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The creep-fatigue interaction has been studied and innovative mathematical models are proposed to
predict the operating life of aircraft components, specifically gas turbine blades subject to creep-fatigue at
high temperatures. The historical evolution of the creep-fatigue lifetime prediction is given in order to
place the present study in the context. A literature review of the life estimation under creep-fatigue envi-
ronment is presented.
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1. Introduction

There is a general tendency towards more severe operating conditions, i.e. higher
mechanical loadings and temperatures, in order to increase the efficiency of gas and
steam turbines, internal combustion engines, heat exchangers, conventional and nu-
clear electric power generation equipment and other engineering components and de-
vices. This trend has resulted in starting, growth and interaction of complex damaging
processes within the materials of these devices. They can lead to the failure of a com-
ponent and, consequently, of a whole structure, and thus limit their lifetime. Therefore,
a safe assessment of lifetime is very important for the prevention of such failures
which may have disastrous consequences; too conservative predictions, however, un-
necessarily increase the cost of production and maintenance of such systems.

The blades operate in a damaging environment of high temperatures, centrifugal
and gas pressure forces and thermal cycling. These conditions combine at every point
in the blade to create an interaction between creep and thermo-mechanical fatigue
damage. Because of stress redistribution due to the creep process, it is necessary to
include a viscoelastic material model in the finite element analysis. Otherwise, over-
conservative creep life predictions are estimated if only the initial elastic stresses are
considered. In the current investigation, several aspects of lifetime prediction are of
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interest. They include the damage due to creep-fatigue interactions, modelling using
FEM, and experimental validation. Many researchers have dealt with this issue over
the years. The simulation studies on the life-limiting modes of failure, as well as esti-
mating the expected lifetime of the blade, using the proposed models have been car-
ried out. Although the scale model approach has been used for quite some time, the
thermal scaling (scaled temperature in model and test, with consideration of its restric-
tions) has been used in this study for the first time.

Many investigators have examined creep-fatigue crack initiation [1-3] and propa-
gation modes [1, 4-11] in general. Some of them focused on studying the effect of
specific parameters such as hold time [12, 13] or creep stress effect [14], environment
[5, 15], a new evidence of orientation [16, 17], geometry [18], and material parameters
[19-21]. Some of them studied metallurgical problems [22] or discussed design rules
[23]. In design field, some of them developed a system for assessment [24], used nu-
merical method [25] or damage concept [26] for life prediction, or suggested their own
constitutive model [27, 28]. Since it is easier, many of them used thermo-mechanical
loading [29-32] for the tests. It was shown in the above studies that the origin of fail-
ure under low-cycle fatigue is mainly related to the geometrical discontinuities on the
specimen surface and creep-fatigue-environment interactions may enhance the cracking
problem. This fact shows the importance of the current study. In low cycle fatigue
(LCF) tests, it has been reported that as the hold time is increased, the fatigue life de-
creases at a fixed test temperature, and the reason for life reduction is reported to be due
to the creep effect of stress relaxation which makes an additional plastic strain enlarging
the hysteresis loop during hold time. It is reported that creep mechanisms of stress re-
laxation being the main reasons for fatigue life reduction under creep-fatigue interac-
tions, after a long enough hold time, are the same as that of the monotonic creep [33].

A significant reduction in fatigue life is observed with hold time in compression or
in both tension and compression. The influence of tensile hold on fatigue life is more
complicated. The mean stress develops during both tensile and compressive hold tests.
The scanning electron microscopy (SEM) analysis of fracture surfaces shows that
crack initiation and first stage of growth is transgranular but crack growth in a second
stage is intergranular [34]. In fact, it has been noted that high-temperature tensile yield
strength is an important parameter in studying high-temperature low cycle fatigue
properties, crack growth in creep and the effect of cyclic loading on growth in creep-
fatigue [10]. To date, there has been no “unified” approach with which the problem of
fatigue crack growth at high temperature can be solved in a general manner.

The results show that mixed time and cycle dependent crack growth seems to be
the dominant fatigue crack growth mode in the two powder metallurgy (PM) nickel
alloys studied, whilst limited creep may be present at the crack tip, particularly under
static and long dwell loading conditions [35]. Coffine [36] produced the first signifi-
cant evidence to suggest that the oxidation is primarily responsible for high tempera-
ture low cycle fatigue damage. A variety of studies have been carried out on different
alloys, especially directionally solidified superalloy Mar [37, 38], Inconel [39], Co-
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base [40, 41], Cr-base [4, 42], Ti-base [43—45], and Al [46]. In the 300 series austen-
itic stainless steels, such as 304, 316 and 316L used in high temperature applications,
many studies have been devoted to understand the creep-fatigue interaction behaviour
by employing the hold-time tests [32—55]. It has been observed in these investigations
that at relatively high temperatures, continuous cycling endurance is corrupted when
a hold-period is included in the cycle. In general, the imposition of holds at tension
peak strain tended to be more harmful than those imposed at compression peak strain.
Further, there has been conflicting reports on the influence of the tension-hold dura-
tion on fatigue life. Hales [56] reported a continuous reduction in life with increase in
the length of tension hold-time, while others [13, 57, 58] noted a saturation effect in
the life reduction. The creep-fatigue effect in stainless steels is mainly recognized to
be due to the inherent weakness of the grain boundaries which lend themselves to the
formation of creep induced grain boundary voids that can enlarge into intergranular
cavities and cracks [44]. It is acknowledged that the difference between small and long
cracks is independent of environment [59]. Several damage rules have been suggested
for estimating the cumulative damage under creep-fatigue conditions. The most com-
mon approach is based on linear superposition of fatigue and creep damage.

There are divergent opinions regarding which damage approach provides the best
basis for life prediction. It is quite clear that a number of variables, such as test tem-
perature, strain range, frequency, time and type of hold, waveform, ductility of the
material, and damage characteristics, affect the fatigue life. The conclusions drawn in
any investigation may therefore apply only to the envelope of material and test condi-
tions used in that study. The validity of any damage approach has to be examined with
reference to the material and service conditions relevant to a specific application.

2. Linear damage summation

The most common approach is based on linear superposition of fatigue and creep
damage. Indeed, the mainstay of the present design procedures is the linear life-
fraction rule, which forms the basis of the ASME Boiler and Pressure Vessel Code,
Section I1I, Code Case N-47 [63]. This approach combines the damage summations of
Robinson for creep [64] and of Miner for fatigue [65] as follows [66]:

N t
ZN_erZZ_D (D)

where N/N;is the cyclic portion of the life fraction, in which N is the number of cycles
at a given strain range and N, is the pure fatigue life at that strain range. The time-
dependent creep-life fraction is #/t, where ¢ is the time at a given stress and tempera-
ture, and ¢,, is the time to rupture at that stress and temperature. D is the cumulative
damage index. Failure is presumed to occur when D = 1. If Equation (1) were obeyed,
a straight line of the type shown in Fig. 1 between the fatigue- and creep-life fractions
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Fig. 1. Creep rupture/low cycle fatigue damage
interaction curve for 1Cr—Mo-V rotor steel at 450 °C

would be expected. The life-fraction rule has no mechanistic basis. Its applicability is,
therefore, material-dependent. Contrary to experience, it also assumes that tensile and
compressive hold periods are equally damaging. The strain softening behaviour, which
has been seen in many steels, and the effect of prior plasticity on subsequent creep are
not taken into account. Use of virgin material ruptures life to compute creep-life frac-
tions are, therefore, inaccurate. In spite of these limitations, the damage-summation
method is very popular because it is easy to use and requires only standard S-N curves
and stress-rupture curves.

3. Models of creep-fatigue interaction

As the blades operate at metal temperatures in excess of 0.47,, in kelvins, creep
rupture is clearly a possible failure mode. Also, as the engine cycles through start-up
and shut-down with each flight, the transient thermal and body loading stresses cause
fatigue damage which can lead to ultimate failure. Thus it is possible to predict the
relative amounts of creep and fatigue damage at each point in the blade at each mo-
ment of the cycle, which in turn depends upon knowing the stress and temperature
conditions at each instant and at spatial point. At start-up, the thermal load was applied
to the blade, resulting in a transient thermal stress response. These stresses often
reached a maximum value o, before achieving a steady-state condition. It is there-
fore necessary to record this maximum stress value at each point over the blade and
use it in the fatigue life calculation.

3.1. Model 1

The fluctuating stress can be considered as a varying stress in fatigue-creep model.
Since the fluctuating stress is a combination of alternating and mean stresses, it can be
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assumed that the part representing the static load can cause creep at elevated tempera-
tures, whereas the alternating part is responsible for fatigue damage. To find the life-
time, the total damage is found by the following model.

3.1.1. Fatigue damage prediction

The Coffine—Manson formula can be applied in elasto-plastic material models. In
the case of viscoelasticity, the modified Coffine—Manson formula will be used which
includes energy dissipation AW as a failure criterion. The number of cycles to failure,
Ny, can be calculated from the strain range A¢ using the method of universal slopes.
This method has the advantage of using material data obtainable from simple tensile
tests. The equation combines the Coffine—Manson law given by

A ‘
;f’ =&, (2N,) )

where Ag, is the plastic strain range, 6‘;- is the fatigue ductility coefficient being some

fraction (from 0.35 to 1) of the true fracture strain measured in the tension test

, 100
£ =ln| ———
: 100 RA

RA is the area reduction [%] at a break, c is the fatigue ductility exponent ranging from
about —0.5 to —0.7, N, is the number of reversals (each cycle equals 2 reversals) and
the Basquin law given by

Ae, O
28 =Ef<2N/‘ )h (3)

where Ag, is the elastic strain range, O'} is the fatigue strength coefficient approxi-
mated by the true fracture stress, equal appromaxitely to s,,+ 50 (in units of ksi'), b is
the fatigue strength exponent ranging from about —0.06 to —0.14, E is Young’s
modulus of elasticity. The final formula is given by:

f )h +e) (2Nf )C 4

The total strain range, A&, can be found by the finite element analysis at each in-
tegration point in the model, and the coefficients and the exponents can be found by
fatigue tests on the material. For instance, the values for Steel 4340 are

*1 ksi = 1.52x10* Pa.
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’

o,
€ =058, ¢=057, b=-0.09, —L=0.0062 (5)
f E

Using these values, the value of N;(Eq. (4)), and consequently the fatigue damage
parameter, Dy, may be calculated

n t
D =" - 6
"N, N, ©

where: n is the number of cycles completed, ¢ is the total analysis time, ¢, is the flight
duration (mission time),
3.1.2. Creep damage prediction

After the initial transient at start-up, the blade metal temperatures and stresses ap-
proach steady-state conditions. However, as these temperatures are typically higher
than 40% of T, [K], creep occurs resulting in stress redistribution. It is therefore
important to model the creep process throughout the life of the component. To find the
creep damage, it is needed to find the rupture time. For this purpose, the Larson—
Miller [67] relation can be used. From the Norton law one can write:

£ B,
£=—= A4 exp| —— 7
p 1 p( TJ @)

R

From that the rupture time, #z, is determined as
B
tp, = A4, exp [72} )
Taking logarithms on both sides
BZ
Int, =In 4, +?=f(O',T> )
Assuming that InA4, is a true constant and that B, varies with the stress, the equa-
tion can be rearranged to arrive at
B, =T(Int,—In4,)=T(C, +Int,) (10

From the pure creep tests for each material, C can be found. For instance, for steel
4340, it equals to 16.65. The suggested value from the tests is C; = 20. Consequently,
from Eq. (10):

P=T(20+Int,)= f(0,T)

11
f(0.T)=b,+b,(Inc)+b,(Inc) +b,(Inc)’ (b
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Denoting Y = In#z, and X = Ing, we have

1

Zm(bo +le+b2X2+b3X3) (12)

y
where: #z is the rupture time in h, 7 is temperature in °C, o is von Mises effective
stress inunits of ksi, and b, b,, b,, b; are material constants.

Once ¢z is found, the creep damage parameter, D,, is calculated according to the
Robinson rule:

D=5, (13)

where At is the spend time in h, #z — rupture time in h, i — number of load case.
The total damage parameter is:

N
D, =D.+D, :Z(NiJrﬂJ (14)
i=l1 f tR i

The total damage parameter Dy, > 1 results in failure.

3.2. Model 2

Assuming that the creep behaviour is controlled by the mean stress (g;,) and that
the fatigue behaviour is controlled by the stress amplitude (g;), the two processes
combine linearly to cause failure. This approach is similar to the development of the
Goodman diagram except that instead of an intercept of ultimate stress (o, ) on the g,
axis, the intercept used is the creep-limited static stress (o,,) as shown in Fig. 2.

The creep-limited static stress corresponds either to the design limit on creep
strain at the design life or to creep rupture at the design life, depending on which is the
governing failure mode. Applying linear failure prediction rule, failure is predicted to
occur under combined isothermal creep and fatigue if

9e, 97 54 (15)
Sf Ocr

where: ¢, — alternating stress, o,,— mean stress, o, — creep strength (creep stress for

corresponding time to rupture), Sy— fatigue strength.
An elliptic relationship is also shown in Fig. 2. Failure is predicted to occur under
combined isothermal creep and fatigue if

(;} +(%j >1 (16)
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Fig. 3. Failure prediction diagram for creep and fatigue at constant temperature

From Equation (15), o,, 6;, and o, are known, and S;can be found. From Fig. 3,
we note that:

if §,>090, then N <10’
if 090, >8,>S8, then N=Ng,. (17)
if S, <S8, then N >10°

3.3. Model 3

3.3.1. Fatigue damage
It is known that in case of pure fatigue, the damage can be defined as

Ni
D, =) — 18
sy, (18)

where: N — number of cycles at stress ¢;, N, — number of cycles to failure at stress ;.
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If the process occurs at a constant stress, g, and constant 7'

D, =— (19)

where N is the number of cycles at stress a and temperature 7, N, is the number of
cycles to failure at stress o and temperature.

3.3.2. Creep damage

The creep damage under static load can be defined as
p =YL (20)

where: ¢; is the time spent at stress a and temperature 7, 7z — rupture time at stress a,
and temperature T and in with hold time for each stress o, and temperature 7;

th i
DC = E (t_)
R' (21)

where (,), is the hold time at each temperature 7;. If the process occurs at constant

stress, o, and isothermal condition, 7,

Nt,
Iy

D =

c

(22)

where N is the number of cycles with hold time at stress a and temperature 7, #, is the
hold time at stress ¢ and temperature 7, tz is the rupture time at stress ¢ and tempera-
ture 7.

3.3.3. Creep-fatigue damage

In creep-fatigue interaction, the total damage is the summation of fatigue damage
and creep damage

Nt
D,=p,+D =+ (23)
' Nyt
When D, =1, the failure occurs and hence
N, N,t
D,="—"*Ff 4+ Fh -] 24
"=y T (24)

! R

where Dy is the damage at rupture. Consequently,
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(25)

In Equation (25), Ny is a safety factor which ranges from 0.1 to 1, ¢, is known, tz

can be found from Larson-Miller relationship, Equation (12) or from pure creep tests,
and N, can be found from pure fatigue tests or from Eq. (5). Then the number of cycles
to failure at creep-fatigue interaction, Ny, can be calculated. Knowing the number of
cycles spent in combination of creep and fatigue, the present life status can be found:

N
L=1-— 26
, N (26)

R

where L, is the remaining life. The remaining number of cycles can be easily calcu-
lated as

N,=Ng—-N 27)

where N, is the remaining number of cycles.

4. Mechanical testing

One of the most important facts in test is the load waveform. The waveforms shown
schematically in Fig. 4 have been applied in the present study. The low-cycle fatigue tests
were carried out under closed-loop true temperature control. The tests were performed
between 40.04 MPa and 60.10 MPa for fatigue, and creep-fatigue but for the latter 5 s
dwell time was applied and the tests were done at 800 °C. For all tests, the specimens with
228.6 mm gauge length and 12.7 mm diameter was used. For the creep test, the average
constant stress of 50.07 MPa at 800 °C was applied.

Stress (£)

creep-fatigue A fatigue B creep‘

0 5 10 15 20
Time (s)

Fig. 4. Load waveform in mechanical testing

The specimen was heated at a temperature gradient along the gauge length not
greater than £2°, Test temperatures varying in the range from 800 °C to 1100 °C were
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applied. Ninteen specimens were tested for pure fatigue, pure creep and creep-fatigue
interaction, respectively, at various temperatures.

4.1. Test schedule for model 2

Equation (15) has been used to predict failure. Creep-limited static stress, &, in
Eq. (15) corresponds either to the design limit on creep strain at the design life or to
creep rupture at the design life, depending on which failure mode governs. For this
purpose, the tabulated data of material creep test can be used. The following steps are
taken:

1. The test temperature, 7, is selected.

2. From the creep test data of the material based on design life, and the selected
temperature at step 1 as the working temperature, the corresponding creep-limited
static stress, o, is selected. For instance the a.. at 704.44 °C and for 100 000 h life, is
equal to 289.58 MPa.

3. The mean stress, G;,, and the alternating stress, ¢, as components of cyclic load
are selected.

4. Cyclic load is applied until break and the number of cycles to failure is counted.

5. Sy from Eq. (25) is calculated and the number of cycles to failure is found from
Eq. (17).

4.2. Test schedule for model 3

From Equation (25), the following steps are taken:

1. Selecting the temperature, 7, between 760 °C and 982.22 °C and the stress, o;
between 206.84 MPa and 275.79 MPa for the test.

2. Selecting the cycle frequency, f, for the fatigue test.

3. Running fatigue test and finding the number of cycles to failure, Ny

4. Running the static isothermal creep test and finding the rupture time, tz.

5. Selecting the hold time, t,, for the cyclic creep test.

6. Running the cyclic creep test at the same frequency of the fatigue one, and find-
ing the number of cycles to failure, N;.

7. Calculating Ny from Eq. (24).

8. Repeating steps 1-7 for other samples. In the case of using of Egs. (4) and (24)
for fatigue and creep life, respectively, steps 3 and 4 can be ignored.

S. Test analysis
High-temperature strength data are often needed for conditions for which there is

no experimental information. This is particularly true of long-time creep and stress-
rupture data, where it is quite possible to find that the creep strength to give 1% de-
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formation in 100 000 h (11.4 years) is required, although the alloy has been in exis-
tence for only 2 years.

Obviously, in such situations extrapolation of the data to long times is required.
Reliable extrapolation of creep, creep-fatigue, and stress-rupture curves to longer
times can be made only when it is certain that no structural changes occur in the re-
gion of extrapolation which would produce a change in the slope of the curve. Since
structural changes generally occur in shorter times at higher temperatures, one way of
checking on this point is to examine the log-stress-log-rupture life plot at a tempera-
ture several hundred degrees above the required temperature. For example, if in
1000 h no change in slope occurs in the curve at about 100 °C above the required tem-
perature, extrapolation of the lower temperature curve as a straight line to 10 000 h is
probably safe and extrapolation even to 100 000 h may be possible.

Certain useful techniques have been developed for approximating long-term be-
haviour based on a series of short-term tests. For instance, the data from creep tests
may be cross plotted in a variety of different ways. The basic variables involved are
stress, strain, time, temperature, and perhaps strain rate. Any two of these basic vari-
ables may be selected as plotting coordinates, with the remaining variables to be
treated as parametric constants for a given curve.

One of the commonly used methods for extrapolating short-time creep and creep
-fatigue data to long-term applications is the thermal acceleration method. As is
a common way in linear viscoelasticity, creep testing guidelines usually dictate that test
periods of less than 1% of the expected life are not deemed to give significant results.
Tests extending to at least 10% of the expected life are preferred where feasible.
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Fig. 5. Thermal acceleration method for creep testing

The thermal acceleration method involves laboratory testing at temperatures much
higher than the actual service temperature expected. As shown in Fig. 5, the data are
plotted as stress versus time for a family of constant temperatures where the creep
strain produced is constant for the whole plot. It may be noted that stress rupture data
may also be plotted in this way. As an aid in extrapolation of stress-rupture data sev-
eral time—temperature parameters have been proposed for trading off temperature for
time. The basic idea of these parameters is that they permit the prediction of long-time
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rupture behaviour from the results of shorter time tests at higher temperatures at the
same stress.

In our tests, we did both upscale and downscale temperature tests. In order to jus-
tify the scale model theory specifically in thermal downscaling, the scaled down tem-
perature has been used for the model in comparison with the prototype. On the other
hand, in order to run the creep and creep-fatigue test in a time shorter than the reality,
tests at the upscale temperature have been carried out. More or less the same upscale
force has been applied for the fatigue test to take shorter time than the real case. In the
case of applying the real load, it may take ca. 6 months.

12.7-13.0 ® 12.45+ 0.003

.

25.4 25.4

90

Fig. 6. Geometry of fatigue, creep,
and creep-fatigue specimen, steel 4340 (dimensions in mm)

Material for creep-fatigue tests was Steel 4340. The material and its chemical,
physical, and mechanical properties are described in Tables 1-3, respectively. Figure 6
shows the geometry of a specimen used for the creep-fatigue tests.

Table 1. Chemical composition of steel 4340 (in wt. %)

C Mn P S Si Cu Ni Cr | Mo Al v N Cd Sn

04 | 0.75 {0.008 {0.029| 0.26 | 0.03 | 1.72 | 0.87 | 0.23 {0.021 | 0.001 {0.0055|0.002 | 0.001

Table 2. Physical properties of steel 4340

A [%] | Ter [°C1 | p [kg/m’] | & [um/(m-°C)] | AL [%] | v

3643 1426.67 | 7.85x10° 13.7 13.2 0.29

Table 3. Mechanical properties of steel 4340

S, [MPa] | E [GPa] | S,, [MPa] | BHN

710 | 195-205|825-1110| 248
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The apparatus used in this study was Gleeble-3500 (Fig. 7), a controlled electro-
hydraulic thermal-fatigue testing machine with high-precision conduction heating and
air-cooling functions [68].

Fig. 7. Gleeble-3500 for various creep, fatigue and creep-fatigue tests
(with the courtesy of National Research Council (NRC) at Boucherville, Quebec)

For axial displacement measurement, Fastar-SP100 sensor from Data Instruments
was used which is based on inductance variation. Temperature was measured with
a 0.2 mm in diameter thermo-couples welded at the middle and both ends of the
specimen. The temperature difference within the gauge length was not greater than
+2 °C to the set temperature throughout the duration of a test. In the creep-fatigue
tests, force was computer-controlled by the same triangular waveform cycling. The
same temperature was used for creep, and creep-fatigue tests, using the output of the
thermocouple.

The waveforms shown in Fig. 4 were applied in the tests, and were done using the
testing facilities at the National Research Council (NRC), Boucherville, Quebec
Sr= 802.18 MPa, which is greater than 0.9S,, = 742.5 MPa. It can be concluded that
N;<10°.

5.1. Test results

5.1.1. Model 1

For creep, four tests were carried out on a sample of steel 4340 90 mm long,
12.7 mm in diameter which was cleaned and annealed at 248 BHN. For creep test the
waveform shown in Fig. 8 has been applied. Indeed we could just apply the tempera-
ture and the force of 6.31 KN which is equivalent to stress of 50.09 MPa (Fig. 9). The
creep strains at various temperatures at a constant load (6.31 KN) are shown in Figs.
10-13.
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Fig. 10. Creep strain vs. time at 800 °C in creep test
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Fig. 14. Stress waveform for fatigue test
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For fatigue, a cyclic load (Fig. 14) was applied on a sample of steel 4340 of 12.7
mm in diameter, 90 mm long until break down. The minimum stress was 40.04 MPa
and the maximum stress was 60.10 MPa. Practically we could apply force between
5.07 kN to 7.61 kN (Fig. 15). The total spend time was 2019.5 s and each cycle was
10 s but it took 66 s of preliminary time to start the cyclic load. Then taking the net
time for the cyclic load, the number of reversals is obtained. Figure 16 shows the
strain vs. time in the fatigue test.

Table 4. Creep test results for steel 4340

Test o

No. | T[°CT | tr [s]
1 800 [3645
2 | 850 |1205
3 853 [ 1125
4 | 875 | 715

Table 5. Creep, fatigue and total damages
from model 1 and the test

Creep Fatigue Total
Model damage D, | damage Dy damage
Dr
Model 1 0.01372 | 0.02476 |0.0384786
(test data)
Model T 0.0135448 | 0.02619596 |0.0275504
(calculation data)
Test 0.03986

The test data has been used to find the total damage at creep-fatigue interaction.
As an example, the damages at 50 s obtained from tests and from the models are
shown in Table 5. For the test, cyclic load was applied on a sample of 12.7 mm in
diameter 90 mm long steel 4340 until break down. The minimum stress was 40.04
MPa (5.81¢) and the maximum stress was 60.10 MPa and the hold time was 5 s. The
force and temperature were applied and the stress and strain were measured. Practi-
cally break down happened after 1254.5 s.

5.1.2. Model 2

Based on the Miners rule for fatigue failure, for the case that was tested we have:
o, = 10.03 MPa, o;=50.07 MPa, o, for 800 °C and 1 h lifetime is 50.7 MPa, S,= 825
MPa, then 0.9S,, = 742.5 MPa. Substituting these values in the Miners equation, we
have
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_ Total spent time 1254.5

o To J12545 g3 (28)
*  period of 1 cycle 15
5.2.3. Model 3
From Equation (25) we have:
1
N, =N, — (29)
Lh
N, 1,

For the case that was tested we have: Ny= 195.35, Ngr =0.54, ¢, =5 s, tr = 3645 s.
Using Equation (25) ,the number of cycles to break for the steel 4340 was obtained as

Nz=83.1951 cycles (30)
The present life status for instance after 50 s which is equivalent to 3.33 cycles, is

N 3.33

L,=1-—=1- =0.9599
N, 83.1951
Test result gives
1254,
N, = 155 > =83.6 cycles (31

The present life status for instance after 50 s which is equivalent to 3.33 cycles, is

L =1- _1-333 _ 9601 (32)
N, 83.6

6. Discussion and conclusions

Three constitutive models have been suggested. In the first model, the main idea is
that the total damage can be used for break point of the components, and the damages
due to creep and fatigue can be accumulated linearly. In this model, the creep model
uses the Norton power law, Larson—Miller and Robinson rule approach, while the
fatigue model combines the Miner rule and the universal slope method. The damages
are calculated separately and the total damage is found by linear summation in order to
find the lifetime.

In model 2, the fluctuating stress is considered as a varying stress in the fatigue
-creep model. Since the fluctuating stress is a combination of alternating and mean
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stress, it can be assumed that the mean part represents the static load which can cause
creep at elevated temperatures, whereas the alternating part is responsible for fatigue
damage. This model is an extension to the Goodman theory, except that instead of an
intercept of ultimate stress (oy) on the g;, axis, the intercept used is the creep-limited
static stress (o).

In model 3, the approach for this model is that the creep-fatigue interaction can be
considered as cyclic fatigue but with the hold time at maximum, minimum, or extreme
stresses. This model has two strong points: 1) the required data can be used from pure
creep and pure fatigue tests; 2) it has a safety factor (or a weakness factor) that is
based on the material information and industrial experiences, between 0 and 1.

Out of three constitutive models, the first one is the most accurate and reasonable
one, although the third one is the easiest one. The main weak point of the second one
is that it gives just a range of the lifetime or lifecycle for the low frequency loads, and
it cannot be accurate in that region. The weak point of the 3rd one is finding the safety
factor accurately. It should be noted that more tests are needed to find the constants in
universal slope equation. In the present study, the constants are taken from ASM
handbook. For unknown materials, many more tests are needed to find those con-
stants. In the present case, the result of the lifetime prediction in creep-fatigue interac-
tion tests and the first constitutive model has quite reasonable and acceptable match.
Three suitable models for predicting the lifetime were developed and studied. The
finite element technique was used to study the component dynamic behaviour. Natural
frequencies and mode shapes were obtained. The response and stress due to harmonic
and centrifugal loading were also obtained. The analytical results were compared with
those obtained from experiments.
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