
CRANFIELD INSTITUTE OF TECHNOLOGY 

Department of f Material s 

PhD Thesis 

V. T. de Abreu e Antunes 

Creep Fatigue Analysis of a Mickel Superalloy 

over the Range 750 - 10400C 

Supervisor P Hancock 

September 1979 



BEST CO" 

AVAILABLE 



Abstract 

After the review of the predictive methods in the high temperature 
fatigue field the characterization of the low cycle fatigue behaviour 
of a nickel superalloy, t4ARMOO2, is carried out using one of those 
predictive methods, the Strainranqe Partitioning method. The basic 
concepts and procedures of this method are reviewed and applied to 
NARt"O02 over the range 750° - 1040 C. -These'procedures invol ed 
the determination of the four basic life relationships at P50 C 
and 1040°C and their use in conjunction with a damage rule were 
then employed to assess the degree of insensitivity of the four 
basic strainrange versus life relationships to test temperature. 
Three damage rules and the assumptions behind them are discussed 
within the context of their application with the Stra i nrange 
Partitioning approach. An alternative analysis based on Ostergren's 
method is studied in a separate chapter and proved to be an easy 
and helpful method in predicting high temperature lot., cycle fatigue 
of several superalloys. 

The characterization of the creep-fatigue behaviour of 1,4F. RP"002 was 
completed by separation of initiation and propagation periods within 
two temperature intervals. A situation of earl formation of cracks 
at the higher temperature intervaa 

950°- 
l040 C with accelerated 

growth. at lower tennperatures 750 - 250oC showed that great care 
is necessary when applying MAPP"002 isothermal results to cases 
where temperature varies. 
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1- INTRODUCTION 

Equipment that operates at elevated temperature is often subjected 
to a combination of transient and steady-state loading conditions. 
Many service components may undergo a thermally induced strain cycle 
during start-up and shut down or during variations in operating 
conditions. Under steady state conditions time dependent creep or 
stress relaxation on the material are most likely to occur at high 
temperatures. It is the likely interaction of the cyclic fatigue 
damage and the time dependent creep damage which brings most of the 
problems on the design of elevated temperature equipment. A survey 
of the literature dealing with the life prediction analysis of the 
creep-fatigue situations shows widespread difficulties in generalis- ing each approach in order to take into account a variety of factors 
such as frequency, wave shape, tensile and compressive hold effects, 
environment-component interactions, varying temperature within a 
cycle, etc. 

Common features of many high temperature fatigue tests are a very 
pronounced degradation in fatigue resistance when the frequency of 
cycling is low or long hold time periods are introduced. This 
degradation is closely dependent on how high is the working tempera- 
ture range, upon how fast that ranee is crossed and where the hold 
period is introduced, tension compression or both. Moreover, these 
situations involve thermal fatigue occurring during start and shut 
down periods where high strains are generated due to different rates 
of heating and cooling in components within a certain structure. 
Included are aircraft gas turbines, nuclear pressure vessels, heat 
exchangers and fuel elements, steam turbines and power plant 
components,. etc. The technological perforiiancu of components work- 
ing in these exigent high temperature situations is largely 
dependent upon the development of new high temperature alloys and 
the accurate prediction of the fatigue life of the high temperature 
structure. 

This last exercise usually consists of two major steps: calculation 
of the stress and strain history in critical regions and estimation 
of the lives of these regions. As far as this sec ", d point is 
concerned the usefulness of any life prediction method in these 
sort of situations in which fatigue and creep are superimposed 
depends in the first place on how good is the simulation of the 
tensile conditions. The use of isothermal strain controlled tests 
to simulate and study components subjected to thermal fatigue has 
been of widespread use because tests are easier to conduct with 
better control of the variables normally related to fracture: plastic 
and creep strains, stress and temperature. This simplification 
becomes even more attractive with any method promising some degree 
of temperature insensitivity to its basic life relationships since 
that would save generation of data for different temperatures. 
This simplification was offered by a recently developed life pre- 
diction method, Strainrange Partitioning which was chosen for the 
characterization of the high temperature, low cycle fatigue behaviour 
of MARP1002, a recently developed nickel superalloy, within the 
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temperature range 750 - 10'0°C. This low cycle fatigue characteri- 
zation of MARM002 is reported in chapter four of this thesis. An 
alternative method for life prediction is discussed in chapter six 
being the study extended in there to other six alloys. 

The problems associated with the use of isothermal data to thermal 
fatigue situations are discussed in chapter seven. Since the 
initiation and propagation periods separation was found to be 
essential for the understanding of the results on those circumstances, 
the relative importance of initiation and propagation on the creep 
fatigue tests of MARM002 was assessed then in chapter seven, as a 
first step to approach the thermal fatigue situations using iso- 
thermal data. 

Some of the damage rules involved on many life prediction methods 
are discussed separately in chapter five. 
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2- REVIEW OF THE PREDICTIVE METHODS IN HIGH TEMPERATURE FATIGUE 

The subject of high temperature low cycle fatigue can be approached 
from two directions. On one case the big emphasis is put on fatigue, 
with modification being made to'the fatigue laws developed for room 
temperature in order to take into account.,. creep effects. The alter- 
native case considers the isostatic cree 'laws governing high temp- 
erature deformation and manipulates the laws in order to apply them 
to cyclic loading. 

Looking back, there are two important developments over the past 
thirty years. Firstly, the COFFIN-MANSON relationship (1) marked 
an important transition from a stress to a strain approach and 
secondly the PARIS-ANDERSON concept relating stress intensity factors 
to fatigue crack growth rates (2). There were also several attempts 
to develop accurate and general methods of predicting cyclic lives 
at room and high temperatures. The MANSON-HIRSCHEBERG universal 
slopes method (3) was developed enabling room temperature cyclic lives to be estimated as a function of the total strain range using 
conventional short time tensile properties. It is followed by 
attempts to account for creep effects such as the so called 10% rule 
4 and the creep modified 10% rule (5). The life fraction approach 
6) tried to remedy the rather conservative results predicted by the 

former methods when large creep strains were involved. Finally the 
formation of the STRAINRANGE PARTITIONING method was proposed in 
1971 promising to overcome many of the difficulties found with pre- 
vious methods. Before going into-__ eta_iled analysis of those methods 
with usefulness, advantages and limitations being analysed, a review 
of the testing variables found in high temperature low cycle fatigue 
will be done. Their effect on life, for different materials when 
possible, is presented. 

2.1 - THE TESTING VARIABLES IN HIGH TEMPERATURE LOW CYCLE FATIGUE 

At elevated temperatures the need for reliable procedures for 
life-time prediction is of increasing concern. Trying to solve 
the problem, a great number of prediction methods were developed. 
The difficulties associated with their applicaýion, becomes clear 
after studying the number and type of new variables appearing in 
this field. Moreover, there appears to be some doubt as to the 
effect of some variables in a certain cycle with sometimes opposite 
results for different materials. Take as an example the holdtime 
periods which is recognised as an important source of life degrad- 
ation. It seemed till some tine ago that the tensile holds were 
the most damageable ones with some visible healing effects with 
the introduction of a compressive hold because the crack path 
changed from intergranular to transgranular. However, later 
reports on some nickel superalloys showed the compressive holds 
as the most damageable. As soon as a material is cyclic stressed 
within its creep range, more variables are added or the relative 
importance of existing variables at room temperature are then 
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drastically changed, which is going to alter its behaviour at 
higher temperatures. For example processes of oxidation are 
greatly accelerated with the rate of thickening of some oxides 
increasing exponentially with increasing temperature and thermal 
activated processes bringing -into play new deformation processes. 
It is believed that the different high temperature behaviour is 
to a certain extent the result of these new mechanisms of deform- 
ation operating at high temperature (grain boundary sliding, 
dislocation climb, vacancies, diffusion, etc). Plastic deform- 
ation can occur more readily, temperature, stress level and strain 
rate being the factors which determine what mechanisms will 
predominate. 

An obvious danger associated with this rests on the fact that 
the short time accelerated laboratory tests may involve signifi- 
cantly different deformation modes when compared to the long time 
tensile conditions experienced by a component. The consequences 
can be a bigger ratio between predicted and observed lives which 
decreases the reliability of the prediction method. ' 

2.1.1 - Temperature 

The majority of materials exhibit reduced number of cycles to 
crack initiation and failure with increased temperature. For 
a given total strain amplitude, the number of cycles to failure 
are reduced as the temperature increases and the ratio inelastic 
strain to elastic strain increases due to the lower yield 
strength. Even for equal inelastic strain ranges the fatigue 
life is reduced with increasing temperature because of the 
easier initiation and propagation of microcracks when inter- 
granular cracking mode becomes more likely (7). There are 
exceptions to this, in some ferrous materials and nickel 
superalloys experiencing strain ageing above room temperature 
(8,9). Under conditions of strain cycling the effect of 
increasing the test temperature is to reduce the strain range 
that leads to failure in a specified number of cycles; the 
curve of total strain amplitude versus cycles to failure moves 
generally downwards and towards the left. Using a represent- 
ation for elastic and plastic strain ranges suggested by 
Manson at low temperatures (10), the total strain range can 
be found analitically by combining a frequency modified elastic 
and plastic strain ranges. 

Act a Ace + Acp E' Nf-8'v k1 + C2(Nfvk-1)-ß 

where Act - total strain range 
Ace - elastic strain 

(2., ) 
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ACP - plastic strain 
Nf - cycles to failure 

v- frequency 

E- YOUNG MODULUS 
Aý, 0 

', 
k1, C2, k, ß- constants 

Several features arise from the increasing temperature on 
fatigue phenomenology using this representation. First, 
higher temperatures seem to cause the plastic line to become 
steeper and the elastic line to be lowered. Secondly, with 
increasing temperature the transition fatigue life Nt (the 
life where the elastic and plastic strain range are equal) 
shift to lower values of life (11). 

2.1.2 - Frequency 

High temperature alloys used in gas turbine engines are sub- 
jected to fatigue stresses applied over a wide range of 
frequencies varying from the high vibrational frequencies 
experienced by the turbine blades (' 2x 1o5 cpm) to low 
frequencies associated with the period of engine operation 
(1 cycle per flight). 

At low temperatures there is practically no effect of frequency 
on fatigue life except for frequencies approaching the ultra- 
sonic range (1a). 

A decrease in frequency at elevated temperatures, where time 
dependent processes become important, tends to affect the 
number of cycles for crack initiation and propagation. 
Elevated temperature fatigue fracture can be essentially 
intergranular (along grain boundaries) or transgranular 
(across grains'. The rate of crack initiation and propagation 
is much faster where it occurs interaranularly. Therefore, 
it is to be expected that there should be a reduction in 
cyclic life where factors such as temperature'or strain rate 
favour the intergranular mode of fracture. 

ORGAN and GELL0(13) found for a wrought nic'cel superalloy 
working at 760 Ca decrease in life by a factor of about 100 
on reducing the frequency from 600 to 2 cycles/min as shown 
in Figure(2.1). The observed peak on the cyclic life vs 
frequency curve is believed to be the result of two competing 
processes. 

(i) A reduction in the effects of creep and oxidation with 
increased frequency that tends to increase the life. 
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(ii) An increase in the heterogeneity of deformation 
with increased frequency that tends to reduce life. 

It was found that at low frequencies crack initiation occurred 
at surface-connected grain boundaries: crack propagation was 
initially intergranular and then proceeded non-crystallographi- 
cally normal to the stress axis. On the other hand, crack 
initiation at high frequencies occurred at subsurface brittle 
phases located at grain boundaries and crack propagation was 
entirely transgranular (13). 

Tilly et al (14a found that fordimonic 90 tested at tempera- 
tures above 600 C the fatigue (increased with increasing 
frequency between 0.1 and 8000 cpm and increasing frequency 
favoured transgranular compared to intergranular crack 
propagation. 

For the same superalloy working at 700°C Northwood et al (15) 
found fatigue life increased as frequency was increased from 
4400 to 8600 cpm and that crack leading to failure initiated 
within the specimen interior. 

A number of phenomenological models have been developed that 
consider the effect of frequency on fatigue life. Eckel and 
Coles (16,17) have used the equation: 

ýktf ° Cl (2.2) 

to evaluate the relative influence of creep fatigue in hold- 
time tests. The relationship includes the frequency v 
expressed in cycles/min, the time to failure tf being k and C1, 
constants depending on the material and testing conditions. 

Equation (2.2) can be rewritten as: 

vktf - vkNf s Nfvk-1 
v 

(2.3) 

The quantity Nfvk-1, where N is the number of cycles to 
failure has been called the frequency modified fatigue 
life and has been used in (18,19,20) as a parameter for com- 
bining frequency and life in the so called frequency modified 
fatigue equations. These equations which are supposed to 
represent the material behaviour through the use of the plastic 
(inelastic) strain range and the frequency of the cycle are 

aep - A(NgvkM1) -ß 

Ace o A' Nf -BvkY' 

(2.4) 

(2 5) 
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It has been proposed (21,22) that in air environment at 
elevated temperature three frequency regimes exist. 
These three regimes are shown schematically in Figure (2.2) 
on a plot of the frequency of cycling v versus Nf, the 
cycles to failure. 

Excluding any consideration of strain rate dependency on 
crack tip strain localisation it was suggested that at very 
high frequencies the time for which the fatigue crack is 
open is too short for any chemical effect to influence the 
crack growth processes and, therefore, the frequency of 
cycling has no effect on crack growth. In this regime 
from equation (2.4), k = 1. At very low frequencies it has 
been observed (21) that the fracture mode is mainly inter- 
granular and that for a specific inelastic strain range 
the time for failure remains constant independently of the 
frequency of testing. This regime corresponds to k=0. 
For intermediate frequencies O<k<l. This is the regime 

where most material work with a progressive change of 
transgranular to intergranular crack growth as the frequency 
is lowered. The transition frequencies are identified as 
ve and vm in Figure. (2.2) which is assumed to be generally 
representative of a wide variety of high temperature alloys. 
Further, in Figure (2.2) is shown an upper hound horizontal 
line representing the fatigue life for a frequency indepen- 
dent transgranular failure mode situation. Eventually 
this upper bound can be extenged to very low frequencies. 
It was determined (23) at 600 C for AISI304 stainless steel 
tested in high vacuum that the fatigue life was not 
significantly altered whether the frequency of cycling was 
1 cpm or 0.01 cpm. 

Data of ßerling and Slot (20) for the same steel in air 
plotted in Figure (2.3) shows a severe life degradation. 
Apparently the degradation of fatigue was mainly due to 
environment - specimen interactions. On the other hand 
there are materials which showed a decrease in life at low 
frequencies even in high vacuum as found by Solomon and 
Coffin (22) for A283. They observed that above a critical 
frequency identified on Figure (2.2) as vm, the failure 
was increasingly transgranular and the life became indepen- 
dent of frequency while below vm the fracture was inter- 
granular and the behaviour was best described by k=0 
-in equation (2.4). 

It seems, however, that for most materials life degradation with 
decreasing frequencies of practical interest is.. due to both factors: 
environment-specimen interactions and the change of 
deformation modes. Thus like in Figure (2.2) three regimes 
are of practical interest: a high frequency time independent 
regime, and intermediate regime when environment sensit- 
ivity is controlling and a low frequency regime where the 
deformation mode and environment interact. The critical 
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frequency ve describes the bound between the higher 
frequency regimes while vm defines the transition where 
the deformation mode changes independent of the environ- 
ment. 

2.1.3 - Hold Periods 

In strain cycling introducing a. hold time into a cycle 
causes an effect similar to that of decreasing the 
frequency. The extent of the fatigue life reduction is 
generally noted to be related to the length of the hold 
periods. Most of the time the fatigue life is reduced as 
the hold periods in tension and (or) compression are 
longer. 

Several authors (24,25,26) found that the incorporation of 
hold periods at the maximum tensile strain limit, induces 
stress relaxation producing internal grain boundary crack- 
ing with consequent reduction in endurance. Such hold times 
effects have been reviewed by Krempl (27). 

Wareing-et al (28) found that tests involving 5 minute 
tensile hold periods result in considerable reduction in 
fatigue life, particularly at the lower strain levels where 
all the failures were due to the steady growth of a surface 
nucleated crack. Jaske et al (29) found for total strain 
amplitudes larger than 0.5%, hold time in tension had 
significantly shortened cyclic lives comparatively to non- 
hold tests. However, for lower strain levels, a 10 minute 
tension hold period did not significantly affect the cyclic 
life. This result suggested the existence of a threshold 
strain level, below which, hold time has little or no 
detrimental influence on fatigue life. This threshold 
value found for 304 stainless steel is believed to be one 
for which there is no appreciable introduction of creep with 
increasing hold time period. In fact, the hold time 
periods involving stress relaxation, present a limit to 
the amount of creep introduced in the cycle. The theoreti- 
cal limit will be precisely the elastic component associated 
to the peak hold period part of the cycle. 

Berling and Conway (30) have tried to develop a relationship 
between strain rate and hold time effects. A linear 
relationship on logarithmic co-ordinates was noted between 
the time to fracture (ratio of the number of cycles over 
the test frequency) and the cycle period. If this relation- 
ship works for other materials and test conditions one 
could predict hold time results from a knowledge of 
continuous strain cycling data at several strain rate or 
frequency levels. 
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However, this approach was found to have limitations made 
clear in Figure (2.4). 

(1) Plots of cycles to fracture vs time for one cycle 
can not be extrapolated to high strain rates (low 
times for one cycle), because there is a threshold 
value for the time for one cycle dependent on 
total strain below which the cycles to failure 
are constant. This threshold value is suggested 
to be the one for which all time dependent deform- 
ation is eliminated. 

(ii) The time to fracture for the non-hold time tests 
is no longer colinear with the hold period data 
in the range of large cycle times. Two regimes 
are defined in this range: one within the fatigue 
life is independent of strain rate, and another 
wherein Nf is independent of hold period length. 
The use of low frequency continuous data to hold 
time tests may lead to non-conservative results. 

However, the most interesting points about plots such as 
the one in Figure (2.4) are the saturation effects both 
at high. and low frequencies. The fact that several plateaus 
were found at the lower frequency region according to the 
wave shape of the test (continuous, tensile hold) was noted 
by Manson et al (92) in introducing the Strainrange 
Partitioning concept which is based on four strainrange to 
life relationships which are no more than saturation lines 
for four different basic type of tests: high frequency 
tests, low tests with tensile holds, low frequency tests 
with compressive holds and low frequency continuous tests. 
While tensile strain hold periods were generally found to 
be more damaging than equal hold periods in tension and 
compression or of compression hold periods only (31,32,33), 
this last type of dwell has been found to be most damaging 
in some lower ductile, high strength alloys, particularly, 
for the cast nickel-base superalloys. 

Rerling and Conway (26) found for 304 stainless steel strained 
at 650 C that, if the cycle contained 30 minute tensile hold 
only, there was a serious reduction in cyclic life being 
the mode of crack propagation intergranular. If a small 
3 minute cori. ressive hold was introduced on the former 
cycle, then a healing effect was observed, so that the loss 
in cyclic life was small and the mode of initiation was 
transgranular. 

Wells and Sullivan ý9) testing a nickel based alloy - Udimet 700 - at 760 C, concluded that holding compressive 
strains was more damaging than holding tensile strains. 
Lord and Coffin (34) found the same eg., compressive strain 
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hold periods reduce the fatigue lives relative to high 
frequency continuous cycling, while tensile strain holds 
gave greater lives. Studying a nickel base as cast 
superalloy, Rend 80, at 870 C they found that the hysteresis 
loops from the hold time tests exhibited pronounced and 
opposite mean stresses, the tensile strain hold tests 
showing a compressive mean stress shift. The variable 'mean 
stress' was considered of vital importance in determining 
life to fracture by Coffin (35) when the range of strains 
in which the material is tested is such that a great elastic 
strain component comparative to'the inelastic one is found. 
This is more likely the lower the temperature, the lower 
the ductility or the higher the strength of the material 
under testing. 

In order to explain the influence of these mean stresses on 
creep fatigue life elastic crack growth, arguments are 
introduced utilizing crack closure. It is believed that a 
compressive mean stress is less damaging and tensile mean 
stresses is a more damaging situation, such that tensile 
holds are less damaging than compressive hold periods. As 
the inelastic strain increases relative to the elastic 
strain crack: closure differences diminish and damage due 
to crack growth during tensile relaxation becomes the 
controlling factor (23). 

In a recent report (36) of the strainrange partitioning 
behaviour of an automotive nickel superalloy - CA 101 - it 
was found that strain dwells retards both the initiation 
and propagation processes. It was proposed there that 
dwells can potentially retard the initiation process 
because of the enhanced dispersion of localized deformation 
due to the activation of secondary dislocation mechanisms, 
eg., stacking faults. Coffin (35) suggests that dwells 
can potentially retard crack growth because of crack tip 
stress relaxation due to local creep deformation. Either 
one or both of these facts can lead to longer cyclic 
lives in the presence of a dwell or hold time if no other 
factor overides them. 

2.1.4 - Wave Shapes 

Up to this point, it has been referred as possible laboratory 
test to investigate high temperature behaviour of a certain 
material, the stress controlled tests, the strain controlled 
tests with or without periods of strain or stress dwells. 
With the appearance and generalized use of the closed loop 
equipment in most part of the fatigue laboratories, larqe 
and more complicated form of wave shapes are now available. 
It is possible then in a much more precise way to simulate 
the service conditions. On the other hand, the large 
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amount of possible wave shapes and the different responses 
of the specimen to them are often responsible for apparent 
unexplicable fatigue results. Therefore, the wave shape 
becomes an important variable on any low cycle high temper- 
ature programme. Various wave shapes produced in closed 
loop testing equipment are shown in Figure (2.5). 

The first type (a) is the widely used fully reversed 
straining type employing commonly a triangular wave shape. 
Other family involves a strain hold period (b) either in 
tension, compression, or both and introduces a stress 
relaxation during the hold. In Figure (2.5) (c) is shown 
a wave shape due to continuous stress cycling. Here a 
mean stress exists and ratcheting (progressive monotonic 
deformation), may'take place, depending on the transition 
fatigue life (35). This form of ratcheting can be time 
independent and will occur at all temperatures depending 
only on the magnitude of the mean stress and the plastic 
strain range (37,38). At elevated temperature time 
dependent ratcheting can be expected due to creep effects. 
Another family of wave shapes also involves stress control 
(d). When the stress is fully reversed, but hold periods 
are introduced ratcheting may occur to increase the strain 
during each cycle. The creep during the hold period is 
responsible for the observed ratcheting effect. Another 
wave shape now receiving much attention is the one 
pictured in (e). Like in (d) a stress hold period is 
introduced either in tension, compression, or both, but 
this hold time is limited by a strain limit. Generally a 
mean stress is developed with the possible consequences 
in fatigue life already seen for case (b). Wave shapes in 
this category have been identified as CP or PC depending 
on whether the hold period is in tension or compression. 
The CC type will be related to a cycle with hold periods 
in tension and compression. The wave shape of (a) was 
identified as a PP type wave shape when cycling is suffic- 
iently rapid that no creep deformation occurs. 

Another category of wave shapes can be produced when 
temperature cycling is combined with mechanical cycling 
(f). Techniques for producing these conditions are now 
possible (39,40). In (f) the situation is the one in which 
the mechanical strain and thermal strain . ate in phase. 
The result is a rather unusual hysteresis loop with a CP 
appearance due to the tensile creep at high temperature. 
In the out of phase cases, it is noted a rather developed 
creep component in compression due to the high temperature 
now occuring concomitantly with the compression part of 
the cycle. 

These mixed mechanical and thermal cycles have been studied 
by Sheffler (41) on A286 and 304 stainless steel utilizing 
high vacuum. Figure (2.6) refers to some of these tests 
and includes isothermal tests (ISOT), cycles involving an 
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interspersed mechanical strain change and temperature 
change, either in phase (raising temperature then increas- 
ing the strain), identified as TCIPs or out of phase 
cycling (raising the temperature then decreasing the 
strain) which are identified as TCOPs. 

For A286 there was little difference between the fast and 
slow isothermal tests in vacuum, while an appreciable loss 
of life was found for the mixed thermal and mechanical 
cycling under out of phase conditons. 

Another series of fatigue tests is reported by Coffin (42) 
using slow-fast, fast-slow and equal range rates on A286 
and AISI 304 stainless steels in air and-high vacuum. The 
overall frequency was kept constant for all the wave forms. 
Independently of the environment and for both metal, the 
slow-fast tests constituted the lower bound in life and the 
fast-slow the upper bound in life. These results indicate 
that specific wave shapes can lead to more or less damage 
independent of environmental influences. 

2.1.5 - Mean Stress 

It was already reviewed the importance of hold periods in 
fatigue cycles and their different consequences whether 
one is being situated on a purely low cycle regime (fat 
hysteresis loop), or in a regime where the elastic strains 
are predominant. 

It is well known the effect of a mean stress on the degrada- 
tion of fatigue life on a high cycle regime. Admitting the 
existence of a fatigue limit is generalised at the design 
level the use of relationships that take into account that 
effect. There is no theoreticalTe, §sort ' for any of 
those relati'-nships and one could only point as a safe rule 
to base desigui, is to carry out prior tests on the material 
of interest and determine its behaviour under similar 
conditions to those ones it would be expected in service. 
However, one thing is common th these equations. It is 
well established that if the mean stress becomes tensile, 
a lowering of the fatigue limit results. it is%expect. 
for lives between the low cycle and high cycle regimes, to 
find the same effects although with the possibility of 
being attenuated by other factors to be considered at high 
temperature fatigue (environment, creep). 

Microscopically a high compressive mean stress retards the 
amount of opening of a crack and lowers the growth rate, 
while a tension mean stress causes a greater crack opening 
and enhances crack growth (35). Mean compressive stresses 
have been reported to greatly retard the rate of Stage I 
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crack propagation in fatigue due to the increased frictional 
forces developed between rubbed. crack faces (43). Others 
(44) put emphasis on the importances of the mean stress 
within the initiation period. It is proposed that the 
effect of the mean stress on crack initiation can be 
related to the amount of deformation within an individual 
slip band. As the density of deformation bands is increased 
by raising the mean stress, the defonnation within each 
slip band is reduced. With the reduced slip activity 
within a given band, the rate of decrease of the cohesive 
energy will be slower, resulting in a longer tine spent 
initiating a crack as the mean stress is increased. This 
is particularly important in cases where the initiation 
period takes a large slice of the fatigue life (small 
strains, wrought alloys, etc). 

In summing up what has been said concerning hold periods and 
mean stresses and if one can assume that: 

(i) The fatigue process is one of nucleation and 
propagation and that these processes are involved 
in all the testing methods already considered. 

(ii) That elastic and inelastic strains can be separated. 

(iii) Low and high cycle fatigue regimes can be identified 
and the transition between the two being defined 
by the transition fatigue life (Figure 2.7) - life 
corresponding to an hysteresis loop where the plastic 
component is equal to the elastic component. 

(iv) Each regime exhibits distinct characteristics such 
as summarized in. Figure (2.7), the low cycle regime 
being characterized best by the plastic strain 
range, the high cycle regime by the linear elastic 
fracture mechanics. 

then some of the complexity of the hold tiri: e experiments 
may be removed. 

It was observed for some superalloys that compressive strain 
hold periods were more damaging than tensile strain holds. 
It was further observed that concurrently with the compres- 
sion hold a loop shift developed so as to produce a tensile 
mean stress while with tensile hold a compressive mean 
stress was found. 

Lord and Coffin (34) proposed that since the lives were 
above the transition fatigue life the differences in life 
could account for the big role of the mean stress on 
crack growth. Below the transition fatigue life these mean 
effects are washed out and tensile dwells become more 
damaging as shown in reports from ßerling (26), Manson (6), 
Hirschberg (45) and Halford (46). 
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Identification of regimes of applicability should, therefore, 
be helpful in sorting out some of the differences found 
when comparing hold period test results. 

2.1.6 - Environment 

It is well known that most of the times, fatigue crack 
nucleation occurs at the surface. It is important to 
recognise therefore, that environmental factors exert 
a marked influence on fatigue behaviour. Many fatigue 
cracks examined after a high temperature fatigue cycle are 
filled with oxides (39,40). The enhanced locally oxidized 
region then acts as a notch to further concentrate the 
strain and the development of a fatigue crack is made 
easier. Surface oxidation, therefore, is a critical factor 
in fatigue. When frequency is lowered there is"a possi- 
bility of increased time dependent deformation but also 
there is more time to environment-surface interaction. 
The relative role of the two coexistent effects, creep and 
environment, is difficult to separate in these high 
temperature situations. There are cases where the environ- 
ment seems to play the more important role in fatigue 
degradation, while for others, depending on temperature 
mean time testing and, of course, alloy, the creep deform- 
ation becomes the principal factor in degrading fatigue 
life. 

For non-creep strengthened alloys at high. temperature grain 
boundary sliding is the preferred deformation mode. Inter- 
action of the strain localization at the grain boundaries 
with oxidation processes leads to the enhancement of grain 
böundary fracture (49). Another form of creep and 
environment interactions has been mentioned by Chang (50) 
and occurs for creep strengthened alloys like nickel-based 
superalloys. In this case prolonged exposure at 982°C 
led to grain boundary reactions whi&h weakened the grain 
boundaries when subsequently at 871 C and led to lowered 
rupture ductility and high strain fatigue resistance. 

Figure (2.8) illustrates a typical case where the environ- 
mental effect plays the principal role in decreasing lives 
between one and two orders of magnitude. But even here, 
vacuum, it can be detected a creep effect represented by 
the displacement relative to the principal data line of 
the two tests performed at lower frequencies (points A 
and B). McMahon and Coffin (47) foupd for a cast nickel 
based superalloy, Udimet 500, at 815 C localized oxidation 
at grain boundaries playing an important role in crack 
nucleation and propagation. Evidence was presented of 
surface ridging and pronounced grain boundary penetration 
due to oxidation, a divided zone adjacent to the oxide 
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and cracking of the oxide. Fleetwood et al (51) found 
that grain boundary oxidation affects significantly the 
nucleation in thermal fatigue of several cast nickel base 
alloys. 

Sometimes a change in fracture mode is observed by changing 
the environment of a HTLCF test. That is what was found by 
Coffin (22) testing an iron base superalloy A286. In tests 
performed in vacuum the fracture was found basically trans- 
granular and intergranular for tests conducted in air. 
However, Sheffler obtained results for the same alloy that 
show even in a vacuum a well defined creep effect (52, 
written discussion (44)). Coffin (16) suggests a model 
based in environment effects to explain the two slope of 
the function plastic strain range-frequency modified 
fatigue defined in equation 1.2. This parameter was 
introduced (16) in order to adapt to high temperature 
situations the Manson-Coffin equation. This one was proposed 
some twenty years ago (53,54) and relates plastic strain 
range aeP with the number of cycles to failure. 

AEP = ANf ß 

This equation was modified for application at high temper- 
atures to: 

Aep - A(Ngvk-l)-ß 

(2.6) 

(2.7) 

A, ß, k - Constants dependent on temperature 
v- Frequency of the test 

At increasingly higher temperatures it is observed the 
increase of exponent ß approaching unity (55). The 
coefficient A referred as being the fatigue ductility corre- 
lates less well with tensile ductility. It is found gener- 
ally that extrapolations to Ng -ý exceeds the tensile 
ductility of the material. Terefore, there-must exist a 
break on the slope of the curve Acp s Acp(tNf) in order to 
approach more nearly the tensile ductility at Nf - 1. The 
environment model suggested by Coffin assumes that low 
cycle fatigue is basically a crack propagation process; it 
is assumed also that the mode of crack propagation affects 
the fatigue life. For a given inelastic strain range amvnter3ranv1ar 
crack propagates more rapidly through the structure than a 
transgranular one since less distortion is involved. At 
low temperature where the fracture is entirely transgranular 
a single strainght line is obtained, Figure (2.9) while at 
high temperature where a change of fracture mode to inter- 
granular failure is observed, the fatigue life is reduced. 
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To explain the intergranular failure mode, the steeper the 
slope and the slope break, the effect of the environment is introduced (18). It is generally accepted that the 
grain boundaries may be moredggressively attacked than 
grains themselves because their chemical complexity (precipitates, carbides, etc). At equal frequencies, the 
effect of oxidation damage on the fracture mode will depend 
on the strain amplitude. At low strains where the crack 
growth is small, the oxide-damaged region constitutes a large fraction of the cracked surface and the environmental 
effect is large. At high strains where the crack growth is 
large, oxide-damaged fraction of the crack advance is too 
small for such environment effect to occur. 

A more extensive investigation of the influence of vacuum 
or inert environments on several materials subjected to a balanced hysteresis loops (equal ramp rates for each leg) 
was reported in (35). They are summarized in Figure (2.10). 
Here two types of tests are reported. Low cycle fatigue 
test results for room temperature together with high 
temperature tests run either in high vacuum or a highly 
purified argon atmosphere. Ductility differences were 
eliminated by normalizing the inelastic strain range to 
the inelastic strain range for failure at one cycle. 
Lines corresponding to various exponents ß in equation (2.6) 
are also drawn shlowing that the test results fit within 
a scatter band of 10.45 - 0.601. All fractures were reported 
to be transgranular. These facts supported well the view 
that at lest for some materials oxidation effects are 
critically important in producing intergranular cracking 
and hence separating lives of cycles with different times 
per cycle, since in the absence of an agressive environment 
fractures tend to be transgranular and to be not signifi- 

. cantly different. 

2.2 - LIFE PREDICTION METHODS 

The principal task to a designer engineer when he has to project 
a component subjected at the same time to cyclic variations (mechanical, thermal) and high temperature exposure (constant 
or variable) it to determine its shape and dimensions in 
order to accomplish the design life required by the service 
conditions. Generally he disposes of short time laboratory 
tests that jointly with rules, design codes when existent are 
used to the component. Here two fundamental questions can 
arise. 

(i) In what measure can the service conditions be trans- 
ferred to the laboratory specimens. 
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(ii) How do the short laboratory tests relate to the generally larger life service conditions. 

In the first case it has been considered possible that a local 
and critical region of the component can he removed and investigated more effectively in laboratory by some suitable 
shape test specimen under well controlled simulated conditions. 
The model shown in Figure (2.11 )has been used throughout a lot of fatigue literature to describe the basic elements of 
the problem. The crack process is considered to involve three 
stages: nucleation and early growth, crack propagation through 
a plastic regime and crack propagation through an elastic 
regime. The previous-model using the concept" once called "smooth 
specimen simulation" (56) was first applied to pure fatigue and then mentioned for high temperatures by MOWBRAY (57) and 
Coffin (35) to relate laboratory data with actual component behaviour. The assumption behind the concept is that the 
laboratory specimen failure data are equated to crack initiation 
on the actual structure providing the strain gradient in the 
notch is small so that the plastic zone is large relatively to 
specimen size. Factors such as biaxility of stress or surface 
roughness being additional difficulties to the concept. 

The assumption of this approach to the design of a high 
temperature fatigue component considers than that fatigue life 
is determined by crack initiation, that is, by the situation 
represented in Figure (2.11). This situation represents 
a designing philosophy completely opposed to an alternative 
approach with is finding increasing support with the advent of 
fracture mechanics concepts in design and which assumes the 
presence of a pre-existing flaw which negates any contribution 
from the initiation period. An intermediate approach takes both 
of the above design philosophies eg., every effort is taken to 
ensure that defects are absent from critically stressed regions 
and the structure is basically designed by crack initiation. 
However, a characteristic defect is assumed to slip through 
the inspection process and the respective life is so calculdted in order to have the basis for determining the inspection 
frequency for crack detection of the component. ' 

The second question has been tentatively approached for many 
years, but it has been found general difficulties to achieve 
good agreement between the predicted and the observed data, 
especially as the extrapolations are larder or the suggested 
methods or relationships are tentatively applied to increased 
universalized conditions. it is this sort of universal relation- 
ships that the researcher 'look for, on order to facilitate the 
task of normalization and design procedure. 

A wide variety of predictive approaches have been developed 
over the years for application to designs for high temperature 
service. Many of these are fatigue modified methods where 
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modifications are made to the fatigue laws developed for rcom 
temperature situation in order to take into account high 
temperature effects. 

2.2.1 - Life Prediction Methods in Pure Fati clue 

The classic presentation of fatigue data is on the form of 
stress relationships for zero mean stress. These data are 
grouped on the well known t! holer curves. There are several 
empirical diagrams to take into account of a mean stress 
superimposed in a pure alternate fatigue cycle. Alternative 
methods of presenting mean stress data are covered in Ref (116). 

The concept that cyclic life is related to the plastic 
strain range was first-suggested by Manson (54) in an 
effort to estimate the importance of temperature-on the 
thermal-stress fatigue of turbine buckets. This strain 
approach is particularly suitable for materials displacing 
sufficienty large plastic strains to be accurately measured. 
This is what happens with ductile materials or high temp- 
erature applications in general. 

Consider a specimen that is subjected to axial reversed 
strain cycling. First, a positive strain (+ e) is applied 
to the specimen; by reversing the load a negative strain 
(- e) is obtained resulting in a total strain range of 2e. 
The first observation made when a specimen is strained 
in this manner is that it requires different loads to 
accomplish a desired amount of strain, depending, on the 
number of prior applications of the strain. This fact 
is illustrated in Figure (2.12). In the first cycle of 
loading the stress required to produce a fixed strain range 
say, 1.8% is represented by point A lying on the static 
stress-strain curve because by definition this static-strain 
curve provides the stress required to produce a given strain 
in the first quarter cycle of loading. However, if an 
attempt is made to apply the same strain in successive 
cycles it takes a greater stress range to maintain the 
strain range. This fact is illustrated in Figure 2.12 (b) 
along the line A'PA. In this case after about 600 cycles 
of loading he stress stabilizes and for the remainder of 
the test out to about 1400 the stress range remains con- 
stant. The assymptotic achievement is sometimes referred 
as "Saturation Hardening" (35). If this assymptotic stress 
range is plotted against strain range in Figure 2.12 (a) 
this point falls in A". In a similar way point B" is 
obtained for a total strain amplitude. of 3.6%. The curve 
passing by A" and B" is known as the cyclic stress strain 
curve. In this case it lies considerably above the static 
stress strain curve; this material is thus referred to as 
a cyclic strain hardening material. The saturation hardening 
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is achieved after a small cyclic part of the total life 
always well before half the number of cycles to failure 
Figure (2.12 (c)). Figure (2.13) illustrates the behaviour 
of another class of materials described as cyclic strain 
softening. In this case for a strain range of 1.5%, the 
stress range required in the first cycle is represented by 
the point A but it quickly diminishes until a relatively 
fear cycles, the stress range is only about half that of 
point A. The cyclic. stress-strain curve here passes 
through A"ß" being well below the static stress-strain 
curve. The degree of hardening or softening varies con- 
siderably among materials, temperatures and strain rates. 
Some materials even show hardening and softening in the 
same test (3). 

Could the life of strain controlled tests be predicted 
using data for stress controlled tests? Or could the 
life of variable stress controlled tests be predicted 
from constant stress range data? 

Miner (59) has dealt with this problem and considered that 
there is a linear accumulation with the number of stress 
cycles. If for a cycle stressed at ± Si the life is Ni 
the damage associated with the running of ni cycles at a 
stress range of ± si is considered to be ni/Ni. For a 
multi level stress test with levels S1, s2 ... Si the 
total damaged is suggested to be: 

nl n2 ni Li 
N1 + N2 + .... + Ni .E Ni 

Miner considered that failure occurs when the total damage 
equals 1 

Enz al R'i 

which is generally referred as Miner's Law. For a contin- 
uous stress spectrun equation it becomes: 

(2.8) 

(2.9) 

nl 
.1 {2.10) Ni 

This linear damage rule is many times used in design because 
of its simplicity. It has however, several shortcomings: 

(i) It has been found experimentally that in a two step 
fatigue test high load followed by low load produces 
a cycle summation Eni 

less than unity, while low 
Ni 
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load followed by high load produces a cycle 
summation greater than unity. 

(ii) It does not properly account for residual stress 
effects especially during the crack propagation 
stage. If the period of high load cycling is 
ended after the application of a tensile stress, 
residual compressive stresses remain at the root 
of a possible notch; on the subsequent application 
of lower load numerous stress cycles or perhaps 
a rest period may be required to overcome this 
residual stress field before the crack will 
start to propagate again. 

(iii) Another important limitation is related to stress 
cycles below the initial fatigue limit of the 
material. Fatigue damages associated with stresses 
below the fatigue limit are always zero when 
Miner Law is applied (N - as), whereas in fact the 
effect of prior loading even at relatively low 
stress levels may reduce the fatigue limit, 
implying that cycle ratios of stresses below the 
initial fatigue limit should be accounted for. 

(iv) The Miner's Law does not take into account 'coaxing' 
effects present in strain ageing materials (60) in 
which the appropriate sequence of loading may pro- 
gressively raise the fatigue limit. 

The most important concept trying to by-pas the difficulties 
found with fatigue as a function of the stress range specially 
in low cycle regimes, was proposed by Coffin and Hanson (53,54) 
in 1952. Inherent to the. relationship (2.6) is the resolution 
of the cyclic strain into elastic and plastic components and 
the recognition' that only the plastic component is important 
to the fatigue process. 

Equation (2.6) is applicable to low cycle fatigue cases that 
following the recommendation of Committee E9 of AST M is 
characterized by the presence of macroscopic cyclic plastic 
strains as evidence by a stress-strain hysteresis loop. In 
terms of cycles to failure the upper limit of the low cycle 
regime may vary from a few cycles to 100.00 or more. 
Originally plastic strains of less than 10" were difficult 
to measure so that applicability was only for short lives. 
Recent reports employing recordilquipment with much higher 
resolution, had increased ten fold that value showing that 
the Coffin-Manson equation is applicalbe to much lower plastic 
strains. 

Initially proposed for axial fatigue tests, equation (2.6) 
has been found to be applicable to bend tests (61,62) and 
torsion tests (18,63). 
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Equation (2.6) has been found to be applicable for a wide 
range of tensile ductilities such as 3% for a tool steel (54) 
to as high as 99% for high purity tantalum (55). 

Rather uncommon materials as Superplastic A-Zn (66), Ni-Co 
directionally solidified eutetic (67) and Zircaloy-2 
fabricated from highlytexture plates (68) were found to 
obey to Manson-Coffin equation. Even high temperature, 
providing one uses a constant frequency, seems to be no 
restfriction: Swindeman (69) for a Niobium base alloy at 
1100 C and Sheffler (70ý for two Tantalum base alloys at 
temperatures up to 1150 C found their data to obey to Coffin- 
Manson type equation. A number of theories have been proposed 
to the Coffin-Manson equation. It is generally observed 
that in LCF the regime that leads to failure, has a high 
ratio propagation over initiation periods. In other words, 
the physical process characterized by equation (2.6), is 
assumed to be that of high strain crack growth. -Solomon has proposed a high crack growth law: 

dN 
°01 (nEp) (2.11) 

where £ is the crack length, ncp the plastic strain range and 
0 and a are constants, based on direct measurements of 
growth of cracks, from which, by integration, equation (2.6) 
is produced. 

Hanson ( 3) suggests that the parameter ecpyk is significant 
in strain cycling as Cto r is in stress cycling thus he 
assumed a power law relation between crack growth rate and 
AC- pr 

ý)ý dN 
a C(AeP 

s, C being material constants 

dß C(Qep)sdN 
Vr . 

2 

(2.12) 

(2.13) 

and integrating between (sr�No), and (If, rlf) where lo and No 
are any corresponding values of t and N during which the crack 
growth law is valid and where zf is the crack length at the 
cyclic life at fracture Nf, results in 

2 2-s ! Z-s 
2-s 

(tfý - ltoT) - C(Aep)s(Nf"No) - C(Aep)$Nf(1-Nf) (?.. 14) 
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assuming NQ is small in comparison with Nf and to is small 
compared with kf (high strain crack growth regime) equation 
(2.14) becomes: 

C(AEp)sNf - 22s Rf 
22-s 

By further assuming that the crack length at fracture is 
approximately constant the plastic power law relationship 

(Ae)SNf . Constant 

follows immediately from equation (2.15) 

Although the plastic strain is recognized to be the deter- 
minant factor in fatigue failure, sometimes it is difficult 
to measure it accurately and being the total strain, the 
strain that is known, it is difficult to estimate how much 
of the strain is plastic until the elastic component is 
known. Here, by substraction the plastic strain can be 
calculated. 

(2.15) 

The linearity of elastic strain vs cycles to failure in log- 
log scales was proposed first by Easquin (71). 

The elastic strain-cycles to function was proposed to be 
of the forr.: 

gßý AEe _ 
°- 

_ li 
ýE 

(2.16) 

the total strain range act is then obtained by the following 
sum 

Act 0 Aep + Ace = ANf-ß +E Nf 
ß-' 

where A, B, ß, ß'- constants 
Ace - elastic strain range 
ecp - plastic strain range 
Act - total strain range 
Nf - cycles to failure 

(2.17) 

In log-log scales both plastic and elastic relationships are 
straight lines, resulting the aft Nf function being assymptotfc 
to the plastic line at the lower cyclic life range and 
assymptotic to the elastic line at the higher cyclic life range. 
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Data obtained by Smith, Hirschberg and Manson (72) fit well 
the straight lines claimed -to. represent the fatigue behaviour 
of the several studied materials (Figure 2.14). 

In Figure (2.7) it can be defined a life for which ecp - ace. 
It is the transition fatigue life tit . It was already 
mentioned that n! t serves as a very useful reference point 
for distinguishing in a given material whether the failure 
is one of low cycle fatigue, or one of high cycle fatigue. 
Implicit to this concept is the fact that high or low cycle 
fatigue is determined by the geometry of the obtained hysteresis 
loop instead of a certain predetermined number of cycles. 
In Figure (2.7) two regimes may be seen: 

(i) The first corresponding to plastic strains larger 
than the elastic strains nc >4ee where the hysteresis 
loops are very 'fat', leading to lives smaller than 

(ii) A zone corresponding to higher lives where the 
material reveals a loop which is essentially a 
straight line. Here the elastic component is 
dominant (ecp«eee)" 

Coffin (35) proposed the definition of a material behaviour 
by its transition fatigue life t! t and by the corresponding 
strain (ac)t. As a general trend the lower the strength 
and the' higher the ductility the higher the transition 
fatigue life. 

The two regimes present differencies concerning fracture 
process: 

(i) Regime of High Cyclic Plastic Strain (acp» Ace). 
In tlii's regime, the nucleation an early growth of 
fatigue cracks - Stage I- is generally accoripanied 
by large amounts of slip at the s""rface which results 
in general surface rumpling ( 3). After the 
crystallographic growth (Stage I) of microcracks 
nucleated in grain boundaries, carbides, oxidated 
zones, etc., the growth progress is normal to the 
direction of the applied stress - Stage II - growth. 
With continued growth, smaller cracks are consumed 
by larger ones, until a few cracks remain to 
separate the specimen. 

(ii) Regime of Low Plastic Strains (ocp«tce). In this 
regime, the plastic strains are very small relatively 
to the elastic ones. Here, crack nucleation is a 
much more isolated event occurring by slipband 
extrusions or intrusions (73) due to cyclic plastic 
strain in a highly localized region by some surface 
or metallurgical defect. Most of the surface 
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remains undisturbed but a few microcracks are found, 
often just one which propagates by Stage I and 
Stage II growth to produce failure (74). 

Consider now the life prediction methods for pure fatigue, 
all of them i-nvolving. empirical relationships. 

A- The Four Point Correlation Method 

From a practical point of view-it is extremely useful to 
know that both elastic and plastic strain data fall in 
straight lines when plotted vs cycles to failure in log-log 
scales. 

It is possible to estimate these straight lines from a know- 
ledge of more readily obtained material properties such as 
the results of uniaxial tensile tests. 

Figure (2.15) summarizes the method suggested by Manson ( 3) 
in which the fatigue behaviour of an alloy is obtained by 
locating two points, on each of the two proposed straight lines. 
A point is located on the elastic line at J cycle with an 
ordinate of 2.5 of/E where of is the true fracture stress and 
E the young modulus. A suggested way to relate this true 
fracture stress with the more common and easy to determine, the 
ultimate stress, is reported in ( 3). 

crf + D) (2.18) ° Qu (I 

where cf - true fracture stress 
Qu - ultimate tensile strength 

D- In 100 
100-RA 

RA - reduction of area in % 

Another point on this line is obtained at 105 cycles. For 
this abciss is suggested the ordinate 0.9 au/E. On the plastic 
line ta point at 10 cycles is suggested to have an ordinate 
of*D*. Tho second point on the plastic line is obtained at 
104 cycles. The point in Figure (2.15) shown by the star at 
104 is first located on the elastic line and the observed 
ordinate is substituted into the following equation 

idEp) a 
0.0132- EE (2.19) 

104 1.91 

to obtain the corresponding ordinate. 
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The method is based in some experimental observations from 
which values and equation (2.19) are derived. For instance 
equation (2.19) is based on an assumption that the total 
strain at 10 cycles is approximately 1% (75). A fair agree- 
ment with experimental data was found for twenty-nine materials 
by Manson (58): only 60% of the data fall within a factor of 
two in life from the predicted value. It found its applic- 
ation on rapid estimations of fatigue behaviour room temperature 
applications. It is not a method to be applicalbe in design 
because of lackof sufficient accuracy and alternatively 
more accurate procedure to determine the four points experi- 
mentally which are not high time consumers, can improve its 
accuracy. 

B- The Method of Universal Slopes 

An alternative approach is to Consider that the slopes of the 
elastic and plastic lines are the same for all materials at 
room temperature. In a statistical study (3 ) done for about 
thirty materials with reduction of area ranging frgm 1 to 
94% and tnsile strengths varying between 330 M,! /m and 
3400 11N/m6 it was found that the values - 0.6 and - 0.12 
for the plastic and elastic relationships respectively were 
the more appropriate values for the Acp - Nf and Ace - Nf 
straight line when both plotted in log-log scales. The 
suggested values for the ordinates for Nf =1 were 00.6 
and 3.5au/E for the plastic and elastic line respectively. 
The equation for the total strain becomes: 

Aet ß Gee + Aep n 
3.5au Nf-0.12 + Do. 6Nf 0.6 (2.20) 

Figure (2.16) indicates a ready and easy method of construc- 
tion of the elastic and plastic lines. 

The agreement with experiment is approximately the same as 
that obtained by the four point method: 60'b of data for 29 
materials fall inside x2 bands life factor (3 ). 

It is apparent from the preceding chapters that the nature of 
fatigue damage is complicated sufficiently without the 
inclusion of variables of time and temperature. The use of 
many empirical relationships reflects the difficulty of the 
problem. Unfortunately those factors are added to the already 
existing variables at low temperature to form probably one 
of the least understood aspects of fatigue: the fatigue at 
high temperatures. This situation is basically one of 
cummulative damage, one or more fatigue mechanisms governed 
by cyclic strain in conjunction with some creep mechanisms 
that depend upon the time under stress at elevated temperature. 
Because of the evolving physical understanding and the large 
number of variables which are necessary to take into account, 
the state of predictive methodology is one of constant change 
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and improvement. On the next sub-section methods with 
important roles in that improvement and newer methods curr- 
ently under active study and evaluation are discussed. 

2.2.2 - Life Prediction P'ethods for Fatigue at High Temperatures 

Two basic situations for engineering components can be 
considered. The first is referred to as cyclic loads result- 
ing in more or less plastic deformation. It was found that 
the plastic range or width associated with the fatigue 
hysteresis loop is an adequate parameter to relate to fatigue 
life providing it is sufficiently wide so that it can be 
accurately measured. The second situation is referred to as 
cases when a component suffers a time dependent deformation 
as a result of the application of a static load. The 
behaviour of one material could and has been commonly 
represented by parameters incorporating time and temperature 
into a single expression which in itself is a function of 
the stress (76,108,109). 

Finally situations similar to those found in gas turbine 
applications ought to be considered. Here, besides the 
fatigue damage associated with time variation of strain, the 
material is now susceptible to time dependent deformation 
(creep) that contributes in itself to the damage already 
associated with fatigue. 

One importLnt feature of the creep failure is the large 
amount of intercrystalline cracking in contrast to the 
transcrystalline failure often found at temperature below 
the creep range. An immediate question which arises is in 
what measure these intercrystalline cracks influence the 
fatigue life of a material working at temperatures within 
the creep range. Could the high temperature fatigue 
behaviour be predicted taking similar procedures to the ones 
used at room temperature, for example, by applying the 
method of universal slopes? Obviously, in applying the 
tensile properties (strength and ductility) to high tempera- 
ture situations, those tensile properties had to be measured 
at the temperature of interest and using strain rates 
similar to those ones employed in the fatigue tests. 
However, attempts to predict high temperature fatigue 
behaviour using similar expressions to those employed at 
room temperature brought to a much more conservative 
lives (7,60). 

Figure (2.17) illustrates a high temperature crack hypo- 
thesis as suggested in ( 3). The importance of intercrys- 
talline cracking in fatigue can be best visualized by consid- 
ering the relative importance of crack initiation and 
propagation in fatigue. As it is illustrated, consider a. 
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specimen which would last for 104 cycles at a temperature 
below the creep range, Figure. (2.17(a)). During the 104 
cycles the 'events' can be divided into two phases: 

(i) Initiation 
(ii) Propagation 

the microstructural events associated with (i) are suggested 
to be (3): 

a) Slip on a few well defined planes tends to produce 
internal discontinuities. 

b) Substructure formations helping to maintain 
continuity, it results, however, in more centres 
of disorder. - 

c) Slip may affect the nature of the microstructure 
eg., breaking up dispersed particles (strain 
softening). 

d) Slip not completely reversible results in internal 
and surface discontinuities. 

For the development of the microcracks Manson ( 3) suggests 
the path outlined helow: 

a) The development of the former discontinuities are 
influenced by intial surface topography, intrusions, 
extrusions, inclusions, grain boundaries, etc. 

b) Initial propagation direction is parallel to slip planes - 
Stage I- the growth is limited within individual grains, 
it can stop at grain boundary or other impediments. 

c) Cracks penetrate grain boundaries; it assumes charact- 
eristic transcrystalline nature (stage II). 

d) The crack growth is done by a blunting and sharpen- 
ing mechanise under alternated tension and compression 
as represented schematically in Figure (2.13). 

Figure (2.17(a)) shows schematically cracks that have nucleated 
in the slip planes of individual crystals and linked to form 
a transgranular crack. Assume that the nunher of cycles 
required to initiate a crack is 85% of the total life to 
fracture (0.85 x 10 = 8500). The remaining numher of cycles 
(1500) are used to propagate the crack to a size leading to 
complete failure. Assuming that in the creep range inter- 
crystalline cracks forr., much more readily than slip plane 
cracks, one must decide how much of that 85% of total life spent 
in initiating a filicrocrack of a few grains magnitude, is by- 
passed in the creep range by the ready formation of an 
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intercrystalline one. Suppose the extreme case in which such 
intercrystalline cracking occurs inr: iediately upon the applic- 
ation of the first cycle of loading. In this first approxim- 
ation 85% of the total life is by passed at high temperature 
as a result of the rapid formation of a precrack between 
grains. What percentage of crack propagation Period is reduced 
as a result of the development of an intercrystalline crack? 
If one assumes that none of this period is reduced it is 
evident that a method of dealing with high temperature fatigue 
is: 

(i) Take the lives at room temperature 

(ii) Ignore all the initiation period and consider the 
propagation period to calculate the lives at high 
temperature. 

This suggest a more general approach that takes into account 
the reductions in both the crack initiation and the crack 
propagation phase. 

Can we adopt rules such as 0% - 100% meaning that the material 
employs only 100% of the propagation period observed at room 
temperature? And a 10% - 10% rule from which are retained 
only ten per cent of the cycles for each period? 

Figure (2.19) shows several life prediction curves based on 
different assumptions regarding the crack "initiation and 
crack propagation periods. The horizontal line constitutes 
the predictioni based on the last 10% - 10% simple assumption. 
It is clear from Figure (2.19) that no single rule agrees 
with all the data points. The interpretation still based on 
an intergranular cracking hypothesis means that a single rule 
cannot cope with all situations concerning temperature and 
frequencies with'totally different percentages of intergranular 
cracking. Obviously the material itself is the principal 
source of discrepancy with its own composition grain size, 
grain boundaries, composition, etc. 

2.2.2.1 - Life Prediction Rules 

1- The 10% Rule 

The 10% rule which attributes equal losses to both initi- 
ation and propagation is derived directly from what º"was 
said above. Manson (6) suggests that this over simplified 
rule possibly under corrects the crack initiation phase and 
over corrects the propagation period. Pith this simple 
rule it is impossible to represent all situations where 
the amount of intergranular fracture is tremendously 
variable. 
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Assuming that the computations based on tensile properties 
are some measure of the potential fatigue strength of a 
material, the less the intercrystalline cracking the smaller 
will be the coefficients of by. -pass of the initiation and 
propagation period found at sub-creep temperatures. This 
shows that a trend to develop better materials for high 
temperature applications should include the search for 
mechanisms of strengthening, protecting or even removing 
the grain boundaries. 

Manson (6) has considered the 10% rule very useful as a 
lower bound for cyclic creep lives. Later Halford (5) 
considered that a less optimistic lower bound was needed 
for cases where the stress rupture curve is very steep. 
This leads to the following method. 

2- Creep Modified 10% Rule 

In this method (5) a linear damage law was applied wherein 
stress rupture damage is given by time ratios and fatigue 
damage by cycle ratios: 

Dc +Df=1. '. Nf£+tr°1 (2.21) 

where Df - damage associated to fatigue 
Dc - damage associated to creep 
N'f - number of cycles to failure under high 

temperature conditions 
Nf - pure fatigue life in cycles to failure assut:; ed 

to be given by equation (2.20) 
t' - effective time of a test for which the peak 

stress acts 
tr - time to rupture at peak stress 

Assuning that the effective time of a test for which the 
peak stress acts is given by 

to a 
kk N'f (2.22) 

V 
where k- effective fraction of each cycle for which the 

material may be considered to he subjected to 
maximum stress 

v- frequency of stress application, cpm 

and assuming that the stress rupture curve is given by a 
power function of the type: 
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Or a 1.75 Qu(tr/A)m (2.23) 

where a�- ultimate tensile strength 
A- coefficient characterizing the creep-rupture 

curve of the material at test temperature 

m slope of the creep-rupture line (negative value) 

Substituting t' and tr given by equation (2.22)and (2.23) 
respectively in equation (2.21) the equation to apply in 
actual fatigue-creep is obtained: 

N'fe 
Nf 

(2.24) 
m+0.12 k 1+ AV Plg m 

The above analysis is presumed to have utility only when: 

(i) a large creep effect (m>-0.12) is anticipated and 
Nf/10 is inadequate as a lower bound 

(ii) N'f<105 cycles 
The use of this predictive method can then be summarized 
as follows: 

a) Ik termine the lower bound of lie using either 
Nf/1O as computed from equation of universal 
slopes (2.20) or N'f as computed from equation 
(2.24) which ever is lower 

b) for average life use twice the lower bound life 

c) for the upper bound of life use 10 tines the lower 
bound life 

Although a fair estimate of lives was achieved (50% of 
data within x2. bands - 90% of data with x4 bands) for a 
wide variety of materials (nickel base alloys, high and 
low alloy steels, stainless steels and aluminium base 
alloys), the above mentioned method is suggested to be 
better suited for quick approximate answers rather than 
for design purposes. 

3- Method of Characteristic Slopes 

Berling and Conway (77) have proposed the following 
. equations for predicting the relationship between total 
strain range Act and cycles to fracture Nf: 
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Ae 2E ýr? f)-n' /2' " n2 
`ý ý e£ 10 * stv 

(2.25) 

where Cef - elastic strain at fracture 
et - strain rate 
n' - strain hardening exponeni00 
D- fracture ductility =. 1n 
RA - reduction of area at fra1W 
v- frequency 

This very simple rule has been seen as a redefinition of 
the universal slopes equation. It refutes, however, the 
existence of slopes which are the same for all materials 
and test conditions. Instead terms defining elastic and 
plastic components are identified and are related to the 
short-term tensile behaviour of a (liven material at a 

given sPt of test conditions. The methodbased on expression 
2.25 is based on two observations. First it was observed 
that for the stainless steels in study the slope of the 
logarithmic Ace vs Nf plot was essentially identical to 
one-half the strain hardening exponent obtained in short- 
term tensile tests at the same test conditions. Secondly 
it was noted that the value of Ace at Nf = 10 cycles was 
equal to twice the time elastic strain at fracture 
(represented by cef) in a short-term tensile test at the 
same conditions of temperature and strain rate. 

It is a mothod which has produced good i. greeeient between 
predicted and observed lives for stainless steels at 
temperatures up to S50°C and covering strain rates from 
4x 10- to 4x 10" s-. At temperatures of 8815°C the 
prediction yields fatigue results higher than actual 
experimental' values (77). Due to the type of assumption 
this method is based upon restricted applications only 
can be expected from it. 

2.2.2.2 - Modified Fatigue Approaches 

1- Frequency Modified Strainrange Approach 

In this approach the Coffin-Manson equation (eg., (2.6)) 
and the Basquin (ea., (2.16)) are modified so that time- 
frequency effects within the creep range could be taken 
into account. The hi', h temperature relationships and 
the room temperature relations from which they derived 
are: 
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Room Temperature Form 

UP ANf ß 

Aee BN 
Ef 

Aa CAePn' 

Frequency Modified Form 

Aep ° A(Nfvk-1)_ß (2.26) 

ee =E 14 f ßvlcl' (2.27) 

Q CaEpntvkl . 
(2.28) 

Where C- BAn', n' 0'/a, k7. a ßn' (kß`1) + k1 

A, II, ß, ß', k, kl - material constants 
Aep plastic range 
Ace - elastic range 
Nf - number of cycles to failure 
E- young modulus 

The concept was introduced by Eckel ( 16) and further 
developed by Coles (17). In these reports fatigue lives 
were predicted for a specific plastic strain by the 
relationship: 

vktf constant r f(Acp) 

where v- frequency in cpm 
ti - time to failure 
k- constant only dependent on temperature 

equation (2.29) can be written as: 

vktf v1cNf. a Ir' fvk-1 v 

(2.29 

2.30) 

a quantity which has been called the frequency modified 
fatigue life. 

The parameter Nfvk-1 has been found convenient to relate 
to inelastic strain in a Coffin-I! anson type of equation 
(19,20,73). In those reports the fatigue curve for one 
temperature is represented by data falling in one straight 
line when log - log scales of nE and ! 'fvk-1 are used, ie., 
the data obey to a relationship of the type: 

Aep e A(Nfvk-1)-ß (2.31ý 

Sometimes equation (2.31) is rewritten in the form of: 
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Aepvß(k-1) = ANJß (2.3? ) 

The left part of equation (1.11) is called the frequency 
modified plastic strain and appears in many retorts where 
it is plotted against cycles to failure (45, ß). 

The frequency modified equations (2.31 and 2.32) apply 
only to continuous cycling. Its range of applicability 
was extended to include hold time effects by defining 
the frequency v as: 

V° 
1 

t--rc + th 
(2.33) 

where th - time of hold period(s) 
t'c tc - th 
Q- tirAe of a cycle 

It must be emphasized that in this approach reference 
to a plastic term inpl ies plastic deformation plus a 
creep contribution; the 'elastic tern' no longer means 
pure-elastic behaviour but elasticity eventually modified 
by a creep component. As was stated earlier increasing 
the temperature or decreasing the frequency steepens the 
plastic curve and moves it to the left. The point of 
intersection of the elastic and plastic curves - 'trans- 
ition fatigue life' tit - moves to lower values of number 
of failure. By equating equation (2.6 and M. 16) it can be 
expressed as: 

1 

Nt = 
AV ß-T (2.34) 

Coffin (35) considers Mt to be critical in determining' 
the method of testing and she analytical procedures to 
be adopted. If the design life "!, is less than Nt then 
low cycle fatigue data and elasto-plastic solutions are 
required for design. If '! d is much greater than Nt then 
high cycle fatigue data and stress analysis are more 
relevant. This approach does not distinguish between 
tension and compression dwells and would predict the 
same cyclic life whether the hold period was in tension 
or compression which contradicts several isothermal tests tensi(e 
results by Berlins and Conway (20), Ellison (79) and 
Coffin (42) and thermal mechanical tests conducted in 
high vacuums where pronounced cavity damage and inter- 
granular cracking was reported. In all of these test 
hold periods were particularly damaging to specimen 
life in comparison to the compressive holds. In order 
to cope with these difficulties an extension of the 
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frequency modified fatigue approach described above was 
developed (42,80) where a separation of frequencies on 
each leg of the hysteresis loop into tension going and 
compression going was required. Two procedures are 
suggested whether the loop is balanced or not: 

(i) Balanced loop conditions 

In this first case the modification is fairly 
simple requiring only that the frequency term in 
equation (2.31) is replaced by that associated 
with damage, ie., the tension-going frequency 
Vt 

In a balanced loop it can be written that 

Tala It i TC 
V 

where .t and Tc are the tension and compression 
going times 

Being it = Tc and Tt = I/vt Tc = 1/VC 

Thus for balanced conditions 
1= 2/vt or 

v= vt/2 

Equation (2.31) becomes 

Aep A[Ni ( )k-11 (2.35) 

(ii) Unbalanced conditions 

Considering the loops and nomenclature shown in 
Figure (2.20) it is assumed that the actual 
stress range for loops of unequal but constant 
ramp rates can be determined from the mean of the 
stress range for each leg of the loop. 

Thus AasF - AUFS - (Aos + Ar. )/2 where the sub- 
script refers to slow and fast, äe., 

AaSF - stress range of a slow fast loop. 
AaFS - stress ranoe of a fast slow loop. 
Aas - stress range of a slow slow loop. 
AoF - stress range of a fast fast loop. 

From equations 2.26 and 2.27 it can be written 

Ace . 
Al 

. CopEPn'vk1 (2.36) 
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C' - constant 

Applying equation (2.36) to obtain the stress 
range for each frequency one gets: 

AaSF AaFS = Z[( )k1 + (2t)kl]AcPn' (2.38) 

Equation ýtis 
claimed to be verified to give reason- 

able predictions of the stress range for loops 
of unequal rates (23). 

Next assumption is that if the stress range is 
known, life can he determined using equation (2.31). 
Substituting equation (2.38) in to equation (2.31) 
to determine the fatigue life one finds: 

Nf (ABA-)-1/ß' (2)kl/B' (2.39) 

Note that the coefficients 8' = 
B, kl and ß' are 

obtained form smooth bar equal rate tests as indic- 
ated earlier. 

The applicability of the method has been checked 
in (42) for AISI 304 stainless steel at 595 C for 
the hold times and wave shapes indicated in 
Figure (2.29). Although early results found 
for the majority of materials that the tension 
hold times to be more damaging than equivalent 
hold times in compression (see 2.13) more recent 
testing of less ductile metals like Crl? oV steel 
81) and several nickel superalloys like Rene 30 

(34, Rene 95 (82) and IN738 (83) and MARM002 (84) 
result in compression hold times as being the 
most damaging. Certainly for these alloys the 
frequency modified strainrango approach cannot 
lead to acceptable life predictions since equation 
(2.39) in which the method is based implies always, 
that tensile holds are more damageable (shorter 
lives) than compressive holds. 

Coffin's frequency modified equation (2.26) and 
(2.27) have an implication which points out for 
some modification. According to these equations 
the frequency affects the elastic and plastic 
components as simple multipliers, therefore, as 
frequency is changed, the two components should 
simply be displaced parallel to themselves on a 
conventional log - log plot of strain component 
versus cyclic life. If changing the frequency 
produced a rotation of the line for each component 
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the equation should be altered so that frequency 
appears in the exponent of Nf. The convergency 
of lines at different frequencies found on the 
new numerous high temperature fatigue data 
stresses that need of modification. 

2- The Method of Ostergren 

Ostergren (85) has recently proposed that hold time and 
frequency effects at elevated temperature can be accounted 
for by a damage function based on the net tensile hystere- 
sis energy. The basic assumption of this method considers 
the net tensile hysteresis energy as a measure of fatigue 
damage. It can be shown that this damage measure is 
approximated by the quantity ataep whereat is the maximum 
stress in the cycle and eep is the inelastic strain range. 
The use of the tensile stress quantity in conjunction 
with the plastic strain range provides means for account- 
ing for loop unbalance, since, for the same inelastic 
a positive mean stress gives a greater tensile hysteretic 
energy than a compressive stress. 

In order to determine fatigue life, the method requires 
the substitution of aep by ateep in equation (2.6). In 
order to take account of wave shape effects, two cases 
are treated: 

M Time-dependent damage is independent of wave 
shape 

In this case the material responds equally to compressive 
and tensile hold as far as combined creep-fatigue damage 
is concerned. For most materials, the substitution in 
equation (2.6) above mentioned, leads to : 

QtGepNfßvB(k-1) =C (2.40) 

For many nickel base superalloys like Rene 80,1N738, 
Rene 95 the tensile hysteretic energy ataep can be corre- 
lated with life to fracture without the frequency term 
which is equivalent to make k in equation (2.40) equal 
to I. as reported in (85). This fact would suggest the 
occurYence of little time-dependent damage in these alloys 
which is in basic agreement with the metallographic 
observations reported in (34,33). 

(ii) Time-dependent damage is dependent on Wave 
shape 

This case refers to materials for which tension hold 
times lead to an increased degree of time-dependent 
damage which causes a change in the failure mechanism 
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(transgranular to intergranular) and hence to reduce 
life. Compression hold tines do not cause a change in 
the failure mechanism or do not significantly reduce life. 

C RTee pNf 
Rv *ß(k-1) . (2.41 ) 

where v* named effective frequency substitutes the cyclic 
frequency v in equation (2.40). 

The frequency v* is defined. as: 

v* ý 1/(To + TT + Tc) for Ti > Tc 

v*ý1/To for TT <Tc 

where To = time per cycle 
Tc = compression hold time 
TT = tension hold time 

By definition this empirical approach implies that the 
effective frequency is equal to the actual frequency when 
hold times occur only in tension; otherwise it is greater 
than the actual frequency giving expression (2.41) higher 
lives ie., showing the beneficial effects of compressive 
creep. 

The method is fairly new and untested for wave shapes 
such as the named as fast-slow or sloe: -fast testing on 
the frequency modified strainrange approach. 

The identification of the damage category for materials 
would seem sonewhat diflicult but the method promises 
to be a step forward on the life prediction of low 
ductility high strength alloys like the nickel base 
superalloys, which do show a significant influence of 
wave shape. The influence of wave shape on these alloys 
is to shift to positive or negative mean stresses their 
creep-fatigue loops as seen in 2.1.3 rather than to 
change the crack path like in other softer alloys. 
This method seems to be particularly helpful in differ- 
entiatinn and hence correctly predicts lives for these 
two cases. A chapter will be dedicated later on to 
this topic. 

2.2.2.3 - Cumulative Fatigue and Creep Damage Models 

"1 - Linear Damage Sumation Method 

In this method a linear interaction relationship is 
established: 
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Y' (Nd)j +E (td)k 
ý°1 k=1 

(2.42) 

where D= total damage factor 
n= number of applied cycles of loading condition i 

Nd = number of design allowable cycles of loading 
condition j. Taken from rapid cycling fatigue curves 

t= time duration of stress condition k 
td = allowable time at a given stress k 

This relation combines the damage summation of t-liner (59) 
and Robinson (86) and was first proposed by Taira (87). 
It is of particular interest since it constitutes the 
basis of one out of two design methods contained in the 
Code Case 1592 of ASME SECTION III (88). The first 
method uses expression (2.42) requiring only stress 
rupture data and rapid cycling fatigue data. However, 
as shown in Figure (2.22) experience has shown that the 
sum of the two terms may be. less than unity (89) and 
for this reason for design purposes the sum is set at 
some lesser value D, which is function of the relative 
amounts of creep and fatigue. For austenitic stainless 
steel the minimum value of D is 0.6. The great variation 
in D throws considerable doubt on the applicability of 
this cumulative damage approach. Alternatively, Code 
Case 1592 suggests a slow cycling fatigue design curves 
based on relatively short term tests, 2- 3000 hours. 
There are doubts on the validity of t! 'iese curves when 
applied to components intended to operate under combined 
creep-fatigue conditions for 20 - 30 years. 

As it was said earlier the linear danaee summation 
method involves the use of stress rupture curves for 
uncycled materials a procedure which has been questioned 
(29). In fact it is argued that since many alloys 
exhibited a significant amount of cyclic hardening at 
high temperatures much lower and possibly unconservative 
creep damage values would have heer, obtained from mono- 
tonic relaxation curves than the damage values based 
upon cyclically stable stress relaxation curves (29,89). 

The following equation due to Gittus (90) was used in 
the same reports to describe the cyclically stable 
stress-relaxation hehaviour of type 304 stainless 
steel and alloy 800 at temperatures between 430 C and 
650 C for a hold tine of duration t: 

In (arn3x/a) =A t1+m 1+n 

Values of A and m were computed from experimental tests 
reported on the same references (29,89). 
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For design purposes the allowable stress in the AVE 
approach for a given li. fetine is 2/3 1; of the rinirium 
experimental value. The fatigue design curves used in 
ASP1E are the average total strainrange versus life curves 
at the temperature of interest, reduced by a factor 
of two on strain or by twenty on life whichever is the 
larger. 

2- Non Linear Damage Sum ation Method 

Poi'hemus et al (91) had suggested a model for cumulative 
damage analysis using an exhaustion of ductility concept 
in which the basic assumption is that a decrement of 
'available ductility' resulting from a period cycling 
could be represented as an increment of creep extension. 

A Coffin-I4anson type equation was used to describe the 
fatigue behaviour: 

AetaNf = (2Efo)al4 (2.43) 

where Act = strain range (total) 
rIf = cycles to failure 

cfo, a = material constants 

The values of these constants are determined from low 
cycle fatigue test results but they nay also be epproxinated 

. using static properties of the nateri 1. 

If the specir. ien is strain cycled through a number of 
cycles at a- strain range Act it can be shown that the 
original ductility has been reduced by an amount: 

Ac -e fo [1-(1 T+ )l If 

or Substituting Nf given by (2.43) 

De - efotl-[l-4n(2efo)a]l/ai 

(2.44) 

(2.45) 

next this damage is transformed in terms of an equivalent 
creep time using the constant creep curve of the material 
assumed to be of the form: 

ct= Atb (?. 45) 
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where A, b - constants 
t- time 

cc- creep strain 

The equivalent creep time will be represented by 

teq = (jr) lýU (2.47) 

To this increment of equivalent creep time an increment 
time tin of actual creep time is added. 

The sum teq and tiv, locates a point on the creep curve 
of the material. For instance the decrease in residual 
ductility after one cyclic increment plus one creep 
increment is given by: 

e. Flil ° cfo - A(teq. + tin) (2.48) 

The general equation for decrease in ductility resulting 
fron cycling is: 

1- 1-4n (eTRn ' 1/uý 
erRn 

aý 

-1ý 
ýn 

2erRn-1 

where 

b 
EF2n-1 - Efo-A(teAn-1 + tin 

n-d 

and 

Cegn-1 a (AElÄfo - EFI: n_? ý1/h 

The stepwise progression is followed until failure 
occurs during a strain cycling period in which the crit- 
erion of failure is: 

1E4 (CTRf /2CFRf)a 

or during a creep period in which the criterion is: 

Efo < A(teqf + tinfb 

The subscripts stand for: 

CR - pertains to creep 

eq - equivalent 

(2.49) 

(2.50) 

(2.51) 
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f- value at fracture 
F- ductility 

FR - reriaining ductility 
inc - increment 
TR - total range 

In evaluating thermal fatigue tests which included 
hold times at peak tensile stress, agreement between 
the experimental and calculated lives were well within 
a factor of two. On the other hand when a linear 
damage rule was used the lack of agreement was evident 
as shown in Figure'(2.23). For the alloys studied, 
that plot showed that interaction was non linear and 
that the linear damage rule will be conservative in 
some cases (U - 700 W and U- 700C nickel superalloys) 
and unconservative in others (81900 nickel superalloy). 

2.2.2.4 - Other Methods 

A wide variety of predictive approaches have been 
developed over the years for application to design 
for high temperature service. ? any are simple rules 
better suited for quick approximate answers to partic- 
ular situations and alloys rather than for general 
design purposes. Others, like the frequency separation 
on the frequency modified strainrange approach, 
Ostergr3, n's method, Strainrange Partitioning (4) and 
Continuous Dariage Approach (93) are more general and 
currently under active study and evaluation. These 
last two approaches deserve special mention here. 

The Continuous Damage Approach corresponds to a new 
concept to predict life in a component. While all 
the previous methods had modelized only failure relations, 
this one promises to describe the pro. ii"essive deter- 
ioration processes, taking between initial undamaged 
state (D=O) and final collapse (D=l) which corresponds 
approximately to initiation of the macroscopic crack 
in the structure as seen in model discussed in SECTION 2.2., 

The. Strainrange Partitioning Approach was chosen as the 
framework of a large cooperative evaluation programme 
in which it was evaluated the lability of the method 
to, first correlate the creep-fatigue behaviour of gas 
turbine materials, and then to predict the creep-fatigue 
lives of laboratory specimens subjected to complex 
cycling conditions. 

The programme started in 1975 and its culmination was 
in 1978 with the specialist's meeting and the publication 
of the correspondent Proceedings AGARD-CP243 (94). 
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One of the sixteen European and American Laboratories 
involved on this programme was the Department of 
Materials of the Cranfield Institute of Technology 
where the experimental work reported in this thesis 
was carried out. The SrP method will be given a 
detailed review in a separate section. 

The Continuous Damage Approach was initially intro- 
duced by K, achanov (95) and Rabotnov (96) for problems 
dealing with creep rupture processes. It was extended 
to the fatigue process (97), monotonic tensile failure 
and more recently to creep-fatigue interaction (93). 
Under high temperature fatigue situation it considers 
two main deterioration processes: the time dependent 
creep deterioration connected to the initiation and 
propagation of microscopic intercrystalline cracks 
and the cycle dependent fatigue damage associated with 
sufficiently high frequency tests in order to pre- 
clude creep effects and where microscopic cracking 
is predominantly transgranular. When the two different 
processes are present the two associated damages have 
to be added. The general constitutive differential 
equation for damage growth is in this case: 

dD = dcreepdt + dfatiguedrl 

or dD = f(v, D, T)dt + g(. tr1, TQ, D, T)dN 

(2.52) 

(2.53) 

Due to the prescence of D in the tyro terms non linear 
interaction can arise. Several functions have been 
suggested for f(c, D, T) and g(B, D, T) in (97,98) and the 
process of integratý"ýng (2.53) asks for complex numer- 
ical calculationsf. 4 ich only a digital computer can 
cope. The Continuous Damage Approach covers a large 
range of test conditions, mean stress and strain 
effects, non linear cumulative effects but its applic- 
ation is limited to materials showing similar damaging 
influence for compressive and tensile loading and 
where cyclic hardening (softening) is not important 
otherw. a f(a, D, T) becomes a function even more complex. 

2.3 - THE STRAINRANGE PARTITIONING METHOD 

The strainrange partitioning method has been developed by ! 'anson 
and co-workers (92,45,46,52,99,100) at the Nasa Lewis Research 
Center over the last eight years. It is a general strain 
approach which predicts fatigue lives within the creep range, 
employing the concept that any conceivable inelastic strain 
range can be separated in four possible kinds of strainranges: 
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- tensile plasticity reversed by compressive plasticity 
- tensile creep reversed by compressive plasticity 
- tensile plasticity reversed by compressive creep 
- tensile creep reversed by compressive creep 

The basic steps are the experimental determination of the lives 
as a function of the four partitioned strainranges and the 
partition of the considered cycle. Even for cycles where the 
temperature is variable, it is claimed that the basic relation- 
ships ecij - Nij are not dependent of the temperature (46) 
and, therefore, the only influence of temperature on life is 
canalised through the partitioned components of the hysteresis 
loop. This fact brings a great simplification to the applic- 
ation of the method to thermal fatigue situations. The 
predictive process may ignore a great part of the analytical 
procedures inherent to the SrP approach, if one is only 
interested to know bounds for the fatigue lives. The method 
will eventually provide a lower and an upper bound for such 
lives. In general any case involving arbitrary variation of 
strain and temperature as a function of time can he handled by 
this life-predictive approach providing a partition of the 
respective hysteresis loop width can be performed properly. 

2.3.1 - Basic Assumptions of the Strainrange Partitioning 
Method 

The strainrange partitioning method is a strain approach 
geared to handle high temperature low cycle fatigue 
situations and whose basic premises are: 

A- In any hysteresis loop there are a combination of 
just T11O DIRECTIONS OF STRAINING and TWO 'TYPES' of 
inelastic strains. The two directions are tension 
and compression; the two types of inelastic strain 
are time independent (plastic) strain. 

o4 6frI; n 
By a combination of the two directionsrwith the two types 
of strain ate obtained four possible kinds of strainranges: 

(1) A strainrange 'caused' by plastic deformation in 
tension reversed in compression by plastic 
deformation. It is designated as a PP strainrange 
and it is represented by Depp. 

(2) A strainrange caused by creep deformation in 
tension reversed in compression by plastic deform- 
ation. It is designated as a CP strainrange and 
is represented by flccp. 

(3) A strainrange caused by plastic deformation in 
tension reversed in compression by creep deform- 
ation. It is designated as a PC strainrange and 
it is represented by ecpc. 
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(4) A strainrange caused by creep deformation in 
tension reversed in compression by creep deform- 
ation. It is desionated as a CC strainrange and 
it is represented by eecc' 

In any hysteresis loop obtained by cycling a material 
between strain levels (strain approach) the method is 
totally focused to what happened inside the hysteresis 
loop. In other works it is concerned with the inelastic 
strains associated with hysteresis loop not with the limit 
strains of the loop. As it will he shown later the inel- 
astic strainrange associated to any conceivable hysteresis 
loop can be built of one, two or three combinations of 
the four basic types already seen. 

B- Supposing that it is possible to generate in 
laboratory the-four basic loops already seen, for 
each type of loop different inelastic strains 
(hysteresis loop width) might lead to different 
lives. It is assumed in the strainrange partition- 
ing method that the relationship between each of 
those different inelastic strains (4ºithin the same 
basic type) and the respective cyclic lives obey to 

"a Manson-Coffin type relationship: 

eei j= ANij-ß (2.54) 

i =Por C 
j" Por C 

It is proposed, therefore, that the ý1anson-Coffin relation- 
ship (which represents the inelastic strainrange vs life 
behaviour for materials belov, the creep limit) is expanded 
to four relationships for dealing with temperatures within 
the creep range: 

Aepp - Al Nppwß 

esGp @ A2 'r C^- 

Depc , A3 ripc ß 

eEcc - A4 Ncc's 

(2.55) 

(2.56) 

(2.57) 

(2.58) 

C- Given a certain hysteresis loop the first tasl: must 
be to partition it, or'to determine hoer Much of it 
is composed of a PP component, or (and) CP component 
or (and) PC component or (and) CC compenent. These 
procedures of partitioning the loop width leads to 
the building of the ratios Fij i=P or C J= P or C 
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4.9u ý, c 
Aec Fpp =p= --p (2.59) 

'äe 2: 
AEi. 

F»rr a 
AE C eccc 

- r.. Ae1 _ ..., Qei 

The predicted life N Rý , for the hysteresis loop defined 
by the inelastic strange ne and ratios Fij, is then 
calculated using a damage rule. 

i The authors of strain- 
range partitioning method have recently proposed the so 
called interaction damage rule: 

sF 
FccF cFc (2.60) 

ýr+ý+ +F" FCP lrPP 

Where Npp is calculated substituting aepp bydei in equation 
(2.55), Ncp substitutingnecp byeei in equation (2.56) and 
so on. 

As it can be concluded by now the determination of relations 
(2.55) - (2.56) - (2.57) - (2.58) prior to any predictions 
is essential in Strainrange Partitioning. 

Summing up it is this total process of generating the 
individual failure life relationships (equation 2.54) 
partitioning an hysteresis loop in its component strain- 
'ranges and combining the effects of these components to 
determine life that has been called the method of strain 
range partitioning. 

2.3.2 - Generation of the Basic Strainrange versus life 
ReTationsshiips 

This approach is built around a series of experiments to 
establish strain-cycle life relationships for a given 
material and temperature. In these experiments the two 
directions of straining are combined to the two types of 
inelastic strain (plasticity and creep) to form the four 
basic types of strain. 

In a first approximation plasticity can be regarded as the 
sum of all inelastic strain components which occur immedi- 
ately upon application of stress, while creep will be seen 
as that part of the inelastic strain that results from 
the sum of all time dependent components. It is assumed 
that the high temperature low cycle fatigue behaviour will 
depend basically on how these two modes of deformation 
can interact, not only regarding their existence in 
tension or in compression, but also and principally, how 

r'CC e 
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tensile components of strain are balanced by a compressive 
component to close the hysteresis loop. 

Consider the hysteresis loop of Figure (2.24). This 
hysteresis loop can be obtained by loading rapidly to stress 
level (B) holding this stress For a certain period of time 
in order to get a certain amount of creep Cl. The stress 
is reversed to a compressive value (CC'E), holding the 
stress corresponding to E to close the loop with the amount 
of creep C2. While in tension the loop is characterized 
by an inelastic strain composed of a plastic part A'B' 
and a creep component B'C', in compression the inelastic 
strain can be divided in a plastic component C'E' plus a 
creep component £'A'. In the tensile portion of the 
cycle there is more creep than in compression while the 
plastic component is lower in tension than in compression. 
So, there is a reversed plastic component Ac n, a reversed 
creep component Aecc and also a strain compohient wherein 
tensile creep is reversed by compressive plastic flow Ac c. This partition may be visualized by rotating 180° the P 

compressive part of Figure (2.24) to formfFigure (2.25). 
Fore the partition can be done noting the way the several 
inelastic strain bits are crossed in tension and compression. 
For example the A'B' bit can be achieved in tension by 
plastic deformation or in compression by plastic deformation 
too. It is a Aepp component. The segment (E') (A') corres- 
ponds to an inelastic component resulting from creep in 
tension or'creep in compression. It is an Aecc component. 
The segment B'(E') is the result of a cý-eep component in 
tension or a plastic component in compression. It is a 
eecp component. Following SrP notation for the several types 
of inelastic strain Aeii where the first index i is refered 
to tension and the second j to compression, the width 
A'C' of Figure (2.24) can be partitioned as follows: 

A'B' = AF_ pp A'E' Ac cc B'E' = Ae cp 
A simple rule can also he applied to Figure (2.24) to 
partition the inelastic strain represented by the hysteresis 
loop width AT': 

- ecpp -}smaller value of the plastic strain in tension 
or compression 

- Ac cc "-º sria1ler value of the creep strain in tension or 
compression 

- AC cp(; ) c)-> eccp(pc). = `ci - (Aep + eccc)= creep in 
tension creep in compressioýi = plasticity in com- 
pression - plasticity in tension. 



If the creep in tension is greater than the creep 
in compression, the former partitioned term is a 
CP component; if the reverse is true the component 
is PC. - 

Summing up, four basic strain components must be considered: 

Rotation Tensile Strain Compressive Strain 

eEpp - Plastic - Plastic 
eepc - Plastic - Creep 
eccp - Creep - Plastic 
occc - Creep - Creep 

In any hysteresis loop it is only possible to have a maximum 
of three components since by definition a CP component can 
not coexist with a PC component. 

After the definition of the oEij strains, the next assumption 
with the SrP method is that the functions relating each 
one of basic types of strains Acýj' with cyclic lines P; ij 
are straight lines when plotted on log-log scales. In other 
words they obey to a Manson-Coffin type relationship. 

pp 
ecij =. fikPdijlOk ij = pc k=1,2,3,4 (2.61) 

1 cp 
CC 

Ak, hk constants 

Finally the method assumes the existence of a process of 
. combining the effect of several strainranges ccii resulting 
from the partitioning of a more or less complex hysteresis 
loop as follows. The authors of SrP had suggested till 
now two damage rules to accomplish this final step. In an 
early paper about SrP (92) it was proposed to apply within 
its technology the so called Linear Damage Rule in which: 

PP 
11 ij = 

cp 
(2.62) 

P Et D 
Cc 

where N is the predicted life in cycles to failure for 
a loop ofEhelastic 

strain nci: 

Aei = E-Aeij = ecpp + acpc + ..... 
At this stage of application of the nethod, the four Acij - 
Nii relationships through their coefficients Ak, ßk must 
be' already determined: 
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A$p = AlNPp ßl 

AýCp = A2NCp- 
ß2 

AEýC : A3Npc` 
ß3 

Ae,,. - ALN,.,. 
P4 

AEpC : A3Npc` 
ß3 

AerC - A4Ncc 
P4 

(2.63) 

In equation (2.62) the lives Pl1j are calculated substituting 
the partitioned strain bits Acid in (2.63). Then: 

nei j 
Nij = Antilog ('- to ß_) (2.64) 

PP 
ij = PC k=1,2,3,4 

CP 
CC 

These välues substituted in (2.62) give us the predicted life 
NPRED ". 
Later (45,99) a new damage rule was proposed, it is the so 
called 'Interaction Damage Rule' where 

pp 
N 

Ný Fij . 
AAe CP 

(2.65) PREA CC 

For this damage rule the lives Nij are calculated substituting 
in equations (2.63) the partitioned strains Ac"j by the 
inelastic strain eci. The general expression 

fbr the Ni3 
lives come: 

Aci 

Nib - Antilog (- 1ok (2.66) 

Figure (2.26) shows graphically the difference in one applic- 
ation of the two damage rules. Lives predicted by application 
of the two damage rules do not differ greatly (52). Three 
different damage rules used with the SrP method will he dis- 
cussed in a later chapter. 
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Ideally the hysteresis loops to produce experimentally the 
strainrange vs life relationships would be as follows: 

(a) Ae' _ Ge (t ) 
Inpýhis cage 

gie"nysteresis loop should contain just 
plastic strains (Figure 2.27 a) 

b) 
For this 

erelationship 
the cycle must display an 

inelastic component achieved in tension by creep 
and by plasticity in compression (Figure 2.27 b) 

(C) AC C= Acpc(NpC) 
Nee the cycle must be such that displays an 
inelastic component achieved in tension by plasti- 
city and in compression by creep (Figure 2.27 c) 

(d) Aecc = Aecc(' ce) In this relationship both directions of straining 
(tension and compression) should only cause creep 
Figure 2.27 d) 

while the PP type can be generated in a conventional manner 
the other types require some less conventional testing 
procedures. 

(a) - PP Type Tests 

In this type of test no creep strain is permitted. In order 
to achieve this requirement at high temper, 3tures it is 
necessary to employ a sufficient high frequency to preclude 
a significant introduction of creep. This minimum frequency 
depends upon the material. and temperature used and can he 
determined experimentally by conducting a series of tests at 
progressively higher frequencies, till a plateau in stress- 
strain response or in cyclic life is achieved. The strain 
ranges for the PP type should be selected rn as to give lives 
covering the ranee between approximately SC to 50,000 cycles 
to failure. In some cases of high teriperatures, high 
strength, low ductility alloys that upper limit is reduced in 
order to make possible the accurate measurement of the 
inelastic strains involved in those tests. A plot should be 
constructed of Ac vs cycles to failure ! t? in log-log scales. 
The required stra 

fight line will be the one that fits best 
the experimental data (Figure 2.23 a). 

(b) ,. CP Type Tests 

There are three practical cycles that can he performed in 
order to produce a hysteresis loop formed basically of a 
CP. component. In the first one, (Figure 2.23 b) a constant 
tensile creep stress is used to produce a preset amount of 
strain. The cycle is reversed in the compressive part by 
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using a sufficiently high strain rate to prevent the occur- 
rence of any creep. The test can be executed under servo- 
load control with external strain limits superimposed. The 
value of the tensile stress to be used must he low enough 
in order to provide a hysteresis loop where the creep strain 
is the dominant strain. It should, however, he large 
enough that the creep tine per cycle is not too large. 
This creep tine can change drastically due to cyclic strain 
hardening or softening. In this case, the stress level 
should periodically increased or decreased. Another type 
of cycle suggested to perform the CP tests is shown in 
Figure (2.28 c). It is a strain hold cycle involving 
stress relaxation occurring by a creep mechanism. The 
creep strain obtained by this method is limited by the 
amount of elastic strain which can be readily transformed 
in creep strain. This test cycle should only be used 
when the inelastic strainrange is very small, otherwise 
the plastic component in tension will become preponderant. 
A third testing technique employs a continuous strain 
cycling but now involving a low strain rate in tension to 
introduce creep and a high strain rate in coriprersion to 
prevent it. Although this type of cycle is relatively 
simple to use, the interpretation of how much is creep and 
how much is plasticity in tension is not Just straight 
forward as in the former techniques. In this case, the 
tensile strain should be partitioned into its component 
strains by means of independent techniques which will be 
dealt with later on. 

All these practical cycles introduce a 11 component 
contrarily to the ideal cycle seen in Figure (2.27 b) 
This PP component should be kept below 50°4 in cycles used 
to determine the De, cp - Ncp relationship (99). 

Before the Ac -N relationships can be plotted the 
damage due tocPhe pc resence of any pp type strainrange must 
be considers. Here a damage rule must be used in a 
reverse manner. For the interaction damage rule we have: 

FPP_ (2.67) 
pp cp OOS 

Here the experimentally observed life Jon substitutes 
the predicted life MM ED and equation (2.17) is solved for 
the unknown Mcp. Before any attempt to plot the Acco - Ncp 
relationship it is necessary to establish first the At pp - 
Pipp function (Figure 2.28 b). 

c- PC Type Tests 

The appropriate tests for the determination of the PC tests 
are identical to the CP tests. The creep portion of the 
cycle is here in compression. All that was said for the 
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CP tests is valid for the PC ones, providing the tensile 
and compression notations were interchanged. The practical 
cycles to perform the PC tests are shown in Figure (2.29, 
e, f, g). 

d- CC Type Tests 

The three basic testing techniques to generate CC type 
cycles where creep should be predominant in tension and 
compression are shown in Figure (2.29, h, i, j). The most 
widely used cycle involves a cyclic creep rupture test 
(101) where a constant tensile stress is servo controlled 
until a preset tensile strain limit is reached. When 
this limit is reached the stress is rapidly reversed and 
a constant compressive strain Brit (equal to the tensile 
one) is reached. Again it may he necessary to chance 
periodically the stress levels in tension and compression 
to maintain a desired creep strain or time per. cycle. 

An alternative test (Figure 2.29,1) is a rapid strain 
cycling with hold strain periods superimposed. The 
tensile and compressive stresses are allowed to relax and 
the elastic strain is converted into creep. If the two 
amounts of creep are equal in both directions there is no 
unbalanced CP or PC component. Generally this does not 
happen and an unbalanced type of strain is introduced. 
Here there is a necessity to take into account the possible 
damage effect of a PP component and of a CP or PC component. 
This is achieved using the interaction damage rule in a 
reverse way: 

Fpp 
p+ pc 

(Fl`Icp) +N Cc - ý"ýgs (2.68) 

The oe - IN relationship is the last to be determined 
because cit needs the knowledge. of the oep -ý, AEcp - 
Hcp and AEpc - Upc relationships (Figure 2.2 

c! 
). 

A third means of producing a creep strain cycle CC is sirrly 
to perform a reversed strain cycle at a very love frequency, 
in order t^ introduce sufficient creep in both directions 
(Figure 2 29 j). 

Figure (2.30 provides examples for six alloys of the four 
basic partitioned strainrar,; e versus life relationships. 

2.3.2 - Techniques for Serarating Inelastic Strains 

The concept underlyn, strainrange partitioning is that the 
creep-fatigue interaction is related to the manner in which 
creep and plasticity reverse each other. They can be 
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differentiated and detected in a certain cycle because 
of the dependency of the first one compared with the tine 
dependency of the second one. This separation is not 
always simple and easy. Here two types of cycle must be 
distinguished. 

(i) A first type of cycle conposed of continuous cycling 
at sufficiently high strain rate to prevent creep 
with the superimposition of one or more hold periods 
during which creep occurs. 

(ii) Continuous cycling at which simultaneously creep 
and plasticity occur. 

In the first type of cycle with hold periods in which creep 
is introduced within the cycle consider a CP type cycle 
shown in Figure 2.31 b. The three main variables are: 

- limit strains 
- stress levels in tension and compression 
- strain rates in tension and compression 

Choosing a sufficiently high compressive hold stress, 
the compressive strain limit is attained first by-passing the 
preset hold stress period in compression, Figure (2.31 a). 
Schematically it scows how to separate strains from the 
stress-time and strain-time plots. The total strain is 
represented on the graph strain vs time by the vertical 
distance between points D and C. The inelastic strainrange 
is given by the vertical distance betweer. A and E. This 
inelastic strain can he also calculated substracting from 
the total strain AcT the elastic strain given by ratio 
of the cycle stress amplitude over the young modulus. 
Within the hysteresis loop creep is developed between C 
and D, therefore, Accp is repr-seated by the vertical 
distance between C and on the strain-tine graph. The 
PP strain type can he calculated knowing that: 

De-i = AE = AC' + CD oe =AE-L'iS PP 

Considering continuous cycling, partition is not so straight 
forward. It is impossible now, to separate a creep component 
from a plastic component because the two strain types occur 
. not only on the same direction but also within the same 
time increment. 

Three methods are suggested on the strainrange partitioning 
literature for dealing with these situations. 
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(1) Rapid Cycling Between Two Stress Peaks 

In Reference (52) a method was presented for separating the 
strain components in symnetrical cycles to involving only 
Aepp plus Aecc components. Figure (2.32) shows the principle involved and the results obtained for a stainless steel. As the cycling was done at a constant strain rate the obtained 
plastic strains were equal in tension and compression. This 
resulted in a partition of the inelastic strain amplitude in 
only two components Ae 

p 
and Ac cc. After the establishment 

of a stable hysteresis loop at one of the four frequencies 
considered, (wider of the hysteresis loops at A, B, C, and D), 
it is necessary to traverse the peak stress rapidly in order 
to prevent the introduction of creep. Once the peak stresses 
were established the cycle is changed to stress control and 
the frequency is increased resulting in a non creep thinner 
hysteresis loop shown at A, B, C and D. Their width represents 
the Aerl strainrange for each of the four cases. The 
plasticity loop is extremely thin at the low frequency but 
it comprises almost the entire width at the high frequencies. 
Therefore, the inelastic strainrange is almost composed of 
a Ac cc component at low frequencies and be , at high frequ- 
encies which is the expected partition in both 

cases. 

Accordingly fatigue lives approach Ncc at the lowest frequ- 
encies and N pp at the highest frequencies. In fact this 
method is not applicable to cycles including more than two 
components Ae'ij. This method separates Acpp being the 
remainder strainrange calculated by substraction of the 
inelastic strain Aei. 

However, the same principle can be applied in treating each 
half cycle separately to determine its individual components 
- creep and plasticity. This constitutes the basis of the 
following method. 

(2) The Half-Cycle Rapid Load-Unload Method 

This method was proposed in (100) to deal with unsymnetric 
cycles displaying a eepp, necc and an unbalanced type ec, º6 
or Ac, p, Figure (2.33) illustrates the procedure. Basically 
a rapid strainrate is imposed on the half of the cycle 
presenting time dependent strain. The application of the 
method shown for the tensile part can be used similarly for the compressive part. 

For the case shown in Figure (2.33) a stable hysteresis loop 
ABCDEF must be first established. Then the specimen is 
brought to point A and followed by the straining within the 
same strain limits but employing a high strain rate in 
tension. The rapid loading from A to C' produces only 
plastic strain AC". The compressive half of the cycle might be likewise analysed. The loop should be stabilized before 
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each rapid loading to washout the effects of prior rapid 
loading effects. The method-cannot be applied to materials 
presenting negative strain rate sensitivity. 

(3) The Step-Stress Method 

The previous process can he generalised by increasing the 
number of steps from and to which the stress is rapidly 
changed; the new method is illustrated in Figure (2.34). 
The method uses the measurement of the steady creep rate at 
a number of stress levels from which the overall creep can 
be determined. In Figure (2.34) the stress levels E, A, E, C, 
D are chosen at the centres of the five intervals of equal 
strain into which the hysteresis loop width is arbitrarily 
divided. In Figure (2.35a) the first task is to determine 
how E, auch creep occurs in tension. After the stabilization 
of the original hysteresis loop one Must stop at A and 
deterriine the steady creep rate by holding the stress at 
that level Figure (2.35b). Once the effective creep rates 
have been established at the selected values of stress, a 
plot of the rates vs time should be drawn. The area under 
the obtained curve is the total tensile creep. 

By this method the concept of a creep component is sorteý! hat 
modified because the time dependent transient creep is 
considered as plasticity rather than creep. It seems reason- 
able to consider all the steady state creep as creep to 
apply in the SrP approach in the sense that there is a high 
probability of different deformation mechanisms operating 
relative to plasticity. However, the precision of hot: much 
of the transient creep should be considered as 'effective 
creep' remains an insoluble question. This is an important 
aspect of a partition process as the ratio between the 
transient creep and steady creep within a cycle increases. 
From the knowledge of the creep component in tension and 
the creep component in compression calculated by a similar 
process, the partition of the hysteresis loop width can 
be effectivated as in the previous cases: tie smaller of 
the tension and compression creep components is assumed to 
be the AecC strainrange, the smaller of the plastic compon- 
ents Aepp, the remainder of the inelastic strainrange being 
Ae cp or ae{pC component. 

2.3.4 - Advantages of the SrP Method 

It was seen that the material characterization was done by 
means of four relationships each one involving a few tests 
to define it. Supposing that a mean value of five points 
for each of the basic relationships nc - hj 

, 
are suffic- 

ient to establish confidence on the resýectiv. straight 
lines in log-log plots, twenty tests would be necessary 
to characterize the fatigue-creep behaviour of the material 
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being studied. Besides test temperature (which will be 
dealt with separately in a later subsection) the SrP 
approach through the Ar-i- - Njý relationships is able to 
take into account several effects such as: 

- testing frequencies 
- applied wave shapes (strain or stress dwells) 

Therefore, the first advantage of SrP method is its high 
degree of generality. Designers will have to determine 
the type and magnitude of the strain being applied to their 
structure but the failure curves as represented by the 
four partitioned strainrange versus life. relationships 
esij - RJij are general and can he applied to any specific 
situation. 

2.3.4.1 - The Establishment of Bounds on Life 

During the design process, it is likely that the inelastic 
strains were known at critical points such as the root 
of a turbine blade. It is, however, unlikely at least 
with a sufficient degree of accuracy to know how much 
of that inelastic strain is of PP, CP or CC type. The SrP 
approach in cases where the partition of the hysteresis 
is difficult or impractical provides upper and lower 
bounds on fatigue life. In considering the case of 
Figure (2.36) where the CP, CC, PC and PP life relation- 
ships are in decreasing order of lives for the same 
inelastic strainrange, the higher the life can possibly 
be is N. On the other hand, if Aei" was made up 
entirelýipof the most damaging type of strainrange AEcp 
the life could be no less than Ncp. Additional inform- 
ation concerning the type of cycle suffered by that 
component can narrow those bounds. For example 
certain tiermal fatigue problems the designer might 
know that certain strain types are unlikely, say the CP 
type. This information eliminates the CP failure and 
thereby alters the lower bound from Ncp to Ncc. For 
some materials two or more of the four relationships 
eel; - Nij can be quite close to each other Figure (2.30). 
In such a case the partition of a by--teresis loop might 
not be justified and greatly reduce the analysis required 
for life prediction processes. 

2.3.4.2 - Temperature Insensitivity 

One of the first and more important claims for the strain- 
range partitioning approach was the temperature insensitivity 
of the four partitioned strainranges versus life relation- 
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ships. Halford et al (46) found f8r two stainless steels 
tested in ranges between 595 - 815 C that the Qeii - tJi 
functions were not significantly affected by varying tht 
temperature within the mentioned range. Figure (2.37) 
compares the observed and predicted lives at different 
temperatures. These predicted lives were calculated 
using data shown by open circles. In these examples 
temperature variations (closed circles) do not influence 
the results. A maximum factor of 2 was found between 
observed and predicted lives. 

It is suggested (46) that the effects of the temperature 
on the fatigue failure is not so sensitive as the well 
known temperature effect on the flow behaviour. The role 
of temperature on the failure behaviour is to alter the 
partitioning within a cycle but not the basic failure 
relationships ecij - Nij. If this is observed to be true 
at least for certain ranges of temperatures; the generality 
of the approach is considerably improved because fewer 
tests are required to characterize the high temperature 
low cycle fatigue behaviour of a material. Analysis of 
cycles including changes of temperatures is greatly simpli- 
fied. What is needed is, as in an isothermal case, to 
partition the cycle, calculate lives Nij and apply a 
damage rule to predict the fatigue life. There are some 
obvious limitations to such temperature insensitivity. 
It is not expected to find temperature independent relation- 
ships when the material is metallurgically unstable or when 
the creep and plastic ductilities are sensitive functions 
of the temperature or testing time. 

2.3.4.3 - Frequency Effects 

As it was seen, the frequency is an important variable 
within the creep range because with the temperature it 
is the main factor in determining how much creep is going 
to be introduced in a fatigue cycle. ttlith sufficiently 
high frequency of straining, insufficient time will be 
available for significant creep to occur. On the other 
hand as nne decreases the frequency of straining, more 
creep is introduced within the cycle, modifying its part- 
itioning. In the first case it is expect-d that the 
corresponding life should he rtpp. At extremely loan 
frequencies one can expect that the inelastic strainrange 
will be formed almost entirely of the tgrc component, 
therefore, with the corresponding life approaching the 
Ncc life. In this sense the effect of decreasing the 
frequency is the same as to increase the temperature. In 
both cases the anount of creep is larger. This can be 
seen from Figure (2.38) for a stainless steel. Here to 
increase the frequency or decrease the temperature, other 
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conditions being constant, display the results from the 
upper bound N pp to the lower bound 1Icc. This fact suggests 
another advantage of the SrP approach. The life relation- 
ships can he determined accurately at a single elevated 
temperature at extreme frequencies in order to establish 
bounds in life. If the bounds are close to each other 
fewer tests are required. If the lives for the respective 
bounds are widely separated or highly divergent a more 
accurate estimate of cyclic life is required including 
the normal determination of the four Ac ii - Mi j functions. 

2.3.4.4 - Hold Time and Relaxation Effects 

At high temperature creep always occurs during a tensile 
or compressive hold. The introduction of holding periods 
may develop a Ac or Ac c component if creep is reversed 
by plasticity on Se 

oppý'site direction or may develop a 
component if creep is reversed by creep. On the 

Strainrange Partitioning approach, the influence on life 
of these hold periods is taken into account through the 
damage associated with a PC, CP or CC component. 

2.3.4.5 - Ratcheting Effects 

An internal ratchetinq effect was suggested (5?, 100) to 
explain the sometimes rather reduced lives of cycles 
incorporating unbalanced strainranc; es Gccp or rrnc. Here 
it is considered that the tensile strain is achieved 
within one deformation systen and the cor^pressiveý strain 
is obtained within another system. Supr, ose that the 
cycle incorporates a creep component in tension obtained 
by a mechanism of deformation based on grain boundary 
sliding and a plastic component in compression where the 
deformation is supposed to he achieved by plane slip. 
Althounh externally there was no practical net geomet- 
rical change, after each cycle the internal effect nay he 
substantial. A repetitive: neap cycle hecer^es more like a 
monotonic tensile creep test since every cycle adds more 
tensile creep deformation. In the same way a repetitive 
Aeý simulates a conventional tension test. If the 
mecýianism of deformation is repeated totally (^l' and CC 
co nponents) or partially it should he Exp ccted that a ce rt: in 
amount of healing will take place during every cycle since 
the reversed strain is 'undoing' sore of the da-,., age due 
to the strain that had occurred in the forward half of 
the cycle. On the other hand if the reversed strain ta'; es 
place in another syste7 that healing cannot occur and 
the development of a crack is made easier. In these cases 
where failure occurs by ductility exhaustion, the creep 
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ductility Dc (CP cycles) and the tensile ductility Dp 
(PC cycles) are the it. 1portant variables in deteri. iining 
the exhaustion and, therefore, the fatigue life. It 
is interesting to note that in an ideal case where the 
two reversed strains occurred in two completely different 
systems, let us say creep exclusively by grain ýoundary 
sliding, plasticity exclusively by slipping alone crývstal- 
lographic slip planes, the exponent of the oecp and Acpc 
versus life relationships would be -1. In fact being Dp 
and Dc the plastic and creep ductilities the lives would 
be given by: 

Dr) Ncp = oDc Deep = DcHcp-l 1Jpe = ýe es pc = DpNpý 1 

If some healing is to be expected or in another 'aav if some 
deformation mechanism is shared by the tension and cenpres- 
sion side it would be expected coefficients less than 1. 
In cycles . Ahere healing will be expected to occur, like 
on the balanced cycles PP or CC, one could expect under 
this point of view power exponents for the respective 
relationships. 

This ratcheting effect is particularly important under 
circumstances where the temperature and strain rates 
favour grain boundary sliding and also important in 
thermal cycling, where the effect is accentuated by 
changing the temperature in such a way that the hot part 
coincides with the imposition of hole periods (creep 
strain-grain boundary sliding) and the cold part coincides 
with the fast reversal (plastic strain-slip). 

2.3.4.6 - Thermal Fatigue 

As it was pointed out in previous sections thermal fatigue 
play nowadays is an important role within the field of 
the high temperature lot- cycle fatigue. ' In this sort of 
fatigue probleris, large temperature fluctuations cause 
creep and plastic strains to occur in more or less con- 
strained parts resulting in the occurence of critical 
points where a crack can develop. Although some good 
results in treating thermal fatigue employing other 
predictive methods were obtained ('102) the stra i nrange 
partitioning approach is a sufficient generic method to 
take into account several thermal histories, and distin- 
guish between compressive and thermal creep damages. 

How strainrange partitioning can help in dealing with 
several therms', situations is schematically shown in 
Figure (2.39). Here the Schematic e. ssembly of two thin 
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outside bars designated as 'edges' and the massive 
interior bar designated a"s 'inside', simulates a turbine 
blade wherein the outside bars represent the edges of the 
balde and the inside bar represents the massive centre of 
the b. de. When the turbine blades are subjected to the 
hot gases coming from the combustion chamber, the outside 
edges are the first to heat. Their expansion is, however, 
constrained by the massive part which is slower to heat, 
resulting in the development of compressive stresses on 
the edges. During the cooling from a uniform temperature 
the reverse is observed as the edges tensioned because they 
tend to cool faster'. Several cases are considered in 
Figure (2.39) and all of then can be associated to a 
particular strainrange type already seen for the strainrange 
partitioning approach. The case illustrated in Figure 
(2.39 a) simulates faster rates of heating and cooling 
preventing an appreciable variation of the massive part 
which constraining the edges makes these ones alternate 
between tensile and compressive plastic strains. The 
developed inelastic strainrange is in this case of the 
PP type. The case b) involves a hold period sufficiently 
small to prevent an appreciable heating of the massive 
part. Compressive plastic flow occurs i! 7mediately after 
heating. During the hold period strain relaxes. The 
tensile plasticity happens during cooling but no creep 
can occur because meanwhile the temperature is too low. 
The case c) represents the typical case of an uncooled 
turbine blade subjected to extended steady operation at 
high terlperatures. Compressive plastic flow occurs on 
the edge bar while its temperature increases but the inside 
bar temperature has not yet begun to rise (AB). Here, no 
time is allowed for creep. Imriediately the interior part 
begins to heat and a"tensile component of strain is 
developed followed by stress relaxation during the 
temperature 'plateau' for both parts. The predominant 
strain for this cycle type is therefore e r) + es 
Finally case d) is similar to case c) ºýut 'ere a 

lag 

period is introduced during which time the edge temper- 
ature is maintained at a high value while the inside 
bar is still cold. The strainranges present are Agpp 
+ acct as shown in Figure (2.39d). 

Prediction of lives for cycles similar toAhese ones is 
made easier in applying the SRP method providing it can 
be determined the amplitude and type of strains being 
involved. Once this is done whatever was the complexity 
of the cycle, the strainrange partitioning has an inherent 
ability to handle any thermal cycle by solving a 'damage 
expression' such as those mentioned in section 2.3.2. 
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. 
2.3.4.7 - Difficulties with the Strainrange Partitioning 

Method 

The numerous data generated mainly after 1975 on the 
evaluation of the Strainrange Partitioning Method showed 
clearly that there are some difficulties associated 
with the generation of the basic data. Basically these 
difficulties are related to the accuracy in measurements 
of the parameters of interest (inelastic strain), identi- 
fication of the type of strain in very narrow loops or 
with subjacent techniques to the method ie., the damage 
rules which the approach densnds. However, there are 
other questions raised by this predictive approach which 
deserve perhaps more attention because they are related 
to the basic assumptions of the method. 

One is that the method predicts two bounds - one at high 
frequency, the other at low frequency. This situation 
is depicted in Figure (2.40). The upper bound or high 
frequency saturation of fatigue life is consistent 
with the model. shovin in Figure (2.2) while the lower is 
not. 

tlol*d time saturation effects have not been studied 
extensively but the behaviour pattern can be established 
now for some materials. Conway (30) found that beyond 
a certain hold tensile period duration (about 50 rig 
for AISI304 stainless steel specimens tested at 650 C 
between strain levels ± 1%) the relaxed stress level is 
so low that the additional creep damage resulting from 
an increased duration was negligible (see Figure 2.4). 
This would be rather important on experimental investi- 
gation because once the saturation linit is reached for 
a given material and general test conditions the use 
of longer hold period tests would be eliminated or at 
least drastically reduced. The two plateaus. B and C 
from Figure (2.4) mean that two saturation effects can 
be separated. The plateau D whose results correspond 
practically to the CC line and the plateau C correspond- 
ing to the CP line represent two saturation effects. 
The first can he viewed as a strain rate or frequency 
effect and any reduction below plateau B is a true hold 
effect such as happens with plateau C. 

However, the existence of these plateaus sometimes can- 
not be established which casts doubts on extrapolations 
to predict them. In some cases on two or more plateaus 
for the same type of cycle are obtained, resulting in 
more than one strainranne vs life relationship for one 
cycle of SrP. That is the case found for iCrt'o steel (103) 
where stress dwells and strain dwells were found to 
induce different CP lines. This was explained by the 
existence of sharply defined ductile/brittle transition 
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stress. While on the load controlled tests (stress 
dwells) the tensile hold was always greater than the 
transition stress and hence produced fractures on the 
ductile regime onthe strain controlled tests (strain 
&. tel l s) , the tensile load relaxed very rapidly down to 
values below the transition stress and into the brittle 
regime producing lower lives than those found for creep 
produced by stress dwells. 

Another question relates when the creep processes are 
unimportant relative to environmental damage. In this 
case not only such plateau on life vs tine per cycle 
cannot be expected to happen and hence the CP, CC or PC 
lines have no significance but also the damage instead of 
being reflected by time is reflected by the ratio of 
inelastic strains nc ijlec'iwhich is not sufficiently 
sensitive enough to represent damage specially at very 
long dwells. This problem can be enhanced as temperatures 
are lowered ie., in the regime where mechanical strain 
and environment alone interact and where different hold 
times although not producing basic percentages of creep, 
induced completely different periods of initiation and 
hence inducing different lives %-rhich the different creep 
within the cycle would not predict. 

2.3.5 - Scope of the Thesis 

. Since 1559 cyclic creep behaviour stucies of Nirnonic 
alloys have been made at Cranfield. Past studies have 
involved stress cycled push-pull creep in Nimonic l0ß 
(104) and metallurgy and fracture behaviour in t: A^i'002 
(105). The development of these new as cast nickel 
superalloys results from the demand of stronger alloys 
under the creep-fatigue point of view and they are aimed 
to perform reliably in exigent high te7p erature situations 
such as those found for disc, vanes an! blades in gas 
turbines. Due to either externally applied stresses or 
to thermal stresses arising frori constraint during heating 
and cooling cycles, danage on those components, should 
he described by a life prediction method sufficiently 
generic to deal with those different mechanical and 
thermal histories. 

The Strainranje Partitioning was thourhtto tie helpful in 
this regard. £IAR! 1002 a recently developed as cast nickel 
superalloy was used in a procranno which wined hasically 
to characterize high temperature low cycle fatigue behaviour 
of that alloy. According to that prograrime three important 
aspects of the creep-fatigue interactions in that alloy 
were suggested to be studied: 
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(i) Complete characterization of the hick temperature 
low cycle fatigue. of NW1002 using the strainrange 
partitioning approach at two basic temperatures 
850 and 1040°C. 

(ii) Determination of the effect of test temperature 
on the strainrange versus life relationships 
established in (i). 

(iii) Relative importance of initiation and propagation 
on the high temperature low cycle fatigue tests 
on 1.1ARh1002. 

These three topics will be dealt with in separate chapters 
with a fourth one dedicated to the analysis of the damage 
rules which the SrP method uses in its technology. 
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3- EXPERIMENTAL 

The low cycle fatigue tests were conducted on a high temperature 
fatigue laboratory having as basic facilities: 

(1) A servo hydraulic tension-conpressien machine with a maximum 
capacity of 3 tons. 

(2) Strain and load control systems. 

(3) Temperature control system 

(4) Measurement and recording systems. 

The tension and compression rig was purpose built in the ferartnent 
of Materials of Craufield Institute of Technolog' to reproduce 
deformation prohle; is associated with therrºal fatigue of turbine blades 
(104) and to study cyclic creep of nickel superalloys (105). The 
main adaptation necessary for the strainrange partitioning work on 
MARM002 was a new wave generator capable of reproducing the crave 
shapes necessary to the basic SrP tests. 

3.1 - TENSION-COMPRESSION RIG, 

The fatigue machine consists of a double acting hydraulic jack 
mounted into a fixed lower head rigidly attached to the lower 
block as shown schematically in Figure (3.1). The jack load is 
reacted-through a lead screw into the top bloc . The tottov 
block supported on a rinid angle franc holds the fixed lower 
head. The jack load is controlled by a "dowty Moog" servo 
hydraulic valve fixed directly into thr! 

.; ack hod'. The hydrai'li 
pressure is gauged , at the inlet to the servo-valve and an accumu- 
lator placed after the reducing valve, provides an oil reservoir to 
smooth out any pressure variations. Two safety switches licit the 
course of` the jac! " piston cuttin , off the suppl; ' pressure and 
venting the jack to the hydraulic return line. 

3.2 - LOAD AND STRAIT CONTROL 

The load is supplied by a double acting hydraulic rare controlled 
by an electrically activated precision spool valve. The load 
cell is a conventional ring eriployinn four semi-conductor 
strain gauges connected as a four-arra bridge. 

Specinen strain is measured by a variable reluctance transducer 
mounted on the water cooled end of a scissor type of extenso- 
meter. The extensoneter is located into the specimen by 
ceramic inserts spring loaded into V-ridges machined on the 
specinen. More details of the extensorieter are available in 
Reference (1CC). 
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3.3 - TEMPERATURE CONTROL 

The specimen temperature is measured by a Land Optical 
Pyrometer connected via an amplifier to a Bristol Strip chart 
recorder. The recorder provides a control signal to a 
saturable reactor proportional to the difference between 
specimen temperature and the set temperature. 

The saturable reactor is in series with a step down trans- 
former which provides the current through the specimen. 
Provision is made on the saturable reactor for band width and 
reset control. 

Chart (3.2) provides-the function control signal versus temp- 
erature. The specimen were all resistance heated in air through 
rods attached directly to the specimen as shotm in Figure (3.3). 
The diameter of these rods is slightly inferior than the 
diameter of the specimen on its gauge length. The input rods 
reach a higher temperature pumping heat into the specimen 
ratherothan extgacting it. Longitudinal variations of less 
than 3C at 900 C over the gauge length were achieved with 
this set up. 

3.4 - SPEC117. fIS 1'k"! C '! AVE CE'iEP. ^, T? C'"! 

Specimens were ohtained in the as-cast condition fron the 
! 1ational Gas Turbine Establishrent. They were machined to shape 
and subsequently heat treated for 16 hrs at 870 C, furnace 
cooled anf finally grinded before testing. The standard equip- 
ment for the more conventional tests includes a FA%PJELL junction 
generator, tiro channel X-Y recorder and an U. V. recorder for 
the high frequency fatigue tests. In order to perform the 
PC, CP and CC tests a %. iave generator was constructed. It is 
shorn schematically in Figure (3.4). Wure the strain signal from the extensor. leter is connected into two voltage cor. pari tars . The reference voltage to comparitor 1 is set to the tension 
strain li. iit and the reference voltage to comparitor 2 is set to she cor: I: ression strain : 'hen the strain input si;; nal 
reaches these preset limits the hi-stable circuit operates a 
change over relay. The two inputs to the change over relay are 
connected to the input of a ramp generator. The output voltage 
of the ramp generator feeds into the ý, 'oog Valve P. mplifier as demand signal. The r; iachine control system is connected in a 
. load feedback node. 

In operation the progranne work is as fol loos : 

when the start switch is depressed the ramp generator operates 
and produces a signal at a preset rate until a preset naximu! Ti 
value. Then the strain reaches the value set or the coriparitor 
the relay operates and the ramp generator ramps down through 
zero to a preset value in the opposite polarity and sits on 
this value until the strain reaches its other preset value. 
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The second comparitor operates immediately and reverses the 
ramp generator. The programme then repeats the cycle. 

Charts (3.5) and (3.6) provide graphs of equivalent voltages for the strain limits in tension and compression and for the 
loads at tensile and compressive hold periods. The control 
system (strain or load) is shown schematically in Figure (3.7). 
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4- STRAIIURA; 1GE PA^TýTIONIt1G BEHAVIOUR OF MAT1O02 OVER THE TEMPERATURE 
RANGE /bU0-C 

This section investigates the high temperature, strain cycling fatigue 
resistance of i9AR, 1002 (CAST FU\R11246 +H f) an alloy proposed for tur- 
bine discs and blades in gas turbine engines. Experience with gas 
turbine engine components has indicated that low cycle fatigue is 
often the life lir, mi ti ng factor. 5trai nrange Partitioning, an advanced 
life prediction analysis procedure, was used then to quantify the 
low cycle fatigue behaviour of 1? ARf002. Axially strain controlled 
tests of each of the pour generic types were performed at two temper- 
atures 850 C and 1040 C. These results were then used to predict 
specimen life at other temperatures 750°C and 950°C. 

Before the fatigue tests at high temperature, standard tensile tests 
were conducted to document the more conventional mechanical properties 
of f1ARfl002. 

4.1 - STATIC PROPERTIES OF MARM002 

The alloy investigated in this prograr: rne was the cast nickel 
superal1oy,. t? A"F"002. The chemical composition of MARt1002 is 
given in Table (4.1) along with the composition of the other 
superalloys mentioned in this chapter. 

The alloy was cast for the Department of t`aterials of Cranfield 
Institute of Technology by the National Gas Turbine Establishment 
and arrived in the form of cast test bars as sW: n in Figure 
(4.1 a). They were subsequently machined to shape Figure (4.1 b) 
then heat treated for 16 hrs at 370 C, furnace cooled and finally 
ground before testing. 

Views of the cast structure and of the microstructuhe of the 
test bars after the heat treatment are shown in Figures (4.2) 
and (4.3) respectively. 

Tensile properties including the ultimate tensile strength, yield 
strength (0.29 offset), per cent reduction of area and final 
elongation were obtained for at least two strainrates. 

Plots of streno'ih and ductility versus temperature are provided 
in Figurer( 4). Plot of strength and ductility versus strain 
rate, at 850 C and 1040 C are shown in Figure (4.5). Figure (4.6) 
provides a plot of the static Young Modulus versus temperature. 

Table 4. II presents the tensile properties of p1ARPZ002. Creep 
tests were performed at 850 C and 1040"'C at stress levels 
similar to those used op the basicohigh temperature low cycle 
fatigue tests. The 850 C and 1040 C stress rupture data is 
plotted in Figure (4". 7) and Table (4.111) presents these data 
plus additional results at interriiediate temperatures. 
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The tensile properties of MAP. 1002 confirm the expected increase 
in ductility and decrease in strength as the temperature rises. 
Strain rate has a marked influence on these properties specially 
at the higher temperatures. An increase of 70°, on ultimate 
tensile strength and a decrease of 70% in reduction of ar8a was 
found when the strain rate was increased 30 times at 1040 C. 
Uhen compared with other cast superal l oys, MWR! '10^2 was among 
the stronger and more creep resistant alloys. t! ithin the Vino 
cast series its stress rupture properties were matched only 
by the alloy PP21 which, however, presented lower ensile duct- 
ilities than tARM002 (4% reduction of area at 1000 C). 

4.2 - DETER14IF; ATION OF THE FOUR BASIC STRAIURA1. r, E VERSUS LIFE 
CURVES AT 850°C AND 1040 C 

The four basic failure lines were obtained from data collected 
from thirty tests performed at two temperatures - 850 C and 
1040°C. Experimental lines corresponding to the non partitioned 
strains were determined as follows: 

c>> PP Tests 
Hi. cjh frequency, completed reversed strain controlled 
fatigue tests using a triangular crave fore. 

(ii) CP Tests -- 
Tensile load hold tests in which a hold period of about 
half a minute was applied. They were strain controlled 
fatigue tests using a trapesoidal stress versus tine 
wave form with superimposed limit strains. 

(iii) PC Tests 
As for the CP tests except the I cad hold which was 
introduced in compression. 

(iv) CC Tests 
Same as PC and CP with load holds in hoth strain 
directions. 

These cycles are illustrated in Figure (4.8) which also depicts 
schematically the corresponding stress-strain loops. The speci- 
mens were cycl, --d until 509 drop in tensile load was observed or 
until the separütion of the two parts of the specimen, if happened 
first than that offset. Strain-time and stress-time graphs 
were obtained using an UV recorder at cyclic intervals through- 
out the life of the specimens. The total number of cycles ''f 
to complete the specimen failure, as defined above were 
recorded. 

Before running the basic tests, the minimum frequency required 
to exclude creep strain was calculated by conducting one test 
at each temperature at progressively higher frequencies until 
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a plateau in stress-strain response was reached as shown in 
Figures (4.9) and (4.10). All PP tests were then conducted 
at the ninimur, i frequencies leading to such plateau, ie 0.6 Hz 
at 850°C and 1 Hz at 1040 C. For these frequencies MARM0R2 
cyclically hardened over the temperature range 700 - 1040 C. 
From stabilized PP loops were used to dote nine the cyclic 
cures at the two baseline temperatures ^50 C and 1040 C and 
750 C. These cyclic curves are compared with the static ones 
which were obtained plotting the tensile data out of the first 
cycle of each PP test, in Figures (4.11,4.12) and (4.13). 
The fitting of a power function of the form: 

Qo 
= k, (Acpýn 

22ý 
I (4.1 ) 

where Aa - stress range 
eep - plastic strain range 

to the cyclic stress-strain curves resulted in values for k' 
and the cyclic exponent n' which are reported in Table (4. IV). 
The relationship (4.1 ). is presented in log-log scales in Figure 
(4.14) for the three temperatures above mentioned. 

The strainrange partitioning method concerns itself with the 
non elastic behaviour. Nevertheless all engineering information 
which may facilitate the analysis of material response to 
complex cycles must be considered. That is th& case for he 
total strain versus life relationships at 800 C and 1040 C. 
Cyclic lives ac a function of the total stWnrange of the four 
basic cycles employed on the SrP approach, are presented in 
Figure (4.15) and (4.16). In general increases in temperature 
result in decreases in life at the same total strain amplitude 
a direct consecuence of the 53i decrease in yield strength het:! een 
850 C and 10400C as shown in Table (4. II). 

Figure (4.17) shows the four partitioned strainranges versus 
life relationships for 3500C and Figure (4.18) depicts the 
same relationships at 1040°C. Test conditions and results of all 
basic low cycle fatigue tests are presented in Table (^.. V). 
According to linear regression ana1'sis made for each group of 
data, the equations representing the basic strainrange partition- 
ing are: 

(i) 8500C 

Aepp = 0.211 11-0.94 

Depc = 0.24 f! - . 0c. 

eCCp = 0.015 P! -0 " 3S 

AEcc = 0.073 t1-0.5F 

(4.2) 
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(ii) 1040°C 

nEnp = 0.042 r, -O. 55 

Aepc = 0.050 rd-0.5ß 
(4.3) 

DECp = 0.021 Ilý0.46 
? 

Azcc = 0.018 fl- 0.34 

Taking the results of Figures (4.17) and (4.13) which presented the strainrange partitioned data grouped isothermally two 
salient features emerged. 

(i) In the 350°C plots, the PC tests failed before any 
others at a given inelastic strainrande and the position 
of the CP line has a shallower slope and is placed far 
to the right (higher lives) of the others. 

(ii) In the 1040°C plots, all the types of tests showed similar 
N1i - oci relationships except for the CC line ý-+lch dis played slightly higher lives for the sane inelastic 
strains. Nevertheless, give line could represent suffic- 
iently well all the 1040 C data. A correlation factor 
r=0.84 was found for the best fitting equation: 

Ac = 0.030 N-0.48 (4.4) 

and all the 104000 as shown in Figure (4.19). hefore 
going into a detailed analysis and discussion of these 
tests, is, Mportant aspects brought up by the creep-fati ue 
tests independently of the type of cycle, ought to be 
discussed. 

4.3 - INELASTIC STRAIT; IN T! -', E CREEP-FATICJE TESTS 

For a life prediction method which uses the inelastic strain 
as the relevant variable to relate to fracture, lives cannot be predicted accurately for strains of the or: er or smaller 
than the strain resolution. The accuracy of the measurement 
of strains with the best available equipment is not better 
than 1n-4 therefore, lives involved in any' prediction are united 
by the value N= N(Ac = 10"'4). Table includes this life 
for several alloys to Which the riethod of Strainrange partition- 
ing has been applied to predict lives at high temperatures. 
In column 6 of this table the sr, allest of the low cycle fa' UP 
lives (PP, PC, CP, CC) for an inelastic strain ranee of 10 
is reported. 
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Considering a design life of 25000 cycles 8nly the first three 
alloys in table (4. VI) and HARM002 at 1010 C, are well within 
the limit of strain resolution for that design life. Any life 
prediction method using inelastic strain to relate to fracture 
and intended to be applied for the other alloys in table (4. VI) 
ought to rely on extrapolated results. In this case uncertain- ties of strain calculation or measurements could result in 
unacceptable errors in life. 

A concept which can bring some difficulties on Strainrange 
Partitioning applications, is concerned with the definition 
of the variables on which the concept of damage is based. 
Those variables are the time independent strain or plasticity 
and the time dependent strain or creep. There are problems in 
separating the two, specially in situations where there is a 
great percentage of transient creep and (or) anelastic creep. 
In this case should the transient creep he considered as plasti- 
city or creep, the calculated lives could he rather different 
depending upon the choice made. Hanson et al (100) studying a 
stainless steel at 700 C arrived at the conclusion that the 
most appropriate assumption that is the assumption leading to 
the best predictions was to consider the time dependent strain 
as being the sum of the steady state creep plus 10`°, of the 
transient creep. However, it was recognized as well, that this 
percentage cannot be generalized for other materials and test 
conditions. In the absence of any other information about the 
damage mechanisms of those forms of creep, it will be safe to 
consider then as being part of the most damageable part of the 
inelastic strain ie., creep. 

In order to interpret the MAR111002 results at both temperatures 
the concepts of low and high cycle fatigue have to be clarified. 
The knowledge a priori of the-area in which a certain alloy is 
going to operate would help in determining the best methods of 
testing that alloy. It is known the importance of the maximum 
tensile and mean stresses as the variables to relate to life in 
the high cycle fatigue regime. Here, the great, majority of test 
data is load controlled. On the other hand, the inelastic 
strain has received much attention as the variable to relate to 
fracture on the low cycle fatigue field. The Manson-Coffin 
failure law has been considered as an appropriate one to describe 
the low cycle fatigue behaviour of a material where creep effects 
are unlikely. either because the temperature is low or the frequ- 
ency is high enough. Generally the characterization of this 
behaviour is obtained through data from strain controlled tests 
requiring sonewhat more sophisticated and hence more expensive 
equipment. Failure by low cycle fatigue has been commonly 
considered to occur for lives less than 104 or 105 cycles. For 
lives of this order of magnitude, significant plastic strain 
can occur for metals which are sufficiently ductile at the 
temperature of testing. Particularly with the development of 
the high strength lour ductile superalloys it was apparent that 
a more rational definition for the two fatigue fields was 
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necessary. For these alloys sometimes plasticity can be neglected 
for a few thousand of cycles. The concept of transition 
fatigue life (life where plastic strain Lcp equals the elastic 
component Ace) has been helpful in distinguishing between the two 
regimes. It has been considered that if 1Jd is the design life 
and 1"! t the transition fatigue life, low cycle fatigue test 
techniques are required if tad « [It while if Nd » Ut high cycle 
fatigue information will be more meaningful. 

Another type of information which might help to determine the 
fatigue regime is the importance of initiation and propagation 
for a given set of working conditions. It is known that the 
gross plastic strains present on the low cycle regiries induce 
early nucleation of cracks. The ratio of the initiation over the 
propagation periods NO becomes smaller as the load amplitude is 
raised so that in TTP the extreme low cycle range of fatigue 
the entire life is Spent in crack propagation. 

The relative importance of initiation and propagation period 
will be reported for MARMOO2 in chapter 7 of this thesis. 

4.4 - DISCUSSION! AND INTERPRETATION OF THE STRAINRANGE PARTITIONING 
DATA FOR MARMO02 AND OTHER ALLOYS 

From Table (4. VI. ) some interesting correlations can be made. 

4.4.1 - Regime Versus Transition Fatigue Life 

The first and perhaps the more important information for the 
listed high temperature alloys is related to the fatigue 
regime operating at a given life. In column 5 of Table (4. VI) 
presents together with the transition fatigue lives, the 
lives Ntio corresponding to PP loops wherp the elastic 
strain is ten times the plastic strain. If for comparing 
purposes, it is considered that any stress-strain conditions 
leading to lives greater than Pltio put the tested alloy in 
what is called a'high cycle fatigue regime, at a design 
life of 20,000 cycles only the stainles steels will 
still be well within a low cycle fatigue regime ie., the 
plastic strain will he still measurable. There are three 
alloys, CA101, If17: 32LC and MARf'002 at . 150°C which will 
show plastic strains so small for that design life that a 
high cycle regime with elastic effects predominating over 
the plastic ones will he more likely for thes8 alloys. In 
between there are alloys like f'ýA, RPi002 at 1040 C where a 
transition regime may be anticipated. 
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4.4.2 - Tensile Properties versus Transition ratic! ue 
Life 

This correlation could be anticipated through the meaning 
of the constants entering the definition of Nt. 

By definition 

Ace A'rq' of 

eep =A rr0 

A, A', ß, R' - material constants 

Therefore: Nt = (TA'-1/0 

Since A is a measure of strength, A' a measure of duct- 
ility and 1- is negative, increasing strength and 
decreasing f3 ductility lower the transition fatigue 
life. The situation for IIAP, P1002 is pictured in Figure (4.20) 
where the lives have been normalized' relatively to the 
transition fatigue life at each temperature. Here the 
rather lower strength and higher ducti li tý' of this alloy 
at 10400C influenced strongly the value of Ntio = 3500 
cycles which is considerably superior to that found at 
8500C (F1t10 - 518 Sycles). VTest lives have not exceeded 
2000 cycles at 000 C and 5000 cycles at 1040 C. The 
excepticn was test no 1p with a life c' almost 10,000 
cycles but there the strain resolution was l a. ̂ rely exce- 
eded, therefore, the point was ignored when dral''in. the 
PP line. For a PP life of 200r) cycles the ratio elastic/ 
plastic strains aocr 2 at 850oC while for a PP life of 
5000 cycles-at 10a06C that is ". These two nurthers 
suggested stronger elastic effects at the lower tempera- 
tures. These elastic effects are again apparent when the 
position of the strainrance vs life rel-ttionships are 
discussed next for I": PR11002 and other alloys. 

4.4.3 - The Order of Decreasing Danane - Faticrue Regime - 
Crack Path Correlations 

t difficult problem facing the high temperature fatigue 
designer is how to deal with extended hold periods. 
Degradation in fatigue under such circumstances can be 
suite severe as rian, investigations have shwm (027, '4,? C 
The introduction of creep specially in tension prnducct a 
higher crack growth rate generally associated with an 
inter(,, ranular crack and (or) evidence of degradation of 
fatigue properties with increasing dell times due to 
increased localized oxidation. 
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The importance of this oxidation on crack orotirth is 
discussed in leferenco (: 11) taking as main variables 
the crack path, strainranne, frenuency and temperature. 
The deleterious effect of frequency and hold time on 
the austenitic steels fatinue behaviour eras shohhm by the 
fact that the ?P line constituted the upper hound anonn 
the strainrange vs life relationships heine one of the 
cycles involving creep, normally the CP, the lower life 
bound. 

This order of increasing damage with the amount of creep 
within a creep-fatigue loop is changed for sore low 
ductility high strength alloys. They present very 
low transition fatigue lives with very loss inelastic 
strainranges for lives around 10,000 cycles which can be 
considered as a lower bound of design lives of the 
high temperature components of gas turbines. The Rain 
consequence for the position of the NiJ -Aejj relation- 
ships is that the PP line does not constitute anymore 
the upper bound among the four strain life relationships. 
Plornally cycles-with lower tensile stresses like the CP 
or CC took its place. 

The'PC line constitutes for these alloys the 1o 'er hound 
as shown in col ur:, n 7 of Table (" "NI). This fact has been 
associated. with the fact that the PC cycles in these 
alloys shifted the loops to tension, high tensile mean 
stress being developed in these cycles. IIARI C02 was no 
exception in this class of alloys particularly when 
working at the lolrer teriieratures and the order of the 
NiJ - Acid lines reflect that, as shown in Figure (ß. 1r. ). 

4.5 - THE VALIDATION TESTS AT 750°C AND 950°C 

One of the most important claims for Strainranne ! 'artitionin0 
method lad' in the insensitivity of its strainranne vs life 
relationships to temperature. In fact for sonne materials 
working at certain temperature ranges (45,46 )a unique set of 
s trai nrange vs life relationships could be employed without 
appreciable loss in life prediction ability of the method. 
In other cases, however, when those temperature ranges were 
extended completely different strainranoe vs life relationships 
were obtained at different teriperatures(36,111). To check on 
the extrapolative ability of the method as far as temperature 
is concerned, some tests were nerforrmed at an intermediate tei. ip- 
erature - 950°C - and at a lower temperature 750°C. From the 
very beginning and due to the relative position of the basic 
strainrangge vs life relationships aý both temperatures it was 
apparent that the basic data at 050 C could not he used success- 
fully to predict the results at 1040°C. Ratios of predicted 
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oven observed lives as high as five were0found when the basic 
850 C data were used to predict the 1040 C results as shown in 
Figure (4.21). However, it was found that the 750°C results 
could be predictedi within0a factor ±2 by the basic data devel- 
oped at 850 C and the 950 C results could be predicted with 
similar accuracy from the 10,10 C basic SrP data as shown in 
Figure (4.22). These results divided aut8matically the terip8r- 
ature range into two intervals (750 - 850 C) and (950 - 1040 C) 
where SrP could be applicable safely providing the adequate set 
of strainrange vs life relationships were applied. This 
confirmed the previous idea of different regimes operating at 
the two basic temperatures 3500C and 10400C. 

A final point was checked and this one was related to the type 
of crack path over the range of temperatures and test conditions 
used in this study. Detailed metallographic studies were made 
of the fracture surfaces. Longitudinal sections made on fract- 
ured specimens showed no evidence of intergranular (interdendmri tic) 
failure even at the higher temperatures with cycles involving 
creep in tension, situation which is known to be more prone to 
intergranular cracks and hence higher crack growth rate. Figures 
(4.23,4.24,4.25) show microphotographs of some of those long- 
itudinal sections. It seems that even though there is a time 
dependent deformation goi nfj on for MRS 1002 the basic mechanism 
for this is not appreciably different than for plastic deform- 
ation. As regard the partitioning of strain cycles of MARM002 
including creep, in tension and (or) compression it was observed 
that high percentages of transient creep were present in those 
cycles. As sha, n in Figure (4.29) a CP cyc1-- run at 1040 C 
shows 361013 of plasticity, 64; of creep, 300of which is transient 
creep. 

In this cycle the steady state creep is, therefore, only 45' of 
the total inelastic strain. This high percentage could be put 
forward as the main reason for the creep damage not going into 
the grain boundaries. Tests reported in Tahle(4. VI) with 
dwells of 3 minutes With higher percentages of steady state 
creep did not however, introduce any intergranular damage. Lives 
of these additional data depicted in Figure (4.19) as solid 
symbols are well within the range of accurate predictions made 
by the basic strainrange vs life relationships. 

Another point in connectbon with this is that the material 
oxidizes heavily at 1040 C specially during tests with long 
dwells. Even the severe oxidation does not decrease its life 
significantly. On the contrary the trend seems to he to higher 
lives as points representing the long dwell tests 1C and 3r, 
are on the right(higher lives, of the respective hasic lines 

as shown in Figure (4.19) 
. Due to his strong air specimens 

interaction the longer lives at 1040 C for the same inelastic 
strain cannot be attributable to higher initiation periods. 



_75_ 

Only different propagation periods can account for the differ- 
ence in lives at the two main temperatures. The relative import- 
ance of the initiation and propagation periods at two intervals 
750 - C500C and 950 - 1040°C mill be assessed in chapter 7. 

4.6 - CONCLUSIONS 

(i) Strainrange Partitioning measurements of MARFIOO2 over 
the temperature range 750 - 1040°C have been Wade: and 
the strainrang6 vs life relationships established at 
850°C and 1040 C. 

(ii) Different regimes were found to operate at the lower 
and higher temperatures. Higher elastic to plastic 
strain ratios were found on the tests at the lower 
temperatures. The limit of resolution of strain vas 
attained for lives of two thousand cycles at 850°C and 
five thousand cycles at 1040 C. For these lige levels elastic 

to plastic ratios were twenty four (24) at 850 C and eight 
(8) at 1040°C. 

The order of damage of the strainranre vs life relation- 
ships for several alloys including MMARMf02 was explained 
in terms of transition fatigue life and crack path. For 
wrought fairly ductile alloys tensile creep dare ee has been 
induced within the grain boundaries resulting in lower 
lives for the cycles presenting creep in tension (CP or CC). 

For the lew ductility high strength alloys the transition 
fatigue lives were very low and in most of then including 
P'AR11002 it could not be found evidence of creen damage 
going into the grain boundaries. The tensile of compres- 
sive shift of the PC or CP loops was found to he for 
MARh1002, like in other strong low ductile alloys, the 
gain rr; son for the displayed order of the strainrange 
vs lift relationships: the PC line was found to be the 
lower bound and the CP line the upper bound at C50oC. 
inc effect of the riaxirium tensile and mean stresses at 
the higher teriperature 1040 C, was apparent y washed out 
in the sense that their effects on separating the basic 
SO line almost disappeared at these higher temperatures. 

The easier nucleation of cracks at this temperature due 
to environment-specimen interaction and the higher 
plasticity at these terperatures and hence easier relax- 
ation of the mean stress at the crack tips cal explain 
this effect. Only the assessment of the importance of 
the intiation and propagation periods at the two terp- 
eratures can confirm, however, this theory. This will 
be done in chapter 7. 
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(iv) The application of a unique set of strainrange vs life 
relationship to the whole range of teriperatures (750 - 1040 C) resulted in unacceptahle errors in life 
prediction. Ratios as high as five of predicted over 
observed lives were found when 35000 basic data was 
used to predict the 1040 C results. However, Strain- 
range Partitioning apprcach led to satisfactory life 
predictions over limited temperature ranges. Lives 
within a factor of +2 coulg be predicted over the 
separate ranges 7500C - 8150 C and 950 C- 1040oC 
using different sets of strainrange vs life relation- 
ships for each temperature interval. 
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5. - INTERPRETATION OF DAMAGE RULES EMPLOYED WITH THE STRAI"! P. AN(; F 
PARTITIONING 1O. 

5.1 - Ii"NTRODUCTION 

The use of Strainranie Partitioning (92) as a method to charact- 
erize the high temperature low cycle fatigue is based upon the 
experimental determination of four basic rupture curves. Each 
curve is related to one of the possible four components of the 
inelastic strain and named PP, PC, CP and CC after separation 
of creep and plastic strains occurring in tension or (and) 
compression. If ep is the plasticity in tension and ep' the 
plasticity in conpression in any loop characterized by its width 
oci, the partition of that loop for the SrP method is Lade using 
the following relations: . 

Aepp = minir; iur. i (ep, sp' ) 

Aecc = Aei - maxinum (ep, ep') 

The inelastic strain Ac i- AC - AC All 
CC 

be naned Ae[ýc if 
6> ep' and Ae if e<c 'pp Obviously Is c 

Ac 
e' the 1o0 

wRll be corýiposedýof a P" and) CC corlponent as Ap c 
PAe 

= 0. 
P 

The riethod uses a nurit, er of special strain contiolle:; gists 
tiýith 

hold tines in tension (Cr tests), in conpression (^C tests) in 
both direction:: (CC tests) . The only line . .i ch can he Cr<:; vn 
directly f ror. l data obtained in these tests is the r7 line 1 ýh i c:: 
is Cal cul a teCd on tests perforned at suf ici Gntl ýý "i ý'h f rcc uc ? C! ý 
to prevent creep i'Uth in tension cil"i.. co, -r, ýßr: ^ t; '^E' 
of dariac; e rule is needed to calculate the other strainraiiI? e vs 
life relationships since any of the experioental loops contains 
bits of PP strain and one or two of the other strain components. 
So far three (-'an . age rules have been proposed: 

(A) The linear dariare rule 

The linear danade rule is given by: 

PP cc cp(pc) 

where Nf = cyclic life under some complex hysteresis loop. 

Nij = cyclic life expected for a loop of width equal 
to the bit asii and entirely of the type ij. 
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(G) The interaction danage rule 

This damage rule is given by: 

1 Fpp 
+ 

FCC 
+ 

Fcp 
i 
Fpc 

Nf 171V ,n 
rýcc rlcp PC 

Where Hf= cyclic life under a complex hysteresis loop 
defined by its width nci and by its constit- 
utive fractions 
Fj =ectj/Aei being ecij the inelastic strain 
of the ype ij. 

PJij = cyclic life of a loop of width eci when it is 
100% ij type. 

(C) Alternative damage rule 

Fi f= Ff 
Pt4Pp + FccMcc + Fcp'i4cp(FPC14PC) 

where Nf, i AF and N. " have the same meaning as in the 
interaction amage dale. 

The assumptions behind these dacnagge rules will be analysed and 
also the implications of using each one during the two steps in 
which Sr. P techno'ogy needs a damage rule to ex. rapolato or inter- 
polate lives will he discussed. 

5.2 - THE CONCEPT Or DAMAGE BEHIND THE DAMAGE RULES 

When the Strainrange Partitioning method was fest proposed by 
t1anson (92) the linear damage rule was used to .: stahlish the 
strainrange vs life relationships. It was considered there that 
since in a practical loop there is always a strain component of 
the type PP, a way to. remove this component on a complex loon 
containing other strain components was to assure a linear life 
fraction rule. Moreover, the damage which was attributed to 
any type of strain component ocij was considered to be given 
as N/N when N is the life of a loop, Le" = neij and Mii the 
life o 

Pa 
loop 10C" of the type ij and width tci ". In a cycle 

with the purpose of drawing the CP line, the iiniar fraction 
damage rule assumed the follow, wrinq aspect: 

ri +N_I p 
ýp 



- 79 - 

This equation is solved to give the unknown PJc This linear 
damage rule was later substituted by the so called interaction 
damage rule which was considered to be simpler to apply (52) 
because working in a unique strain level - oci - its assump- 
tion is easier to understand: in the presence of other strainrange 
components the life relationship for each strainrange is displaced 
by an amount dependent on the slope of that life relationship 
and the fraction F1J of that other component. The great majority 
of reports on Strainrange Partitioning have used this rule to 
combine the effect of several concurrent strainranges. 

The alternative damage rule was first proposed in Reference (3G) 
where it was concluded that the alternative rule predicts longer 
life compared to the Interaction damage rule'when both are used 
to interpolate the life of a loop composed of 50% of one type of 
strain and 50% of any other strain type. The alternative 
damage rule was used to provide a basis for comparison with the 
interaction damage rule and as a tentative substitute of it in 
cases where the computations using the interaction rule resulted 
in negative values for the predicted life. The problem of 
computed negative lives when using SrP was found in other reports 
where the observed life of the complex loop Nf was hieger than 
the life fl relative to a loop of the same width but completely 
of the PP ty e. It is suggested in Reference (45) that when 
determining a strainrange vs life line of the type ij the fraction 
ratio Fij must he predominant against the other different strain 
ratios. For instance, in ac rcle dray., n to calculate the CP line 
F rp > 0.5 in order to gý -t neani neful results ahrl to rrc, vcnt the 

_.. 11 ; rTdiction of neeativr liVeS. r, s it can be seen in Figure 'c 
the condition nn Fii can he even more restrictive, if ratio 

0F, over is sufi'icientl;, hin;, (ver' snail Fpp ratio: th ere- 
fore high rime consuming test,, -)*. 

The justification to use one of the ;, osSi' 1e dirl, fge rules can 
only be given if the assurr; tions behind each of then are clear. 
In order to clarify these assurption, ý the concert of Marra^e 
nii associat, ýc' w t'i an inelastic strainrange ncij is used. 
Frbm the function Di j= hij! P! ) only t+"'o points are knm'n: 

N=0 V, =0 

N=Nf D=1 

I o,; ever, k_? ith onl; ' these tý. 'o points it is ;. ossih1e to ýicýine 
the avera'e d n<1 jC -cr cycle Sf) 1. The assu; i'tion t4 is 

Ö fl N; ' 

damage per cycle is only a function of the inelastic strain ee ij 
in a way that 

C5.1) 
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, A, C? J 
=1 Ae 

Yjj i= P or C (5.2) 
6 Pd Gj ýý j=PorC 

Cj3, Yi j- material constants 

Integrating equations (5.2) taking into account (5.1) 

1 Nij 
1DL=J 

j 
00 

C1Ae-ýY1j 1 CV, 

I 

xJQe. Ylj 

lj 1° lj 
1J 

and therefore Mi" = Cijecij-Yij which constitutes a basic 
assumption the s'ýrainrange partitioning method is based upon: 
all the four strainrange vs life relationships follow a straight 
line where life and inelastic strainrange are drawn in log-log 
scales. If a cycle has got two or three strain types ocij 
being their summation Eoeij equal to the loop width eci, an 
arising problem is how to relate the damage per cycle within 
that multi strain type and the individual damages per cycle 
corresponding to the bits 4eij 

an = an 60i, 
ä1T -6-IT (a . -Td') 

The assumption t, iat the total damage per cycle is equal to the 
summation of the partial dariages, 

dD SD" 
dff _^ Zdtf 

leads directly to the linear damage rule 

ý- Elrj j 

In order to find the interaction damage rule a second assump- 
tion on top of (5.3) is necessary. This second assumption is: 

(5.3) 

(5.4) 

6 (icij) = 
6D (LEij = [1Ei) x 

°oLil (5.5) 

or the datage per cycle relative to a partial strain Acij is equal 
to the damage per cycle of a strain eci, - with magnitude equal to 
loon width Aci t irres the ratio Fib = AE_ 

ei 
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In terns of lives (5.5) can be written 

iJ Asjj) _ ßj peij) X 
ALU 
Aej ýý (5.6) 

Substituting on the linear damage rule expression or which is 
the same thing, considering that assumption (5.3) is valid here as 
well as (5.4) it can be written 

11 - ETTi Xe= 
rij 

eEi) Aei 

which constitutes the interaction dariage rule. 

In the same way it can be shown that the assumptions behind the 
alternative damage rule are: 

(a )_1 (ýaÄrj)-1 
and 

(r). 7) 

ä (eE, ý) -i = Cý (n£111 -1 
X Flj (5.8) IJ 

leading to Ti 

ie., the alternative damage rule. 

The physical meaning of these damage rules can, at this state, be 
compared through their implicit assumptions. Starting with the 
alternative damage rule through its assurnrtions (5.7) and (5.8) 
it can he shown ; hat each one of these equations lead to unaccept- 
able consequences if eventually the conki nati on of the tv 'o 
assumptions may lead to a plausible result. 

In fact following assumption (5.7), the addition of a component 
Acij to an already existent L1e can only add to the specimen or 
component life. In terms of lýiies (5.7) can hp written 

TI = Et; i j(oei j) which is not true 

In the sane way condition (5.8) means in terms of lives 

N(Aeij) = r! (Asi) x FiJ (5.9) 
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Equation (5.9) means that for a ratio Fit =0 the corresponding 
life Nij equals zero, when theoretically it should be infinite. 
Summing up the alternative damage rule is based on two unaccept- 
able assumptions, perhaps the two compensating each other to 
give plausible but certainly meaningless results. 

Two other relations are involved in the two other damage rules: 

(1) Assuription (5.3) for the linear damage rule 

(ii) Assumption (5.3) plus (5.5) for the interaction damage 
rule. 

In considering assumption (5.5) first it can be shown that its 
degree of accuracy depends on the material constant Y-- 
(equation (5.2)) which is the slope of the strainranneNeij vs 
life P di j line when plotted. in log-log scales. 

In fact, starting from the set of equations Pli j= Ci jA-Ei j-1'i j 
it can be written: 

t! " nei = 
C, yj(Aej)-Yýl = 

ci "e)-Yýý _ F. 
Yýý 

r, 
ij t1cii) C De" -ýiý C, " Qe"F". 

)_ý; ij ýj (.,. 10) 
ii( ýi) j( ý ýý 

Therefore, only if Y"" approaches I assumption (5.6) is about 
right. It was , eporýýd in Reference (112) th: t a value for 
yi" = 1.67 can better represent the average trend of the 
av ilable data. Therefore, it appears that the relation (5.5) 
could be advantageously changed to 

6D (AC )a D(Ae, ) X(Aeij) 
1.67 

6 ij 6 1Q ý AEi 

The 'modified interaction damage rule' would be: 

EFý 
N ij 

(5.5') 

(5.11) 

The comparison of these two interaction damage rules for CP data 
at 8500C of a nickel superalloy - MARMÖO2 (Section 1) shows that 
the difference between computed lives can he important particularly 
at low strain 121114 The CP line is described by the equation 
Ncp = 2.69 Accp- -(%) when the standard interaction daraCo rule 

1.67 
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was applied to the non partitioned data. If equation (5.11) is 
applied to the same data the CP line will come out as:. 

Ncp = 2.69Aecp(%)4 

CP lives for inelastic strains around 0.02°; (resolution limit) 
and when computed according to the damage rules discussed 
above, differ by a factor of 2.2. This factor decreases as 
inelastic strain increases, being 1 for a CP loop width of 1%. 

However, the first assumption for both linear damage rule and 
interaction damage rule is assumption (5.3). It leads directly 
to the linear damage 

. rule or jointly with the assumption stating 
that the ratio between the damages for cycle of a loop of width 
Aeij and a loop of widthaci is equal to the ratio of strains 
Fi _ tci1"/nci to the interaction damage rule. The linear damage 
rule was first proposed by Palmgren and later again by Miner to 
deal with cases where the structure of component were operating 
under a spectrum of loading. It assures that during any stage 
of the loading history of the material, a stress range is applied 

ý! . for ni cycles at a condition where failure would occur if 
cycles were applied, the percentage o'. lifc used-tip is ni/`1l, 
Moreover the summation of the ratios r'' equals one. This linear 
law often results in erroneous predictions of fatigue life. 
It is well known that the order of stressing or straining is 
going to affect the value for the sum of ratios ''. Thus summation 
tends to he greater than one of a lower level of stress (strain) 
is applied first, or a value smaller than one if the higher level 
is applied first, 

The application of linear damage rule t9 the Strainranqe Part- 
itioning method involves darianes 0""= , r-- associated to each 
strain nci The summation Erl 

'3 at fracture will equal 
a value which in he linear Nii damage rule is considered to be 
one. In general r= a(F"") ; which is equivalent to saying 
that the damage flij summadd on as defined above will depond 
upon not only thc: type of strains crinbined in a loop but also 
their relative magnitudes. In fact, there is no reason why 
different combinations of different strain types will not induce 
different damage summation at fracture. Although for practical 
purposes damage has been associated with life ratio, the empirical 
concept involves mainly physical damage in the form of cracks or 
discontinuities caused by each strain type. Uuifortunately damage 
involves more than crack length but also residual stresses near 
the propagating crack(s), metallurgical changes, presence of 
other cracks and their degree of coalescence, surface oxidation, 
etc. 
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5.3 - DAMAGE RULES OF THE TYPE Erg/riij =a 
As it was suggested before, the value a or . can only be 
different from one but can vary according to i3 the ratios 
Fib = Acii . For example, take the hypothetical case in which 
one Yf-i-wants to know the damage function applicahle to two 
strains of the sane type. In other words, the problem is to 
know which damage rule is best to combine the effects of two 
strains Ael and Ae?, knowing that the corresponding strainrange 
vs life relationships Ml = Ml(Ac1) and M2 = 112(Ac2) are coincident. 
In SrP terns the problem can be solved for any of the °1i "=r; i 7 (Aeia 
relationships. Taking the PP line, for example, the question 
is how to combine two PP inelastic strains Aeppl and Aepn2 inside 
a loop of width Ac . To calculate the damage function the only 
assumption to he uRgd, will he that for any LE; ýý, a corresponding 
life ,. p will be obtained using a Manson-Coffib type of equation 
Acpp A Ný p'. ^oth partials ýcppl and Acpp2 will fall in the 
same line ýlfined by the equation above. As the three strains roust 
follow the line above it can he written: 

r. I 
pý, 1-1 =( 

ý) 1/0(Ge 
ppl 

1/R 1/ß 
Npp2-1 (ý) (ospp`) 

Surriing (5.12) and (5.13) 

t! 
-1 

+ r, ý-1 = (1)1/F( )1/R (ýýepýl 1/F 
+ (ýe,., ý)2)1/ý 

pp1 ppl- 7 Afpp eepp pp 

ý'Pp-ll(F 
ppl)l/ß 

+ (1 - Fppl)1/G 

being rpP _ 
A£ 

_ 
aE pp? 

Depp FPP2 =1- Fppt Lepp 

Putting a= (Fpp1)1/R + (1 - Fppl)1/ß 

it can he written 

(5.12) 

(r. 13) 

(5.14) 

ý1PP1-1 + ,, ýrPI. -1 = cc f; ý, p-1 
(ý" 1ý i 

Acre a is a function of strain ratio FPpl and the slope 
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For a certain ß, a reaches a minimum for Fppl = Fpp2 = 0.5. 
In fact differentiating (5.14) with respect to Fppl. 

Pp1 
1/ß(FPp1)1/ß-1-1/ß(1 - Fpp1)1/f-1 

da 
-0fOr F =1 -F F =1/2 p`561 ppl pp1 ppl 

For this case of equal partial strains Fppl =1- F1) 1= 1/2 
ß-1 

a= (1/2)1/ß + (1/2)1/ß a=2 
(5.16) 

From the expression giving a in function the slope a and strain 
ratio Fp 1 it can be seen a£1 for any value of the strain ratios 
and ß 

ý, 
i 

Moreover a reaches a minimum a= 2aß when Fppl = Fpp2 - 0.5. 

Figures 5.2 and 5.3 visualize these two functions a=a (Fpp) 
ß= constant and a= a(ß), Fpp = ct : In Figure 5.2 it can be 
seen that the lower the slope of the strainrange vs life line, 
the shorter will be a or the lower a the areatpr will be the 
deviation relative to the linear damage rule. This rule will 
be obeyed for any strainrange only when the slope a approaches 
unity. Figure 5.3 visualizes the way the coefficient a varies 
with the slope for three values of Fppl = 0.1,0.3,0.5. The 
coefficient a is highly dependent on the slope ß when Fpp = 0.5. 

The graphic construction of the damage rule for a slope ß=0.6 
is shown in Figure 5.4. Equation (5.14) was urýd to determine a 
and hence the damage rule which equation (5.15) represents. Any 
values of Fp 1 and Fpp2 compatible with Fppl + Fpp2 =1 can be 
chosen by selecting any point of the s raight line shown in area 
A. The functions (F pl)l/a and (F )'/a are shown in areas ßl 
and B2 for a slope off a=0.6. FiRapTly in area C these values are 
added to determine the value a. Values of a for slopes of 0.9 
and 1 are shown as well in Figure 5.4. 

The calculations were done for a PP loop but can he repeated for 
any line providing its slope is known. Let us consider the CP 
line as the upper bound with the shallowest slope of all basic 
SrP lines as shown in Figure 5.5. 

In this CP line any partial strainsAccpl and eecp2 will induce 
damages N and N which determine a point of the damage 

Ncpl Ncp2 
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rule function represented schematically in Figure 5.6 by the 
lower bound. The same function can be determined for each basic SrP line assuming as all SrPcalculations do, that each 
generic type follows a Manson-Coffin type of strainrange vs life 
relationship. 

In any loop composed of an inelastic strain of a generic type 
ijl and other type U2 there are damages per cycle dDijl and 
6Dij2 which can be associated with each strain. SR_ 
6_ 

eeiý +oeiý ý (aa-i'ý) + (aa-ý-ý) 
12 

If the two considered partitioned strains ijl and ij2 are of 
the same type (say PP or CP) the damages per cycle SD are given 
as: 79 

an - an - an 

or 

eeppl + eepp2 f aN += app--r 

a0coi 
+ 

aDc 2 dDý 
eýcpl + eecp2 ý --- -- 2 acp--ý 

(5.17) 

(5.18) 

However, if they are of different kind, say PP + CP, the ratio 
between 

aDij aD ý aDc aß E--ý- (---N- + ý) and ag, eg a(pp + cp) is unknown. 

However, some lo!,,, r and upper bound can be imposed on a. Taking 
the hypothetical case still of a PP + CP loop where CP strains 
produce the lower lives it can be said that 

Opp aD aDý 
` dR` aý 

or the damage per cycle of a mixed loop PP + CP will be between 
the damage per cycle 6D of a loop completely PP and the damage 

-vr 
6Dc 

per cycle of a loop completely CP. Moreover, if the non 
partitioned6 data (say 0.5PP + 0.5CP) falls in a Manson-Coffin 
type of equation, a(PP + CP) is going to be between app and 
acp. 
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In fact from equations 5.3 and 5.16 
2E 

. 
6D 

Pp 
K 

ßpP ý 

app k=1 ý- =2a pp = 6D ý 

2 Dý 
K 

ßý__. 
ä ka1 

ý=2 
ßcp 

cp 
. aDC 
-Tr 

6Dpp1 
* 

öUcp2 0-1 
a= 

dÖ: 
2ß 

OU 
ý 

(5.19) 

(5.20) 

(5.21) 

Being a, aý and 0 the slopes in log-log scales of the PP data, 
CP dataPRnd p PP + CP data (50%-50%) respectively and assuming 
that 0 pp <0< gcp-hence app <a< acp - (5.22) 

5.4 - 
TTHE 

USE OF 
ECHNOLOGY 

A DAMAGE RULE OF THE TYPE Ti -i =a IN SrP 

In Strainrange Partitioning technology two cases ought to be 
distinguished when damage rules have to be applied: 

(A) Extrapolation case 
(B) Interpolation case 

(A) The damage rule is used to extrapolate lives during the 
determination of the generic SrP curves. First to be determined 
is the PP line which does not need any extrapolation because it 
is possible to simulate in laboratory, 100% PP loops. Generally 
the second line to be determined is the PC or CP one. The loops 
which are used to determine experimentally these curves contain 
some percentage of a PP component. To take that into account 
some damage rule ought to be applied to extrapolate to a 100% 
PC or CP life. 

Contrary to those damage rules which were developed on the 
previous subsections, here one has to combine damages produced 
by different strains. 
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In a hypothetical PP + CP loop, taking into account relations 
(5.22) two cases might happen: 

(i) The slope BCD <ß where ßcp and ßpp are the slopes 
of the stra nrangH versus life relattionships. 

As shown in Figure (5.6) the exact slope of the CP line is not 
known but the trend, ie., whether it is a steeper or shallower 
slope can be assessed by the non partitioned data (PP + CP). 

In this case the damage rule relative to PP strains should be 
applied because it constitutes a safer bound (shorter extra- 
polated lives) as is apparent in Figure 5.7. If ßpp <1 the 
application of the linear damage rule would lead to too pessim- 
istic results (Ncp3). 

(ii) ßcp > ßpp 
It is the case shown schematically in Figure-5.8. In 
this case the CP line slope will determine a safe bound 
for damage rule application. The linear damage rule can 
be safely applied providing ßcp has not a slope bigger 
than 1. 

(B) Interpolation Case 

The optimum damage rule to apply will depend upon the ratios 
Fij. Ideally the damage rules corresponding to different 
Fi3 should be known as shown schematically in Figure 5.9. 

In the absence of this experimental information the damage 
corresponding to the shallower slope should be used since it 
leads to the safer (shorter) lives in these interpolative cases. 

In fact, in an hypothetical case where one has to predict a 
life of a PP + CP loop the life N will be calculated according 
to: 

Iý+ý KN 01 
pp p 

As a decreases with shallower slopes as shown in Figure 5.4, 
the point made above it is proved, ie., it is preferable to use 
Mule with smallest a for safest prediction. Finally it must 
be said that in calculating the Qeij - Ni relationships for 
MARM002 (see Chapter 4) case A(i) was applicable. The PP slope 
was approximately 1 hence the application of the linear damage 
rule would be about right. The use of the interaction damage 
rule gives slightly different extrapolated lives as shown in 
Figure 5.10, where it is shown the extrapolated CP lines using 
several of the damage rules mentioned in this discussion. 
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The use of the modified interaction damage rule has already 
been discussed in comparison with the interaction damage rule. 
In any case the relative position of the toil - Nil relation- 
ships was not altered. 

5.5 CONCLUSIONS 

Three damage rules which have been used with the Strainrange 
Partitioning method were discussed and the concept behind them 
analysed. Tha analysis of the assumptions behind those rules 
allowed some conclusions to be drawn about their physical signif- 
icance. The so called alternative damage rule was found to be 
based upon assumptions which were found unacceptable according 
to that analysis. The linear damage rule was based upon the 
assumption that the damage per cycle of a loop of width Aci 
composed of two or three partial strains ae (as defined on 
the SrP method) is equal to the summation of"the partial damages 
relative to those strains. This assumption and another one 
considering that the damage per cycle of a strain De is 
directly proportional to the relative magnitude of tMs strain 
inside the width loop oei, lead directly to the so called inter- 
action damage rule. Considering that any SrP data of the same 
type follow a Manson-Coffin type of equation it was possible 
to conclude that: 

(1) The interaction damage rule should be modified in order 
to take into account the average trend of the available 
SrP data. The modified interaction damage rule will 
be of the form 

1 Fij Yid 

N=E where Yi3 is the inverse of the slope 
Nij 

of the strainrange vs life relationshiº. s Nij = Nij(ecij). 
A constant value for all relationships 

y=1.67 was suggested to represent better 

the trend of the available SrP data than the y=1 which 
leads to the previous interaction damage rule. 

(2) The linear damage rule was considered to be part of a 
more general group of damage rules of the form 

TV7 N. 
a where a is dependent upon the types of strains 

eei3 and upon the the ratios Fi3. The value a and therefore 
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the damage rule function was determined for a case 
where two PP strains' damages ought to be combined. 
The value of a is dependent on the slope Opp of the 
PP line and strain ratios 

Fppl = netppl and Fpp2 =1- Fppl of the 

two partials over the loop width Aci. The same could 
be done for any type of strain ecij. It was concluded 
that in a loop composed of two strains (say PP + CP) 
an upper and lower bound on a could be anticipated if 
the non partitioned (PP + CP) data follow a Manson- 
Coffin type of relationship. 
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6-A MODIFIED STRAINRANGE PARTITIONING METHOD FOR LOW CYCLE FATIGUE 
BEHAVIOUR CHARACTMZATION OF SUP-ERALLOYS'-- 

6.1 - INTRODUCTION 

Most low cycle fatigue predictive techniques at elevated 
temperatures have been derived from the well known Manson 
Coffin equation: 

oePNfß =C 

where Ac is the plastic strain range, Nf is the number of 
cycles tg specimen failure and fl and C material constants. 
These predictive techniques can be divided into two basic 
groups according to the employed material deformation para- 
meter required for measuring damage. 

(i) 

(6.1) 

The first group used inelastic strain and time (frequency) 
combined together as relevant variables to relate to 
fracture. Perhaps the most representative of this 
group is the frequency modified failure equation sugg- 
ested by Coffin (115) 

Ae p 
Nfßvß(k-1) =C 

v- frequency 
k, C- Material constants 

(ii) The second group used different types of inelastic 
strains combined together as variables to measure 
damage and hence to predict lives. The Strainrange 
Partitioning (SrP) method is within this group. 

eei3 = CNij _si j 

ij - plastic(tension) - plastic(compression) 
- plastic - creep 
- creep - plastic 
- creep - creep 

C, ßjj - material constants 

(6.2) 

(6.3). 

A pronounced effect on cyclic life of strain-controlled high 
temperature tests was found for parameters such as: 
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(i) inelastic strain 
(ii) frequency 

(iii) hold times 
(iv) time dependent damage 

This time dependent damage for many materials consists of 
intergranular cracking and accelerated crack growth from 
environmental interactions. 

The transition of transgranular to intergranular crack propa- 
gation has been put forward as the major source of the sub- 
stantial life-reducing effects of hold times specially where 
they are introduced in tension. 

Early test results reported in table (6.1) found tension hold 
times to be more damaging. More recent testing with strong 
low ductility alloys changed the pattern of increased damage: 
compression holds were found to be the most damaging. Moreover 
differences in crack path failed to explain the new situation. 
Instead a combination-of tensile stress, mean stress effects 
on the fatigue loops are mentioned (9,34). Contrary to the 
low cycle fatigue tests without hold time, unequal hold times 
or frequencies in tension or compression, lead to loops with 
a tensile mean stress when compressive holds were applied and 
to compressive mean stress under tensile hold loops (9,34,36). 
Associated with this last hysteresis loop behaviour were 
alloys with high strength and low ductility like the cast 
nickel superalloys which when tested between' prefixed strains, 
presented high ratios of elastic to inelastic strains for lives 
as short as 103 cycles. No method was available which could 
take account of this new stress effect on the low cycle fatigue 
loops of the high temperature alloys. Recently a damage func- 
tion which includes stress as well as inelastic strainrange 
was proposed by Ostergren (85) as the basic measure of low 
cycle fatigue damage at elevated temperatures. 

6.2 - THE OSTERGREN METHOD 

The basic assL!,, ption of the Ostergren method considers the net 
tensile hysteresis energy as a measure of fatigue damage. It 
can be shown that this energy can be represented approximately 
by the product oTAci where OT is the maximum tensile stress 
and aci is the inelastic strain. It is postulated that this 
variable is related to life by an equation similar to the 
Manson Coffin relation: 

aTAeiNf0 =C (6.4) 
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At this stage the effect of frequency should be taken into 
account, therefore, it is suggested that equation (6.4) 
should be modified to: 

cTDE iNfßv 
ß(k-1) 

.C (6.5) 

following closely the frequency modified failure relationships 
proposed by Coffin (115). However, this could not take account 
of different damages of hold times in tension or compression. 
Therefore, when the time dependent damage was dependent on wave shape 
a third equation was suggested as: 

0TeeiNfßv*ß(k-1) aC (6.6) 

where v* instead of being the cyclic frequency as in expression 
(6.5) is defined as: 

v* - 1/(To +T+ Tc) for TT > Tc (effective frequency) 
v* - 1/To for TT 4 Tc 
To - time per cycle 
Tc - compressive hold time 
TT - tensile hold time 

With this definition of effective frequency, cycles with 
tensile hold times would last less than cycles with dwells 
in compression or cycles with dwells in both directions in 
which cyclic da! iiage is considered to be a pure frequency effect. 
In fact, for cycles where the dwell in tension is shorter than 
the dwell in compression equations (6.6) and (6.5) coincide. 

Equations (6.4,6.5,6.6) are claimed to represent any case of 
high temperature low cycle fatigue. It can be shown that 
equation 6.4 can be reduced to the Manson Coffin law if mean 
stresses are not present on the cycle. Moreover, for many 
superalloys k-I in equation 6.5 or in other words lives can 
be predicted without the frequency term. Equation 6.4 is 
therefore applicable. This supports the occurrence of little 
creep damage in these alloys which is in agreement with metal- 
lographic observations reported for Rene 80 (34), Rene 95 (82) 
and MARM002 in chapter 4 of this thesis. Crocks propagation 
was observed to remain transgranular even for cycles involving 
-hold times in tension. 

Correlation using equation 6.5 were used with sucess for 
CrMoV steel data at 538 C ($5), equation 6,6 for AISI 304 
stainless steel data at 640 C (85), and equation 6.4 for 
Rene 80 (34) and for IN738LC data (83). The failure relation- 
ships developed by Ostergren follow closely the Coffin frequency 
modified approach but like these, difficulties were found in 
separating tensile creep damage from compressive creep damage 
which proved to have for some materials completely different 
importance. 
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The Strainrange Partitioning method bypassed the problem of 
distinguishing between tensile creep and compressive creep 
damage by introducing as basic variables the following types 
of inelastic strains: plastic - plastic (PP), creep - plastic 
(CP), plastic - creep (PC) and creep - creep (CC). A 
strainrange-life relationship ought to be drawn for each 
strain type. The Ostergren's modification of the Coffin's 
frequency modified approach has the advantage of including 
stress and strain parameters which could help to explain the 
influence of maximum and mean stresses on the low cycle fatigue 
of some high temperature alloys. This suggests a modification 
of the SrP approach in order to take into account the elastic 
(stress) effects. 

6.3 - MODIFIED STRAINRANGE PARTITIONING METHOD 

The suggested modification of the SrP method consists of 
considering the variable aTeeij instead of ecii like on the 
SrP approach as the variable to relate to fracture. The 
four new relationships will have similar form as those emp- 
loyed on the Strainrange Partitioning method: 

oTeei3 = AijNf_ßij 

OT - tensile stress 
Aij, ßij - material constants 
acii - inelastic strain of the type ij 

i- plastic or creep 
- plastic or creep 

Nf - number of cycles to failure 

(6.7) 

Again on the left hand side is the damage function cTeci which 
is suggested in Ostergren's method as a sufficiently acctrate 
approximation of the proposed measure of fatigue damage - the 
tensile hysteretic energy. 

The procedure to draw the four energy vs life relationships 
will follow the Strainrange Partitioning steps closely. An 
extrapolation to a hysteresis loop 100% CP, PC or CC will have 
to be calculated first or in other words, the energy versus 
life relationships have to be determined as for the SrP 
method. The stress levels which will be employed to draw the 
new lines are either determined experimentally or extrapol- 
ated from experimental cycles as shown in Figure (6.1) 

However, the most attractive application of this modified SrP 
method should be for cases where little creep damage here 
identifiable as grain boundary damage can occur at the 
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temperatures of interest. In this case the set of four 
equations (6.7) will be reduced to one relationship: 

aTpe1 = AN -ß 
f 

In these cases even though there is a time dependent deform- 
ation mode going on, its basic mechanism is not going to be 
markedly different than for plastic (time independent) 
deformation. The different SrP types of inelastic strain 
will produce the same damage on the material, therefore, there 
is no need to distinguish than as was necessary in relation- 
ships (6.7). If loops with the same inelastic strain but 
different types produce different lives it is because the 
maximum tensile stresses involved on those cycles are diff- 
erent and hence the tensile hysteretic energies are different 
as well. 

6.4 - APPLICATION OF THE MODIFIED SrP METHOD TO THREE ALLOYS 

The high temperature low cycle fatigue behaviour of three 
alloys was analysed using the suggested modified Strainrange 
Partitioning approach where plotted in log-log scales their 
tensile hysteretic energies aTAci can be correlated with 
life using only one line. 

Figure (6.2) shows the function N=N (c nci) which correlates 
rather well (correlation factor r=0.953 the tensile energy 
with life for any type of hysteresis loop of a titanium alloy 
(Ti - 6A1 - 4V) studied in reference (110). Data from reference 
(82) of a nickel superalloy RENE 95 was plotted in Figure (6.3) 
using again or ci as the variable to relate to fracture. About 

forty points were used to calculate the 8ngrgy-life line. 
The best fitting equation aToci - 461 Nf could correlate 
data with life gather well (r - 0.91). This equation was 
used in Figure (6.4) to predict the results of twenty five 
validation tests including cyclic creep tests, unbalanced 
strain hold tests, slow rate strain cycles and'slow-fast and 
fast-slow strain cycles. 

Taking into account the diversity of tests, the predictability 

. of the method has to be considered good. Seventy three per 
cent of the validation tests could be predicted with an error 
in life less than two and 100% of data with an error less than 
three. 

A third alloy to be used to test the method was the alloy 
under investigation MARt1002, a nickel superalloy testes within 
the range of temperatures 750 - 1040 C. First the 950 C data 
reported in chapter 4 was used to draw the energy-life relat- 
ionships. It was found that a unique line could be drawn 
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through these data with a correlation factor of 0.92. That 
confirms that for this alloy little damage is done by the 
introduction of creep in tension or compression. The reason 
that the strainrange vs life relationship at 850°C reported 
in chapter 4 are different is because of the influence of the 
maximum stress and mean stress make them diverge. The 
regression analysis for the 850°C data gave: 

aTeei = 158 Nf 0.94 

when this line, Figure g. 5, was us8d to predict lives at three 
temperatures 750 C, 950 C and 1040 C the predictability was 
rather better than the one found for SrP. For the SrP method 
itself only 57% of the same data fell inside x2 bands in 
life when the 850 C basic strainrange vs life rglationghips 
were used to predict the tests conducted at 750 C, 950 C and 
10400C. 

The function aTAcp = 158Nf 0.94 has increased that percentage 
to 85% as shown in Figure (6.6). In such a large range of 
temperatures it is an encouraging result for the method. 

6.5 - THE METHOD OF OSTERGREN VERSUS STRAINRANGE PARTITIONING 

On the previous, three alloys the use of the tensile hysteretic 
energy to relate to life resulted in only one function 
N= N(aTeci) to represent their creep-fatigue behaviour. The 
advantages of using the new method in these circumstances are 
obvious. 

(6.8) 

(1) The somewhat unusual position of the strainrange vs 
life relationships for some alloys can then be 
explained in terms of maximum-and mean stresses by 
passing the apparent paradox of creep strains being 
beneficial for those alloys. 

(2) The use of damage rules both to extrapolate to the 
100% CP, PC and CC lives or to interpolate between 
lives in complex cycles is avoided. Therefore, the 
difficulties and uncertainties causes by the choice 
of damage rule and application as discussed in 
chapter 5 am avoided. 

(3) Exclusively PP data can be used to draw the energy vs 
life relationship. As these data are a lot easier 
and less time consuming to produce the advantage over 
the SrP method is obvious. 

Most of these advantages over the SrP method disappear when 
the introduction of creep either in tension or compression is 
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'detected' by the material as a particularly damageable strain 
and, therefore, if fracture changes from transgranular to an 
intergranular mode as creep becomes an appreciable factor, 
instead of one energy versus life relationship one has to 
deal with more than one as in the SrP method. That happened 
with Nimonic 90 data reported in reference (111). As 
different energy life relationships were obtained for the PP, 
PC and CP data at 8100C, a pronounced effect of creep on 
fracture mode can be anticipated for this alloy. Figure 6.7 
shows different lives for the isothermal tests at 810 C and 
different PP lives at 650,810 and 900 C. As all the PP tests 
were run at the same frequency (0.4 Hz) it is possible that 
some creep was ingolved on these tests at the higher temper- 
ature 810 and 900 C. * The degradation of fatigue properties 
at these temperatures could be caused, therefore, by the use 
of not sufficiently high frequencies to preclude creep from 
the higher temperature PP loops. 

But even if the use of higher frequencies might make the PP 
lines coincide in Figure 6.7, the CP and PC will be different. 
This as has already been said, brings difficulties already 
found on the SrP method, such as the partitioning of certain 
inelastic strains and the use of damage rules to extrapolate 
to 100% PC, CP or CC lives. Therefore, the main contribution 
of the method using both the Strainrange Partitioning and 
Ostergren's methods has to be into those cases where, if the 
Nij - esij are separated, it is because a maximum and mean 
stress effects are present. Whether or not the maximum and 
mean stresses play an important role in determining creep- 
fatigue lives, it has to be checked for each case. However, 
there are several factors which might suggest if one can or 
cannot neglect this effect. First is the amount unbalance 
which results from the introduction of a hold time. This 
shifting of the loops to tension or compression will depend 
upon the strength - ductility characteristic. of the material. 

A helpful param; ter in this regard will be the elastic to 
plastic ratios found for the first high temperature low 
cycle fatigue tests. High ratios will favour that shifting 
if a dwell is imposed, low ratios will mean that the mean 
stress which can be supported is very low. Alternatively the 
effect of this stress effect can be predicted in terms of 
the transition fatigue life, that is the lif° when elastic 
. and plastic strains are equal. 

The more the life exceeds the transition fatigue life the 
greater is the tendency to support a mean stress. Summing 
up, high elastic to plastic ratios (thin-long loops), low 
transition fatigue lives, unbalanced loops when dwells are 
applied, suggests that stress might play an important role 
in determining lives. 
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Secondly, is the relative importance of initiation and propa- 
gation, being this factor related closely to the one previously 
discussed. In fact, the larger the elastic to plastic ratios 
the larger normally will be the initiation period. It is 
known that in regimes where the elastic strain is a small 
fraction of the total strain the propagation period predom- 
inates. When elastic strains are a big fraction of the total 
strain like on the high cycle regime fatigue, almost all the 
life is spent in crack nucleation. Stress has been used 
successfully in high cycle fatigue as the relevant variable 
to determine life which is spent almost entirely in nucleating 
a crack. When plastic strains are large enough to be measu- 
red accuractely, they have been used successfully to determine 
life at temperatures where time dependent strain cannot be 
induced. The bigger these plastic strains the more important 
becomes the propagation periods of cracks leading to fracture. 

When temperature is high enough to induce creep other variables 
come into the problem of predicting life as: 

(i) Creep strain and direction of its application 
(ii) Time effects (creep damage plus environment effects) 

(iii) Stress effects in loops where different times spent 
in tension and compression induced pronounced positive 
or negative mean stresses. 

Each factor will play a more or less important role depending 
upon the material temperature and regime in operation. The 
main hope is really that in the future a knowledge of the 
regime or conditions in which the material is going to operate 
will determine the choice of predictive methods best suited 
to the situation. 'It seems that the ideas put forward both 
by the Strainrange, Partitioning technology and Ostergren method 
will help to cLeserºbe the high temperature low cycle fatigue 
behaviour of many cast nickel superalloys like MARM002. 

6.6 - CONCLUSIONS 

(i) A method based on Strainrange Partioning and the 
method of Ostergren has been suggested for materials 
working in regimes where both inelastic strain, wave 
shape and stress could influence life. 

(ii) The method was found particularly simple to apply 
when applied to some high temperature alloys as its 
four energy vs life relationships are reduced to one. 
This suggested little difference between the creep 
damage and plastic damage for those alloys. This 
fact was supported by metallographic evidence which 
showed that transgranular fracture was observed under 
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all testing conditions and frequency degradation of 
fatigue resistance by intergranular cracking did not 
occur even at high temperature with the longest hold 
times used. 

For those alloys that do show a pronounced difference 
in fracture mode with frequency and wave shape, four 
energy vs life relationships have to be used as in 
the SrP method. 

(iii) The method was applied to three high temperature alloys. 
As one energy vs life relationship could represent 
the high temperature low cycle fatigue behaviour of 
each alloy, the method was simpler to apply than 
Strainrange Partitioning. For these cases the life 
prediction ability of the method was found to be better 
than the SrP approach. 
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7- RELATIVE IMPORTANCE OF INITIATION AND PROPAGATION ON HIGH 
TEMPERATURE LOW CYCLE FATIGUE TESTS MARM002 

7.1 - INTRODUCTION 

Thermal fatigue is one of the primary failure modes which 
must be taken into account when designing highly stressed hot 
components in gas turbine engines. Thermal fatigue of these 
components occurs during start and shutdown periods when high 
strains are generated due to different massivity. The useful- 
ness of any life prediction method in these kinds of situation 
where fatigue and creep are superimposed, depends in the first 
place on how good the simulation of the service conditions is. 

The use of isothermal strain controlled tests, to simulate and 
study components operating in such service conditions has been 
of widespread use because they are easier to conduct with in 
general better control of the variables of interest - plastic 
and creep strains, stress and temperature. This procedure 
becomes even more attractive with methods like Strainrange 
Partitioning offering some degree of temperature insensitivity 
for its basic strainrange versus life relationships. However, 
the comfortable situation of having strainrange versus life 
relationships independent of temperature, over large temper- 
atures intervals normally does not arise. In the case of 14ARM002 
it was found that the basic relationships were independent of 
temperature but over limited temperature ranges as discussed 
in chapter 4. 

Even supposing that data can be generated to cover the temper- 
ature range of interest, an approach to thermal fatigue based 
on isothermal information covering the temperature range of 
interest can be dangerous. Recent. work by Taira (113) showed 
that great care is necessary when isothermal data is used to 
predict thermal fatigue lives. The observed ' crack growth 
in air above an6 below the creep range leads to the following 
situation for a nickel superalloy: 

(i) Many cracks are formed early in life at high tempera- 
tures but they propagate slowly. 

(ii) At the lower temperatures a single dominant crack is 
formed late in life but propagates rapidly. 

They concluded that the particularly detrimental effects of a 
thermal fatigue cycle involving tensile stress holds at the 
highest temperature were due to the early formation of cracks 
at the higher temperatures with accelerated growth by lower 
temperature deformation processes. Earlier, high temperature 
low cycle fatigue characterization of MARM002 over the range 
750°C - 1040 C, was reported in chapter 4. 
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Later the position of the strainrange versus life relationships 
at the two temperature ranges was rationalized with the help 
of a concept used by Ostergren (85) introducing both inelastic 
strain and maximum tensile-stress as multipliers in an energy 
parameter which was used then to relate to fracture. 

This stress effe8t which explained the se8aration of the basic 
SrP lines at 850 C was washed out at 1040 C Although signifi- 
cant mean stresses were present at the 10408C loops as well, 
the basic strainrange versus life relationships at this temper- 
ature practically clustered together as seen in chapter 4. 
One hypothesis put forward then, was that due to higher plastic 
to elastic strain ratios, the bigger plasticity at these temp- 
eratures would induce easier relaxation of the mean stress at 
the crack(s) tips and, therefore, produce similar crack growth 
rates independently of the mean stress present on the loop ie., 
independently of the type' of SrP cycle. 

The clarification of this point needs an assessment of the 
importance of the initiation versus propagation periods at 
both temperatures. Also, this assessment will allow us to 
know how to use the isothermal data for MARM002 to variable 
temperature applications bearing in mind the already mentioned 
findings of Taira et al. 

7.2 - EXPERIMENTAL PROCEDURES 

The general experimental procedures were similar to those used 
to determine the strainrange versus life relationships of 
14AR11002 and were already reported in chapter 4. All creep- 
fatigue tests were performed at a constant axial strainrate 
under completely reversed strain cycling. Again, either the 
direction of straining was reversed immediately upon reaching 
a predetermined strain limit or a constant load was maintained 
for a period of time until the predetermined strain limit was 
reached. Each test was divided into two parts separated by a 
period of homogenization at 870°C for ; hour without applying 
stress. This series of mixed tests were divided into four 
sections: 

(1) PP ýest at 8500C on the first part plus a CP test at 
850 C on the second part. 

(2) CP test plus a PP test at constant temperature of 
850 C. 

(3) PP test at 850°C plus PP test at 1040°C. 

(4) PP test at 1040°C plus PP test at 850°C. 
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In each section an average of four tests were performed, varying 
the percentage of exhausted life N1 where N1 is the number of 
cycles imposed on the first part W1 of the . test and N1 the 
predicted total number of cycles tRe specimen would lagt. The 
damage D which was done on the first part of the test was 
assessed on the second part running a number of cycles N2 until fracture occurs. This number of cycles N2 is then used with the predicted number of cycles that a virgin specimen would last Np2, to compute the damage D given as 

N 0 

D=1- Rp (7.1) 
2 

Ni 
The extrapolated value of N2 for D-0 was considered to be 
the initiation point of the tests run on the first part. 
Obviously these initiation points as defined above are only 
valid for the average conditions (inelastic strain levels, 
temperature) used on the first part of these mixed tests. It 
can be expected that for bigger inelastic strains (shorter 
livehi the propagation period will start earlier decreasing 
the A-- for D=0 ie., lowering the percentage in life considered 
to P be the initiation point. 

The justification for the choice of the particular type of 
tests used on the previous four sections of mixed tests and 
the clarification of the concept of initiation in these tests 
will be dealt with in detail in the sub-section dedicated to 
the discussion of the mixed tests results. 

7.3 - INITIATION VERSUS PROPAGATION ON CREEP-FATIGUE TESTS OF 
MARM002 

Before describinq and commenting on the set of mixed tests, 
additional information which is thought to be helpful as far 
as the separation of necleation and propagation on the MARM002 
basic tests will be reported. It will take two, aspects, the 
first related with the type and number of secondary cracks 
existing after fracture on the specimens used toodraw the four 
basis lines fgr the two temperature ranges, (750 C- 850 C) and 
(950 C- 1040 C) and the second related to top qualitative 
assessment of initiation and propagation within the same 
intervals. Here the tensile load monitoring of the PP and PC 
tests will allow to register the 5% drop in tensile load point 
which will be seen as a first sign that a crack(s) are present 
ie., it will be identified in a first step with the beginning 
of the propagation period. 
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7.3.1 - Secondary Crack Pattern 

When MARM002 specimens were viewed in a binocular micro- 
scope at 3 to lOX magnification with the illumination 
shallowly inclined to the external cylindrical surface, 
sharply defined ridges were observed at numerous locations. 
These ridges were the result of localized oxidation and 
they acted most as nucleating sites for cracks as shown 
in Figures (7.1,7.2). 

This type of surface damage was enhanced by higher temp- 
eratures on low frequency tests as expected for an oxidation 
phenomenon. In these oxidation induced cracks it was 
observed an oxide layer bonding the crack and a reaction 
zone (deplected y'zone) between the oxide and the base 
structure as shown in Figure (7.3). 

The analysis of secondary cracking in the longitudinal 
sections of the specimens used to draw the basic SrP 
relationships produced the following results: - 

(a) Crack nucleation seemed to occur at surface 
connected weak points like pores and preferential 
oxidation points as shown in Figures (7.4,7.2). 

(b) The number of very small cracks (<1Oi) in longit- 
udinal sections of about 25mm2 is increased either 
with temperature or frequency as shown in Figure (7.2). 

-(c) Tha ability of these secondary cracks to grow 
seemed to decrease with higher temperatures as shown 
in Figure (7.6). The picture here seems to be 
that the higher the temperature the higher the 
number' of secondary cracks but they are shorter 
than those found in smaller numbers at lower temp- 
eratures. 

(d) Internal cracks were comparative, y fewer and shorter 
than surface induced ones and seem to initiate at 
stress raisers like sharp carbides and propagated 
through-y -y' interfaces as shown in Figure (7.7). 

(e) 
. 

The numýer of grains in a longitudinal section 
('25 mm 4) was very low (3 -5 grains). As already 
reported in chapter 4 fracture profiles of these 
sections were found to be rather flat with no 
evidence of intergranular cracks. 

The observation of the fracture surfaces using macroscopic 
light fractography and SEM revealed that: 

(1) At higher strain limits (shorter lives) the failures 
were essentially ductile and often exhibited 
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characteristic cup and cone features even though the 
material was tested at stresses below the UTS. 

(2) At lower strain limits fatigue was the predominant 
mode of failure. Optically this appeared as a 
darkened zone due to oxidation of the fracture 
surface. It was possible to detect in some speci- 
mens tested at low temperature bracket areas 
containing striactions as shown in Figures (7.8,7.9). 
At higher temperatures a thick oxide layer had 
hidden such fine features as the fatigue striac- 
tions as shown in Figure (7.10). 

7.3.2 - The 5% Drop in Tensile Load as a Measure of Relative 
Importance of Initiation and rogation 

Within the four basic SrP type of cycles there are two PP 
and PC where the monitoring of the tensile load can serve 
as a rough indication of the existence of crack(s) within 
the specimen. Since the creep - plastic (CP) and creep - 
creep (CC) cycles employ stabilization between fixed load 
values the existence of a crack will only modify the partit- 
ioned strains in a cycle but the load plateaus. Hence what 
it is here to be considered as an initiation condition can- 
not be determined by a load drop technique for CP and CC 
cycles. 

The life period N= Nf - N5 where Ng is the total number 
of cycles until fracture and N5 is the number of cycles 
for 5% drop in tensile load, was considered to be a measure 
of the propagation period. This criterion was applied at 
bath temperature intervals and results for some PP and PC 
tests are shown in Figure (7.11). Here the ratio Ng/Np 
is plotted against total life Nf. The ratio initiation 
of propagation as represented by N5/Np was found to be 
smaller at the higher temperature range. This suggested 
smaller initiation periods at these higher temperatures. 
At the low temperature bracket initiation periods were 
bigger specially as life increased as shown in Figure (7.11). 

Based on these results which are reported in table (7. I) 
a check on the relative position of the strainrange versus 
life relationships based on the N5 lives instead of the 
total number of cycles was possible. As shown in Figures 
(7.12) and (7.13), the relative position of the lines 
representing the strain versus lives based on 5% drop in ten- 
sile load, were not altered. 

At the same inelastic strain level lives N5 continued to be 
significantly longer at higher temperatures (points A and B in Figures (7.12) and (7.13)). For a life of two 
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thousand cycles there is a bigger period of propagation 
Nf - N5 at higher temperatures (points C and D). This 
shows more clearly that at low temperature once the 
specimens reach a state where damage can be detected by 
a 5% drop in tensile load collapse is nearer. The 
rationalization of this can be based on the fact that at 
lower temperatures the material is less ductile, therefore, 
smaller critical crack lengths are to be expected then. 
Critical crack lengths between 0.5 and 2 mm were found 
for the 750 C- 850 C range and between 2 and 4 mm at the 
higher temperature range depending on inelastic strain 
level. 

7.3.3 - Mixed Tests 

Both main conclusions of the studies concerned with 
secondary cracking statistics and the detection of the 
5% drop in tensile load pointed out a major qualitative 
assessment of the importance of initiation and propagation 
in some SrP cycles at two ranges of temperatures. 
Nucleation of many cracks differs earlier at higher 
temperatures but they propagate at a relatively slower 
rate. Nucleation for PP and PC in the lower temperature 
bracket (750 - 850) happens through the formation of 
fewer cracks but they propagate faster than the correspo- 
nding cycles at higher temperatures. That confirmed in 
general early work by Taira et al (113). 

In order to check this qualitativ assessment, a series of 
mixed tests were conducted at 850 C and 1040 C. ýasically 
the aim was to determine the maximum percentage P of life 
that could be exhausted on the first part of NP1 the test 
without 'damaging' the specimen. That percentage was then considered to be the initiation point for a cycle like the on, used on thq first part, that 'damage' was 
assessed on chn second part of the test and was considered 
to be D=1- Via? where N2 was the number of cycles the 
specimen took N2 for fracture on the second part'and Np2 the 
predicted life or the second part of the mixed test. 

Using the inelastic strains acil and aci, of the first 
and second part of the tests, N1 and Np2 could be 
calculated using the strainrangg vers8s life relation- 
ship for the PP and CP cycles at 800 C and PP cycles at 
1040 C as reported in Chapter 4. They were 

ACpp = 0.26 Npp-0.94 (850°C) (7.2) 

oecp = 0.015 NCp-0.08 (850°C) (7.3) 

nepp = 0.042 Npp0.55 (1040°C) (7.4) 
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The choice of these three cycles was based upon: 

(a) Since at 1040°C there are no major differences in 
life for the different SrP cycles (chapter 4), the 
PP tests were chosen because they are the easiest 
and least time consuming of all SrP tests. 

(b) The PC and CP cycles constituted the lower and 
upper bounds of the strainrange versus life relat- 
ionships at 850°C. Since there was no major 
difference between the PC and PP lives and taking 
into account that the last ones are the easiest 
to conduct, the investigation on the initiation 
points was done on the PP line and on the upper 
bound on lives at 850°C, eg., CP line. 

In table (7. II) data of the mixed tests are reported. As 
can be seen in this table, strain levels for the first part 
of the tests were around 10'3 for CP - 8000C and PP - 1040°C 
tests and 4x 10-4 for the PP - 800°C. If carried until 
fracture it would lead to lives between 500 and 1000 cycles. 
Plots of ratios N1/Npb of exhausted over predicted lives 
against the 'damage' =1- N2/Np2 are shown in Figure (7.14). 
Data used in these graphs were computed from table (7. II) 
and are given in table (7.111). 

Values of 20% 60% on life were obtained in those plots as 
extrapolated values for D=0 which were considered as the 
initiation points Ipo850 and Icn850 for '. he PP850`~C and 
CP8500C SrP tests. The extrapolated point I plO4O was 
found to be negative. That shows that even 

before 
the first 

part of the test at 1040°C starts, there is some 'damage' 
imposed on the material estimated to be here, around 28% on 
life (point Do). 

In other words, the j hour or so at 1040°C, time allowed 
before the first part of test (PP1040°C) is started, to 
stabilize temperature and make last checks is sufficient 
to 'damage' the material in so far as 28% of the PP850°C 
lives that follow are by passed. 

The results of the mixed tests involved the prediction of 
two lives r1 and Np2. They are calculated using the strain- 
range versus life relationships represented by equations 
(7.2,7.3,7.4). Obviously there are errors associated with 
these predictions. Table (7. IV) presents data computed 
from table (4. V). These data were used to calculate a mean 
value for the error AN of the experimental results relative 
to those predicted by the best fittinq lines described by 
equations (7.2,7.3,7.4). This value computed from table 
(7. IV) was found to be AN = 11%. The influence of this 
uncertainty on the ratios N1/Npl and N1 /Np2 can then be 
calculated. If N/Npl, is the exact value of the ratio N/Npl 
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it can be written N/NPl = N/Npl + Dl being Al the value of the 
error on N/Npl due to the uncertainty in predicting Npl. 

Therefore, 
NI N1 N_ Ni 

el -- 1_ pl ±A p1 - 

As AN was estimated to be around 11% 

Al =t0.1Ä- 
pl 

The same sort of error e2 can be estimated for the ratio 
N/Np2 

A2 = f0.1N 17-P2 

(7.5) 

Uncertainties in the initiation points I on Figure (7.14) 
are to be expected as a consequence of those errors Al and 
e2. It can be shown using equation ( 7.5) that I 850 = 
0.58 ± 0.06 and Ipp850 = 0.21 ± 0.02 being the values 0.58 
and 0.21 consequence of linear regressions performed on data 
from table (7.11). The respective equations D=D (N1/Npl) 
are reported in Figure (7.14). 

7.4 - DISCUSSION OF RESULTS 

What one chooses to call initiation depends both on the problem 
under investigation and the techniques available for examination. 
The mechanisms of fatigue in the creep range have been reviewed 
for nickel superr:, loys and in brief here, initiation could be 
considered as a statistical process by which nucleation of dis- 
locations at discontinuities such as tic carbides, pores, etc., 
result in microcracks. In reports dealing with life prediction 
methods almost all events have been taken as crack initiation 
point, the first sighting of a crack(s) using a microscope. 

First noticeable drop in load range, drop in fixed percentage of 
tensile load even the complete separation of the small laboratory 
specimens. Earlier on, results based on 5% drop in tensile load 
criterion showed earlier initiation at 10400C with longer initia- 
tion periods fog tests (PP and PC) at 850°C) As lives were 
greater at 1040 Ca situation of earlier initiation - slow pro- 
pagation at 1040°C and faster propagation at 8500C could be 
anticipated. This situation could be particularly dangerous at 
cycles involving varying temperatures between those values, since 



- 108 - 

as already mentioned this could lead to particularly short lives. 
The set-up of the mixed test programme had as main objectives to 
draw a lower bound for initiation at the higher temperatures and 
an upper bound for initiation at the lower temperatures since this 
combination would lead, in tests with varying temperature, to the 
most damagable situation. In order to find the initiation points 
corresponding to the CP tests at 850°C and the PP-1040'C tests, 
special PP-8500C tests were used on the second part of the mixed 
tests. Since initiation should be detected as early as possible 
PP tests with longer lives were used (average 3500 cycles). 

On the other hand since an upper bound in initiation were required 
for the CP-850 tests the same PP tests were used but with much 
shorter lives (average 350 cycles). Obviously the values of 0% 
and 60% for the initiation points at 10400C and CP-850°C tests 
respectively, are valid only for the strain (life) levels used 
on the first part of the tests (around 500 cycles). Higher 
lives (or lower strain levels) will tend to put, if possible, 
even more emphasis on initiation. The initiation point for the 
PP-8SO°C cycles was estimated to be around 20% on life. The life 
level in question was around 1000 cycles. Based on these values 
for the initiation points, new propagation lines, PP' ang CP' 
were drawn in Figure (7.15). First a new PP line at 8S0 C was 
drawn assuming that the transition fatigue life Nt = 16 cycles 
is spent in first propagation and at a level Nf = 1000 cycles, 
20% are initiation and 80% propagation as found earlier. This 
line is represented as PP'8500C in Figure (7.15). For a CP life 
of around 500 cycles (point B) it was calculated that 60% is 
initiation, therefore, substracting this percentage from the total 
life point B' is obtained. 

This lies practically on the PP line. Therefore, assuming the 
linearity of the propagation SrP lines it, can be concluded that 
only the different periods of initiation are responsible for 
the separation of PP and CP lives at 850°C. The new propagation 
line for the PP and CP cycles can be described approximately 
by: 

eeppi = 0.30N 
pp-0'99 

and it constitutes accordingly to the previous considerations 
the lower bound for cycles involving PP and CP components, in 
which the temperature varies over the range 750 - 1040'C. 

The 85G"PCtests presented the most damaqable cycles of all, as 
seen in chapter 4. The PC loops presented a higher maximum 
stress and positive mean stress when compared with other types 
of loops of the same width. Even supposing that due to their 
positive mean stress nucleation of cracks is very rapid this 
fact cannot take account of the exceptionally low lives as shown 
in Figure (7.15). Fast propagation, therefore, must be a reason 
as well for these low PC lives. 
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The isothermal results of MARM002, together, with the initiation 
versus propagation studies of the' same alloy, have clearly 
demonstrated the problems involved. The risk is implicit on 
the fiery early development of cracks initiation either at 
1040 C due to surface-environment interactions or at 850°C for 
cycles involving high tensile meah stresses, and with their rapid 
growth for any type of cycle at lower temperatures. 

Further improvement on the knowledge of the high temperature low 
cycle fatigue of MARM002 and similar alloys could be achieved 
with the study of thermal fatigue tests over the temperature 
regime of interest. 

7.5 - CONCLUSIONS 

(1) A situation of early formation of cracks at the more 
elevated temperatures (950 - 1040°C) with acceler- 
ate growth on the lower temperature bracket (750 - 
850 C) showed that great care is necessary. MARM002 
isothermal results are applied to thermal fatigue cases 
or more generally, to any cases where temperature 
changes either during a cycle or during the specimen 
or components' lives. 

Values for the initiation points of the PP cycles at 
850°C, CP cycles at 850°C and CP cycles at 10400C were 
calcul : ted using mixed tests. These points were est- 
imated to be 720 and 60% of She respective lives for 
cycles of the type PP at 1040 C, PP at 850°C and CP 
at 8500C respectively. 

(ii) The relative position of these initiation points were 
confirmed by secondary crack statistical studies made 
on longitudinal sections of the basic SrP test specimens 
and through studies on the moni tori nip of the 5% drop 
in tensile load of PP and CC specimens tested at 750, 
850,950 and 1040°C. Many surface connected secondary 
cracks were found on the test specimens at the higher 
temperatures but they were shorter than similar second- 
ary cracks at the lower temperature range. 

The 5% drop on tensile load method revealed as well, 
quicker propagation period at the lower temperature 
bracket. The results of these tests were in qualitative 
agreement with those found for the mixed tests. That 
is earlier propagation of a great number of cracks 
mainly due to oxidation happening at higher temperatures 
and more or less late propagation, depending on SrP 
type of cycle, for a comparatively fewer number of 
cracks happened on the low temperature range of tests. 
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(iii) The separation in nucleation and propagation periods 
for some of the Strainrange Partitioning basic lives 
helped to explain the relative position of the basic 
strainrange versus life relationships which defined 
the high temperature low cycle fatigue behaviour of 
MARM002 within the range (750 - 1040°C). For example, 
the divergence of PP and CP lines at 850°C were con- 
sequences of longer initiation periods for the CP 
cycles. Whencrom the PP and CP cycles the initiation 
period were substracted these lines clustered together. 

This fact is coherent with previous finding about the 
crack paths in MARM002 SrP cycles which were found to 
be consistently transgranular. 



8- MAIN CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

8.1 - MAIN CONCLUSIONS 

This section recalls the salient features of this programme. 
References to the sections in which a particular topic was discus- 
sed are given parenthetically. 

(i) Strainrange Partitioning is a viable life prediction 
analysis procedure that was successful in predicting 
specimen life under strain c8ntrolled cycling within the 
temperature range 750 - 1040 C. Strainrange Partition- 
ing measurements of MARM002 over that temperature range 
have been made and the strainrange versus life relation- 
ships established at 850"C and 1040°C. Good agreement 
between predicted and actual cyclic lives at 750°C and 
9500C demanded the use of two sets of inelastic strain 
versus life relationships. Lives, within a factor 
at2, could be predicted for specimens tested at 750°C 
using the strainrange versus life relationships at 850°C 
and for specimens tested at 950'C using similar data at 
1040°C (Chapter 4). 

(ii) For a given inelastic strainrange PC type test cycles 
exhibited shorter cyclic lives than other test cycles 
at 850°C. The CP type life was the upper bound of the 
four strainrange versus life relationships. 

The linear regressions describing the Nij - eeij relation- 
ships at 10400C showed coincident PP, PC and CP lines 
with slightly higher CC lives (Chapter 4). Metallographic 
evaluation indicated that microstructural damage did not 
vary with cycle type and test temperature. All the spec- 
imens exhibited a transgranular type of fracture mode 
(Chapters 4 and 7). Hence cyclic life differences among 
the lower temperature interval (750 - 850°C) tests and 
between these and the higher temperature tests 950 - 
10400C could not be explained by different fracture modes. 

(iii) Different regimes were found to operate at the two 
different temperature intervals and they were responsible 
for the differences in life mentionel above. The 
characterisation of the fatigue regime over the lower 
temperature range was based upon: 

(a) Large elastic versus plastic strain ratios acp/acp 
For a PP life of two thousand cycles this ratio 
was twenty four. Viewed differently a ratio 
he /Ac = 10 occurs for a life Npp = 518 cycles 
(CFaptgr 4) 
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(b) Initiation periods between 20% and 60% of the 
specimens life depending on test type (Chapter 7). 
Transgranular propagation of one or a few cracks 
occurred at this temperature interval (Chapter 7). 

The characterisation of the fatigue regime over the range 
950 - 1040°C could be summed up as: 

(a) Relatively lower elastic to plastic strain 
ratios. For a PP life of two thousand cycles 
this ratio was six. Viewed differently a ratio 
L1ee/eep = 10 occurs for a life Npp = 8512 cycles. 

(b) Initiation period completely bypassed by strong 
environment-specimen surface interaction (Chapter 
7). Transgranular propagation of multiple cracks 
occurred-at this temperature interval (Chapter 7). 

(iv) Arguments to explain the position of the strainrange versus 
life relationship of MARM002 at 850°C were based upon 
relative large elastic to plastic strain components, which 
allowed very different maximum tensile and mean stresses 
to be built up within each of the four typical SrP loops 
and hence inducing different fatigue lives. Like in 
other low ductile high strength superalloys the MARM002 
Nij - Aei relationships at 850°C showed a CP line far 
to the riýht (greater life) and a PC line constituting 
the lower bound of all creep-fatigue lives. The lives 
of the symmetrical PP and CC cycles were placed beý'4een 
those cf the PC and CP loops. The damage order was 
explained at any given inelastic strain level by lower 
maximum tensile and negative mean stresses of the CP 
loops when compared with the higher maximum tensile and 
positive mean stresses showed by the PC loops (Chapter 4). 

, 
The loop unbalancing on non symmetrical cycles at 850°C 
was less severe at higher temperatures. The clustering 
of the 1040°C SrP lives was believed to be based upon 
that fact, which would be accentuated nearby the crack(s) 
tips where the higher plasticity tended to induce relax- 
ation of the mean stress (Chapter 4). 

(v) An alternative analysis based on Ostergren's method 
provided good correlations between tensile hysteretic 
energy and creep-fatigue-life for MARM002, the other 
three superalloys and a titanium alloy (Section 6). 
This approach generally demanding four energy versus 
life relationships before a life prediction of a complex 
cycle can be made was found to be particularly useful 
and simple to apply to some superalloys where maximum 
tensile stress effects on life could be anticipated. 
In two superalloys, $ Titanium alloy and MARM002, over 
the range 750 - 1040 C only one energy versus life 
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relationship could correlate well all the tests carried 
out over the previous temperature interval. It was 
concluded that like in MARM002 where creep deformation 
mechanisms is not going on within the grain boundaries 
this alternative approach presented advantages over 
the strainrange partitioning approach (Chapter 7). 
One of the main advantages was to avoid the use of 
damage rules whose difficulties in application and 
uncertainties on rule choice were discussed in one of 
the previous sections (Chapter 5). 

(vi) A situation of early formation of cracks at the higher 
temperature interval with accelerated growth at lower 
temperatures showed that great care is necessary when 
applying MARM002 isothermal results to thermal fatigue 
cases or more generally to any cases where temperature 
changes either during a cycle or during a specimen or 
component's life (Chapter 7). 

The role of the environment, especially at the higher 
temperatures and the role of stress at lower tempera- 
tures, are areas in which further work is needed. 
These areas and the one of thermal fatigue are suggested 
in topics for further study as means of achieving a 
better understanding of the creep-fatigue phenomena 
in superalloys and in deciding whether thermal or 
isothermal fatigue is critical for a given component. 

8.2 - SUGGESTIONS FOR FURTHER WORK 

Further work is suggested in the following areas: - 

8.2.1 Effects of Strain and Stress Dwells on Life 

Except for the PP tests, all the cycles used to draw the 
basic Strainrange Partitioning (SrP) relationships in the 
present investigation involved a stress dwell, either in 
tension or (and)' compression. The reason why stress dwell 
tests were chosen was because they were less time consuming 
than the tests with strain dwells, when a certain percentage 
of creep was required on the hysteresis loop. 

As discussed in Chapters 4 and 6, the important variables 
related to fracture of MARM002 were not only inelastic 
strain magnitude and type (PP, PC ... ) but also maximum 
and mean stress values. The emphasis on one or more of 
these variables will depend upon the material and general 
test conditions such as temperature, frequency, inelastic 
strains, etc. As discussed in Section 6, the inelastic 
strain and maximum tensile stress variables could explain 
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the different lies found for MARM002 over the temperature 
range 750 - 1040 C. As the introduction of strain and 
stress dwells will produce different maximum tensile 
stresses, the observed lives could be dependent on dwell 
type and therefore alter the position of the generic strain- 
range versus life relationships in the SrP procedure. 
Moreover, the different times per cycle caused by the intro- 
duction of one or the other type of dwell may induce differences 
in experimental lives especially at temperatures where 
environmental effects are relevant to either initiation or 
(and) propagation periods. An investigation comparing the 
effects of strain and stress dwells would be useful additions 
both to SrP technology and Ostergren's method as discussed 
in Chapter 6. 

8.2.2 - Environment Versus Creep on the Degradation of 
Fatigue Properties With Increased TIme 

There has been a great deal of discussion about the extent 
to which the environment and the time dependent strain 
(creep) are responsible for the degradation of the fatigue 
properties in cycles involving stress or strain dwells. In 
other cases like in many superalloys which present rather 
strong resistance to creep damage, it is not creep versus 
environment effects which ought to be separated but the 
effects of different stresses (maximum tensile, mean) 
resulting from the introduction of plasticity or creep on 
the fatigue loops and the environmental effects which might 
influence both initiation and crack propagation rates. 

Methods involving variables such as time or test frequency 
to relate to fracture, are naturally best equipped to deal 
with cases where damage is produced as a result of the 
interaction of time sensitive factors (creep, environment). 
That is the case of the frequency modified strainrange 
method and others inspired by it. On the other hand, 
methods like Strainrange Partitioning which rely on 
inelastic strain (plasticity and creep) and on the direction 
(tension or compression) where it is imposed for the predic- 
tion of lives, are best equipped for cases where damage 
is mainly associated with the relative amounts of plasticity 
and creep and the direction where they are applied. High 
temperature low cycle fatigue tests performed on MARM002, 
discussed in Sections 1 and 3, showed two patterns of results. 
The first, relative to tests on the temperature range 750 - 
850°C was characterised by significant differences among 
the strainrange versus life relationships, specially 
between the PC and the CP lines which represented the lower 
and upper bound respectively. The unbalanced hysteresis PC 
and CP loops exhibited pronounced and opposite mean stresses 
which accounted qualitatively for the observed behaviour. 
In Chapter 7, tests conducted on MARMOO2 suggested that 
environment-material interactions have cut short the initiation 
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period at the highest temperature but, as the lives to 
fracture increased it is possible that the environment, also 
had a strong influence on crack propagation rates. 

A more precise picture of what is the balance of creep and 
environment effects on life, requires a programme of tests 
conducted in a neutral atmosphere. 

Fracture studies on test specimens under these conditions 
will be easier to interpret since oxidation of the fracture 
surfaces will be reduced to a minimum. 

'8.2.3 - Thermal Fatigue 

Another subject in need of considerable attention is that 
of thermal fatigue. Attempts to apply isothermal data to 
cases where temperature varies have resulted in unaccept- 
able life prediction errors. 

The ability of SrP or any other predictive method to deal 
with complex cycles in which temperature varies throughout 
the cycle depends upon: 

(i) Temperature sensitivity of the methods basic 
relationships. 

(ii) Regimes in which the material operates over the 
temperature range of interest. 

Indications about the degree of temperature sensitivity of 
the strainrange versus life relationships and about operat- 
ing regimes over the range 750 - 10400C were given in 
Chapters 4 and 7 for MARM002. 

The use of its strainrange versus life relationships in a 
thermal fatigue situation could be dangerous as discussed 
in Chapter 7. There, evidence was found that accelerated 
intiation periods at the highest temperatures of the cycles, 
could combine with rapid propagation during the lower 
temperature part of the cycle to produce exceptionally 
short lives. 

A programme of thermal fatigue cycles on MARM002 would be 
a helpful addition both to the understanding of the previous 
high temperature tests and on the characterisation of the 
high temperature fatigue of MARM002. 
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Table 4.111 - Creep Properties of MA 1002 

Temperature Stress Time to Failure Strain at Fracture 
(MN/m2) (hr) (%) 

850 590 4.8 6.3 

850 464 25.7 3.0 

1040 200 3.9 4.8 

1040 185 4.7 4.4. 

Temperature Stress (MN/m2) for 10 hrs 100 hrs 1000 hrs 
(°G) Failure in 

750 815 735 590 

800 730 590 440 

850 580 435 325 

900 437 330 217 

950 320 233 138 

1000 223 158 91 

1050 146 101 58 

* Data supplied by NGTE 
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TABT. L 4. V- BASK Lou CYCLE TAT MME TCSTS 

Test 
No. 

spe cie. 
Idr. ntiE 

Trmp. 
( °C) 

- 

C/c! e 
F, cfin- 
ition 

Tca1 
SLraM` 

rýT("., ý 

Ire Iss- 
'ýýSain 

c(X L 

F""Rßriýýat 
r 

`?: ýYC rý_i }: 
CC 

. 

Cpcils 
cc Fýi 
lire N 

N. 

4j 

Zen- 

ailc 
Stresi 
(MI/ri`) 

Moan 

Strc<? 
(KN/m ) 

Stress 
Rar.,; n 
Go(Ftý! ' 

n') 

Ti:: o 
r° 
Faii- 

urn(hr 
so ti3ß2/1 650 PP-0. Gi1: 0.635 C. 039 1 - - 825 025 447 -43 990 0.4 

13 NJ32/2 850 PP-0.61! z 1.065 0.170 1 - -. - 220 220 754 +37 1432 0.1 

1L NJB25/4 850 P? -0. /, Nz 2.02 0.844 1 - - 10 10 1102 +33 2146 0.005 

18 NJB1/2 850 FP"0.61iz 0.544 0,025 1 - - 1790 1790 420 +4 831 0.8 

19 1tJ82/3 850 PP-0.611z 0.3C4 0.004 1 - - -1 0^60 0960 325 0 650 5 

21 NJB1/3 1040 F? 1 Hz 0.705 0.130 1 - - - 370 370 320 -24 686 0.1 

22 143815/1 1040 PP 1 Hz 0.502 0.067 1 - - - 1640 1640 292 0 584 0.5 

24 NJH3/3 10,40 PP 1 llz 0.977 0.341 1 - - - 95 95 443 -14 914 0.03 

25 NJB3/1 1040 PP 1 ttz 0.349 0.044 1 4600 4600 202 -10 423 1.3 

37 tIJ36/4 850 CP(1) 0.600 0.063 0.15 - 0.85 - 896 3050 351 -187 1076 11.2 

30 14383/2 850 CP 0.731 0.092 0.27 - 0.73 - 076 2744 377 -169 1091 6.4 

29 11385/1 850 CP 0.996 0.220 0.30 - 0.70 - 166 169 480 -189 1338 1 

39 113134/1 850 C? 0.863 0.094 0.27 - 0.73 - 805 1306 430 -101 1243 4.9 

40 NJB4/2 1040 CP 0.402 0.124 0.25 - 0.75 - 451 412 161 -S3 507 2.6 

26 NJB3/4 1040 CP 0.724 0.279 0.27 - 0.73 - 88 77 245 -94 577 0.5 

27 14J53/2 1040 C? 0.538 0.153 0.36 - 0.64 - 347 313 172 -79 502 2 

32 14J65/5 850 PC(2) 1.000 0.211 0.32 C. 681 - - 92 76 940 +142 1595 0.5 

33 NJ85/4 850 PC 0.707 0.074 0.39 0.62 - - 408 363 723 +143 1160 2. S 

38 14386/1 850 PC 0.487 0.011 0.09 0.91 - 261 1182 574 +156 842 7.8 

31 NJB5/3 1040 PC 0.928 0.515 0.30 0.70 - - 53 57 531 +123 816 0.3 

34 14386/2 1040 PC 0.550 3.177 0.26 0.74 - 402 y35 414 +109 610 2.3 

42 14384/5 1040 ?C 0.315 0.066 0.39 0.61 - - 965 1965 311 +102 417 ! 1.6 

3S 14385/3 850 CC(3) 0.796 0.211 0.30 - 0.16 0.54 180 128 573 +47 1_62 2 

44 14387/2 850 CC 0.489 0.052 0.05 - 0.05 0.90 1326 1304 467 +27 890 15 

47 14J37/5 850 CC 0.586 0.113 0.26 - - 0.74 571 776 477 +14 925 6.6 

36 143E6/5 1040 CC 0.891 0.456 0.29 - 0.01 0.7 57 56 310 +11 597 0.6 

41 14384/4 1040 CC 0.700 0.350 0.26 - 0.04 0.7 119 W 293 +5 575 1.4 

45 14387/2 1040 CC 0.398 0.200 0.12 - 0.08 0.8 502 769 147 -6 3G8 5.4 

46. 14387/4 1040 CC 0.297 0.121. O. C9 - 0.13 0.7. 1237 ; 89S 141 -6 295 
1 
14 

6A NJE14/4 750 I PP 0.573 0.00(6) 1 - 9614 7395 520 +22 995 5.4 

7A 113313/3 750 PP 0.771 0.036 1 - 1516 1099 656 +34 1244 0.6 

8A 143314/2 750 ?P 0.646 0.032 1 - 1977 1246 607 +41 1129 1 

9A 143812/1 750 PP 0.872 0.104 1 - - - 327 3.6 753 -18 1543 0.12 

IOA t: JB12/3 750 PC 0.600 0.016 0.50 - 0.50 - 1674 1589 613 +76 107: 10 

11A 14331214 750 C? 0.670 0.04.0 0.45 0.55 - - 2171 2010 429 -101 1060 11.3 

12A 143813/4 750 CC 0.700 0.046 0.66 - 0.36 1377 1021 614 +24 1131 15.7 

in NJ87/4 950 ?P 0.664 0.155 1 " - - 511 403 481 +18 886 0.15 
29 tIJa9/5 950 PC 0.423 3.072 0.57 1.47 - - 1512 1 1594 415 +179 552 $. 7 

y; i. ý'o c 0.360 0. ýý. '6 il. 1e - O. n7 0.7' 19% 32 C 217 0 4? 4 1 21 

(1) Stress swells of approximately 20 seconds (Tension). 
(6) L=. 

(2) Stress fa+olls of approximately 20 seconds (Compression) 

(31) Stress Dwells of appreximitoly 20 scroods (Tension an. 1 Dampression) 
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Table 6.1 - Comparison of the relative position of the basic SrP lines for 
several alloys 

Material 
Temperature 

(00 
Order of Decreasing Damage 
(Inelastic Strain Level 10-3) 

Rene 80 case 871 PC-CP-CC-PP 

IN 100 gatorized 760 PC-PP-CC-CP 

IN 100 cast 925 PC-PP-CP-CC 

Nimonic 90 810 PC, CP-CC-PP 

Waspalloy 750 PC-CC, CP-PP 

IN738LC 850 PC9PP-CP, CC 

Rene 95 650 PC-CC, CP-PP 

t 
Narloy Z 538 CP-CC-PC-PP 

AMZIRC* 538 CP-CC-PC-PP 

Ti-6A1--4V 450 PC-PP-CP-CC 

1 CrMoV steel 565 CP-PC-CC-PP 

316 stainless steel 705 CP-CC-PC-PP 

21 Cr - 1Mo 595 PC-CC-CP FP , 

A286 595 CP-PC-CC-? F 

A 13 steel 595 PC-PP, CC, CP 

Till 1150 CP-CC-PC-PP 

MARM002 850 PC-. PP-CC-C? 

MAR`". 002 1C40 CP, PC, PP-CC 

CA 101 927 PC-PP-CC-Cr 

* Tested in Argon 



TABLE 7.1 - 5% drop in tensile load data for MARM002 

Test No Test Type Nf N5 N= Nf - N5 N5/N 

3B PP 850°C 

7A PP 750°C 

33 PC 850°C 

10A PC 750°C 

6A PP 750°C 

22 PP 1040°C 

21 PP 1040°c 

2B PC 950°C 

34 PC 1040°C 

2673 2100 

1516 1000 

408 200 

1674 1020 

9614 8410 

1640 

370 

1511 

700 

75 

500 

402 " 100 

573 

516 

208 

654 

1204 

940 

295 

1011 

302 

3.70 

1.90 

0.96 

1.56 

6.98 

0.75 

0.25 

0.50 

0.33 
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Table 7. IV - Predicted versus observed lives of some basic SrP tests 

Test No. Type Temperature 
(oC) Npred. Nobs. 

10 PP 850 1009 825 

13 PP 850 210 220 

18 PP 850 1620 1790 

19 PP 850 11383 10960 

21 PP 1040 320 370 

22 PP 1040 1957 1640 

24 PP 1040 99 95 

25 PP 1040 4227 4600 

37 CP 850 2243 1896 

30 CP 850 886 1076 

29 CP 850 159 166 

39 CP 850 854 805 

NobS. - Observed lives. 

Npred. - Predicted lives using the Strainrar., e vs. Life Relationships 
reported on Chanter 4. 
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Figure 2.2 Model of effect of frequency on fatigue life at constant 
inelastic strainrange at high temperatures (22) 
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Figure 2.22 Creep fatigue damages interaction plot showing no 
interaction lines but the linear interaction line 
the average trend and minimum trend lines (89) 
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Figure 2.23 THERMAL fatigue creep interaction tests (91) 
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Figure 2.24 Schematic creep-fatigue loop 

Figure 2.25 Partition of hysteresis loop 
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Figure 2.27 Idealized hysteresis loops used to define the 
individual straihrange versus life relationships 
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Figure 2.28 Schematic procedure for generating the isothermal 
partitioned strainrange versus life relationships 
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Figure 2.29 Examples of isothermal test cycles to determine the 

partitioned strainrange versus life relationships 
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Figure 2.30 Partitioned strainrange - life relationships for six alloys 



- 155 - 

b 

N 

N 

w 
z 

C 

ii 
II 
ii 

B 
/I 

i 
I 

Ai i- 
-- 

ýE 
T -ý 

II I 
II I 
II I 
II ý 
II ý 
11 I 
II I 
II I 
II 
II I 
II 

_I II I 
II ; 
11 I 
Iý I 
II 

I III 
II I 

ýNF 
I II 

, It I 

1 ý1 
I 
t 

jl 

I tt 
1 It 
t II 

1 
11 1 

t 
tt 

I 

t 11 1 
t II I 
ý ý1 I 
I it I 
Iý ý! 1 

N 11 1 

II i uc 
D if I 

ý --------t-- �II 
if I 

a) 

1ý I 
Eii 

Fi/ T[Mý 

4p- 

TIME 

b) 

Figure 2.31 Partition of a loop in plots of strain and stress versus 
time like those obtained in aUV record 



I 316 SS 
1500° F(1084 K) 
Dei " O. OOd7 

i0 

IRIANGULAR STRAIN WAVEFORM 

INTERACTION 
p DAMAGE RULE 

10.5 10"4 10'3 10-2 10"1 1 10 
FREQUENCY, Hz . 

02 
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Figure 2.35 Determination of creep within a cycle 



cý 

vi 
t3 

C 

NCP NPP 
cycles to failure 

Figure 2.36 Relative position of the strainrange versus life 
relationships (schematic) 

104i-- 

21 Cr-IMo 

0 595 C 

5I0-650C 

316 S. 5 

705 C 
595-Bt5C 

1D2 103 io4 PREDICTED LIFE.. CYCLES 

Figure 2.37 Comparison of observed and predicted lives using SrP 
method for two steels tested at two temperature ranges 



TYPE 316 STAINLESS STEEL 

SYM6OL TEMPERATURE, FREQUENCY INELASTIC CYCLES TO 
OC Hz STRAINRANGE FAILURE 

a 870 0.02 0. OC468 677 
t 815 . OOz60 730 

0c 705 . 
00420 21ýo 

4 650 : 00400 1636 
e 595 . 00356 3507 
( 54L . 

00484 1264 

g 705 0.00046 0.00510 666 
h . 0074 OOQäO 694 

°1 
. 02 . 

OfA20 2100 
j 2.0 . 

00424 1700 

K- 815 0.003 0.00464 605 

D1 . 
02 . 

00460 730 

m .2 , 00464 1950 

n 2.0 . 
00468 2350 

6: 1 
ý\ 

"uullC" \\ý 
4ý `S9. 

hl, 
\C ` 

-. 
4ý 0'Qý ...., \ ý-ý 

,n\ w Cu \\ Iýr 
3 

004F 
v 

w 
2 

. 
001Z 

4 
iII ---- 

II_... 
_J ö8 103 246 

CYCLES TO FAILURE 

Figure 2.38 Application of the SrP method to continuous strain 
cycling results 



- 160 - 

II 

edge inside edge 

EMECH' oL AT 

Q) 

AEPP 

v. _: b) 

l6ePP+ 6EPC 

B C____ p_ 

JJ 
A 

C) 

B 
AEPPt MCP 

d) 

dEpp+ MCC 

r---- ý ýý 
1ý 
ýý 

-----ý - 

Figure 2.39 Strainrange components produced in the edge of the 
schematic assembly by several thermal hystories 



- 161 - 

10 2 

6EIN 

I 03 

16-4 

10 

a 
ý 

N 

U 
z 1.0 
:3 
C5 w ac LL 

J 0.1 
U 
aý U 

i 
i 
I 
I 

L' I, I III, III 

10 103 105 10 103 105 
CYCLES TO FAILURE 

0.01 

Figure 2.40 Use of partitioned strainrange-life relationships to 
obtain bounds on life 



- 162- 

, ý--- Top Btock 

i 

ti. i 

- Specimen 

., --Lower Block 

Frame --- 

---Load Cett 

--Lower Head 

--HYdraulic 
jack 

Figure 3.1 Testing Rig for high temperature fatigue tests 



- 163 - 

(1) 
S- 
=3 

+-) 
rt 
S- 
a) 
Q 
E 
a) 
4j 

a) 
C. "1 

4-) 
r- 
O 

U' 

N 

M 

ý 
ý 
ý 
CT 

"r 
{. L. 

(ALU) 30d110A 



Figure 3.3 - MARM002 specimen mounted in one of the rig grips. 
Nimonic rods are attached to the specimen. 
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FIG. 4.1-MAR M 002 SPECIMENS. 
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Figure 4.3 - Last MARM002 microstructure, magnification 100X 
Electrolitic etching in glacial acetic acid 15% 
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Tensile creep, 
AC 

cc = 0.024% 
compressive creep 
N= 1377 cycles 

Figure 4.23 - Photomicrographs of longitudinal sections of MARM002 
specimens tested at 750 C 



Tensile plastic flow, compressive plastic flow 
eepp = 0.004% N= 10960 cycles 

Tensile creep, compressive creep 
ACcc = 0.084% N= 571 cycles 

Figure 4.24 - Photomicrographs of longitudinal sections of MARM002 
specimens tested at 850 C 



Tensile plastic flow, compressive plastic 
ACpp = 0.044% N= 4600 cycles 

s'%`ý? ýºti: ýä+'ý"i! 1ºý ýýrý 

ensile creep, compressive creep 
ACcc = 0.096% N= 1237 cycles 

flow 

Figure 4.25 - Photomicrographs of longitudinal sections of MARM002 
specimens tested at 10400C 
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o-z II1II1II1I 

0.1 0"2 0"3 0"4 0.5 0"6 0.7 0"8 0"9 1-0 
Fpp, 

FIG. 5.2 -FUNCTIONS (Fpp1) FOR VALUES OF j3 

BETWEEN 0.4 AND 1.0. 
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0"4 

0"3 

0-2 LI-i ___f . -I ---i I 
0.4 0.5 0-6 0-7 0"8 0"9 1"0 

%31 

FIG. 5.3 - FUNCTIONS oL. _ c, t- (i3) FOR VALUES OF Fpp 

RFTWFFN 11.1 AND n-5- 
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0:: 
H 
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LIFE 

FIG. 5.5 - PP AND CP STRAINRANGE vs LIFE RELATIONSHIPS 
WHEN CP LIVES ARE GREATER THAN PP ONES. 
(SCHEMATIC) 

Z_ 
Q 
cr- 
H 
N 

LIFE 

FIG. 5.6 - EXTRAPOLATION TO A 100% CP LINE AS AN 
UPPER BOUND OF THE SrP BASIC RELATIONSHIPS. 
(SCHEMATIC) 
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, Linear damage rule 
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Damage rule A 
Damage rule B 
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FIG. 5.7- DAMAGE RULES CALCULATED ACCORDING TO FIG. 5.4 
USING PP LINE (A) AND CP LINE (B) ! SCHEMATIC) 
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FIG. 5.8 - EXTRAPOLATION TO A 100 % CP LINE AS A LOWER 
BOUND OF THE SrP BASIC RELATIONSHIPS. 
(SCHEMATIC) 



FIG. 5.9 - DAMAGE RULES (SCHEMATIC ) 
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TENSILE HYSTERETIC ENERGY = CT AC, PP Cycle 
VT AEi PP+ CP Cycle (Experimental) 

CT ACL CP Cycle (ldecl cycle) 

FIG. 6.1. -TENSILE HYSTERETIC ENERGIES FOR TWO TYPICAL 
SrP LOOPS (Schematic) 
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Figure 7.1 - Lateral surface view of cast MARM002 specimen 30 

after testing. 
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Figure 7.2 - Profile of oxide intrusions. Unetched X500 
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Figure 7.3 - Profile of secondary crack in specimen 46 (200X) 
Note deplected area of y' at periphery of oxide. 



Figure 7.4 - Surface connected secondary crack running through 
porosity. Magnification 200X 
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Figure 7.7 - Internal cracks starting at pore and carbide. One 
crack at sharp carbide and propagated trough y- Y' 
interface. Specimen 41 (200X) 
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FIG. 75 - SECONDARY CRACKS ON LONGITUDINAL SECTIONS (w 25mrn1 
OF THE SPECIMENS USED TO DETERMINE THE STRAINRANd 

vs. LIFE RELATIONSHIPS AT 850 AND 9040° C AND 
VALIDATION TESTS AT 750°C ON MAR 114002. 



50 

z 
Q ý z 40 
a 
s 

1% 
w 
ä 30 
w 
w 0 
N 
V 
ý 20 
V 
LL 
O 
Ö 

z 10 

- PP PC .. CYCLE 
CP CG 
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Figure 7.8 - Scanning electron micrograph of specimen 11A 
indicating transgranular fracture at origin. The 
outlined region A is shown at a higher magnification 
in Figure 7.9. 



Figure 7.9 - Scanning electron micrograph of specimen 11A. 
Area A of Figure 7.8 showing fatigue striactions. 



Figure 7.10 - Scanning electron micrograph of specimen 21. 
The layer of oxidation products makes it impossible 
to determine the mode of fracture 
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