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ABSTRACT

Creep-fatigue data of low allow steels were
compiled from international sources, and trends in
creep-fatigue behavior were identified in Paper 1. This
paper reviews the methods of creep-fatigue life
prediction that were assessed from the compiled data.
The methods reviewed in this paper are
phenomenological in nature. However, an empirical
method has also been discussed which offers very high
reliability of the prediction capability. Various test
requirements, from which material parameters are
determined for each method, have been tabulated. No
single method has been generalized as a best method of
life prediction for all types of creep-fatigue test
conditions.
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INTRODUCTION

The development of a reliable life prediction is very
important, since it assists the designer in making a
structural analysis and predicting lifetimes of engineer-
ing components operating at high temperatures. The
key to such an analysis is material characterization.
Many details of material characterization are classified

and not available in the open literature. There is also a
lack of publications which analyze creep-fatigue data
with methods of life prediction. Only two publications
describe creep-fatigue data and analysis of life predic-
tion by widely used methods /1,2/. Two low alloy steels
of the types 1Cr-Mo-V and 2.25Cr-Mo have been
assessed to compare the prediction capability of
methods with each other /1,2/. Hence these publications
/1,2/ play key roles when discussing the applicability of
the methods of life prediction.

Several review papers have been published on the
subject, however, none examined the methods of life
prediction using an international data bank and,
besides, those reviews were oriented to specific data.
Miller and Ellison /3/ used their data to assess methods
of life prediction, while Lloyd and Wareing /4/
reviewed the methods in comparison with published
data. Thus, methods of predicting creep-fatigue life,
applied to different batches of a particular grade of
steel, have been reviewed in this paper. Trends showing
the ability of various methods to predict creep-fatigue
life will be useful in indicating the applicability of those
methods under a range of test conditions.

Several frameworks exist for the development of life
prediction methods. These are as follows:

1. Constitutive equations (predict stresses on a
microscopic scale),

2. Damage mechanics (stress or strain based),

Energy methods (use stress-strain in product form),

4. Fracture mechanics (stress-strain history ahead of
crack),
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5. Metallurgical approaches (monitoring micro-
structural changes)

6. Phenomenological approaches (laboratory stress-
strain history),

7. Empirical models
a) extending best fit equation of a material to other

materials,

b) developing a model based on experience.

Only phenomenological approaches and Diercks' /5/
empirical method of life prediction have been
discussed.

REVIEW OF LIFE PREDICTION METHODS
Linear Damage Summation

Life prediction under creep and fatigue conditions
was proposed by Robinson /6/, and modified by Taira
/7/. It is similar to the linear summation of cycle ratios,
employed by Miner /8/ for fatigue analysis. Damage by
separated time-dependent fraction (creep), together
with the time-independent cycle fraction (fatigue) is
added linearly. Culmination of damage to final failure
occurs when the linear summation of fraction creep and
fatigue damage reaches unity. These fractions are
calculated from a waveform profile that contains, in
addition to fatigue excursions, a steady hold time. The
cycle fraction is a ratio of the number of cycles at a
stress/strain level with cycles to failure (Nf) under the
same loading conditions. The time fraction is a ratio of
total time of hold with time to rupture (tf) under the
same loading conditions.

n/ N+ 2t/ te=D =1 at failure )

where n / Nr and t/tr are the cycle and time fractions,
respectively. This method was accepted by the ASME
in the design of pressure vessels and piping under Code
Case N 47 1597 /9/. When assessed with the creep-
fatigue data of low alloy steels and other materials,
shortcomings were observed. This method assumes the
same time fractions for holds in both the tension and
compression directions. Increasing hold times in very
low strain ranges, in the peak tensile direction, produce
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a damage parameter (D) much less than unity.
Environmental effects are unaccounted for, which, in
the case of 2.25Cr-1Mo steel, reduces the creep-fatigue
life /10/ when hold is applied in the compression
direction.

Frequency Modified and Frequency Separation
Approach

Coffin /11,12,14/ introduced time effects in the
Manson-Coffin relationship [Aep = Ci(Np)™] to account
for the environmental and other time-dependent effects.
With the frequency term included, the above
relationship has the form [Aep = Ci(Ng. vK-1) ), where
the symbols used are Aep, plastic strain range, N
cyclic life, v, frequency, and C;, k and o are material
parameters. Tests with creep-fatigue combinations were
predicted from the constants of hysteresis loops gener-
ated by continuous fatigue or triangular waveforms.
Under triangular (continuous fatigue) waveforms,
strain rate and frequency are the same. Thus, by
introducing a frequency term in the Basquin equation
/13/, several expressions were presented for life
prediction. However, there are disagreements among
authors, and it has been stated that in this way hold
times and unequal ramp rates in the tension and
compression directions may not be predicted /15/.

A’ (NpPVK' = Ao 2)

where K', B’ and A’ are material constants of the
Basquin equation (2) and it can be obtained from
regression analysis of the stress range versus cyclic life
data on a log-log scale. The number of cycles to failure
(Np) was given as

Ne=(A'/ Ao [vy]X"P (€))

where Aoy is the stress range with unequal ramp rates.
It was assumed that the damage occurred only during
the tensile part of the hysteresis loop. It was not a
convincing assumption for compressive dwell sensitive
materials where compression holds are more damaging.

The stress range for unequal ramp rate cycles was
partitioned in terms of frequency or the total time in the
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tension or compression directions, as follows:
Acg= A" /2 Ae," [(vi 1 2)K1 +(ve /2)K1]  (4)

where A”, n' and K; are coefficients of the second
Basquin relation obtained from unequal ramp rates,
below:

Ac = A" Asp"IvKl 5)

In order to address severely unbalanced loop shapes,
a frequency separation technique was proposed. It uses
coefficients obtained from balanced loops with equal
tension and compression holds only. The approach was
further modified /14/ to account for cyclic hold by
separating the tensile and compressive strain rates. The
constants in the above model were determined from the
continuously cycled tests and also from some hold time
tests and may be applied to any complex hysteresis loop
for the life analysis.

Nr =[F/Aep] VB [vi/2] 1K [ve/vy)d 6)

In the above equation, v, B’ and K are constants that
may be obtained from balanced loop data, and d is
obtained from unbalanced loop data where tensile and
compressive hold times are different.

This model has been criticized for under-predicting
life. The damage produced by a tensile hold was
considered the same irrespective of its occurrence in a
hysteresis loop. Tensile mean stresses produced by a
compressive hold cycle were not considered. With
increasing peak tensile hold time this method predicts
shorter life, but this may not be the case, as the opposite
was found for SS 304 /15/, 2.25Cr-Mo /10/ and super-
alloys /16/, since 2.25Cr-Mo and some superalloys are
compressive dwell sensitive materials.

Strain Range Partitioning Technique

Manson, Halford and Hirschberg /17/ developed a
strain range partitioning technique. Plastic fatigue and
inelastic creep strain components were separated in a
hysteresis loop. Representation of these strain
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components in two directions involves PP, PC, CP and
CC loops. Four base line relationships describe the
combinations of strains with respect to cyclic life. The
strain components, such as Aepp, Agpe, Agec and Agep,
represent the combination of strains where the
subscripts denote "p" for plasticity and "c" for creep,
and the first subscript 1s for tension followed by the
second for compression, respectively. Representation of

life was made in terms of the Manson-Coffin equation:
Nij = AjjAsij®k @)

where Njj, Ajj and Aejj are cyclic life, material constant
and strain range, respectively, 6 being the slope of the
strain range versus life line, ij referring to plasticity or
creep.

Damage fractions, Fjj were added by an interacting
damage rule:

Fpp/Npp + Fpe/Npe + Foo/Nee + Fep/Nep
Fij = Agj/A€in ®)

Agjy is the inelastic strain range
Agin = Agpp + Aepc + Agc +AEcp &)

This model was modified as a total strain version of
SRP /18/. The mean stress, low strain range and long
hold time situations were dealt with in this model. SRP
has been criticized for the difficulty in partitioning the
loop and the omission of an environmental term in the
damage criterion. Bounds on life relationships can be
plotted with four baseline strain combinations, such as
PP, PC, CP and CC lines. This determines a particular
combination as the most damaging. Strain components
with cyclic life were observed parallel, and one of them
is considered as representing the service condition in
the design. For gas turbine blade materials, such as IN
100 and MAR M 200, these combinations coincide /19/
and help form the basis of the design. However, for
other materials, such as stainless steels and some low
alloy steels, 2.25Cr-Mo and 9Cr-1Mo, these lines inter-
sect, and pose considerable difficulties in selecting a
particular line appropriate to the service condition.
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Damage Rate Approach

This is a strain-based approach, developed by
Majumdar and Maiya /15,21,22/. The rate of fatigue or
creep damage accumulation depends on plastic strain
rate in high temperature fatigue. The total strain
component has not been separated in time-dependent
and time-independent parts in the damage criterion.
Instead, microcrack growth from an initial length (a,)
to a final length (ay) was assumed. In its simplest form,
damage was thought to be microcracks, whose growth
occurred differently under tensile and compressive
stresses. Two scaling factors in tension (T) and com-
pression (C) were introduced, as follows:

da/dN = a[T][ep]™[€,]¥ (in the presence of ten
sile stress) (10)
da/dN = a[C]{ep]™[ep]¢ (in the presence of

compressive stress)

where m and k are material parameters and remain
constant over a given range of plastic strain rate £, and
plastic strain range Aep. T and C are scaling factors
introduced to account for the differences that may occur
in the crack growth rates under tension or compression
holds. These equations were also extended to account
for crack (fatigue) and cavity damage (creep), which
grow independently. The cavity growth equation was
expressed in terms of the following:

1/c da/dt = Glep]™[gp K (11)

where c is cavity size, t test duration and G material
constant.

These equations separate the cavity and crack
growth; hence, fatigue and creep damage growth are
independent. Mechanistically, environmental and test
temperature effects are accounted for in the model to
predict life. Some constants of the equation may be
determined from completely reversed cycling data with
several strain range and rate combinations. However,
prediction of longer hold time cycles requires those
specific tests to determine the constants. The equation
may be integrated to calculate life for appropriate wave-
shapes.
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Damage Function Method

The change in internal energy per unit volume of
material in a time interval of (0,t) is a measure of
damage,

U= fajojegdt- [hdt (12)

where ajjandh;; are shape factors to correct a hyster-
esis loop and heat generated in plastic deformation,
respectively. Morrow /23/ proposed hysteretic energy
per cycle as a measure of fatigue damage. The damage
relationship was given by Equation (13)

C=AW Nrv (13)

where AW is an energy term, C a material constant and
v frequency.

The lifetime prediction criterion with energy of a
hysteresis loop is dependent on the tensile hysteretic
energy which keeps the crack tip open /24/. thus, only
tensile energy adds to the accumulation of damage.
there is a limit of tensile energy above which only
damage grows, and below which closure occurs. For a
strain-controlled, low cycle fatigue test, it is common
practice to consider the total tensile part of a hysteresis
loop as causing damage, due mainly to difficulty in
identification of the closure line /24/. Ostergren /24/
introduced the damage function, acTAe,. The energy
term was used in Coffin's frequency-modified equations
as follows:

C = aotAe, NPVAKD (14)

where C, B, k are material constants, and or the
maximum tensile stress term.

Damage Parameter Approach

Kachanov /25/ described creep rupture behavior in
terms of a damage parameter (@), which was related to
the cavitated area fraction of grain boundaries. The
damage parameter was unity at failure and zero for the
virgin condition. to describe the damage parameter, the
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concept of material continuity (y) was introduced. This
was assumed to be unity for the virgin condition and
zero at failure. The change of continuity was expressed
by Kachanov as:

dwy/dt = -A(c/o) (15)

where (c/®) is an effective stress term and o the
nominal stress. The equation may be integrated
between extremes of the virgin and failure conditions.
The non-linear nature of creep-fatigue interactions can
then be described by expressing the rate of damage
accumulation as a function of effective stress, e.g.,

do/dt = f [c/(1-0)] (16)

This concept was further exploited /26,27/ in the
literature. Chrzanowski /28/ proposed an approach
based on damage mechanics concepts. This is known as
the damage parameter approach, which was developed
on the basis of the following:

1. damage comprises time-dependent and time-
independent parts,

2. damage by fatigue increases by virtue of stress
increase, whereas creep increases with both positive
and negative stress rates,

3. rates of fatigue and creep damage are zero with
negative stresses.

Damage was considered to occur only under
positive stress increments. The damage law was
expressed by a non-linear equation, described by the
rate of damage accumulation as a function of effective
stress, €.g.,

do /dt=[Co{c/(1-®)}"° do /dtH(do)+
C{c/(1-0)}']H(o)

an

The first and second terms represent fatigue and creep
damage, respectively, and Co, C, vo and v are material
constants, H (Heaviside function) being a function of
tensile stress.

This model analyzes non-linear, creep-fatigue
situations with the inclusion of a total damage term, o,
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in both the creep and fatigue terms of equation (17).
The above equation may be integrated for a known
stress-time history to predict life.

Assessment Procedure R S

This code was developed by Nuclear Electric Inc. as
"an assessment procedure for the high temperature
response of structures" /29/. The cyclic endurances of a
component subjected to an arbitrary cycle, where a
dwell of any length may be present, can be described by
assessment procedure R 5. It assumes that the
endurance can be expressed in terms of the fatigue and
creep components of damage, which can be summed up
linearly to produce a damage term representative of
service cycle. The fatigue damage is assumed to be
proportional to the inverse of the continuous fatigue
endurance (N,) corresponding to the initiation of a
crack of depth (a,). This is determined for a total strain
range, calculated as the difference between the extreme
strain values in the hysteresis loops. If N is the number
of cycles to failure in a continuously cycled laboratory
specimen and at the time of failure the corresponding
crack depth is aj, then the required number of cycles
(No) to initiate and grow a crack to a depth a, can be
expressed in terms of the following:

No = MNj + (1-M)N; (18)

where N; is the number of cycles undergone in
initiating a defect of depth a; = 20 um, irrespective of
the section thickness, given in terms of N by:

Ni=exp (1.306 In N; - 3.308) 19)

This expression is valid for 50,000 > N; > 15
cycles.

The creep damage per cycle D is evaluated using
the ductility exhaustion method by integrating over the
dwell time ty;

th
D, = jé/af(é)dt (20)

0

where & is the instantaneous strain rate during the
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dwell and &£ (€) the corresponding creep ductility. The
total damage per cycle is simply expressed as

D= 1/N, + D, 1)
The creep-fatigue endurance No* is given by:
No* = 1/Dy (22)

Equation (20) is simplified if the ductility € s is pessi-
mistically assumed to be independent of € and equal to
the lower shelf ductility €;. The equation then becomes:

D¢ = ZAc'/EeL 23)

where Ao’ is the stress relaxation in time t, and E is
Young's modulus.

Similarly, if the dwell occurs in the compressive
part of the cycle, then Equation (23) is reduced to

D = ZAc'/Eg, (24)
The arbitrary value of Z was estimated as follows:

— Calculate 0/0 endurance (N,) from N; (Equation
18).

- Endurance including the effects of hold times was
given by

No* = (1/No + Z D) (25)

where Dy is calculated from Z=1. For higher values of
Z, life prediction was found to be too pessimistic.

The above technique has been assessed with very
limited creep-fatigue data, using tensile hold times
from 3 min. to 16 hours, and sparingly with com-
pressive holds.

Empirical Models

Empirical models have been developed, based upon
past experience of manufacturers, for life prediction. In
most cases these are not available in the open literature.
One example of this type of approach extrapolates the
baseline SRP behavior to 'several years of hold' (up to
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100 years) /30/. However, only the Diercks equation /5/,
which has been extended in the creep-fatigue life
prediction of low alloy steels /31,32/, has been dis-
cussed in this paper.

Diercks Empirical Model

Diercks and Raske /5/ compiled a bank of creep-
fatigue data of SS 304 and obtained a multivariate best
fit equation, in terms of test variables, for creep-fatigue
life extrapolation. Diercks' multivariate best fit
equation uses the following parameters:

strain range parameter S = (Ag/100),

strain rate parameter R (log € ),

temperature parameter T (T/100), and,

hold time parameter H log (1+t), in a multi

variate form, as below,

(log Np2 = 120551064 + 0.66002143%S
0.18040042 S*S - 0.00814329*S4
0.00025308 R*S4 + 0.00021832TS*
0.00054660 RT2 — 0.005567RH2
0.00293919HR? + 0.0119714H*T
0.00051639H2T2 (26)

+ +

where T is the test temperature of SS 304 and t, the
time of hold. Equation (26) was used to extrapolate the
creep-fatigue life of SS 304, recommended by ASME
Code 1749, to design fatigue diagrams /31,32/.

Kitagawa et al. /32/ extended the above equation to
creep-fatigue life prediction of low alloy steels. They
assessed the creep-fatigue data on 2.25Cr-1Mo and
9Cr-1Mo steels. However, their proposed modification
for generalization of the Diercks equation requires the
following;

1. A cycle ratio (o) is the ratio of: the fatigue life of SS
304 and that of a low alloy steel, shown
schematically in Fig. 1 (o = fatigue life of SS
304/fatigue life of the material being investigated),
under the same strain range, temperature (°C) and
strain rate.

2. A temperature parameter (T) compares iso-stress
creep rupture lives of low alloy steel with that of SS
304. This was defined as the temperature at which
the investigated material has the same rupture life
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ratio = Nf (S 304) / Nf (low slioy steeq).ac> 2%

the same condiions {strain range)
increases as total strain range decreases

Strain Renge %

S§S 304

——__ S8 30¢
Low alloy

steel

Cyclic life

Fig. 1:  Schematic determination of cycle ratio.

100,000

SS 304[

VAN

A

low alloy steel

Rupture time

\ 100 hours

N\

iso-stress lines

Inverse temperature {absolute scale)
Fig. 2: Schematic determination of temperature

correction factor.

under the same stress as that of SS 304 alloy. The
low alloy steels, 2.25Cr-1Mo and 9Cr-1Mo, always
appear lower than the corresponding temperature
for SS 304. This difference was about 100 and 50°C
for a 1Cr-Mo-V, 2.25Cr-1Mo and 9Cr-1Mo alloy,
as shown schematically in Fig. 2 /32/.

3. Substituting the number of cycles to failure (N5) and
T in the Diercks equation with a-Nf and (Ty +
Ta)/100, where T, is the test temperature for low
alloy steel and T, is the temperature difference in
iso-stress creep rupture lives, respectively, in °C.

Kitagawa et al. /32/ successfully extended the above
modifications to the creep-fatigue life prediction of
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2.25Cr-1Mo and 9Cr-1Mo steels. The range of this
equation has been shown /32/ from pure fatigue to
creep.

Requirements of Prediction Methods

Application of the phenomenological methods of
life prediction to creep-fatigue data requires the
following test information, where the constants are
determined from best fit equations.

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

2. Stress relaxation with respect to hold time.

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. Tests with balanced and unbalanced hold times and
ramp sequences.

7. Apart from these, several constants 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.

5

Table 1 summarizes requirements of individual life
prediction methods. The published literature contains
very little information on how to determine these con-
stants. Since the description of test variables, tension /
compression stresses, hysteretic behavior in X-Y plots
(co— and time) and loop stabilization histories are not
quantitatively known, application of methods of life
prediction to the collected data /33/ is not possible.
Also, constants determined for a method from a
particular low alloy steel grade cannot be extended to
predict the creep-fatigue behavior of other batches of
the same or different grades. Methods of life prediction
and the conditions under which they apply to low alloy
steels are discussed below.

Laboratory tests for creep-fatigue are conducted
under total strain control. Waveforms of creep-fatigue
cycles are complex in nature, due mainly to the stress
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Table 1
Constants of the phenomenological approaches

Method of life prediction Life prediction equation

No. of constants (n)

Details of the tests

Linear life fraction 1=Zn/Nf+Zt/T;

- strain-life data (4)
- creep-rupture (2 to 4)

0/0 tests (e,-NFJ); creep
rupture °C; stress

and CC loops

ij represent PP, PC, CP

relations (2 x 4)

relaxation
Frequency modified N = [F/Ae,] V¥ - strain-life data (4) 0/0 tests.
approach [vi/21K[ve/ve)@ - frequency vs. life (2) Some hold times;
- stress-strain (2) frequency-life.
Strain range partitioning Nji = AjjAg;%k four inelastic strain vs. life | Tests producing complex

loops PP, PC, Cp and CC.

da/dN = a [T] [gp]™ [£p]K
da/dN = a [C] [ep]™ [€p]¥

Damage rate approach (no
creep damage)

scaling factors (2); strain-
life (4); strain rate-life (2)
assuming a crack size

0/0 tests, metallographic
evidence; hold time tests.

With creep 1/c da/dt = G[ep]™ [€p]¥

scaling factor in creep
cavity size (1)
strain-life and rate (6)

metallographic evidence;
creep data; test duration

Damage function method | C = o/Ag, NFVB (K-1)

strain-life (4); frequency-
life (2); stress-strain (2);
shape correcton factor

0/0 data. Frequency data;
stress-life data; hold time
data

Damage parameter
approach do/dt H (do) + C{c/

(1-0)"] H (0)

d w/dt = [Co {c/(1-®)}'0

material constants (3)
fatigue-damage (2)
creep-damage (2)

stress versus damage in
creep and fatigue.

changes that take place with time. The maximum stress
at the beginning of a cycle may be much higher
compared to that at the end because of stress relaxation.
The relationship between the creep rupture time and
applied stress is often bilinear on a log-log plot. Ellison
and Walton /34/ compiled constant-load creep rupture
behavior at 565°C from the tests conducted at Bristol
and Belfast Universities on 1Cr-Mo-V steel. They ob-
served a bilinear trend below or above 280 MPa. The
ratio of two slopes and intercepts (stress value at unit
rupture time) are 2.15 and 2x1020, respectively, be-
tween stresses above and below 280 MPa. A slight
difference in stress would result in large variations in
the extrapolated rupture life values. Also, creep rupture
properties change considerably with a slight tempera-
ture increase. The iso-stress (15K gf/mm2) creep rupture
properties in the case of low alloy steels vary from 50 to
105 hours in a temperature range of approximately 485
to 590°C for 2.25Cr-Mo and 9Cr-1Mo steels /32/.
Hence the collected data on various steel grades under
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several test conditions in a temperature range from 483
to 600°C, cannot be assessed with the constants

determined from one set of data.

DISCUSSION ON THE APPLICABILITY
OF THE METHODS

The applicability of life prediction methods to the
data compiled in Paper I /33/ has been reviewed. Only
two methods, DSA and SRP, have been used extensive-
ly by most workers. Hence, the applicability of life
prediction methods as assessed by various workers is
addressed. From this analysis, trends in creep-fatigue
life prediction methods will be identified.

Linear Damage Summation

This method was assessed for most batches of the
collected data. It requires static creep data for time
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fraction analysis. Under constant tensile strain hold,
steady state creep strain rate is computed and integrated
for all cycles. During a dwell, stress relaxation is
modelled by Zt/tg, where t is hold time and tf rupture
time at the same load levels. It has been pointed out
/35/ for 1Cr-Mo-V, Batch 4, at 565°C, that the
magnitude of relaxed stresses is considerable even in
the first cycle. It accounted for 43% of the peak stress
for a 0.5-hour hold. However, with the following
cycles, it decreased. At 50% life, the relaxed stresses
were 33% of the peak stress. In such situations, exact
knowledge of the creep rupture behavior is extremely
important. Therefore, assessing the predictability of this
method with the constants determined from a steel
grade, under a particular condition, cannot be extended
to the creep-fatigue data compiled in Paper 1. Instead,
only the data sets included in this review have been
analyzed by this method.

1Cr-Mo-V, 1.25Cr-Mo and 2.25Cr-Mo have been
assessed with this method. Comparison of the
prediction capability of batches and their conditions
will indicate a trend when this is the best method to
apply. Table 2 tabulates the percentage of test data
points within a factor of + x 2 of observed life.

It can be seen that applicability of this method de-
pends on material conditions and test temperature.
With a decrease in temperature the prediction capa-
bility improved for both 1Cr-Mo-V and 2.25Cr-Mo
steels in a range from 600 to 485°C. At 485°C it

Table 2
Prediction capability of damage summation approach
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predicts 100% of test data points within a factor of +
x2, for both N&T and Q&T conditions, only for the
tensile dwell cycles. For the annealed condition,
prediction capability is very poor and this method is not
applicable. With an increase in. temperature to 600°C,
2.25Cr-Mo, Batches 3 and 7 in N&T condition, pre-
diction trend is quite poor. Hence, test parameters such
as temperature and material condition play a role in the
prediction of life by the DSA method.

Frequency Modified Approach

This method underestimates damage severity for
constant tensile load and is conservative for longer
tensile hold tests, as observed by Priest and Ellison /1/.
The healing effects of unbalanced cycles, with a 2-min.
compressive hold on a 16-hour tensile dwell, were
unaccounted for by this model /1/. Melton /35/ observed
excellent agreement between experimental and
predicted results for 1Cr-Mo-V, Batch 3, within an
error factor of + x1.5 for a hot-rolled bar material. The
constants B’ (K-1) = -0.076, which in the case of Batch
4 was -0.46. This method has not been thoroughly
explored in the published literature for other batches of
low alloy steel, since it requires the constants deter-
mined from unequal ramp rates, balanced and
unbalanced tests. Table 3 describes the prediction
capability of the method.

Strain Range Partitioning Technique

Material Batch Heat % data Temp. Constant strain hold in tension or compression are
No. L R e ) oC used to generate CP and PC components, respectively.
1Cr-Mo-V 1 N&T 69 540 A base line relationship has the following form /17/:
= e Ncporpc = Fcporpe / (/nobary, - FppNpp)  (27)
4 N&T 43 565 Table 3
2.25Cr- 1 Annealed 29 540 Prediction capability of frequency modified approach
Mo
1 N&T 82 540 Material Batch Heat % data Temp.
1 Q&T 100 485 No. treatment | within+x2 °C
3 N&T 70 600 1Cr-Mo-V 3 N&T 100 550
5 N&T 0 600 4 " 66 565
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Two steel grades of the 1Cr-Mo-V and 2.25Cr-Mo
types have been assessed in the literature. Trends in the
prediction capability for tensile dwell tests were
reasonable, although not good for too short or long
dwell cycles for Batch 4 /I/. This finding is supported
by Melton /36/, for Batch 3 at 550°C. However, there
are conflicting opinions about SRP prediction capability
for 1CrMoV alloy /1/, type 304 SS /37/, IN-738 LC
/38/, whereas it was shown as a reliable technique for
Type 304, 316 SS, 2.25Cr-Mo /39/, In 100 /40/, 1Cr-
Mo-V rotor steel /41/ and many others /42/. Bicego et
al. /41/ investigated the predicted versus actual data of
forged 1Cr-Mo-V at various strain rates and tempera-
tures on specimens from different sampling positions
from a rotor forging. In some cases life shortening
effects were observed with strain rates of 3x10%/sec,
which was over-predicted by SRP, resulting in conser-
vative prediction. Moderate life reductions with high
temperature were observed with total strain ranges
above 0.8%.

Halford et al. /39/ modified the SRP method with a
ductility normalized approach. Priest and Ellison /1/
accounted for damage process and rates of deformation,
associated with different damage mechanisms during
hold times. Domains of dominant mechanisms were
then defined to sub-partition the SRP loop. A good
prediction with the ductility normalized SRP approach
was reported /1/, which improved the prediction

Creep Fatigue Life Prediction: Methods and Trends

capability from 85% to 100% of test data points as
tabulated in Table 4.

From Table 4, it is quite evident that SRP applies
best to annealed and N&T conditions of 2.25Cr-Mo
steel (e.g., Batches 1, 3 and 4 of 1Cr-Mo-V in N&T
and 1 in annealed and 3 and 5 of 2.25Cr-Mo steels in
N&T condition). The trend in the prediction capability
remains unaltered; it rather improves with an increase
in test temperature for several batches of 2.25Cr-Mo
steel. However, Lloyd and Wareing /4/ concluded from
the data of Day and Thomas /38/ and Halford et al. /39/
on SS 316 that, with an increase in temperature from
600-700 and 650 to 750°C, trends in the predicted life
were outside the factor of 2 band. The prediction
capability of SRP was found questionable only for the
Q&T condition of 2.25Cr-Mo steel in Table 4, which
needs to be verified with additional data.

Damage Rate Approach

Plumbridge et al. /43/ observed fatigue and creep
damage in the case of Batch 4 (1Cr-Mo-V) at 565°C,
independent of each other. Therefore, the damage rate
equation was applicable, since it accounts for growth of
fatigue damage in terms of cracks and creep by cavities.
A very good prediction of Batch 4, 1Cr-Mo-V, and
Batch 3 of 2.25Cr-Mo steels /1,2/ was observed (Table
5).

Table 4

Prediction capability of strain range partitioning technique (SRP)

Material Batch Heat treatment % tests Temperature °C Remarks
within £ 2
1Cr-Mo-V 1 N&T 75 540
1 N&T 100 485
3 N&T 100 550
4 N&T 85 565 SRP eq.
4 N&T 100 Modified eq. Ref. (1)
2.25Cr-Mo 1 Annealed 100 540
1 N&T 96 540
1 Q&T 58 485 WOTSt case
3 N&T 100 600 2 points
5 N&T 100 600
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Table §
Prediction capability of damage rate approach

Material Batch Heat % data Remarks
No. treatment | within£x 2

1Cr-Mo-V 4 N&T 100 at 565°C

2.25Cr- 3 N&T 100 a1 600°C

Mo with two

data
points, 5
min. hold.
Table 6

Prediction capability of hysteresis energy approach

High Temperature Materials and Processes
Damage Parameter Approach

A non-conservative prediction was observed for
tension-only hold periods of 1Cr-Mo-V steel Batch 4.
Though better predictions were observed for compres-
sion-only hold, this might have been due to the choice
of stress rather than strain as a parameter, governing
damage accumulation in Equation (16). Further work
on this model and its extension to compressive dwell

cases needs to be carried out. Applicability of this
method with creep-fatigue data is shown in Table 7.

Table 7
Prediction capability of damage parameter approach

Hysteresis Energy Approach

The prediction capability of this method for 16
hours of tension-only hold tests was non-conservative
for 1Cr-Mo-V steel, Batch 4 /1/. However, for compres-
sive and balanced cycles, prediction was within the
scatter band of + x2. Since this method was originally
proposed using the constants of continuous fatigue,
prediction of hold time cycles is questionable. A further
modification of Ostergren's equation was proposed /1/,
using the hold time data to determine the constants.
This improved the prediction capability, as tabulated in
Table 6. The equation proposed in /1/ has the following
form:

INyvKL(v/v)] o Agp 61 = C (28)

With the above modifications, very little creep-fatigue
data have been assessed that need to be validated with
additional data.

Material Batch Heat % data Remarks Material Batch Heat % data Remarks
No. treatment | within + 2 No. treatment | within 2
1Cr-Mo-V 4 N&T 61 at 565°C 1Cr-Mo-V 4 N&T 50 at 565°C
Ost ¥ 2
Ot | [ 2.250r- N&T 100 a1 600°C
I 4 N&T 78 565°C with 0/0 and
(Priest et al,, <4 two tests of
82)/1 5 min. hold.
2.25Cr- 3 N&T 100 at 600°C for
0/0 and two
Ll ith 5
tests wat Assessment Procedure R 5
min. hold.

Two low alloy steels of the type 0.5Cr-Mo-V and
1Cr-Mo-V were reviewed in this paper. In the case of
0.5Cr-Mo-V steel, 75% of the test data points were
predicted within a factor of + x2. As the life range
decreases, the trend in the prediction capability was
found to improve. In the case of 1Cr-Mo-V steel, 56%
of the test data points were predicted within a factor of
+ x2. The same trend follows also in the case of 1Cr-
Mo-V steel, i.e., the prediction capability improves only
in lower life ranges (a few hundred cycles). As this
method is very new and not yet widely assessed with a
range of creep-fatigue data, more work needs to be
undertaken to comment on the applicability of the
method.

Diercks' Empirical Approach
Kitagawa et al. /32/ assessed this method with the

creep-fatigue data of 2.25Cr-Mo and 9Cr-1Mo steels. A
maximum of 10 min. hold times were applied, and
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100% test data points within a factor of £ x 2 were
observed. The prediction capability of this method
appears promising mainly because it is a simple
mathematical equation, predicts life and does not
require any creep-fatigue tests as shown in Table 8.

CONCLUDING REMARKS

1. Life prediction, within phenomenological methods,
requires a large number of material parameters from
laboratory tests. A parametric relationship evolved
from these results often lacks generalization to
global creep-fatigue data. Hence most methods are
dependent upon test parameters and material con-
ditions.

2. The empirical methods of life prediction with
scaling factors to simulate the creep-fatigue life for
other materials was found promising in the
literature.

3. There is a lack of publications that describe creep-
fatigue data and assess them with methods of life
prediction. No important material or test details are
revealed in the literature,

4, Various magerial parameters determined from one
type of test for one low alloy steel type cannot be
extended to all the creep-fatigue conditions of the
same or other steels.

5. Trends in the methods of life prediction exhibit test
and material parameters, such as strain rate, tem-
perature, material condition and heat treatment de-

Table 8
Prediction capability of Diercks' empirical method

Material Batch Heat % data Remarks
No. treatment | within £ 2
2.25Cr- Data N&T 100 at 470°C
un- g .
Mo known with 10 min.
classi- hold.
fied
9Cr-1Mo Date N&T 100 at 600°C
un- (unknown
known holds)
classi-
fied
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pendent behavior. With increasing temperature, the
prediction capability of most methods deteriorates.

6. Several modifications of the existing life prediction
methods are possible, specific to a data type. Such
modifications should be examined with more data to
demonstrate the applicability of the modified
method of life prediction.

ACKNOWLEDGEMENTS

The work reported in this paper was carried out at
the Materials Engineering Department of the
University of Wollongong, NSW, Australia. The
Electricity Commission of NSW provided the financial
assistance. The Faculty of Technology of the Open
University (0.U.), Milton Keynes, England, provided a
fellowship to continue the same work. Professor W.J.
Plumbridge (O.U.) provided the guidance. Discussions
with Dr. M. Kitagawa of L. H.I. Co., Research Institute,
Tokyo, Japan, are acknowledged.

REFERENCES

1. R.H. Priest and E.G. Ellison, Resc. Mechanica, 4,
127 (1982).

2. T. Inoue, T. Igari, M. Okazaki and K. Tokimasa,
Nucl. Engrg. Des., 114, 311-321 (1989).

3. D.A Miller, RH. Priest and E.G. Ellison, High
Temp. Mater. & Processes, 6 (3&4), 155 (1984).

4. G.J. Lloyd and J. Wareing, Metals Technology,

804, 297 (1981).

5. D. Diercks and D.T. Raskey, ANL Report No.
5150 (1979).

6. E.L. Robinson, Trans. ASME, 74 (5), 777-781
(1952).

7. S. Taira, Creep in Structures, Academic Press,
1962; p. 96.

8. M.A. Miner, Jr., Applied Mechanics, 12-3A, 159
(1945).

9. ASME Code Case N 47, Boiler and Pressure
Vessel Code (1974).

10. CR. Brinkman, J.P. Strizak, M.K. Booker and
C.E. Jaske, J. Nucl. Mater., 62 (2/3), 181 (1976).

11. L.F. Coffin, Trans. ASME, (Ser. A), 76, 931
(1954).



T. Goswami

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25,

26.

27.

L.F. Coffin, International Symposium on Creep-
Fatigue Interactions, K.M. Curran (ed.), MPC.3,
ASME, New York, 1976; p. 349.

D.H. Basquin, Proc. ASTM, 10 (Part 11), 625
(1910).

L.F. Coffin, Fatigue at High Temperature and
Interpretation, Proceedings of Institute of
Mechanical Engineers, 9/74, 1974; 188.

S. Majumdar and P.S. Maiya, ASME/CSME.
Pressure Vessel and Piping Conference, PVP, PB
028, 1978.

L.F. Coffin, Met. Trans., AS, 1053 (1974).

S.S. Manson, G.R. Halford and M.H. Hirschberg,
NASA Report TMX 67838, 1971.

S.S. Manson and R. Zab, ORNL/Sub 3988/1,
Case Western Reserve University, Ohio, 1977.
S.S. Manson and G.R. Halford, Israel J. of Tech.,
21,29 (1983).

C.R. Brinkman, International Metals Reviews, 30
(5), 235 (1985).

S. Majumdar and P.S. Maiya, ANL Report, 7658
(1976).

S. Majumdar and P.S. Maiya, Proc. of 3rd Int.
Conf. on the Mech. Behavior of Materials,
Cambridge, 79.2, 1979; p. 101.

J. Morrow, ASTM-STP 378 (1965).

W.J. Ostergren, J. Testing and Evaluation, 4, 327
(1976).

L.M. Kachanov, Izv. Akad. Nauk. SSR Otd. Tekh.
Nauk., 8, 26 (1958).

J.L. Chaboche, Seminaire Internationale sur
I'Approche Locale de la Rupture, Moret-sur
Loing, ONERA TP 53, 1986.

J. Lemaitre and A. Plumtree, ASME EM (101),
284 (1979).

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.
43.

High Temperature Materials and Processes

N. Chrzanowski, Int. J. Mech. Sci., 18, 69-73
(1976).

I.W. Goodall and D.L. Thomas, Nuclear Electric
Inc., Code R-5 (1990).

V. Becigo and S. Ragazzoni, in: Fatigue 90, vol.
3, 1990; p. 1541.

K. Sonoya, I. Nonaka and M. Kitagawa, Journal
of The Iron and Steel Institute of Japan, 31 (12),
1424 (1991).

M. Kitagawa, 1. Nonaka and K.’ Sonoya, in:
Fatigue 90, vol. 3, H. Kitagawa and S. Tanaka
(eds.), 1990, p. 1549.

T. Goswami, Paper 1, International Journal of
High Temperature Materials and Processes, __,
(1995).

E.G. Ellison and D. Walton, /. Mech. Eng., Paper
No. C 173 (1973).

E.G. Ellison and A.JF. Paterson, Proc. Inst.
Mech. Engrs., 190 (1-11I), 321 (1976).

K.NN. Melton, Mater. Sci. & Engrg., 55, 21
(1976).

K. Kanazawa and S. Yoshida, I Mech. Eng,
Paper No. C 226 (1974).

MF. Day and G.B. Thomas, AGARD Conf.
Proc., No. 243, Paper 10 (1978).

G.R. Halford, J.F. Saltsman and M.H. Hirschberg,
NASA Tech. Note TM 73737 (1977).

J.L. Chaboche, H. Policella and H. Kaczmarek,
AGARD Conf. Proc. No. 243, Paper 4 (1978).

V. Becigo, C. Fossati and S. Ragazzoni, Low
Cycle Fatigue, ASTM STP 942, 1987, p. 1237.
AGARD Conf, Proc. No. 343 (1978).

W.J. Plumbridge, R.H. Priest and E.G. Ellison,
Proc. Int. Conf- on Mech. Behavior of Materials,
Cambridge, 1979; p. 129.

33






