was entirely due to four large cracks,
two of which are shoﬁn in Figure 43, These cracks are very
narrow in relation to their length, which is several grain
dignetzrs., Such cracks were found only in this specimen,
The relevance of the informztion will bYe discussed in the
next section, when a comparison of tensile and conpressive

creep curves is made,

The classification of cracks reveazled several

interesting features

1) No true welge-type cracks were seen prior to fracture.
All the cracks found in the unnecked portion of the gauge
length had the typical rounded shape of a cavitation crack.

(Figures 29-39).

2) Yost cracks appeared to have nucleated in the grain
boundaries at right angzles to the sitress axis, remote from
either a triple point or a massive srain boundary pariticle

(Fizures 29-33). However, since nany such large particles

w2 &
were associated with cavities, it is concluded that they :

ideal nucleating sites (Figures 34—3?).

A difficulty arises in assessing the imporbtance of
the triple points. Since each metalliograpnic section is Suo
dimensional, no account is taken of the vo

corners hHelow the surface, or, indeed, above if

k)

n this proviso, the

-
I

0
material which has heen yround away. Vit
grain corners were no more efficlent crack initiations than

any other stretenh of grain boundary,.

3) As the point of survey is moved into the nacked regio“‘
and close to the [racture surface of a broken specinsn, the
number of cracks increased, thelr size grew, and nearly all
becane asscciated with triple points (Fizures 28 4C, 41).

1t/
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It is concluded that these wedse bype cracks began as cavities,
which grew very slowly until the onset of necking »riox to
fracture. Such az crack then grew very rapidly until it
reached a triple point, whare, becanse of the unfavoursble
orientation of the bouniaries heyond, it stovped extending in

that direction,

It is known that necking is a phenomenon occurring
late in the creep-rupture 1life of a specinen, Tests stonped
before the expscted rupbure time showed no sign of necking.
Test T14 was stopped & hour belore rupture was anticipated,
when the specimen had exbended to 90 of the runtursz Avetility.
This specimen was removed from the furnace and found to he ’
necked, bubt not fractured. The conclusion is drawn that

necking is a phenomenon of the last lfew moments of a creesp test.

Yo difference was obsarved, in the anpearance of the
fracture surface at 93C°C, 950°C or 1000°C, which depended
upon the stress or temperature, Figure 28, However, at 800°C
(Figure 42) there was no apprecizhle amount of necking, and
few cracks were seen apart from the main fracture. Avay from
the fracture surface, a few isolated cavities were obssrved.

A feature secn only in the specimen fractured at 200°C was the
higher crack density in the surface, as compared with the
interior. This observation may be explained by postulating
that the higher rate of oxidation at the hicher ftonuperatures -
950°C and 10C0°C - inhibited the srowth of cracks either by the
rresence of a thicksr oxide film, cr by slowing down the growth

of the crack tip, as suggested by Lemav\g ) The actual

;

amount of cross ssction lost due fto the surfezcr cracking was,

. o
however, small - less than 17%.

In conclusion, this work has showm that one type of
crack is not necessarily unique to one set of test conditicns,
and that while failure may be precipitatsd by the coalescence

A

of voids, the hizh sirain rates operating vrior to failure
develop/



develop cavities into wedge-type cracxs, The observation,
puzzling at first, of two types of crack in one specimen, has

thus been satisfactorily explained,

4.7 Comparison of Creep Behaviour in Tension and Compression.

Inspection of the creep curves shown in Figures
6-15 show that even after the corrections applied to the tensile
curves in section 4.1, the tensile creep curves are in genersl
different from the compressive ones, As a general rule, as
the stress and temperature are increased, the difference between
tensile and compressive creep increases, he following specific

points arise which are of interest,

1) The creep rates in tension and compression are in excellent
agreement for the initial portion of some creep tests (Figures

9-14).

2) At high stresses and temperatures, the creep curves are
markedly different from the earliest steges (Ficures 6, 7, 8
and 15). In Figures 7 and 8 the primary creep stage is not
visible on the main graph, and so the early stages of these
tests are shown in greater detail in the urper parts of the

figures,

3) Considering any one temperature, the stage in the creep test
at which the curves diverge is moved to smaller fractions of the
tensile rupture life as the stress increases (Figures 6-10 and
11-13).

4) TFor a single stress - 20,400 1v.in™%, the tensile and
compressive hehaviour patterns becowe more alike as the

temperature is reduced (Figures &, 11 and 14).

5) The differences measured between tensile and cozpressive
creep are much larger than the scatter in the reveated tests

shown in Figures 15-19,

Since/
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Since no evidence of grain boundary cracking was
found in any compressive specimen, while c¢racks and cavities
were found in teusile specimens, it is evident that the higher
creep rates in tension shoull bhe thought of as caused by creep
damage to the material. This inmplies *hat the compressive
creep properities measured are the "true" creep curves for
homogeneous material, The simple explanation of these creep

results, outlined above, neets with two objections

1) Enough cracks were not observed in the crack survey to

account for %the observed tensile bhehaviour.

2) Since as indicated under itea (2) above, at some test
conditions the creep curves diverge from the first moments of

the test, the cause of this cannot be cavities or cracks induced

by creep deformation.

1

The first point is amplified by the table in section
4.5 which compares the amount of cracking required in each
tensile creep test to produce the observed creep rate, with the

amount actually seen under the microscope.

Since the amount of cracking required is elways nuch
greater than that measured, the quesbion must arise whether a
stress-concentrating effect could opzrate, Although stresses
of the required magnitude could arise at the tip of a sharp
¢rack, since the maximum stress is given by(91)
rs:

Op = O (1 +2 @ET where

0p = applied stress
= crack half-length

a = crack end-radius,

it is difficult to understand how such localised stress could
affect a large part of the matrix surrounding the crack. Also,

at the high temperatures of interest the stress concentrat
shoulad/

Be
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should relieve itself cquickly,

Nevertheless, even for a crack, such zs isg seen, with

‘an end radius a = 0,25 C , say,

from the elastic stress concentration Tormula given abvove,
Remembering that the. strain rate follows a ninth vower stress

law, this is a very large effect,

Another possihility is that a large number of cracks
are so small as to Ye discounted in the crack survey. Since
the 1init of observable crack size was about 1u, this is a
very rezl effect. The number of submicroscopic cracks would
have to be very large, but since the critical size Tor =z cavity
crack to grow by agolonmeration is 0.1p, accoriing to ﬁcLean(31>,

many cracks of this size could exist unseen,

Cavitesion cracks have been studiad by replica

electron micro v(51) In T,D, nickel thz 1iwit of crack

SCO

resolution WQS found to be at a diameter of 0.5H, Since cracks
were enlarged by the necessary electropolishing treatnment, the
origina’l size of such small cracks was unknown, and so no graat

advantage can accrue from the use of the slectron microscore.

Since the development of cavity cracks is diffusion
dependent, they should grow with time at h“igh temperature. To

test the elfect of high strain rates on these cracks, = test at
950°% and 1%,80C 1b.in"® was interruptei by increasing the load
v 12 . ~2 . .
to 17,0C0 1v.in ¥ and 20,400 1D, for short pericds, The

results of this test are shown below

Tine/
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Time Strain Stress Strain Rate
Hour 7 1b,in ~ « per hour
73.5 1.5 13,600 0.016

7 2 17,000 0.16

75 2 20, ACC 0.74

77 . 2.5 13,600 0.017

78 5 17,000 0.16

79 3¢5 20, 400 0,92

31 4 3,6C0 0.024

The underlined values of the creep rate abt 13,600

L4 .‘2 | fal 1
1b.in =~ before and after dsformation at higher stress show that

little chanze results from a2 small amount of strzin at higher
u |38
stress, The total deformation can be regarded as occurring

solely at the higher stresses, since the strain rates in these

instances are so much greater, Only after 2.57 strain at the

nigher stresses is any substantial change in the creep rate
recorded, Slnce only cavitation cracxs are observed tefore
fracture at this tenperature, the incressed strain rate

presunably promoted the srowth of these cavities

It can thus he seen that prolonged apvlication of 2
higher stress is racguired to cause creep damage to the speciwmer

The instantaneous effect of a higzher stress appears to be small.

This being so wmakes 1t nmore diflTicult to understand
the high stress results (Figures 6, 7, 8 and 15) where the
creep rates in tension and compression are different from the
start of the test, However, it shouléd not be thought that two
discrete modes of behaviour exist, I3 is thought rather that
sone discontinuity develops in the tensile specimen which

apnears earlier in the creep life as the stress is increased.

4.8/
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4.8 Conclusions.

From the results and discussion presented in this

5

Chapter the following conclusions are drawm

1

1) Creep testing facilities have been developed for toth
tension and compression loading. The requirements for axial
loading and constant temperature were met so that a low scatter

on the experimental data was obtained,

2) Tests have been carried out over a range of stress and
temperature, so that the general trends of the creep behaviour

have been shown.

3) Compressive creep has been shown to be the same as tensile

under certain circumstances. The differences arise when creep

cn

amwge accunulates in the tensile specimens, so that the tensile

creep rates become higher than the compressive.

4) A quantitative crack survey has shown that insufficient
cracks are visible to account for the observed tensile creep
behaviour, It is thought likely that the presence of stress
concentrasions, and small cracks invisible to the availakle

optical microscopes account for the Aifference,

5) Tertiary creep has been observed in compression after
extended times at high temperature. The acceleration in the
creep rate is attrivuted to the overaging of the precipitate

partsicles.

6)  Preliminary micrographs show that precipitate agin
characteristics are the same in tension and compression, and so
are una’fected by stress, This electron microscope study
should be extended to the rest of the specimens, Thin film
transmission microscopy would reveal the dislocation configuratiosns
after creep, However, it has recently been gpointed out by
Hale(loo) that the 1C0 kv electron energies availak®le in present

electron/
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electron microscopes are insufficient to reveal fully the
details of tne precipitate-particle interactions. The use

of higher energics - up to 1 M e v - gives greater resolution
and penetrating vower, so that thicker sections can be examined,
which should have provperties more closely related to the bulk
material than the thin sections necessary for the present

generation of electron microscopes.

7) The measured activation energies in tension and compression
agree with those measured by other workers under similaxr

conditions, although they differ significantly from each other,

8) Both tensile and compressive creep rates can be Titted to
a power law stress dependence, The exponent measured in
compression was 8,5, and in tension an average value of 9 was

obtained,

9) The grain boundaries transverse to the tensile axis have
been shown to be the source of cavities which eventually lead
to failure, This has been appreciated before, and steps have
been taken to eliminate grain boundaries, first by producing
grains elongated in one direction, and later hy groving single
crystal material. These developments have been used in turbine
blades<92) and have substantially raised the blade life. The
method used was the casting of the final blade shape in a
heated mould, which was cooled from one end at a controlled
rate. The orientation of the resultant single crystal was
approximate parallelism between the bYlade axis and the 001
planes, This is the desired orientation for ovtimum creep and

fatigue properties.
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CHAPTER ¥IVE

TIVESTIGATICHT OF 175 BAUSCHTUGHER WREECT

5.1 Review of the Bauschinger Effect,

As stated before in the Introduction, the
Bauschinger effect appears as a reduction in the flow stress
of a metal after straining in the same or the opnosite
direction. The most dramatic effect appears after straining
in the direction opvosite to the final one(95). Reviews of
the literature on the Bauschinger effect exist in a vaper by
Thompson(96), and the book by Lubahn and Felgar(95). The
mechanism generally visualised as causing the Bauschinger
effect is the piling-up of dislocations against ohstacles
during the initial straining. Then the direction of
straining is reversed, these piled-up arrays move easily
due to the mutual repulsion between parallel disleocations of
the same tyve and on the same slip plane, The information
given in the reviews mentioned above relates mainly to single
phase material, However, studies of the Bauschinger effect
in a precipitate-hardened aluminium alloy have recently deen
published(97’98). These are particularly interesting since
they cover beth single- and poly-crystal material, and a

range of precipitates which can be produced in the aluminium

A wt,% copper alloy by suitable heat treatment,

The conclusions reached ars that the Bauschinger
effect in the alloys containing coherent precipitates does
not differ from that in pure aluminium. “Then the precipitates
are coherent, howvever, the Bauschinger elfect becomes very
large, due to the fact that the particles resiet shear hy the

dislocations,/
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dislocations, and so large dislocation nile-ups can

accumulate around such incoherent perticles,

stresses due to these pile-ups

at a small value of reversed

These investigations

O1-

temperature, and at 807K, To
nformation has been pudblighed

temperature on the Bauschinger

The internal

then produce plastic deformation

stress

were carried out at room
this author's knowledge, no
on the effect of high

effect of a precipitation

hardened alloy. In the absence of precise knowledge, certain
tentative

effect

proposals may be advanced about the Bauschinger

in Nimonic 105 at nigh temperature,

e

the varticles in

a5

Since gamng prine S Nimonic 105 after
a short time at 1C00°C have a Aiameter in excess of 10C0 A

these particles are much larger than the coherent nwarticles in
aluminium-copper alloys, which
of, typically, 500 1,

The gamma

are disc shaped, with a diameter

o

ievr anns uI’OTﬁ”‘(A'(\)

ant to

deformation, and hence a large Bauschinger effect might be

and a thickness of a

prime particles are hence much more resist

expected,

Howsver, at high temperatures the dislocations can

c¢limh out of the piled-up arrays, as discussed in the

Weertman theory of Creep in Chaptler 1, and in the Appendix,

{_ -
16 , the

Thus unless stress reversal 1is =appliad

dislocation pile-up will have relaxed, =n
Bauschinger effect #ill be observad,
5.2 Requirements lor a Bauschinear Testine Froszramne,
For the purposes of thermzl fatigue analysis, the
data required is the dependence of some narameter defining

the Bauschinger effect upon the anount of prestrain, strain

rate and temperature, Several such paransters are rvossible,

examples beinsg the

ss/

gtrain occurring before the reverse of the

+ro

PR A -
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pre-stress is reached and the drop in flow stress after the
reversal, where the flow stress may be lefined either a

offset proof stress, or as the limit of elastic proportionality.

The temperatures and strain rates would be decided
by those vredicted to occur in the thermal fatigue cycle of
turhine bhlades, There is no reason why the investigation
should sitop after one cycle of siress reversal, so that the
Bauschinger studies could be regarded as the liniting case of
a high-strain fatisue test, The short-time tensile and

compressive stiress-strain curves could also be used to prelict

the creep strain-tite curves at very ghort times, using the

28

method suggested by Lubann and 4e1car( 5) to convert the
stress-strain curveg to strain-time curves, The effect of
specimen aping, which are usually regarded as limiting the
usefulness of this technique, could be minimised by rre-aging
specimens for long tinmes at the test temperature before testing,
so that only a small amount of rrecipitate zgglomeration would

take place during the time of the test.

Because of delays in gaining access to the Instron

Testing MNachine, the time available for high temperature

Lt

testing was very short, and so the projected testing programme

was discontinued after the preliminary testing prosranne

described in the following seciions.,

5.3 Requirement for a Bauschinger Testing Machine,

The requirements for a machine to measure the
Bauschinger effect at nigh temperature are thus rather complex,
but related to the measurements of compression creep. For
similar reasous to those discussed in Chapter Two, tests
carried out in uniaxial tension and compression are the wost
meaninsful and acceptable, The high testing temperature
gives rise to guidance problems, and the need for fast siress

reversal/
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reversal cannot be easily met, since most commercially
available itesting machines can drive their c¢rosshead in
only one direction. The construction of a complete,
sophisticated testing machine was inhibited both by cost,
and by the difficulty of obtaining an electronic lozd
measuring device to measure both tensile and compressive

loads,

As a preliminary measure o machine was built to
gstrain hoth in tension and compression, using a proving ring
as the load measuring device. Al though the performance of
this machine was not satisfactory, a hrief consideration of
it is held to be informative as to the difficulties

encountered in building a testing machine for reverse straining.

During the time that the crosshead was being driven,
the proving ring underwent large elestic deflection until the
yield strength of the specimen was reached, It was thus
almost impossible to control the strain rate imrressed on the
specimen, since this vas decided largely by the elastic
characteristics of the proving ring. This would be no
drawback at low rates of strain, when many measurements of the
specimen extension and of the load could be tzken. Also,
this large elastic extension caused a long delay between the
reversal of the stress, At higher strain rates, necessary
both to emulate thermal fatigue, and to reverse the stress
before relaxation took place in the specimen, sufficient
readings of the stress and strain could not be obtained from
the dial gauges used on the load cell, and as the extension
measuring devices, These dial gauges were photographed with
a cine camera, and a combinztion of the vibration of the
machine and the high speed of movement of the dial gauge
needles caused blurring of the image on fhe film, Due to
this blurring the exact position of the smaller of the hands
of/

!
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o

of the dial gauge could not be ascertained with any certainty,

These difficulties led to the Jdecision to build a
rig to fit the Instron Universal Testing "achine which had
just been installed in the University of Glasgow, Department
of Mechanical Engineering. Thig machine is specially
designed so that the crosshead can be driven under load both
up and down, and meusures electronically both the load and the

crosshead movement,

5.4 Development of the Bauschinger Machine,

It was decided that the principles successfully
incorporated in the compression creep rig would te used in
the design of a Bauschinger machine (see Firure 5). The
heavy main frame was machined out of 2 in., thick mild steel
plate, and the guide holes were accurately machined in line.
The loading rams were made from Wimonic 105, but instead of
the spherical hearings used in compression creep testing,
threaded seatings were machined centrazlly to receive a

specimen with threaded ends (Figures 5 and 3).

To vrevent backlash in the seatings, nuts of
Nimoniec 105 were made with accurately flat faces to screw
tightly against the faces of the loading rans (Figure 3).
Similarly, precautions were taken to prevent backlash in the
coupling to the load cell by means of e close-fitting,
heavily tightened thread, and in the coupling bvetwveen the

main frame and the c¢rosshead, Tre main frame s2t on a sgpigot

and was held in place by a press-fit steel pin. The lower
ram was also held in place by a press-fit pin, and relied for
accurate positioning both on the guide hole, and on the

shoulders macnined at right ansles %o the axis of the ran.

Since/
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Since it was inmperative to prevent the load cell
being overheated, cooling coils were soldered to both sides
of the main frame, both at top and bottom, and water flushed
through then during the whole period of testing. By this
means, that part of the upver ram above the main frame was

kept cocler, in fact, than room temperature,

The heating and temperature control equivpment were
identical to that used in the creep testing, Because of'the
small size of the specimen, only one thermocourle could he
attached, This was felt to be permissible both because of
the known constancy of the temperature in the central zone of
the furnace, and because of the small size of the specimen in
relation to the zone of constant temperature. The specimen
temperature was recorded continuously on a Keni single channel
chart recorder, on which temperature variations of 0.1°

could be detected.

A few tests were carried ouit at room temperature on
spacimens of aluminium, chosen because its tensile strensth at
room temperature is approximately that of MNimonic 105 at lCOOOC,
viz, 25,000 1b,in =,

The specimen extension was measured by recording the
crosshead wovement on the Instroan chart record, The
elasticity of the load cell is known, and no elastic
deformation is expected in the massive loading rods. Hence
crosshead movement should provide an accurate measurement of
specimen deformation. This system was used by Han and Abe1(97),
but since the strain rate these workers could use was very low
(0.7% per ninute) the magnification of the motion or the chart
was corresvondingly larger, Hence the strain resolution in
their experiments was 0.057. There =are, however, well-founded
objections to such an indirect mathod, such as the conirirution
Vo the apparent strain from bedding in of %he threaled ends.
This/
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This can be minimised by heavy tightening of the nnts on the
specimen prior to testing., Another objection is the large
unknowvn effects from random temperature variations, which

can be much larger than the specinen Aefornation at low values
of strain, An extensometer clamped to the specimen itself is
alwvays preferahle, and, as inlicated latér, should he
incorporated in the next phase of developrient of the Bauschinger
machine,

These tests enabled familiarity with the apparatus,
and showed that with the specimen size chosen, 1/90 in®, in
cross-section and 0,2% in, long gauge length, the sensitivity
of the strain measurement was 0,57, This specimen size was
chosen, since it was hoped to carry out Bsuschinger tests all
the way from room temperature up to 100000. The load
capabilities of the tension-and-compression load cell would
have been exceeded by =z larger specimen diameter, and =2
different specimen size would then have been reguired for high
and low temperature tests, In the event, since specirens of
Nimonic 105 had been turned to the above dimensions, these were

used,

For these preliminary tests the temperature chosen
was 1000°C, and the strain rate 8’ per minute. Because of
theramal expansion the apparatus was completely assembled, then
the pin holding the lower ram removed and the crosshea? moved
down about half an inch, When the test temperature was
reached the crosshead was carefully returned to vosition anA

the pin slid into place. The test could ncw begin,

Since the strain resolutien was not felt to be goed
enough for Bauschinger tests, tensile and compressive short-
time tests were carried out, These showed that the liwit
of linear proportionality ltetween stress ani strain was the
same in tension and compression, as expectel. The stress-

strain/
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strain curves in comnression showed no ultinate strength,

because of the ever-increasing cross-sechtion.

The backlash, seen as a %in* in the stress-strain
curve when the stress was reversed, was very smnall with the
nuts in vlace, and large without themn, The residual backlash

was probably located in the load cell or crosshead coupling,

The friction in the bYearing between the main frame
and upper guide rod was investigated by driving the crosshead
up and down after the specimen had fracihured. A mexinmum
force of 40 1b. was recorded. This was reduced to 20 1b, by
applying "Molyslip" grease to the bearing surfaces, This
frictional force was found to he repeatable hoth in tension

and compression,

No gross buckling of the spa2cinens was found below
compressive deformations of 5/, Obviously the alignment in
this case is not as good as that in the compression testing,
ao that a certain number of specimens will buckle, probably due

to errors in machining their threads.

Several conclusions can %e drawn from these tests,
some of thexn indicating the developments necessary for

successful Bauschinger testing.

1) In view of the agreement between the measured

}_J
=+

imits of
t that a

proportionality in tension and compression i 1
machine capadle of carrying out successful khigh temperature

t 1is fe

Bauschinger tests has been built,

2) The strain sensitivity should be increased, either by
using a longer specinen or by atiaching a systen of extensometry
to the specinen, The extensometer output would be uszd to

drive the chart, and so produce directly the stress-strain

curve., Such a system 1s being purchased from Instror Linited.

3)/



3) If the stress is reversed manually, then the strain rate
must he slow enough for the moment of reversal to he chosen
accurately by observation of the chart record. The strain
rate is thus limited to about 107 per minute, This could
be increased by using the fatigue loadiﬁg cans available for
use on the Instron, By means of these the load could be
reversed at a value known to give any reéuired anount of
prestrain, The strain rate could be increased so that the

stress reversal becane almost instantaneous, as it is in

[

thermal fatigue, instead of the 10 seconds reqguired at

present.
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CONCLUSIONS AWD SUGGISTIONS FOR FURTHSR VORK

6.1 Conclusions.

The description of experimental procedures and
results is now comnplete, and the work carried out during this
invesfigation will now be reviewed in terms of the progress
made towards achieving the aiams set out in the Introduction,
the contribution to the general understanding of the tine-
dependent deformation of metals at high temperatures, =2n? the
develovnent of improved techniques for compression creep

testing a2t high temperatures.

The major aim of this investigation has bhzen to
throw light on the creep bhehaviour of Vimonic 105 at
temperatures experienced by Jet bturbine dblades during thermal
shock, In view of the fact that previously no such
information existed, the situvation is now much more clear
since the general trend of compzrative creep behaviour has
been uncovered, for teriperiiures hetween 800°C and 1000°C.

In general, the creep curves in tension and compression are
different, and if a “ifference exishks the tensile creepr rates
always exceed the compressive, In no instance was a
conpressive specinen observed to deform more quickly than the

corresvondine tensile one,

. n

A4t any one teamperature the difference hetween the
curves decreases with decreasing siress, so that at a
sufficiently low stress the creep rates in tension and

e
compression are identical, at least Auring
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develop, the tensile creep rate increases, Since no such
cavities are observed in compression, due to the unfavourabtle
stress system, no such increase is observed in comwvression.
After long times at high temperature, hovever, the unexpectad
phenomenon of tertiary creep in compression is observe?d, and
results, it is thought, from the agglomeration of the
strengthening second phase, to which Vimonlc 105 owes 1its

remarkahle high temverature creep strength,

If a particuiar stress is considered, the éifference
between tensile and compressive creep diminishes as the
temperature is reduced, so that even if at 1000°C the creerp
curves differed from the Tirst instant of loading, at 956°C
or less the two creep curves are observed to agree for a

substantial part of the tensile rupture life,

These observations can now be used in the prediction
of the life of turbine blades, and point the w2y to the
improvement of the material for such applications. Since
failure always is initiated in grain houndaries, especially
those transverse to the stress axis, substantial improvements
in performances should result from the elimination of such
grain boundaries. The compressive creep properties. which
are much better than the tensile ones from the point of view
of creep resistance, give an indication of the immrovement

possibhle,

This investigation has improved on previous
comparative studiss in the evheusive metallographic study of
deformed specimens, 2imed at elucidating the cause of the
difference between fensile ani compressive creen. A survey
of the cracking in tensile creep specimens showed that grain
boundary cavity cracks, of about 1lp diameter, could bhe
observed after 27 tensile creep strain. These cracks grew
and multiplied tmrougnout the creep test, and during the

13
necking/
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necking of the specimen prior to fraciture they develop into
wedge-type cracks characteristic of high strain-rate
deformation. The main Teatures of the differences between
the tensile and comnressive creep rates are explicable in

terms of this cracking behaviour.

The values measured Tor the stress exponent and
the creep activation energies show fair agreement with
other studies on similar alloys. The fact that they are’
not in agreevent with the v=luves predicted theoretically shows
that the creep process is nore comnlex than visualised in the
present theoretical treatment. The large range of wvalues
obtained for activation energy values in nickel bass alloys
probably reflects minor differences in technique, although the
methods used in various investigations may be noninally
similar, In particular, no standard procedure has heen
adopted in the past for ascertaining the effect of changes in

*

precipitate morphology on the activation energy, and of

=]

minimising it. The activation energies derived for creen in

this investigation, and in that of the Varquardt Corporation(g)
agree with each other, and disagree with that derived by cther
investigators in that tley are much larger. The cowmnon factor
would appear to be that both were measured during rapid chonszes
in the precipitate size and amnount, while the lower values were

s
derived in circumstances which would tend to raduce the effect

of the phase change.

A feature conmon to both tensile and compressive
creep tests was the unusually small scatber between creep tests
carried out under nominally identical conditions, The reasons
for this snall scatter were considersd to be the care taken to
ensure that all material had an equivalent amount of aging
before being tested, the fact that the temperature was monitore
continuously, and any snall drift corrected, the fact that 211
the/

?
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the tests were assembled and run by cne operator, and that

only two tests had to be supervised at the same tine.

In view of the low failure rate ol compressive
creep tests due to huckling - & failures in 25 tests - the
compressive creep mechine is considered to have Justified
the choice of design, No gross deterioration of any
comovonent has been noted, after nmore than 100C hours of high
temperature testing. Vital to the success of this design is
a split furnace which will provide an adequate constant .
temperature zone and a life of several hundred hours, if tests
are not to be wasted hy furnace failure. This problem has
been solved in a novel fashion which has resulted in a furnace
of exceptional mechanical durability and heat input capability,
considering its small size, In addition, the simplicity of
the design means that it can be quickly repaired, should a

winding burn out, by cementing another in its place.

At the time of writing, the development of a machin
to measure the Bauschinger effect is far advaﬁced, and has
reached the stage at which %tensile and conpressive lozling are
available in rapid succession, %ut the strain measurement is

not yet sufficiently accurate to be satisfactory.

It is hence felt that comyrehensive testin
facilities have been developed for all the investigations
originally envisaged. The creep testing equipmert has had
extensive trial and has shown itself to be capable of great

accuracy in the neasurenent of creep curves.

Despite the large amount of theoretical effort
expended on the problem of metallic creep, no convinecing
account has yet been developed to embrace more than a few of
the experimental observations, The development of alloys
and the prediction of creep properties will probably continue
for/
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for some time on a pragmatic basis, The discovery of
precipitation hardening and of the beneficial effects of
boron and zirconium additions to nickel alloys are two
excellent examples of how a chance occurrence can assist the

advance of the metallurgical frontiers,

Sugeestions for Further Work,

It is felt that althouzh this investigation has'
gone far towards a total knowledge of the comvarative
tensile and compressive creep behaviour in YVimonic 105 at
high temperature, there are several directions in which the
scope of the wori could be extended, The following
suggestions are intended to indicate what this author considers

to he the most fruitful apvroaches.

1) The thermal fatigue aralysis discussed in Chapter One has
now indicated that the tenperature range of interest extends
as far down as 700°C.,  In addition to producing useful Aata,
comparative tests at these lower temperatures would be
interesting from a wider scientific standpoint, since they
would be relatively free from the rapid changes in precipitate
morphology which complicate an understanding of the creep
behaviour at high temperatures, Also, since stress
concentrations relieve themselves less rapidly at such
temperatures, their effect should ve more marked on iensile
creep properties, and hence this reinforces the case for

carrying out tests at lower temperatures.

2)  Now that confidence in the apvaratus has been established

the investigation of creep phenonena could be continued st very
short times - of the order of a few seconds. Since the
transient phenomena are most important in thermal fatigue,

particular attention could he paid to primary creep.

3)/
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3) Further work would elucidate the role of cavitation, and
its effect on the creep rate, It is possible that methods
could be developed for detecting such cracks could be developed
along the lines of the work by Crussard et 81(90), which does

not renuire any electropolishing.

4) A thorough investigation of the effect of stress on the
activation energy for creep should be carried out, and should
include vprecise determinations of the activation energy hy
means of very small temverature changes e.g., 1 or 2 09,

which would change the creep rate appreciadly, without
changing the precipitate sbtructure, Long holding times at
the test temperature prior to loading the specimen would
ensure that interaction between the creep process, and the

precipitate clustering is mininised.

5) As was stated before, an extenled electron microscope
investigation into precipitate effects, and precipitate-
dislocation interactions was intended, »ut scarcely begun due
to the lack of a microscope. Since all the specizens are
available, this study could he carried to completion with
great rapidi%y, and would correlate with the large research
effort being expended on a world-wide scule to determine the
role of precipitates and dislocation interactions in crecp

deformation.



APFEYDIX

TERERTVANYS DISLOCATION OREXE THTECRY
Since it is the obJect of this Appendix to point

out the main physical ideas used by Weertman, detailed
caleulations will not be included. These can be found in
the aporoyriate refler erceq(ED’Zo) or in a texthoor of

Physical etallurey (see Bibliography).

The model discussed envisages dislocation loops
expanding wider an applied stress until they meet obstacles,
In the case of tvo-phase dispersion-hardened alloys these
obstacles are the particles of the dispersed phase and their
surrounding strain fields, It is assumed that the clinmb of

islocations is tre rate-controlling nrocess( )

. |
In general, then, the creep rate ¢ is equal to

2
b = LmL® bR (1)
Wnere X = the density of dislocation sources
I. = the maximun radius a dislocation loop will grow
to
b = 3Burgers vector of a dislocation

= the rate of creation of dislocations at one

source,

The maximum radius, L, may be calculated, since at
this size the dislocation is assumed to be annihilated by
combination with dislocations of oppesite sign on neighbouring

slip planes

Thus 2xLEFa = 3
L[]
. 2 . 1
l.2. L = _—
° 2?.‘1‘(“’.

where /
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where d is the distance c¢lirbad by a dislocation in order
to be annihilated, and is assumed to he of the order of h,

L)

the IJS.I‘ti(.»‘]_':? diametber.
2

for an edge dislocation soine distance away from other

In reference he velocity of climb ig calculated

dislocations

. G’bz b))
v = =
¢ ¥ T

whersa = the velocity of climbd
= the resolved shear stress

Boltzmann's constants

B g o
]

= Temperabure in °K

Thus the term R. in equation (1) can be calculated as

v
R:‘H‘
We thus have
%o 1S D
e = = (2)
2% Tnh

This equation is valid for the range of ¢ from the siress
required to activate g disloczation source up to the stress
necessary to push a dislocation loop between two precipitate

particles,

This latter stress is given by

- kD
c =
A
where b is the shear modulus

A is the interparticle spacing.

For/
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For stresses hizher than this dislocations are bowed out
is controlled hy the clinb of the cut~off Iislocat

i
ing particles, en such loops have climb

2
v
<

surroun e
sufficient distance away from the slip plane, a further

dislocation caa pass.

Heertman calculates this distance to he

w’ Yy

2 0% A

2

H =

and the expression for the creep rate which results is

4 .2
! 2n o A D 2\
e = 3 (3)
hpu® kT
| x e 202 A%, . :
For stresses so high that - is greater than unity,

the velocity of climb is gziven by

v D (2 A Y
L AN

and the creep rate now becomes

2 ) 1.2
¢ _ mOSAD xp(32A 2Ty (4
p® v® h bk T

for the highest stresses.
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ig. 1. Compression Creep Machino.

1) Crosshead with moveable balance weight.
2) Main frame of the Mand CreepMachine.

3) Main frame of the compressive loading rig.
4) ‘Furnace supports.

3) Upper loading ram.

6) Specimen (See Fig. la).

7) Lower loading ram.

3) Transducer Assembly (See Fig. Ib),
9) Loading platform.

10) Coupling to the base plate.
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Fif?» la. Specinen Assetn'hly for Co%rressinn Creep Tests,

1) Upper loading ran.

2) Stainless steel heat shields 'vith ceranic spacers.
5) Upper spherical cap.

4) Upper extensoraeter rod.

5) Thernoccupie.

6) Specimen.

7) Thernocouple.

8) Lov/ier spherical cap.

9) LoTTer extensoneter rod.

10) Lower loadin- ran.
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Fir. 1lb. Extonsoneter Transducer Assenblv,

1) Support column from nain frame.

2) Extensometer rod from top of specimen.

5) mExtensometer rod from bottom of specimen.

4) Transducer body.

5) Supporting spring.

6) Transducer mounting block.

7) Transducer core.

8) Micrometer thread for resetting the transducer core

9) Stainless steel rollers.
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Fir:. 2. Tensile Creep Machine.

1) Crosshead with noveahle balance ?;ei*ht.
2) Universal joint.

3) Main frame.

4) loading shackle,

5) e+Furnace.

6) Reat shields,

7) Sped nen.

8) Furnace support bars,

9) Transducer assembly.

10) Loading shackle.

11) Universal joint.
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Fil>» 4» m Furnace «

1) Top Sindanyo 2nd Plate.

2) Shaped firebrick forner.

5) Terminal.

4) Top heating resistance winding.

5) Bottom heating resistance winding.
6) Terminal.

7) Bottom Sindanyo End Plate.
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Fir. 5» Ba“schincer Machine.

1) Conplin”® to load <

2) Upper loading ran

5) Cooling; coils, co’
4) Specinen mounting
5) Main frane.

0 Lower loading ran
7) Fin securing the

3) Crosshead of the
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Compressive and Tensile Creep Rates in Copfor at and 1,200 I'-.i:
"Tensile Curve by permission of |I. Gillies, University of Glasgow,

N Sc Tnesis 1967



Fi#. 27. Nimonic 105 - As Received Material: X 700 Chemical Etch,

Fig:. 28, Specimen Fractured in Tensile Creep - Region Close to

Fracture Surface X 40C, Chemical Etch.



Fig, 29, Cavitation Cracks after 10 Tensile Creep Strain
X HOC, Chemical Etch,

Fig, 50. Isolated Cavitation Crack X 1100, Chemical Etch.



Fig. 51. Large Cavitation Crack X 1000, Chemical Ktch.
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Fig. 32. Small Cavitation Crack X 1100, Chemical Etch.



Fig. 35* Small Cavitation Crack, X 1100, Chemical Etch.

Fig. 34. Cavities Associated “ith a Tlassive Grain Boundary
Particle, and *-vith a Grain Boundary Triple Point
X 1100, Chemical Etch.
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Fi#. 35# Crack Associated with a Massive Grain Boundary
Particle X 1100, Chenical Ftch.
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Fig. 36, Cavitation Crack Associated with a Massive Grain
Boundary Particle X 1100, Chenical Ftch.



Fir. 57. Cavitation Crack Associated with a Massive Grain
Boundary Particle X IICO, Chemical Etch.
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Fi*, 58. Cavitation Crack Associated with Grain Boundary
Triple Point X 1100, Chemical Etch.



Fig. 59* Cavitation Crack Associated with Two Grain

Boundaries X IICC, Chemical Etch,

Fig, 40. Typical Wedge-type Crack from the Necked region of
a Tensile Creep Specimen fractured at 1000%~C

X 1100, Chemical Etch.
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Fig, 41* Large Wedge Crack from a Necked Region X 600,
Chemical Etch.

Fig. 42. Fracture Surface of Tensile Creep Specimen
fractured at 800'°C X , Chemical Etch.



Fig, 45* Unusually Long Grain Boundary Cracks after 4;
Tensile Creep Strain at 950*"C X 200, Chemical Etch,
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Fig, 44. Effect of Oxidation on the Surface of a Creep
Specimen X 700, Chemical Etch.



Fig, 45* Replica Electron Micrograph of Tensile Creep Test
Specimen after 45 hours at 9%0°C under a load of
17,000 Ih,in . X 8000,

Pig. 46. Replica Electron "icrograph of Conpressive Creep
Specimen after 3? hours at 950°C under a load of
17,0G0 Ib.in . ; -
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