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ABSTRACT 

Creep-fatigue life prediction methods are briefly 
reviewed. Phenomenological methods of life prediction 
are very popular, since they use several test and 
metallographic parameters in model formulation. They 
also require numerous test parameters determined from 
specialized tests. Requirements of phenomenological 
methods have been summarized. Ductility measurement 
and modeling aspects have been reviewed. A new 
model has been developed with the assumption that 
with increasing fatigue cycles the ductility gradually 
decreases and the specimen fails as a result of 
exhaustion of ductility. This has been achieved in terms 
of dynamic viscosity (product of stress and cycle time), 
equated with material toughness, which is a product of 
material strength and ductility. There is a limiting 
value of ductility and yield to tensile strength ratio, 
where this method applies. 

Creep-fatigue data on five 'test materials', namely 
AMZIRC, Ti-6A1-4V, IN 100, Waspaloy and lCr-Mo-
V steels, have been assessed with the proposed method. 
Nearly 70% of the test data points with or without hold 
times were predicted within a factor of ± χ 2. 

NOMENCLATURE 

Ν = Number of cycles at specified conditions. 

Nf = number of cycles to failure at the specified 
condition of N. 

t = Time of hold at specified conditions. 
tr = Time to creep-rupture at the specified 

conditions of t. 
Nij = Cyclic life under ij conditions where ij may 

be PP, PC, CP and CC. 

Aij = Intercept of inelastic strain life curve, 
ν = Frequency and subscript t and c for tension 

and compression, 
k = Slope of frequency (strain rate) versus 

endurance line 
β' = Slope of plastic strain range versus cyclic 

life. 
d = Material constant. 
Δε = Strain range, subscripts e, p, t and in 

represent elastic, plastic, total and inelastic 
strains, respectively. 

Τ and C = Scaling factors in tension and compression, 
respectively. 

a = Crack length correction under fatigue 
dominated failure, 

m = Slope of plastic strain range versus cyclic 
life. 

1/c = Cavitation correction factor under creep 
dominated failure. 

G = Scaling factor under creep dominated 
failure. 
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C = Material constant, 
στ = Tensile stress amplitude. 
C0> v0, = Material constants 
Η and ν 
ω = Total continuum damage 
ε = Strain rate 
0/0 = Continuously cycled R = -1 type of tests 
t/0, 0/t, t/t and xt/yt = Time of hold in 

tension/compression. 

INTRODUCTION 

Creep-fatigue life prediction methods are very 
important, since they are used in the design and lifing 
of engineering components operating at high tempera-
ture. At least seven frameworks can be named within 
which a life prediction method may be developed: 

1. Continuum damage mechanics 
2. Phenomenological methods 
3. Energy methods 
4. Prediction of microscopic stress-strain 
5. Fracture mechanics 
6. Metallurgical and micro-mechanical modelling 
7. Experience based empirical models. 

The individual methods within the first six of the 
above frameworks use test parameters, stress-strain 
histories, strain rate or frequency and some form of 
damage such as 'crack' and its growth, in model 
formulation. Empirical methods use a model derived 
from the data or by experience. They can be extended to 
the life prediction of other materials. Hence, empirical 
methods do not have a scientific basis, but may be 
attractive as they do not require extensive specialized 
testing. 

Requirements of creep-fatigue life prediction 
methods, their equations, the number of constants 
needed, together with the type of tests needed to apply 
them, have been reviewed in this paper. A new method 
has been developed with the ductility concepts and 
assessed with creep-fatigue data of five test materials. 

LIFE PREDICTION METHODS 

The prediction capability of a method depends on 
the percentage of the test data points (under different 
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conditions) predicted within a band of ± χ 2. The 
quality of the method increases with the number of 
points predicted within a factor of ± χ 2. A logarithmic 
normal probability distribution of the ratio between the 
observed life and the predicted life of three austenitic 
stainless steels has been plotted by Wada et al. Ill in 
Fig. 1, which shows that the design margin with a 
factor of 2 maintains the probability of non-failure 
above a 95% confidence level. 

Life prediction methods have been extensively 
reviewed /2-10/, yet they have been sparingly assessed 
with various types of creep-fatigue data. Only two 
materials, lCr-Mo-V steel at 565°C / l l / and 2.25Cr-
Mo steel at 600°C /12/, have been assessed with most 
popularly known methods of life prediction. Creep-
fatigue data of no other alloy has been assessed with all 
these methods. Instead, the applicability of one or two 
methods has been assessed sparingly. 

Phenomenological methods of life prediction are 
summarized below: 

1) Damage Summation Approach (DSA) or Life 
Fraction Rule /13/. 

2) Frequency Modified Approach or Separation 
Approach (FMA) IUI. 

3) Strain Range Partitioning (SRP) Approach /15/. 
(a) Total Strain Version of (SRP) /16/. 
(b) Ductility Normalized SRP l l l l . 

4) Damage Rate Approach (DRA) /18/. 
5) Hysteresis Energy Approach (HEA) /19/. 
6) Damage Parameter Approach (DPA) /20/. 
7) Modeling crack growth under creep fatigue 

121,221. 

The problems one faces in using the above methods 
are the number of material constants and parameters 
which are usually unknown in the published literature. 
Hence, it is very important to address the requirements 
of the various life prediction methods. 

METHODS AND THEIR REQUIREMENTS 

Applying the phenomenological methods of life 
prediction to creep-fatigue data requires the following 
types of tests, where the constants are determined from 
the best fit equations. 

102 



Τ. Goswami High Temperature Materials and Processes 

L ! M T t H I « . SUS30* 3 t · . M t 

RATIO or 0 I « » « 0 VALUES TO PKIOICTEO VAIUIS 
or FATisui u n 

Fig. 1: Statistical confidence within a factor of ± x2 
for creep-fatigue data on stainless steels 304, 
316 and 321 III 

1. Creep rupture properties at the same temperature 
relate stress-time (two constants in each linear 
behavior). 

2. Stress relaxation with respect to hold time. 
3. Total strain versus life data (four constants). 
4. Elastic and plastic components versus life and 

respective constants (four in this case). 
5. Stress range versus plastic strain. Slope (n) and the 

intercept (K) or fatigue strength constant, applicable 
above or below a plastic strain range. 

6. Some of these tests with hold time sequences. 
7. Apart from these, several constants that may be 

needed to apply a method, e.g., SRP needs eight 
such constants, inelastic strain components, versus 
life data. 

8. Frequency versus life data. 
9. Ductility under plasticity and creep. 

Table 1 summarizes the individual methods, their 
equations, types of tests needed and number of 
constants of phenomenological methods of life 
prediction. 

DUCTILITY - DEFINITION, MEASUREMENT 
AND MODELING 

The American Society of Metals /24/ defines 
ductility as "the ability of a material to deform 
plastically before fracturing. Measured by elongation or 
reduction in area of a tensile test, by height of cupping 
in a cupping test or by radius or angle of bend in a bend 
test". 

Measure of Ductility 

"Currently ductility is considered a qualitative 
subjective property of a material" /25/. In general, 
measurements of ductility are of interest in three 
respects /25/: 

1) To indicate the extent to which a metal can be 
deformed without fracture in metal working 
operations, for example, rolling and extrusion. 

2) To indicate to the designer the ability of the metal to 
flow plastically before fracture. A high ductility 
indicates that the material is 'forgiving' and likely to 
deform locally without fracture should the designer 
err in stress calculations or the prediction of severe 
loads. 

3) To serve as an indicator of changes in impurity 
level or processing conditions. Ductility measure-
ments may be specified to assess material quality, 
even though no direct relationship exists between 
the ductility measurement and performance in 
service /25/. 

Review of Modeling with Ductility 

Manson /3,26/ used ductility in describing the low 
cycle fatigue properties of several materials. The uni-
versal slopes method 13/ used ductility to generate a 
point on the plastic line, whereas tensile strength and 
modulus were used to mark a point describing elastic 
behavior. The slopes of elastic and plastic lines were 
-0.12 and -0.6, respectively. Spreads in material 
response curves generated were in good agreement with 
above constants for a number of materials. Later 
Manson /27/ used the ductility term (D)"0·15 to predict 
the strain hardening or softening behavior at the transi-
tion point by calculating the total strain and stress 
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Table 1 
Requirements of phenomenological methods 

Method of life Life prediction equation No. of constants (n) Details of the 

prediction tests 

L inear l i f e 1 - Σ Ν / Ν / + I t / t r - strain -life data (4) 0/0 tests (ε,-Nf) 

fraction (13) - creep-rupture (2 to 4) creep rupture'C. 

stress relaxation 

Frequency Nf = [ F/Δερ] ' -strain-life data (4) 0/0 tests. 

modified [vt/ 2]l-k[v c /v t 1 d 
- frequency vs. life (2) some hold times 

Approach (14) - stress-strain (2) frequency -life 

Strain range N i j = A i j A e i / j k four inelastic strain vs. Tests producing 

partitioning ij represent PP, PC, CP life relations. (2x4) complex loops 

(15). and CC loops. PP. PC, CP and 

CC. 

Ductility Plastic and creep Tensile tests 

Normalized ductility (2). short time creep 

SRP (17) and their exponents (2). rupture tests. 

Damage Rate da/dN = a [T] [e p ] m 
scaling factors (2) 0/0 tests. 

Approach. (18). [έ ]k 
1 PJ strain -life (4) metallographic 

(no-creep da/dN = a[C] [e p ] m 
strain rate-life (2) evidence. 

damage) [ έ / assuming a crack size hold time tests. 

with creep 1/ c da/dt = G [ep]m scaling factor in creep metallographic 

[Ep]k ' cavity size (1) 

strain-life and rate (6) 

evidence, 

creep data, test 

duration 

Damage C = o T A £ p N f | 3 strain-life (4) 0/0 data. 

function method v ß (K-l) frequency-life (2) frequency data 

(19) stress-strain (2) 

shape correction factor 

stress-life data 

hold time data. 

Damage dto/dt = [ Co {σ/( 1 - material constants (3) stress versus 

parameter (o))v0do/dt Η (do) + fatigue -damage (2) damage in creep 

approach (20) Οίσ/(1-ω)ν1 Η (σ) creep-damage (2) and fatigue. 
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ranges. A neutral hardening stress range, correspond-
ing to the transition strain range, was defined and an 
expression was used to predict hardening and 
softening, based on its being positive or negative /27/. 
Assessed with 30 materials, the prediction was in a 
reasonable agreement. Recently, Muralidharan and 
Manson /28/ simplified the method of universal slopes 
and extended it to lower strain levels by modeling with 
ductility. 

Edmund and White 129/ assumed that failure 
occurred when the accumulated creep relaxation strains 
under cyclic-hold bend tests equalled the rupture duc-
tility. This concept has been extended successfully in a 
modified form by Priest and Ellison /30/, Hales /31/ 
and Miller et al. /32/, applied to the creep-fatigue data 
of lCr-Mo-V and type 316 steel, to predict isothermal 
and thermo-mechanical fatigue lives. General 
expressions of creep and plasticity dominated failure 
were presented as follows: 

NcAEct=Dc (1) 
ΝρΔερ = Dp (2) 

where subscripts ρ and c refer to fatigue and creep 
properties. 

Haiford et al. IUI used ductility normalization with 
SRP and extended it to multiaxial creep-fatigue life 
prediction. Plastic and creep ductilities were deter-
mined for an environment from tension and short time 
creep-rupture tests, respectively. These were used in a 
set of damage normalized equations, which was the 
first order approximation of the four SRP inelastic life 
relations. Tensile ductility was used for the cycle types 
PP and PC, whereas creep ductility was used for CC 
and CP. Creep ductility is a function of exposure time 
and temperature which eventually decreases with 
longer time to rupture. A constant slope of -1.67 was 
kept for the ratio of inelastic strain range with ductility 
for cycle types PP and PC; however, inverse creep 
ductility was used for CC and CP. The transgranular 
and intergranular damage of a CP cycle was accounted 
for in the model in terms of a multiplier. Several para-
meters, such as environment and material parameters, 
were addressed adequately where a band in the 
predicted lives was observed from 2 to 4. 

Viswanathan and Fardo 133/ reiterated that stress 
rupture ductility of many alloy systems at elevated 
temperatures varied with temperature and stress. 

High Temperature Materials and Processes 

Hence, short time tests cannot adequately predict the 
ductility of long-term stress-temperature conditions. 
They compiled a bank of rupture ductility data on Cr-
Mo steels and obtained statistically viable best fit 
equations. One was an empirical quadratic model in 
stress and temperature, which predicted % RA at rup-
ture. In the second model, percent RA varied linearly 
with stress such that the slope was independent of 
temperature, but the intercept varied exponentially with 
(1/T) and was successful in describing the data over a 
limited range of RA. 

Tipler and Hopkins /34/ studied the cavitation and 
rupture ductility of Cr-Mo-V steels. They observed that 
lower elongation is associated with higher density of 
cavities per unit strain. A large scatter in the data was 
also reported. 

Roan and Seth/35/investigated the residual impurity 
effects on grain boundary cavitation, fracture behavior 
and associated rupture life and ductility of Cr-Mo-V 
steel. They observed that different impurities affect rup-
ture ductility to different extents. Individual elements 
and their contribution to rupture ductility, cavitation 
and fracture mode were accounted for by 'total effective 
impurity content'. The % RA decreased linearly as the 
total effective impurity contents (%) increased. The % 
RA also decreased linearly with cavities per grain. By 
combining these two results they showed that lowering 
the impurity content lowered the number of cavities per 
grain and in turn improved ductility. However, there 
are conflicting opinions 136,31/ that, by refining the 
grain size, cavities per grain may be reduced effec-
tively, which is unlikely 1351, since increasing the 
number of grains at the same impurity content may 
increase the cavity density and leave rupture ductility 
unaffected. 

Rhines and Wray /38/ noticed that, under proper 
conditions of test temperature and strain rate, a dip in 
ductility in an intermediate temperature range occurs. 
This was due mainly to a rapid drop off in total 
elongation just above the recovery temperature. They 
postulated that when the ductility is high at low 
temperatures, fracture occurs by transgranular crack 
propagation with extensive deformation. At inter-
mediate temperatures, deformation occurs by grain 
boundary shear, and intergranular voids form at triple 
points and grow unhindered to produce intergranular 
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failure. This causes a minimum in ductility. At higher 
temperatures recrystallization occurs simultaneously 
with intergranular void formation that continuously 
breaks up the path of intergranular cracking. This 
results in a gain in ductility. Later some of these 
findings were verified by several other workers /39-41 /. 

Hammond /41/ related tensile properties, such as 
yield and tensile strength and % elongation, with 
toughness, which in turn is a product of strength and 
ductility. He investigated the effect of prolonged aging 
on the inversion of total elongation and diminishing 
ductility behavior of the superalloy Haynes alloy no. 25. 
He also found ductility minima and their reversals 
pronounced at approximately one-half the absolute 
melting temperature. Sikka /42/ determined that certain 
combinations of strain rate and test temperature can 
result in a significant loss in elevated temperature 
ductility of the stainless steel types 304 and 316, 
respectively. The strain rate below which ductility drop 
was initiated decreased with decreasing temperature. 
Besides strain rate and test temperature, ductility also 
increased with nitrogen content and thermal aging. 

DEVELOPMENT OF DUCTILITY MODEL 

Several parameters affect the material ductility, for 
example, 

1) strain rate 
2) strain range 
3) temperature 
4) material heat and conditions 
5) impurity content 
6) cavities per grain 
7) grain size 
8) tensile and compressive stress ranges 
9) relaxed stresses 

10) phenomena' such as work hardening, recovery, 
recrystallization, coarsening, formation of grain 
boundary precipitations, dislocation density and 
their mobility for cell formation. 

Incorporation of the above parameters will not lead 
any model towards generalization, since each material 
has a different composition and metallurgy. Several 
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assumptions have been made in developing the ductility 
model. These are discussed below: 

1) Stress in tension and compression has been 
separated and has been plotted with respect to 
strain range to rate ratio, which is 'cycle time1 

shown in Fig. 2. 
2) Cycle types, such as trapezoidal, triangular, 

square and sinusoidal waveforms, have been 
treated as rectangles with simplification of the 
waveform as shown in Fig. 3. 

3) The product of stress range and strain range-to-
rate ratio or cycle time (dynamic viscosity) in 
tension and compression has been determined 
with the lowest strain rate in either direction. 
Lower strain rate also means longer cycle time 
and more energy accumulated. 

4) Only one part of the cycle (tension/compression) 
was assumed to contribute to the accumulation of 
damage. 

5) The dynamic viscosity was integrated for the 
cycles to failure. This was achieved from the 
expression of stress-strain, in terms of the 
Basquin equation, that has an intercept Κ (fatigue 
strength coefficient) which is the stress range at 1 
inelastic strain range and the strain hardening 
exponent (n). 

6) The fatigue strength constant (K) was assumed in 
the literature as 3.5au; through empirical 
adjustments, 3.5 was replaced with (log A+Dt), 
adding the logarithmic intercept of continuous 
fatigue (0/0) behavior with tensile ductility at the 
creep-fatigue test temperature. 

7) Subsequent terms are strain-based, using total 
strain and strain rate (1/sec) in absolute scale 
integrated for cycles to failure. 

8) A work hardening correction factor (H) was 
introduced to account for the fatigue process, 
which in turn depends on hardening, softening 
and phenomena like recovery and recrystalliza-
tion, in terms of yield to tensile strength ratio and 
hold time. 

9) With strength ratio improvement or otherwise, 
the rate of work hardening is influenced. Hold 
containing cycles affect the work hardening 
response which is inhibited by softening processes 
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Positive mean stress 
b1 

Tensile pait 

Total strain range / strain rate - cycle time 

(a) Possible trends in the stresses in tension direction. 

(b) Possible trends in compression direction. 

Fig. 2: Schematic representation of stresses in two 
directions. 

and is accounted for in the expression for H. This 
parameter was determined empirically. 

10) The dynamic viscosity has been equated with 
material toughness, which is a product of tensile 
strength and ductility. 

11) Ductility was assumed in terms of the product of 
plastic strain range and cyclic life, given in 
equations (1) and (2). 

Following these assumptions, the ductility model 
was developed as follows: 

For Variable Strain Rate: 

On many occasions, in the case of unbalanced 
cycles, tensile and compressive strain rates were 
different, and so were the hold times in either direction. 
The lowest strain rate reflects greater energy 

/ \ 
d' 

d 

(a) Approximations in area calculations of a trapezoidal cycle 

(b) For a sine waveform the rectangular area calculation. 

(c) Approximation in area calculations for a lingular cycle 

Fig. 3: Approximations in area calculations for 
different waveforms. 

accumulation, and accounts for the longer cycle time in 
the direction of the hold. 

Dynamic viscosity = ΔσΔε(ε) (3) 

Waveforms were simplified in terms of conven-
tional rectangles. Such an area under the tensile part of 
a trapezoidal cycle (abed) was assumed a rectangle 
(ab'cd1), as shown in Fig. 2(a), and was integrated for 
cycles to failure. 

|ΔσΔε(έ) _ 1 

Κ ί Δ ε ^ . ί Δ ε , Γ . (έ)-« (4) 

where m is the slope of total strain versus life under 0/0 

Total strain range / strain rate = cycle time 

softening 

stable 

hardening 

Compressive mean stresses 
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Table 2 
Requirements of proposed ductility model 

Method of life 

prediction 

Life prediction equation No. of constants (n) Details of the 

tests 

Ductility model Nf = (A+Dt) (Δ ein)"*1 

. (Ae t ) m (έ)-"».Η 

Total strain Vs. Life (2) 

Stress Vs. strain (2) 

Mechanical properties 

Total strain 0/0 

Tensile tests. 

conditions. The fatigue strength coefficient was 
empirically adjusted as follows: 

Κ = 3.5 σ„ 
Κ = (log A + D t)au (5) 

where logA is the intercept of total strain versus cyclic 
life for continuous fatigue, D is the tensile ductility at 
test temperature and η is the cyclic hardening 
exponent. 

Material Toughness = Ductility χ Tensile Strength 
= Δερ . Nf. a u (6) 

Combining equations (5) and (6), 

Nf = (A+Dt)au(AEin)n(AEt)m (ε)""1) Η/Δείησυ (7) 

Simplifying equation (7) results in 

Nf = (A+Ot)(Aem)n-K(Aet)m (έ) -" \Η (8) 

The work hardening correction factor (H) included 
in equations (7) and (8) accounts for the hold times (th) 
expressed in the following empirical form: 

H = / ~ [ l + (Log(l + ( a y / a u ) + t h ) m ] (9) 

where hold time is in sec., and the other parameters 
have their usual meanings. 

There is a lack of understanding of 'work 
hardening', its measurement and its effects on the 
fatigue resistance of materials. Phenomena such as 
work hardening inhibitor or softening by recovery are 
also not known quantitatively. Hence, empirical adjust-

ments were made. Fewer data points are required to 
determine the slope of total strain (between 2% to 
0.6%) versus cyclic life. Using these details from 
continuous fatigue behavior in the model, life of hold 
containing cycles can be predicted. 

DISCUSSION ON THE APPLICABILITY 
OF THE PROPOSED METHOD 

Creep-fatigue data have been collected /43/ to assess 
the applicability of a new method developed in this 
paper. These are summarized in Table 3. 

Total strain versus life relations of the above 
materials are determined under continuous fatigue 
conditions, having the following form: 

Δε, = A(Nf)m (10) 

The intercept (A) and slope (m) are tabulated in Table 4. 
A small program was written in Excel to calculate 

the life of pure fatigue and complex combinations of 
hold time cycles. The prediction capability of the 
method is as follows: 

AMZIRC: Life prediction of creep-fatigue data of 
AMZDR.C is shown in Fig. 4. At least 66% of the test 
data points were predicted within a factor of ± x2, 30% 
in a band of 3 and only one data point which constitutes 
3% of the data was within a factor of 7, in a 
compressive dwell sequence of 300 sec., applied at 
4.6% total strain range. 

The prediction capability of the proposed method 
with the cycles containing hold in tension or 
compression time is quite good, 70% of the test data 
points belonging to a factor of ± χ2, 23% within a 
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Table 3 
Summary of the materials assessed and their properties 

Materials Test Yield strength Tensile strength Ductility at test 

Temperature "C MPa MPa temperature % 

AMZ3RC 538 212.5 216.5 1.83 

IN 100 650 1034 1200 0.22 

Waspaloy 750 828 1091 0.38 

Ti-6A1-4V 450 637 729 0.67 

lCr-Mo-V 565 400 500 1.6 

Table 4 
Continuous fatigue (total strain versus life) 

behavior of the materials 

Materials m log A 

AMZIRC -0.58 2.2 

IN 100 -0.23 0.82 

Waspaloy -0.4 0.99 

Ti-6A1-4V -0.256 0.96 

lCr-Mo-V -0.57 1.78 

factor of 3 and the remaining 7% within a factor of 7. 
The standard error, together with the equivalent factor 
on life, have been tabulated in Table 5. 

IN 100: Creep-fatigue data of powdered (PM) IN 
100 were assessed with the proposed method in Fig. 5. 
70% of the test data points are predicted within a factor 
of ± x2. Figure 5 also contains the details of the points 
that do not fall within a factor of ± x2. Longer tensile 
dwell cycles with 3600 to 7200 seconds have been over-
predicted within a factor of 3. The remaining 30% of 
the test data points are predicted within a factor of 3, 
summarized in Table 5. 

Waspaloy: The life prediction is shown in Fig. 6. A 
life range of ± x2 to 30 is observed. Only 44% of test 
data points are predicted within a band of ± x2. The 
rest of the breakup is as follows: 24% within a factor of 
3, 6% within a factor of 5 and 3% within a factor of 7, 
12 and 30, respectively. Only unbalanced dwell 

sequences with 100 seconds in tension and 10 seconds 
in compression were predicted within a factor of ± x2. 
Only one condition of compressive hold cycle from a 
group of six was within a factor of ± x2. Two 
conditions of tensile dwell sequences from a batch of 
five were within a factor of ± x2 and only one balanced 
dwell data point, which represents 20% of the data, was 
within a factor of ± x2. 

Ti-6A1-4V: A complex combination of hold times 
in the tension and compression directions has been 
assessed in Fig. 7. 76% of the test data points were 
predicted within a factor of ± x2 and the remaining 
24% within a factor from ± x2 to 3. The lowest strain 
rate of either tension or compression direction in the 
model effectively predicts the life of either tensile, 
compressive, balanced or unbalanced cycles. Prediction 
capabilities have been tabulated in Table 5. 

lCr-Mo-V Steel: Not all the parameters were 
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Table 5 
Statistical distribution in the life prediction by proposed method 

Proposed method Life extrapolation Eg. (10) 
Materials Standard error Equivalent factor on 

life 
Standard error Equivalent factor on 

life 
AMZIRC 0.01149 1.026 0.012 1.027 
IN 100 0.0064 1.014 0.031 1.073 
Waspaloy 0.134 1.362 0.029 1.198 
Ti6A14V 0.051 1.125 0.009 1.021 
lCr-Mo-V 0.099 1.258 0.129 1.345 

Conservative prediction 

Observed lives 

Fig. 4: Life prediction of AMZIRC by proposed 
method. 

1 0 " 1 0 J 

Obseved life 

Fig. 5: Life prediction of IN 100 by proposed 
method. 

known for this particular set of data, where very long 
hold times were applied in either direction with or 
without hold in the opposite direction. Constant strain 
rate conditions apply to this material. Life prediction is 
shown in Fig. 8. The standard error calculated with an 
equivalent factor on life is tabulated in Table 5. 

The five test materials chosen represent a wide 
range of material properties. For example, AMZIRC 
has a very high yield-to-tensile strength ratio, close to 
one, and the plastic strain component is much higher 
than the elastic one as opposed to that of IN 100 
(powder compact), where both the total strain and 
elastic strain components are nearly the same. There is 

also an intermediate band of strain levels where elastic 
and inelastic strain components vary with respect to the 
total strain level of Waspaloy, Ti-6A1-4V and lCr-Mo-
V. Below 0.4% total strain level, the elastic strain 
component is much higher than the plastic component 
for these materials. 

The discrepancies in the predicted life of hold con-
taining cycles cannot be explained for AMZIRC, since 
over-predicted cycles have similar strain rates. The 
plastic strain component is very near the total strain 
component, and the role of relaxed stresses, which 
account for 50% of the half life tensile or compressive 
stresses, needs to be accounted for. A high yield-to-
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ο* , 

a 3 -

Over predicted 

Hold times in sec. 

• 0 « 
• 100/10 
• 0/30 
• 30/0 
+ 30/30 

Factor of 2 

1 0 
Observed Life 

Fig. 6: Life prediction of Waspaloy by proposed 
methods. 

time of hold, it usually exceeds unity. There is no direct 
incorporation of the relaxed stresses and inelastic strain 
build-up in the model to account for the hold times. 
However, this contributing factor for the life reduction 
has been accounted for in terms of H. 

The predicted life in the case of IN 100 with hold 
times of 3600 seconds or more was overpredicted 
within a factor of 3. Though those cycles also have 
strain rates similar to those of other cycles, within a 
total strain range from 0.85% to 1.5% and inelastic 
strain ranges from 0.012% to 0.342%, it was observed 
that, as the inelastic strain levels increased from 0.25%, 
the cyclic lives were over-predicted within a factor of 3. 

Within a range of yield-to-tensile strength ratio of 
0.85 - 0.87, prediction by this method has been found 
quite good for two materials, namely, IN 100 and Ti-
6A1-4V. In the case of Ti-6A1-4V, only tensile dwell 
cycles were under-predicted within a factor of 3 and 

Hold times in sec. 

Observed life 

• o/o 
• β/9 
• 2/8.4 
• 15/510 
• 4.5/19.2 
α 420/0 
* 990/0 
» 59/0 
• 122/0 
• 0/3.6 
Ο 0/117 
* 0/687 
• 0/3000 
• 168/0 
• 300/0 
Ο β/10.2 

• 1356/. 8 
Δ 1080/0.5 
• 1800/0.6 

Fig. 7: Life prediction of Ti-6A1-4V by proposed method. 

tensile strength ratio is a direct measure of work 
hardening, which allows stable plastic deformation. 
With such high work hardening ratios, a simultaneous 
softening process, such as recovery or recrystallization, 
often operates since work hardening is inhibited result-
ing in an ultimate tensile strength close to yield. A 
contribution to ductility in such cases arises from the 
plastic instability region. Though the factor Ή', which 
accounts for the hold times, decreases with increasing 

unbalanced cycles with compressive hold times more 
than the tensile part were under-predicted within a 
factor of 3. In this range of strength ratios, the 
phenomenon such as work hardening is favorable; 
however, this may be inhibited by the aluminium 
content in the solid solution as it decreases the tendency 
for dislocation tangle and cell formation /44/. The 
degree of work hardening/softening for the above 
materials is unknown and a quantification to ductility 
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Fig. 8: 
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Observed life 

Life prediction of lCr-Mo-V by proposed 
method. 

enhancement or otherwise is unknown. 
Two materials, lCr-Mo-V and Waspaloy, have 

strength ratios in the range of 0.8 to 0.75, respectively, 
and the predicted life has been over-predicted for both 
materials. The work hardening behavior and its 
inhibitor mechanisms which either increase or decrease 
the life are not known. The ductility, which is derived 
from work hardening factor H, over-estimates the 
material fatigue ductility and resulting properties and 
hence the proposed method does not account for the 
lower strength ratios below 0.8 and for cases with 
complexities in part of the test parameters. Since this 
method needs a few tests under total strain control, the 
factor η will also be determined from the same tests. 

CONCLUSIONS 

1) The proposed model predicts the creep-fatigue lives 
within a reasonable acceptable band of ± x2. 
However, prediction by this method is not very en-
couraging for materials with an intermediate range 
of strength ratios. 

2) An account of variable strain rate has been made in 
the model which accounts for the hold times. Using 
the variable strain rate considerations, life is over-

predicted for materials within a range of strength 
ratios. 

3) The work hardening correction factor term that has 
been incorporated in the model remains constant for 
the continuous fatigue cycles; however, for hold 
time cycles it decreases. 

4) Further work is needed to account for the ductility 
and its measurement under high temperature 
fatigue. The effect of work hardening on life im-
provement or otherwise with mechanisms such as 
softening by recovery or recrystallization within a 
range of strength ratios calls for further 
investigations. 
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