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A life prediction model is developed for crack nucleation and early crack growth based on 
fatigue, environment (oxidation), and creep damage. The model handles different strain-temperature 
phasings (i.e., in-phase and out-of-phase thermomechanical fatigue, isothermal fatigue, and 
others, including nonproportional phasings). Fatigue life predictions compare favorably with 
experiments in 1070 steel for a wide range of test conditions and strain-temperature phasings. 
An oxide growth (oxide damage) model is based on the repeated microrupture process of oxide 
observed from microscopic measurements. A creep damage expression, which is stress-based, 
is coupled with a unified constitutive equation. A set of interrupted tests was performed to 
provide valuable damage progression information. Tests were performed in air and in helium 
atmospheres to isolate creep damage from oxidation damage. 

I. I N T R O D U C T I O N  

A. Background 

L I F E  prediction models are needed to assist with the 
design and evaluation of components undergoing 
thermomechanical fatigue (TMF). The models currently 
available are severely limited in their generality. Often 
the application of  the current models outside the range 
of experiments used to derive the model is not recom- 
mended. Since the mechanisms producing damage may 
differ from one set of testing conditions to another, ad- 
vancement in the area of life prediction needs to be in 
the identification of these different damage mechanisms 
and the conditions which activate them. Microstructure 
and bulk parameters which quantify these mechanisms 
should be established. The model derived in this report 
attempts to take advantage of physical damage measure- 
ments and identifies these with a measure of lifetime. 

There have been data reported for isothermal fatigue 
tests; however, many critical components undergo a 
complicated temperature-strain history which can be more 
closely approximated by a TMF test in the laboratory, tq 
Therefore, it is important that the new generation of life 
prediction models is able to handle these strain-temperature 
histories and yet remain general enough so that the pre- 
diction model is not restricted to only a few temperature, 
strain rate, or strain range levels. 

When elevated temperature experiments are con- 
ducted, environmental and creep effects on the life can 
become significant, depending on the material and test- 
ing parameters. Both environmental effects and creep are 
activated simultaneously with fatigue and lower the life. 
These damage mechanisms change with strain, temper- 
ature, phasing, and strain rate in a complicated way, as 
indicated in Part 1. In most cases, the strain-temperature 
variation with time and the material condition will dic- 
tate which mechanism is the most damaging. 
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B. Current Life Prediction Models for 
High-Temperature Fatigue 

1. Oxidation-fatigue models 
The earliest life prediction model on environmental ef- 

fects is the frequency-modified strain-life equation I21 which 
included, in addition to the plastic strain range, a fre- 
quency factor which accounted for the effect of oxida- 
tion. The early work on oxidation-fatigue interaction 
considered the effect of hold times on lifetime under iso- 
thermal fatigue conditions. These life prediction models 
are configured to handle either "crack initiation or crack 
growth to a certain size" with modified low cycle fatigue 
equations or "crack growth" with modified fracture me- 
chanics parameters. The structures of these models are 
discussed here. 

Challenger et al.[31 developed a model which predicts 
the cycles to initiate a surface oxide crack. No creep 
effects for the 2.25 Cr- lMo alloy steel at 593 ~ were 
included. In the absence of hold times, the oxidation ef- 
fect changes with strain rate (or frequency), and this was 
not considered in the model. Using the parabolic oxi- 
dation law to characterize oxidation of surface-connected 
grain boundaries in RENI~ 80,* Antolovich et a l .  [4'51 w e r e  

*RENt~ is a trademark of the General Electric Company.  

able to derive a fatigue-life equation. The initiation fa- 
tigue lives were shown to decrease linearly with total 
cycle period and with hold times. Along a similar ap- 
proach, Reuchet and R6my t6j developed a model by rec- 
ognizing the accelerated oxide growth rate with increasing 
applied strain range. The total crack growth is the sum 
of the crack advance due to the fatigue process and due 
to the environmental process (established by metallo- 
graphic measurements). This is, in principle, also simi- 
lar to the approach of Skelton and Bucklow. 17] 

Saxena and Bassani's 18j interest was in growth of  long 
cracks; therefore, they proposed an oxidation-modified 
crack growth law involving AK. Kinetics of oxidation 
(parabolic) at crack tips was included in the model. The 
model predicted that the growth rate due to oxidation 
increased with hold time to one-half power. The model 
was tested for several steels and Ni-based superalloys 
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and provided satisfactory correlation. Liu and Oshida 191 
have a model similar to Saxena and Bassani 's;  however, 
they predict a linear dependence of growth rate with hold 
times or with strain rate. 

To better understand the effect of the environment, 
some investigators [1~ have performed tests in inert gas 
environments or in vacuum and compared these to tests 
performed in air or other oxidizing environments. 

Attempts have been made to predict thermome- 
chanical fatigue behavior based on isothermal be- 
havior;ill.16.17] however, the oxidation-induced damage 
micromechanisms occurring during a TMF cycle can be 
different from an isothermal cycle. Furthermore, the 
question of which isothermal temperature should be used 
to predict TMF data based on isothermal fatigue data is 
not resolved. Some critical TMF tests should be per- 
formed, including experiments where oxidation damage 
is eliminated with environmental control. These tests and 
isothermal tests at different strain rates will be shown to 
be sufficient to build a consistent model which resolves 
many of these issues. 

2. Creep-fatigue models 
The problem of simultaneous creep fatigue has been 

addressed in earlier work. The strain range partitioning 
method t18] and time-cycle fraction rule (adopted as an 
ASME code II91) were developed to handle plastic and 
creep strains on life. A modified time-cycle fraction rule 
has been used with applications to cumulative damage 
and may be found in References 20 through 25. 

Many researchers have considered creep fatigue to be 
a propagation-controlled problem, where the damage 
micromechanism considered is assumed to influence the 
fatigue crack growth or vice versa. Majumdar and 
Maiya [261 considered the influence of creep cavity growth 
ahead of a crack growing by fatigue in their damage-rate 
equations. In their model, it is assumed that sintering of 
cavities occurs in compression, effectively reversing the 
creep damage occurring in tension. These damage-rate 
equations have recently been applied to TMF loadings. [271 

In crack propagation-controlled models,  the creep 
damage in a material is bounded by two extremes, t281 
When no creep damage is present, the damage at the 
crack tip is given by the plastic zone size; when creep 
damage is extensive, it is assumed that the plastic creep 
zone ahead of the crack in the bulk of the material con- 
trois damage growth. 1281 This model is analogous to the 
use of  a crack tip displacement parameter to characterize 
fatigue-creep crack growth. [291 

Cavity formation ahead of a crack tip modifies the crack 
tip stress fields; therefore, modified fracture mechanics 
parameters have been used t8'9'3~ to handle fatigue-creep 
crack growth. In the absence of cavities, the crack tip 
stress/strain fields are still modified, t31j Other micro- 
mechanisms which have been considered in creep-fatigue 
interactions include intergranular damage (nucleation and 
growth of grain boundary cavities without aid from a 
m a j o r  c r a c k ) ,  [32,331 growth of small cracks, t'41 and models 
for grain boundary sliding, t34,3s,361 

Experiments are needed to isolate the fatigue-creep ef- 
fects from the oxidation effects, allowing the constants 
in the creep damage term to be formulated directly. This 
could be accomplished by performing tests in a helium 

environment, which eliminates oxidation damage and thus 
isolates the creep damage from the environmental dam- 
age. These types of experiments were conducted and were 
discussed in Part 1. 

C. Current Work 

A life prediction model is developed. Specifically, the 
model (a) accounts for oxide rupture at surface and at 
crack tips; (b) accounts for intergranular damage ob- 
served in conditions where creep damage is dominant; 
and (c) handles arbitrary strain-temperature histories 
(phasing). Illustrated in Figure 1 are the phasings con- 
sidered in current tests on 1070 steel. The phasings in 
Figure 1 are all proportional, which m e a n s  ~th//~,nech re- 
mains constant throughout the cycle. 

I I .  L I F E  P R E D I C T I O N  M E T H O D O L O G Y  

A. Damage Mechanisms 

Consider that three possible damage mechanisms 
exist: (1) fatigue, (2) environmental attack (oxidation), 
and (3) creep. Depending on the temperature, strain, and 
phasing, all three of  these damage mechanisms could be 
operating. If  the temperature is too low for significant 
oxidation and creep, the fatigue damage mechanism will 
control the life. In an out-of-phase TMF test on the ma- 
terial considered (in which the high temperatures coin- 
cide with compressive stress), oxidation damage can be 
significant, while creep damage is negligible, since void 

Isothermal 

l 
{mech 
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Et h 

\ ~ Out-of- Phase 
_2 ~, -'I'L-~,~ Portial Constraint 

\ \~176 
Out- of- Phase 
Over Constraint 

Fig. l - - S c h e m a t i c  showing the strain-temperature histories consid- 
ered in the 1070 steel testing program. 
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growth and intergranular cracking mechanisms are sup- 
pressed in compression. In this case, the life will be gov- 
erned by the oxidation damage mechanism. 

In the model, the damage per cycle from these three 
mechanisms is summed to obtain a total damage per cycle, 
DtOt: 

D t~ = D fat Jr D ~ + D creep [ 1 ] 

where the superscripts "fat," "ox,"  and "creep" repre- 
sent fatigue, oxidation, and creep, respectively. Without 
prior knowledge of the most damaging mechanisms for 
a given strain-temperature history, this equation will pre- 
dict the total damage. 

Equation [1] may be rewritten in terms of the failure 
life, Nf, since damage is equal to 1/Nf (assuming linear 
damage and damage is equal to 1 at failure). 

1 i 1 1 
-- Affa t "~- 7!- Arcreep [2] Nf , , f  N; x , , f  

The discussion of  these damage terms follows. The 
fatigue damage term is represented by the strain-life 
equation [37] and is discussed in the next section. The dis- 
cussion and development of  the oxidation and creep 
damage terms are more involved, and each is considered 
in a separate section. The model constants will be de- 
scribed for 1070 steel, but the model would be appli- 
cable to other materials. 

B. Fatigue Damage Term 

Fatigue damage is represented by classical fatigue 
mechanisms which normally occur at ambient tempera- 
tures. These include "to-and-fro" slip of  dislocations and 
the formation of a crack. Crack growth occurs by lo- 
calized deformation and slip in the cyclic plastic zone 
ahead of the crack tip. Most of the tests in this study are 
performed at elevated temperatures where many vari- 
ables (strain range, strain rate, temperature, and strain- 
temperature phasing) may affect the life. However, the 
=fatigue" mechanism (involving crack nucleation and early 
crack growth) is assumed to be governed by mechanical 
strain range, Aemech. The plastic strain range component 
of mEmech may also be utilized; however, for many load- 
ing conditions, including thermal loading, its determi- 
nation requires further calculations. The use of total swain 
range is simpler and equally as relevant as plastic strain 
range. 

The fatigue-life term, N~ t (hence, D rat = 1/N~at), is 
estimated from the strain-life relation: [37] 

m Emech Off fat b t . . . .  fat~c 
--  (2N})  "~- eftzlV ) ) 13] 

2 E 

where g} is the fatigue strength coefficient, E is Young's 
modulus, b is the fatigue strength exponent, e} is the 
fatigue ductility coefficient, and c is the fatigue ductility 
exponent. 

The constants (E, cr}, b, e}, and c) are determined 
from isothermal room-temperature fatigue tests and are 
given in Reference 38. In Figure 2, the room tempera- 
ture (20 ~ isothermal strain-life curve for 1070 steel is 
shown along with other 1070 steel data, which would 

' ''""'I ' '~'"'I ' '~'""I ' '~'""l ' ''"'"J ' '""" 
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Fig. 2--Stra in- l i fe  curve at 20 ~ for 1070 steel with test results which 
have a life governed by fatigue damage  only. 

ATfat also be expected to have a life based solely on , , f  . These 
include isothermal tests performed at or below 400 ~ 
where little or no oxidation and creep occur, and 600 ~ 
isothermal helium tests performed at a high strain rate 
(@ = 0.02 s- l) ,  which eliminates oxidation effects and 
minimizes creep effects. 

The room temperature strain-life curve can be consid- 
ered an upper bound on life. The lives of  all tests per- 
formed with this material were found to be less than or 
approximately equal to the room temperature tests. Any 
decrease in life can be attributed to D ~ O creep, o r  both. 

In cases where crack growth outside the size of the 
specimen has to be considered, the fatigue life includes 
a long crack propagation period which is determined 
using fracture mechanics or modified fracture mechanics 
parameters.IS.9.3~ Crack growth experiments would result 
in determination of N~, long crack propagation life. Then, 

N) ~ = NI + N~ [41 

where NI is determined by the proposed model and N) ~ 
represents both specimen life (initiation and crack growth 
to a certain size) and long crack propagation life. 

III.  OXIDATION D A M A G E  T E R M  

A. Oxidation-Induced Crack Growth Model 

A damage model is proposed which reflects the 
oxidation-induced crack nucleation and growth as ob- 
served in the micrographs and described in Part I. 
Oxidation-induced crack growth is described as the re- 
peated formation of an oxide layer at the crack tip and 
its rupture, exposing fresh metallic material to the en- 
vironment. Crack nucleation is defined as the rupture of 
the first oxide layer formed. 

1. Type I growth 
The formation of an oxide intrusion by the process of 

oxide rupture is illustrated by Figure 3. Initially, an ox- 
ide layer forms on the surface (a). When this oxide layer 
reaches a critical thickness, hf~, the oxide ruptures, and 
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Fig. 3--Schematic showing the nucleation of Type I oxide growth. 

crack nucleation has occurred (b). Then a fresh metallic 
surface is exposed to the environment which rapidly oxi- 
dizes (c). When the thickness of  this newly formed oxide 
reaches hi2, the oxide again ruptures (d). The process 
continues, as shown in Figures 3(e) and (f). Note that 
the critical thickness when rupture occurs does not have 
to be constant but may change with applied strain range, 
strain rate, and temperature. 

Type I growth is characterized by a "continuous" 
oxide layer. A "continuous" oxide layer results in oxide 
intrusions with no visible stratification in the oxide. This 
will be distinguished from Type II growth which is char- 
acterized by "multilayer" or "stratified" oxide growth, 
which has been observed by other researchers. I7'38-4~1 

2. Type H growth 
A schematic illustrating Type II growth is given in 

Figure 4. It is important to note that the progression of 
growth is similar to Type I in that the oxide ruptures 
when it reaches some critical layer thickness, h/i. How- 
ever, when the oxide ruptures in Type II growth, it also 
detaches from the surface. This results in exposing a larger 
fresh surface area to the environment, accounting for the 
wider intrusions characteristically observed with Type II 
growth, t381 A representative example of  each type of 
growth is shown in Figure 5. Note that the oxide strati- 
fications are visible in Type II; therefore, a direct mea- 
sure of h/i can be obtained. This is illustrated in Figure 6. 

d 

j 
t-hfl 

(a) (b) 

-hf 2 
l 
I 

(c) (d) 

hf 3 

(e) (f) 
Fig. 4 - -  Schematic showing the nucleation of Type II oxide growth. 

B. Derivation of the Oxidation Damage Term 

The model is general and is applicable to both Type I 
and Type II oxide rupture mechanisms. The oxide growth 
rate is given as 

dho dho 
. . . .  tc [5] 
dN dt 

where tc is cycle time and dho/dN can be considered as 
an effective oxide growth rate of the primary oxidation- 
induced crack. The dho/dt can be defined by the oxi- 
dation kinetics and the critical oxide layer thickness at 
rupture, h/~. ff an oxide layer does not rupture, the model 
assumes oxidation follows some oxidation growth law. 
In 1070 steel, oxidation follows parabolic growth, [42j but 
other oxidation growth laws may be used, depending on 
the material. The parabolic growth law is ho = V ~ p t ,  
where Kp is the parabolic oxidation constant, which is a 
function of temperature. The time, t, is measured from 
the instant when fresh metal surface is exposed to the 
environment. 

In general, Kp will not be constant for a cycle which 
undergoes a varying temperature history. Therefore, an 

/~ eff effective oxidation constant, . .p , is defined as 

= -  Do exp - Q dt [61 
tc 
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L o a d i n g  D i r e c t i o n  ! I 
10 pm 

........ 

Type  II 

(b) 

Fig. 5 - - S E M  micrographs showing oxide intrusion tips resulting 
from (a) Type I growth (out-of-phase TMF, T = 150 ~ to 600 ~ 
~ e ~  = 0.0076, ~ ~- 0.0001 s -~) and (b) Type II growth (isothermal 
fatigue, T = 600 ~ Ae~.ooh = 0.0070,  ~ = 0.0002 s -a) (5 pct Nital 
etch). 

where Do is the diffusion coefficient for oxidation, Q is 
the activation energy for oxidation, R is the universal 
gas constant, and T(t)  is the temperature which can 
vary with time. Subsequently, K~f " will be used in the 
derivation. 

I f  the oxide repeatedly ruptures, then the oxidation 
growth no longer follows the parabolic law. Upon oxide 
rupture, a higher localized oxidation rate is observed. 
This is illustrated in Figure 7 as a series of parabolic 
curves, with the vertex of the upper parabolic curve lo- 
cated at the point on the one below it where rupture of  
oxide occurs. Connecting these vertex points creates the 
effective total oxide growth curve. The slope of this curve 
gives the effective growth rate, dho/dt .  The equation of 
this curve is 

Keff  
P tO ho = B --w-_ [71 

hs 

Loading Direction ~ i 
---_. --.._ 50 pm 

Fig. 6 - - S E M  micrograph illustrating the multilayer oxide and an hf~ 
measurement  (out-of-phase TMF, T = 500 ~ to 600 ~ Ae~,~ = 
0.0017, ~ ~ 0.0001 s- l ) .  

where/~I is an average value of  the critical oxide thick- 
ness at rupture and B and/3 are constants. For the case 
of linear (vs parabolic) oxide growth, B = /3 = 1 and 
hs = hf~ = constant, and dho/d t  = constant. In general, 
though, the effective growth is nonlinear and will in- 
crease with time, as shown in Figure 7, since hsi+t < hli. 
This occurs due to the increase in the mechanical strain 
range at the oxide intrusion tip as the intrusion grows. 
Similarly, increasing the applied mechanical strain range 
results in decreasing the rupturing thickness of  the oxide, 
hfi, as will be illustrated later. 

The growth rate dho/dt  has been measured in labo- 
ratory tests and has a shape similar to the schematic of 
Figure 8. As shown in Figure 8, the crack length vs cycles 
curves from all three interrupted tests show power law 
growth (linear on log-log plot) up to a certain crack size. 
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Case of Oxide Growth 
with Repeated Rupture ha= K~ff/~B~f'/ 

/ 
/i dho 

h 
t, Time 

Fig. 7--Diagram illustrating oxide growth with repeated rupture. 

Beyond this crack size, rapid crack propagation takes 
place, and the oxidation effect becomes small. Note that 
the oxidation-induced crack growth does not operate in 
the in-phase TMF case. Comparing the in-phase case to 
out-of-phase TMF and isothermal fatigue, the crack 
growth rate during the initial portion of  life is low. Inter- 
granular damage rapidly accumulates and results in rapid 
damage in the latter part of life. 
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Fig. 8 - - C r a c k  growth under  different strain-temperature phasings 
(Aemech ~" 0.0076, d ~ 0.0001 s J, Tmi, = 150 ~ T=,~ = 600 ~ 
T (isothermal) = 600 ~ 

Differentiating Eq. [7] with respect to time and sub- 
stituting this equation back into Eq. [5] gives 

dho k~eff 
- B ~ / 3 N  ~ - ' -  t~ [81 

hi 
The average critical oxide thickness at rupture, /~I, is 

a function of the mechanical strain range, the phasing of 
the temperature and strain, and the strain rate. Experi- 
mental measurement of/~I (direct measurement of the 
stratified oxide layer thickness in the oxide intrusions) 
is plotted against the mechanical strain range, AEmech, for 
three different phasing conditions in Figure 9. These re- 
sults are for the 1070 steel studied here. The experi- 
mental results are indicated by data points. The 
approximate ranges of the data within each phasing are 
shown in this figure. To quantify the relative damage 
between phasings, a phasing factor, ~ox, is introduced. 
The phasing ~ox is a function of the ratio of the thermal 
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Fig .  9 - -  Plot  o f  a v e r a g e  c r i t i ca l  ox ide  t h i cknes s  at  r up tu r e  f r o m  tests 
o f  va r i ous  p h a s i n g s .  
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and mechanical strain rates. It ranges in value from zero, 
which indicates that no environmental damage results from 
the phasing, to one, which indicates that the coupling of 
the environment and phasing is most detrimental to the 
life. An out-of-phase TMF phasing results in the small- 
est critical oxide thickness at rupture (Figure 9), and 
~~ = 1. As the phasing changes so that oxide rupture 
is not as prevalent, qb ~ decreases. Also, as measured 
from isothermal tests, /~f decreased as the strain rate 
increased. Based on these observations shown in Figure 9, 
curves relating A e ~ ,  the phasing qb ~ and the strain 
rate ~ can be expressed by 

~o 
/~ = (Ae~c,)~ ~ox~, [91 

where the exponent 2 on Aem~h represents the slope of 
the curves in the diagram and 60 and a are material con- 
stants. The constant a predicts the strain rate sensitivity 
of hi; 60 is a measure of  oxide ductility, which is equiv- 
alent to h I when Aem~,  ~~  and ~ are unity, and can 
be determined from Figure 9. 

Substituting Eq. [9] into Eq. [81 and upon integration, 

[ 1 = hr 2(Ae,,~c~) ~zm)+a 
ox ox elf 

The crack is assumed to grow from zero to some critical 
length, her. Oxide dominated growth ends when ho = 
h~, and then crack grows rapidly and oxide penetration 
trails behind the crack tip. When this occurs, the number 
of cycles before final failure is very small, and these 
cycles are neglected in the predictions. Note that the time 
of a cycle for continuous cycling is written in terms of 
the mechanical strain range and the strain rate by t~ = 
2 A E m e c h / 8 .  

C. Phas ing  F a c t o r  

Each history is represented by a unique value of  ~ox, 
defined by integrating ~b ~ which is a function of  the 
ratio of E t h / ~ m e c h ,  o v e r  the period of the history. 

1 fo '~ cb ~ -- -- dp ~ dt  [11] 
tc 

The division by t~ allows ~o~ to range from zero to one 
and thus represents the effective phasing parameter for 
any strain-temperature history. 

The form of ~b ~ was chosen to represent the behavior 
of the oxide cracking that has been observed experi- 
mentally. For example,  consider the out-of-phase TMF 
case: in this case, low temperature and high tensile stresses 
coincide, and, consequently, the oxide cracks readily. In 
this case, for a given mechanical strain range, the h I level 
is small, as shown in Figure 9. I f  the phasing is repre- 
sented by the ratio of  the thermal and mechanical strain 
rates, eth/~m,r = --1 represents the out-of-phase TMF 
case. This case is designated as a benchmark by setting 
~b ~ = 1 a t  Eth] /Emech = - -  1. For the limiting case of  free 
expansion (eth/e~c~ --9 ___o~), ~b ~ should approach zero. 
Other histories designated by e~/e,,~c~ will have unique 
values of q~ox, which fall between the limits of zero and 
one. The level of/~y at a given strain range is higher in 

the in-phase TMF case (eth/em~r = 1) compared to the 
isothermal fatigue case (eth/~m~ch = 0), as indicated in 
Figure 9. 

Based on these observations, the function ~b ~ was 
chosen to be 

d~ ~  - 2 \  ~ox 

The parameter ~o~ is introduced as a measure of  the rel- 
ative amount of  damage associated with the different 
phasings. This exponential function is plotted in Figure 10 
for several ~o~ values. In this case, the curves show that 
peak damage occurs when eth/emo~h = --1 (out-of-phase 
TMF,  total constraint). 

D. D e t e r m i n a t i o n  o f  the Ox ida t ion  D a m a g e  
T e r m  Cons tan t s  

In this section, it is shown how each constant in the 
oxidation damage term is established. 

r Consider two tests which have different strain- 
temperature phasings, and N~ x dominates the damage sum. 
One of  these tests is an out-of-phase TMF, since 4~ ~ is 
assumed to be one for this case. The ~, Aemr and 
KCff should be approximately the same for both cases. p 
N7 ~ is known for both cases. Therefore, only (b~ x (sub- 
scripts distinguish between the two tests) for the second 
test is unknown and can be solved for by rearranging 
Eq. [101. 

" ox--~8 eft / / E 2 ~ 8 - a  / . . 2 + ~  
= t 

"P'| ~kN~2X/ ~kK;ff/ \ E l i  \ m E m e c h 2 ]  

By substituting this value of ~b~ x into Eq. [12], ~eo~ can 
be determined. The two tests used were 

(1) out-of-phase TMF, T = 150 ~ to 600 ~ Aemechl 
= 0.0076, et ~ 0.0001 S -~, N~'  = 7.35, ~b7 x = 1; 
and 
(2) isothermal fatigue, T = 600 ~ Ae,,r = 0.0070, 
e2 = 0.0002 s -l ,  N ~  ~ 700. 

Based on the above analysis, ~b~ x = 0.88 and ~:ox ~ 2. 
The function ~b ~ using this value has been shown in 
Figure 10. 

a: Consider two isothermal fatigue experiments at strain 
rates k~ = 0.0002 s -a and ~2 = 0.02 s-L From Figure 9, 

-a~ '-8 -6 -4 -2 0 2 4 

{0ut-of-Phose TMF-'~-~ln-Phose TMF~ 

[8  

Fig. 1 0 - - P l o t  s h o w i n g  the 4~ ~ funct ion for three d i f fe ren t  ~ox values  
with peak  d a m a g e  occurr ing  at e~/emoch = --1. 
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one can determine from the isothermal case the corre- 
sponding/~: values for both of these strain rates at a con- 
stant Ae~oe~h. It is assumed that the strain rate sensitivity 
of  hi under isothermal conditions is the same as under 
thermal cycling conditions. Then, 

:4 In \/~/2, / 

a - - -  [14] ,n(':) 
80: This material constant represents the value of the 

/~:-axis intercept at  Aemech = 1, when q:x and ~ are also 
unity. One laboratory test which has a multilayered 
oxide (Type II growth behavior) is required to obtain 
the following constant: 

isothermal fatigue, T = 600~ Aemech = 0.01, 
= 0.0002 s -1, /~: ~ 1 .5 /zm,  qb ~ = 0.88. 

By solving for 8o in Eq. [9], 

80 = hf( AEmech)2~)~215 ~ a [15] 

and substituting the above test parameters, the constant, 
80, was determined. In this study, 80 was found to be 
2.22 • 10  -7 / ~ m -  s -~ The value of /~:  is the average 
value of hyi measured f rom micrographs, such as shown 
in Figure 6. 

Do and Q: Do is the diffusion coefficient, and Q is the 
activation energy for oxidation. They were established 
from oxide growth measurements on specimens sub- 
jected to zero load. Two temperatures were considered 
to obtain the constants: 600 ~ and 400 ~ The para- 
bolic growth constant, Kp, was determined at both of 
these temperatures by fitting a parabolic curve through 
the experimental data. Since 

Kp = Do e(-Q/Rr) [16] 

Do and Q can be calculated. In Figure 11, the growth 
curves for various temperatures, as established from 
Eq. [16], are plotted along with the laboratory data used 
to obtain the constants. 

/3: This constant is the exponent on t for the effective 
oxidation-induced growth curve (Figure 7). It was cho- 
sen to represent the crack growth behavior observed in 
laboratory tests (Figure 8). Experimental results indicate 
an average value of/3 = 1.5. 

B, her: These two constants are interrelated. The units 
on B are (Q-~) (Eq. [7]), and the units on h ,  are (/zm). 
Consider a test which is used to obtain the critical crack 
length, h , .  There is a corresponding time to reach this 
length, and B is related to this time. Using life and cycle 
time from this test, the constant B is obtained by 

B = (tc.N~X) 1-~ [17] 

In this study, the following test was used: 

isothermal fatigue, T = 600~ Aeme~h = 0.01, 
k = 0.0002 S-I, Nf = 228. 

The value of h ,  was determined from Eq. [10], where 
N~ x, the test parameters (Aem,ch , ~), and other constants 
for the same experiment used to compute B are known. 

1070 Steel / 
Unstressed Oxide Growth / 700~ 

/ 

~ io I - 
~ 

~. P=5D~ lO-2/zm2/sec 

Z 100 

I I I 
z~ zo_ z zo o l~ ~ 1~ z z~ 3 

t,Time (hrs) 

Fig. l l - - P l o t  of the unstressed parabolic growth at various 
temperatures. 

IV. C R E E P  D A M A G E  T E R M  

A. Measure of Creep Damage 

Most creep damage,  which is detectable with the scan- 
ning electron microscope (SEM), is in the form of in- 
ternal intergranular cracking (e.g., Figure 12). This 
damage was only observed in the in-phase TMF test 
specimens. None of the isothermal (20 ~ to 700 ~ or 
out-of-phase TMF tests had any detectable intergranular 
damage. 

The in-phase TMF 150 ~ to 600 ~ test was one of 
the tests considered in the interrupted study. It was found 
that below 60 pct N:, no creep damage in the form of 
intergranular cracking (greater than 0 .10 /zm)  was ob- 
served. At 60 pct N:, a few small (less than 1.0 txm) 
cavities along grain boundaries were detected. Signifi- 
cant measurable damage was not found until 100 pct N/ 
was reached. 

The growth of  voids and intergranular crack growth 
occur predominantly under tensile loading. [3<43] Conse- 
quently, to take into account the asymmetry,  the creep 
damage term is a function of effective and hydrostatic 
stress components 

Dcreep = (I)creep [ Ae(_An/Rr) al@ 20rH dt [18] 
J 0 

where # is the effective stress, ~r n is the hydrostatic stress, 
K is the drag stress, czl and cz2 are scaling factors which 
represent the relative amount of damage occurring in 
tension and compression, (I)creep is the phasing factor, and 
A and m are material constants. In order to use this equa- 
tion, a constitutive model must be employed which can 
relate the inelastic strain rates to the stresses. This is nec- 
essary to handle different strain rates, thermomechanical 
loadings, and hold-time effects. 

For the predictions in this report, a unified constitutive 
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Loading Direction t 
~ lOp.rn 

Fig. 1 2 - - S E M  micrograph showing intergranular cracking from in- 
phase TMF cycling with T = 150 ~ to 600 ~ (5 pet Nital etch). 

model recently developed for 1070 steel f44,451 is used. This 
model utilizes two state variables, as follows: (1) the drag 
stress K, which is a measure of  strength, and (2) back 
stress a,  which is recognized as an internal stress, re- 
flecting the nonisotropy in the material. In creep, the 
back stress a accounts for nonisotropy as well as tran- 
sient creep behavior. Since it is desirable to obtain the 
creep damage for the stable cycle, a simplification is made 
in the constitutive model so that the approximate stable 
response can be directly obtained, bypassing any initial 
transient behavior. This is accomplished by setting the 
drag stress to the saturated value, K = Ksat ,  where K s a  t 

is a function of the temperature, and setting the back 
stress to zero, a = 0. 

For all in-phase TMF tests, including the lowest tem- 
perature range test performed (150 ~ to 450 ~ inter- 
nal intergranular cracking is observed, which results from 
the growth of  voids and subsequent intergranular creep 
damage. In all isothermal test specimens (fully reversed 
loading and symmetric wave form), no intergranular 
damage is observed, and all cracking is transgranular. 
This indicates that different damage mechanisms are op- 
erating in each of these tests, and this must be reflected 
in the creep damage equation. 

A phasing factor, @~,~v, similar to the one used in the 
oxidation damage term, is incorporated into the creep 
damage term. The phasing factor for creep will have the 
same form (Eqs. [11] and [12]) as the qb ~ factor for oxi- 
dation. For example,  

1 L t~ (I)creep = - -  (#creep dt [19] 
tc 

where ~b creep is an exponential function of Eth/~mech,  char- 
acterizing the severity of the creep damage for any ratio 
of  the thermal and mechanical strain rates. This function 
is represented by a normal distribution for which the peak 
(~b c'~p = 1) occurs, where the phasing of the thermal and 
mechanical strain rates is most  damaging: 

4~ c~ep = exp - 2 [201 

The constant, ~:~P, defines the sensitivity of  the phasing 
to the creep damage. This function is shown plotted in 
Figure 13. From laboratory tests, the in-phase TMF case 
(~th/eme~h = 1) shows the most creep damage (creep voids 
and intergranular cracking); therefore, this case is 
assigned the value 4~ ~'~ep = 1, as shown in Figure 13. 
By comparing the N~ ~p experimental values for two 
different phasings, an assessment of the sensitivity 
to the phasing, and thus ~r~v, can be obtained. Based 
on an isothermal fatigue and in-phase TMF test, ~:c,~,p ~ 
0.40. The distribution of 4~ c'~p shown in Figure 13 
incorporates this value. 

B. Determination of the Creep Damage 
Term Constants 

a l ,  a2: First, a~ and a2 are determined. These con- 
stants are included in the model because of  the recog- 
nition that the microstructural creep damage in tension 
differs from compression. I f  it is assumed that no creep 
damage accumulates in compression (as assumed in 
1070 steel), a~ = I / 3 ,  and ot 2 = 1 for uniaxial loading. 

AH: The activation energy for creep, AH, is experi- 
mentally determined from creep tests. The value of AH 
is 248.1 kJ /mol  for 1070 steel. [46] 

A, m: These constants are interrelated and must be de- 
termined in a systematic fashion. By substituting two 
laboratory test results each into Eq. [18], two equations 
and two unknown constants can be obtained. However,  
Eq. [18] requires that the experimental value for A/creep Lvf 
be used. The following can be estimated by rearranging 

Alexp Eq. [2] and using the experimental life , , f  , instead of  
N/ 

1 1 1 1 
- -  - - -  [ 2 1 ]  

g~reep ATexp A/fat ox 
�9 *f  , * f  g~ 

,, (~Dcreep 

1,00- 

0.75 - 

0..50- 

0,25- 

-ao -6  - 4  -2 0 2 4 6 oo 

Eth 
Ernech 

Fig. 1 3 - - P l o t  of  the creep phasing function, q~,oep. 
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The  fo l lowing two tests were  used to obta in  the fo l low- 
ing constants:  

(1) i so thermal  fatigue,  he l ium,  T = 600 ~ m~mech = 

0.0030 ,  ~ = 0.0002 s - ' ,  N~ xp = 60 ,914,  N~ ~1 = 
440,683.  
(2) i sothermal  fatigue,  he l ium,  T = 600 ~ m E m e c h  = 

ATexp Affa t  0.0030 ,  ~ = 0 " 0 2 s - l ,  ' V  = 250 ,000 ,  ' V  = 
440,683.  

By using he l ium tests, the last term of  Eq. [21] is e l imi-  
A / f a t  nated (1/NTX--~ 0). T h e , v  cont r ibut ion  is de te rmined  

f rom the strain-l ife equat ion (Eq. [3]). 
The  life o f  the lower  strain rate he l ium test is much 

less than the high strain rate test,  indicat ing that 
nonenvi ronmenta l  t ime-dependen t  mechan i sms  must  be 
p roduc ing  damage .  Therefore ,  it is va l id  to use these two 
tests to es t imate  the creep  damage  constants  A and m. 

V. R E S U L T S  

The predic t ions  for m a n y  test ing condi t ions  are plot ted 
as strain-l ife curves in F igures  14 through 22. A list  of  
all the constants  used in the predic t ion  mode l  is p rovided  
in Table I. Included on the prediction plots are 1070 steel 
l ife data.  Some  of  the da ta  have been  repor ted  else- 
where.  {3s,471 Twelve  tests were  used to es tabl ish  the con- 
stants,  and a total of  86 tests were predic ted .  

Predic t ions  of  i so thermal  fat igue tests pe r fo rmed  at 
600 ~ in air  are given in F igure  14. The  l ines on this 
p lo t  indicate  the predic t ion  curves  at three strain rates 
used  in the testing program.  Test  data  are indica ted  by 
symbols .  The  governing d a m a g e  mechan i sm is oxida t ion  
for  all cases  except  the ~ = 0 .02  tests at Ae  = 0.007 
and 0.01.  The  model  cor rec t ly  predic ts  that there is little 
t ime avai lable  for the ox ida t ion  d a m a g e  mechan i sm to 
opera te  in these two test  cases .  

Predic t ions  and labora tory  tests for compa rab l e  out-of-  

lc~ z 
'42 

<3 

i i i l l , . ,  I i t ~ l r l H ]  i r l l J l .  I i i i 11 ,~ ,  I f i , 111  

2.070 Steel Experiments 
Isothermal Fatigue o 4 = 0,02 sec -1 
T= 600~ Air n g =0.002 sec -1 

Predictions A ~ =0,0002 sec -z 

~ 0 2  sec -1 

4 = QO002 s e c ' l ' " ~ -  0~ ,~2  sec 1 

~-3 . . . . . . . .  I . . . . .  ull ........ I i I l l l m l  I .... 
101 10 z 10 3 104 105 106 

N f  

Fig. 14--Comparison of predicted and experimental lives in air for 
isothermal fatigue with T = 600 ~ 

Table I. Material Constants for 1070 Steel 

Material Constants Used in Fatigue Strain-Life Term (20 ~ 

E = 200,860 MPa 
oJ = 958.0 MPa 
b = -0 .093  
e} = 0.0996 
c = -0 .464  

Material Constants Used in Oxidation Damage Term 

a = 0.75 
/3 = 1.5 
B = 6.62 • 10 -3 s -~ 

6o = 2.22 • 10  - 7 / ~ m "  s -~ 

Do = 6.95 x 10 7 / . t m 2 / s  " 

Q = 156.5 kJ /mol  
her = 458.0/~m 
~ox = 2.0 

Material Constants Used in Creep Damage Term 

A = 1.562 • 10 TM S -1 

m = 11.34 
AH = 248.1 kJ /mol  
b ~ereep --~ 0.40 

Simple Constitutive Law to Predict Stresses 144] 

~m = a c e x p  [ -AHc/R(T  + 273)]f(d/K) 
A,, = 4 , 0  X 1 0  9 s - I  

AH~ = 210.6 kJ /mol  

; ( O / K )  5"4 
f ( ~ / K )  = (exp  [ (~ /K)  83 - 1.0] 

K = Ksat (in this study) 

[256.0 + 1.4 • 10 3T2 

K s a t  = ~ (568.0 - 0.6 T 

(~/K > 1 

T < 304 ~  
T > 304 ~  (MPa) 

phase  and in-phase  T M F  tests are shown on Figures  15 
and 16. For  both phas ings ,  Tmin = 150 ~ When  Aemech 

is smal l  (which cor responds  to a m a x i m u m  tempera ture  
less than 500 ~ the g o v e m i n g  damage  mechan i sm is 
fat igue.  As m E m e c h  increases  (with the cor respond ing  in- 
c rease  in tempera ture) ,  the mechan i sm changes  to oxi-  
da t ion  for ou t -of -phase  T M F  and to c reep  for  in-phase  
T M F .  In the case  o f  out -of -phase  load ing ,  the ox ide  ex- 
periences tension at the low-temperature end o f  the cycle,  
whi le  in the case  o f  in-phase  loading,  the spec imen  is in 
tens ion at the h igh- tempera tu re  end, resul t ing in the op-  
erat ion of  the vo id  growth  and in tergranular  c racking  
mechan i sms .  

Addi t iona l  i so thermal  fat igue predic t ions  are g iven  in 
F igures  17 and 18 for  temperatures  20 ~ and 400 ~ 
The  predic t ion  for  20 ~ (Figure 17) degenera tes  into 
the strain-l ife curve  given by  Eq. [3], because  nei ther  
ox ida t ion  nor  c reep  mechanisms  opera te .  At  400 ~ 
(Figure  18), on ly  smal l  mechanica l  strain ranges  show 
any strain rate dependence  on the life. At  tempera tures  
be low 400 ~ the i so thermal  predic t ions  r e semble  the 
20 ~ strain-l ife curve.  Isothermal  pred ic t ions  at 600 ~ 
show a strain rate dependence  on life, as was shown pre- 
v ious ly  in F igure  14. 

Predic t ions  and exper imenta l  test data  for other  total 
constraint out-of-phase T M F  tests with Tm~n different from 
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Fig. 1 5 - - C o m p a r i s o n  o f  predicted and experimental lives in air for 
out-of-phase total constraint TMF with Toao = 150 ~ 

150 ~ are shown in Figure 19. These confirm that the 
model works for any general temperature range. 

One advantage of this prediction model is its ability 
to handle tests of  any given phasing. Two additional 
phasings, for which experimental data are available, are 
partial constraint and over contraint out-of-phase TMF 
(Figure 1). For partial constraint, Eth/~mech < - - l .  The 
prediction for the experimental tests performed at 
eth/emr ~ --2 is given in Figure 20. When kthi/~mech is 
between 1 (total constraint, Aemech = AEth ) and 0 (iso- 
thermal conditions), over constraint conditions exist. The 
prediction for the case Aeme~h = 2Ae~ (kth/emr162 = --0.5) 

].([)I I l II I I11  I 
' ' ' ' " " 1  T '  r i i f i l l  I 1 I I I f l i l  I I I I I I I /  

1070 Steel 
In - Phase TMF 
Train = 150~ Air 
--Prediction 
o Experiment 

1 (33  I l i  j j l l l  , I I i i t i l ]  I I t l l l l l l  I I I I I I I l l  i I I  

i01 10 2 10 3 10 4 10 5 10 6 

Nf 

Fig. 1 6 - - C o m p a r i s o n  of  predicted and experimental lives in air for 
in-phase TMF with Tin,, = 150 ~ 
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Isothermal Fatigue 
T= 20~ Air 
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Experiments 
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Fig. 1 7 - - C o m p a r i s o n  of predicted and experimental lives in air for 
isothermal fatigue with T = 20 ~ 

is also included in Figure 20. Reasonably good predic- 
tions are demonstrated. 

Tests in helium are also considered. Isothermal helium 
tests were performed at 600 ~ and out-of-phase and in- 
phase TMF helium tests were performed with T~,~ = 
150 0(7. The predictions and laboratory test data are shown 
in Figures 21 and 22. For isothermal fatigue (Figure 21), 
the slowest strain rate is predicted to be less damaging 
than the intermediate strain rate, contrary to all tests per- 
formed on this material. Since D ~ = zero and D fa~ = 
constant at all three strain rates, the problem lies entirely 

5 

<~ 
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1070 Steel 
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o oOO oo; 
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I01 i0 z 10 3 10 4 10 5 10 6 

Nf 

Fig. 1 8 - - C o m p a r i s o n  of predicted and experimental lives m air /'or 
isothermal fatigue with T = 400 ~ 
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Fig. 1 9 - - C o m p a r i s o n  of predicted and experimental  lives in air for 
out-of-phase total constraint T M F  (e,h/e~ooh = - l )  with T~n = 400 ~ 
T,,m = 500 ~ and T,a, = 550 ~ 
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Fig. 2 1 - - C o m p a r i s o n  of  predicted and experimental  lives in helium 
for isothermal fatigue with T = 600 ~ 

in the computation of D creep. The flow rule relates the 
effective inelastic strain rate to the effective stress # nor- 
malized with the drag stress K.[44.45] As the applied strain 
rate is decreased, 6"/K decreases, and the flow rule 
changes from an exponential function to a power law 
function (Table I). This results in a much greater de- 
crease in stress with decrease in strain rate at 600 ~ 
and damage decreases more rapidly. 

In addition, the predictions of isothermal helium tests 
indicate that as the mechanical strain range is increased, 
the strain rate dependence decreases. The tests are shorter, 
and, thus, creep damage is minimal. The laboratory tests 
performed at the largest m/~mech have nearly identical lives, 
confirming the trend observed in the prediction. 

Out-of-phase and in-phase TMF helium tests were 
predicted, and the results are shown in Figure 22. Note 
that the prediction for the out-of-phase tests degenerates 
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Fig. 2 0 - - C o m p a r i s o n  of  predicted and experimental  lives in air for 
out-of-phase partial constraint T M F  (k~/e~och = --2), T m i  n = 1 5 0  ~  

and out-of-phase over constraint TMF (e~/em~ch = - 0 . 5 ) ,  Tm~, = 
150 ~ 
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Fig. 2 2 - - C o m p a r i s o n  of  predicted and experimental  lives in helium 
for out-of-phase (eth/e~.~ch = --1) and in-phase ( e ~ / e ~ h  = 1) TMF 
with Tm~. = 150 ~ 
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into the fatigue strain-life curve. For this phasing, 
N~ reap ~ 0, and because the tests were performed in he- 
lium, N~ ~ = 0. 

VI. DISCUSSION 

The advantages of this life prediction model are the 
following: (a) it can handle any arbitrary strain-temperature 
phasing (in-phase and out-of-phase TMF and others); (b) 
it works for a wide range of temperatures (20 ~ to 
650 ~ strain rates (~ = 0.02 to 0.0002 s-l),  mechan- 
ical strain ranges (Aeme~h = 0.0030 tO 0.0200), and at- 
mospheres (air or inert); (c) the constants are directly 
linked to experiments; (d) the oxide rupture is accounted 
for by the temperature, strain rate, and strain depen- 
dence; (e) the creep term is stress-based and has the ca- 
pacity for treating compressive stresses as damaging or 
nondamaging; and (f) the creep term is also coupled with 
a unified constitutive equation that predicts the stresses 
for a given history. 

The fatigue, oxidation, and creep damage terms are 
derived independently. Thus, the damage mechanism 
which is the most dominant is determined readily. Oxi- 
dation and creep damage terms reported are based on 
physical damage mechanisms. Both these damage terms 
represent a dependence on temperature and the thermal 
strain rate/mechanical strain rate ratio. Therefore, a change 
in either of  these parameters would affect both damage 
terms. Direct coupling of fatigue with either oxidation 
or creep is considered to be a second-order effect for this 
material. Other investigations tsl reached a similar con- 
clusion for other materials. Direct coupling effects be- 
tween oxidation and fatigue terms could be investigated 
by performing high strain rate tests that are initiated in 
air, in which both oxidation and fatigue mechanisms op- 
erate, and then continued in helium, in which fatigue alone 
operates. The high strain rate eliminates creep damage, 
so that crack nucleation occurs by the oxidation-induced 
process and its effect on subsequent crack growth in the 
absence of oxidation will result. 

The model is not limited to continuous symmetric wave 
shape cycling. The oxidation and creep equations 
(Eqs. [10] and [18]) may be integrated to obtain ex- 
pressions for other complex wave shapes, including 
hold-time effects. However, any hold time in isothermal 
fatigue does not tend to oxidation damage. This is ex- 
plained by the initial assumption for the oxidation dam- 
age model that oxidation-induced growth occurs by a 
rapturing process in this material. Under a strain or stress 
hold, the oxide is assumed not to rupture. Furthermore, 
since no rupturing of  the oxide occurs under a hold time, 
the environmental attack will lessen with time, because 
oxidation kinetics predict a decreasing oxidation rate from 
the parabolic law, as the oxide grows thicker if no rup- 
turing occurs. If the material developed an oxide which 
fractured with no aid from strain cycling, hold time would 
be readily incorporated into the oxidation damage term. 
Nevertheless, the overall model will predict that the ef- 
fect of hold times is damaging when creep damage is 
present. For example, under strain holds when stress re- 
laxation occurs, the creep damage term evolves with time. 

Considering the broad range of testing parameters ex- 

amined, the predictions are quite satisfactory. Eighty- 
four percent of the predictions are within a factor -+2.5 
of the experimental life. Moreover, for many of the TMF 
tests, the scatter in the experimental lives affects the ap- 
pearance of the accuracy of the model. 

VII. S U M M A R Y  

A comprehensive life prediction model, which is based 
on the sum of the fatigue, oxidation, and creep damage 
components, is proposed. A method to predict the ef- 
fects of  arbitrary strain-temperature phasings on the oxi- 
dation and creep damage is proposed. The model is 
applied to 1070 steel in this paper, and it shows promise 
for predicting fatigue lives for other alloys, including a 
Ni-based superalloy, f481 

The fatigue damage is based on the strain-life equa- 
tion f37~ with constants determined at room temperature. 
This damage expression gives an upper bound on life. 

The oxidation damage is based on a repeated micro- 
rupture of  the oxide at the oxide "intrusion" tip. This 
rupture process is a function of  mechanical strain range, 
strain rate, strain-temperature phasing, and oxidation 
kinetics. 

The creep damage is based on stress, temperature, 
strain-temperature phasing, and time. The stress history 
is determined using a unified constitutive equation. 
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N O M E N C L A T U R E  

coefficient in creep damage equation 
flow rule coefficient in constitutive law 
strain rate sensitivity constant in oxidation 
t e r m  

coefficient in oxidation growth equation 
fatigue strength exponent 
fatigue ductility exponent 
diffusion coefficient for oxidation 
creep damage per cycle 
fatigue damage per cycle 
oxidation damage per cycle 
total damage per cycle 
Young's modulus 
critical total oxide growth when oxidation- 
induced crack growth ends and rapid crack 
growth begins 
critical oxide layer thickness at fracture 
average value of the critical oxide layer 
thickness at fracture 
total oxide growth 
drag stress 
parabolic oxidation constant 
effective parabolic oxidation constant 
saturated drag stress 
exponent on stress in creep damage equation 
number of cycles 
number of cycles to specimen failure 
number of cycles to failure from creep 
damage 
number of cycles to failure from 
experimental tests 
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number of cycles to failure from fatigue 
damage 
number of cycles to failure from oxidation 
damage 
long crack propagation life (cycles) 
total number of cycles of a component 
activation energy for oxidation 
universal gas constant 
temperature 
maximum temperature of a TMF cycle 
minimum temperature of a TMF cycle 
time 
period of a cycle 
back stress 
constants which represent the asymmetry of 
creep damage 
exponent on time in oxidation growth 
equation 
mechanical strain range 
activation energy for the rate-controlling 
creep mechanism 
activation energy in constitutive law 
measure of oxide ductility (material constant) 
mechanical strain 
thermal strain 
fatigue ductility coefficient 
equivalent inelastic strain rate 
mechanical strain rate 
thermal strain rate 
phasing factor for creep 
phasing factor for oxidation 
phasing function for creep 
phasing function for oxidation 
hydrostatic stress 
effective stress 
fatigue strength coefficient 
shape factor for creep phasing function 
shape factor for oxidation phasing function 
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