Creep Damage Calculation for Thermo Mechanical
Fatigue. Case Study: Thermo Mechanical L oading
in Bevelled Area between Two Cylindrical Shells
with Different Thicknesses'

PARASCHIVA BUSUIOCEANU (GRIGORIE)*
STEFANESCU MARIANA-FLORENTINA ?

1 PhD Candidate, Teacher, Viilor Economic College
Viilor, Bucharest, Romania and Orthodox Theological
Seminary, Bucharest

2Deputy Dean Faculty of Mechanical Engineering and
Mechatronics, PhD. Eng. Politehnica University of
Bucharest

Abstract
The modds of thermomechanical fatigue life

prediction used for superalloys can be classified into
five types. general damage moddls, damage-rate
models, thermomechanical fatigue/strain-range
partitioning methods, modified J-integral models, and
empirical models. The formulation, which simulates
the damage mechanisms and predicts the
thermomechanical fatigue lives in various models, has
been specified. However, in-depth understanding and
theoretical modeling of thermomechanical fatigue
damage mechanisms and interactions are still
lacking[1]. Based on the evaluated intensity of the
stress, it can be concluded which is the preferred
variant the design stage, or deduction of the same
sizes, in case of technological deviations (cutting
errors, so as to result the same inner or outer surface,
as in case of the same median surface). Article content
refersin this configuration the setting mode related of
connection loads that will be taken into account in
tensions [5].
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1INTRODUCTIONI[1,4,5,7,8]

This paper addresses the problem of stress
concentration in the transition area, between two
cylindrical shells with different thicknesses. Teduce

the intensity of the stresses and strains developed
under the action of external mechanical and /amtlaé
loads, an original method is proposed, using metifod
short structural elements for shells, respectively
bending moments theory and deformations continuity
(displacements and rotations). In this sense, the
transition between shell rings is considered linear
variable in four constructive variants (with themsa
inner or outer surface, respectively the same media
surface, or different median surfajj&s.

For the needs of the creep damage prediction
of thermo mechanically loaded components, software
has been developed. It enables master curve
determination using the time-temperature parameters
and creep damage calculation using Robinson’s
damage accumulation rule and simple time
integratiof4]. The developed software makes it
possible to calculate fatigue and creep damage,
respectively. In the article the most used time-
temperature parameters are introduced, a fast semd u
friendly master curve determination is presented an
an example of creep damage on a real set of déta wi
a simple temperature-stress history is shp#yn
Automotive components, gas and steam turbines,
power plants and other products that operate dt hig
temperature are subjected to creep. The lifetime of
these components depends on thermal and mechanical
loading. Typical examples are start-up, full load,
partial load and shut-dowf#, 6]. The creep damage
can no longer be neglected when the loading
temperature exceeds the creep temperature typically
determined as 40% of the melting temperature of the
material[4,7] to [4, 8]. Thus one of the critical factors
in determining the lifetime of components is alkeit
creep resistance. Due to the thermal loads material
slowly but constantly creep even at low mechanical
loading, so rupture is possible.

Rupture can be defined by some limit value of stoai
by actual rupture depending on the type

Resourcesyt component. It can be shown that the creep damage

is determined by knowing the time to
depending on stress level and temperdijire
Thermomechanical fatigue (TMF) with or without
superimposed creep is the primary lifieiting factor

rupture



for engineering components in many high-temperaturea large hysteresis. One example is a diamond-shaped
applications. In early work, isothermal fatigue )(IF cycle (figure 3),

tests performed at various temperaturegechanical
strain ranges, and strain rates were used to estime e
the life of members undergoing thermomechanic:
damage [1,9,10]. A major concern has been the
difficulty of simulating thermal stress cycling ihe
laboratory. However, isothermal tests may not aa&ptu
many of the important damage micromechanisir 3
under varying temperature conditions. Recently
considerable effort has been devoted to developit
TMF tests to simulate the behavior of the material;

Slrain

undergoing thermomechanical fatigue. Some studi iy e
have attempted to develop TMF life-predictior
method§l]. e T
In TMF tests, a specimen is subjected to a desir —
temperature and mechanical strain with differer: B
phasings. Two baseline TMF tests are conducteldein t
laboratory with proportional phasings: in-phase),(IP s
i Cale

the maximum strain at the maximum temperature, ar G
out-of-phase (OP), the maximum strain at th l\b
minimum temperature. The variation of thermal — - -

mechanical, ar?d total strain components with time i Figure 1. Strain versus time und¢) TMF-OP
OP and IP cases is illustrated in Figure 1. These t and(b) TMF-IP cases.[1,11]
types of phasings reproduce many of the mechanisi
that develop under TMF. The mechanical straia.f

is the sum of the elastic and inelastic strail
components, while the total straig,(or =) is the sum
of thermal and mechanical strain components

—
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T,

where gy, is the thermal strain, (Tis the reference

temperature where thieest was begun, T is the test \a |b
temperature, andxis the coefficient of thermal Figure 2. Stress versus strain undej TMF-OP
expansioft]. and(b) TMF-IP cases. [1,9].

A schematic of the stress-strain behavior with the intermediate temperature being reacheteat
corresponding to TMF-OP and TMF-IP cases is largesttensile and compressive strains, respectively,
illustrated in Figure 2. In the TMF-OP case, the and the highest and lowest temperatures at zexim str
material undergoes compression at high temperatures
and tension at low temperatures. The inverse behavi Under TMF conditions, damage mechanisms prevalent
is observed for the TMF-IP case. The mean stress oin metals involve three major aspects: fatigue,
the cycle is tensile in the TMF-OP case, whilesit i environmental (oxidation), and creep damage. These
compressive in the TMF-IP case. damage mechanisms may act independently or in
combination according to various materials and
Except in the baseline TMF tests, the phasingrafrst  operating conditions, such as maximum and minimum
and temperature can vary to a great extent. Riealist temperatures, temperature range, mechanical strain
simulation-type cycles are preferred, which oftewén  range, strain rate, the phasing of temperature and
strain, dwell time, or environmental factors.
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mechanical fatigue. This model incorporates damage
accumulation due to fatigue, environment (oxidgtion
andgcreep processes. Damages per cycle from fatigue
envifonmental attack (oxidation), and creep are
sumined to obtain a total damage per cycle

Diet= D | Dox  Dereep (2)

Asstuming that linear damage is equal to one atriil
the equation may be rewritten in terms of the Mg,
where damage is taken as equal to,1/N

TEMPERATURE

} Fatigue damage is represented by fatigue mechanisms
Total Strain whi¢h nominally occur at ambient or low temperasure

| . _ Theffatigudife term, N, is represented by the strain-
Figure 3. Temperature-strain cycles for different TMF teSis—uUppgs felation

temperature, F7—low temperature). [1,10]. A 4
1 1 1 1 — = C[2NF] (4)

. it pes | ctes (1,)
Np N Moy

whelesz, is the mechanical strain range, and C and d
Fatigue-Damage Term [1] are aterial constants determined from low-
temperature isothermal tests[1].

Environmental-Damage (Oxidation) Term [1]

Traditionally, fatigue damage is the cyclic plaigic =~ The oxidation damage is based on crack nucleatidn a
driven, time- and temperature-independent damageyrowth through an oxide layer. It can be expressed

that exists whenever cyclic loading occurs. Creep 1
refers to a material undergoing viscous deformasion 1 O I A 5)
a constant stress level. This type of deformateads$ Ny | B #1-[=fTy

to intergranular creep cavity growth and rupture.

Under TMF loading, however, creep deformation . . i
contributes to the formation and propagation of Where R is a critical crack length at which the
microcracks. Metals exposed to environments at higfenvironmental attack trails behind the crack-tip
temperatures are subjected to corrosion by oxidatio @dvanced is the ductility of the environmentally
This kind of corrosion is accelerated by a tensitess. ~ aifected material, B is the coefficiefiis the exponent,
During TMF, brittle oxides can enhance the nucteati and =is the strain-rate sensitivity constant[1]. The

and propagation of fatigue microcracks and impeee t Values of aILX above constants are determined by
rewelding of crack surfaces during unloading. experiments&™ is a phasing factor fanvironmental
damage and is defined as

Due to complexity, a well-accepted framework foe th
prediction of TMF life has been elusive. Various 0% = lt_[ ot (6)
appr oaches have been taken, ostensibly nonisothermal t. o
generalizations of isothermally derived models. s
e 1[ {4y Fég)+1
U —EKP[-—[T] ] (7)

I~

2.GENERAL LINEAR ACCUMULATION
DAMAGE MODEL 91, 9,11,12,13,14]

Neu and Sehitoglu have developed a general model fo
high-temperature  fatigue, including thermal
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was applied to MAR-M247 and 1070 steel, and 80% of
where we talk about the ratio of thermal to the predictions were within a factor af 2.5 of the
mechanical strain rates, ars* is a constant as a experimentally measured lis9,13,16].
measure of the relative amount of oxidation damage
for different thermal strain to mechanical straiias 3. MASTER CURVESB+REF14,6,7,8,15]
and is extracted from the experiments,”'Kis a

parabolic oxidation constant and can be calculbyed The criterion for creep damage calculation is gitgn
master curves which represent time to rupture
1t el depending on stress level and temperature(figure 4)
Kepﬁﬂ—.ur Dnexp[m]dt (8) Each point on a master curve represents a complete
’ creep-rupture test at constant temperature andsstre
level. As expected, higher test temperatures shift
where T(t) is the temperature as a function of fithis ~ master curves towards lower stress levels and eshort
the cycle period, Pis the diffusion coefficient for times to rupture.
oxidation, Q is the activation energy for oxidatiand  Master curve determination at lower stress levels
R is the gas constant [1]. and lower test temperatures usually means tests
of very long duration, thus as a rule master cuivwes
these areas are determined by using parametric
extrapolation method4l].
3

loga

Creep-Damage Term [1] Tir < Ty< Toy

The creep-damage term is a function of temperature,
effective stress, and hydrostatic stress componants
can be expressed by logo .,

= W0, To) = 10w, T)

t —
TJeTeep — goreep IHE[—éH.-'RT[t]][ W%]mdt 9)
0

logo;

where is the effective stress, is the hydrostatic | i -
stress, K is the drag streas,ande, are scaling factors logt, logtyy  logl
that represent the relative amount of damage aogurr Figure 4. Master curvesd].

in tension and compressicsH is the activation energy
for the rate-controlled creep mechanism, and Arand 4 CREEP DAMAGE ACCUMULATION

are material constants. RULE[2,5,6,7,8,15,16,17,18,19,20,21,22,23 |
Although the creep damage at controlled test
avep - 1% eruap conditions is relatively easy to obtain, components
* =E£¢ dt (10) rarely operate under constant conditions. The most

frequently used approach
¢EHEP=EXP[_1[EémfémJ_1]Z‘| (11) to creep damage assessment under variable thermo
L mechanical loading is to calculate the time for chhi
the component is subjected to some loading. Rohinso

cree i e proposed a linear creep damage accumulation rule
the constant,5**" defines the sensitivity of the [15]:

hasing to the creep damage. i,
phasing P g P < imﬁmﬁ%]
This model couples a viscoplastic, nonisothermal ° 5 i fy (0. T;) (12)

constitutive model of material under investigatigith

an incremental evolution of damage for oxidatiod an ayqidance of deterioration risk of any mechanical
creep terms within a TMF loading cycle. The model gt,ctures in general, and the structure underspres
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and / or temperature, especially involves in palic Robinson’s damage accumulation rule is the most
the quality of all pre-putting into operation actioand  widely accepted oné¢4,6,8,21] to [25].

follow up normal operation. Therefore, an unavoidab %

conditioning is required by influences correlation
imposed by conceiving (including research and agsig

- manufacture - transport - installation and, udtiety, T
maintenanc¢5,16, 17].

Lifetime of analyzed mechanical structure depents o

a properly sized based on the use of some materials e lo-compressive L'_mp ;
and certain performing technical solutions thatbéma D,

judicious assessment of stresses and deformations

values which are produced under the action of iexjst . tompressive healing
external loads and which are forecasted to be establ i L CR
over time. . Inthe same sense, a given geometry can be

capitalized at any time in order to determine tbed} Figure 6.Influence of the creep relation upon the creep
carrying capacity. Not only manufacturing damage accumulatiofi]

technologies require a gradual transition (linadiliet

corner) from a thickness another of wall but also . . . .
. . . . Creep damage is calculated as a simple integration
gained experience regarding attenuation of Stresg ) or all the time increments according to eqatit@) (

concentration in cylindrical and conical constranti (figure 5). However, there are three different pree
smooth b,18,24], respectively in construction with ribs  relations used to calculate creep damage due to
. Reducing of stress intensity has a very favorablecompressive stressp§8], [4,22] and [23].

effect on the consumption of construction materialsThe creep healing is possible only if Dc(t) > O.

and exhausted energies over the life of the strefu ~ Moreover, the tensile-compressive creep is larigan t
or equal to the tensile creep that is larger thaagoal

to the compressive healing.The appropriate creep

1 relation depends on the material. Some materials te
to heal under compressive loading while for other
s materials creep damage continues to grow regardless

e of the direction of the loading. The influence bet

ereep creep relation on the creep damage accumulation is
L tinn thz shown in figure 6The temperature is supposed to be
constant, while stress changes from tension to
compression at t1. Before t1 the creep relatiors chad
affect Dc. However, after t1 the tensile-compressiv
creep results in the highest Dc, while compressive
' ltuv healing in the lowedt]

=F

-
'

—
Y

T=const. 0

\)

tensile creep only

Creep damage calculation [4,8,22,23]

- At;

creep temperature

reep

1 1 1 .

i [ b g 5. CASE STUDY: THERMO MECHANICAL
LOADING IN BEVELLED AREA BETWEEN
TWO CYLINDRICAL SHELLS WITH

If the loading temperature is beneath the limit DlFFER_ENT THICKNESSES [5,18,19.20.24].This
temperature for which material data is availadhent ~Paper aims to present an original methodology based
the material data for the limit temperatures isetak on the theory of unitary bending moments,
into account. The damage accumulation in a singlecharacteristic for shells of revolution, respediive

time step is independent of the previously accutedla  shorter structural theory. In this sense it purstethe

damage. When the sum of individual creep damagegyesent case, the determination of related loads
reaches the defined limit value, creep rupture &cu
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(unitary radial bending moments, cutting effortstie  able to operate or it's necessary to go to specific
separation plans of the structure elements, withadaptations: changing the construction materiaher
transition areas from one thickness to anotherh wit 980metry used in the study.
linear variation (the four cases analyzed). Thalugs An Interesting obse_rvat|on is that the gbove rescan

. . be adjusted accordingly, when the switch between tw
can be used in s.ubsequent works, at the e\{aluatlon different thicknesses of the shells are made throug
the average radial and annulress, respectively of connections with identical or different geometry
the maximal equivalent stress. Based on its valoani [5,18,19.20.24].
be concluded if the structure is Another papdb] proposed the evaluation of loading
status, in the crossing beveled zone, between two
cylindrical shells with different thicknesses (Figur).
Evaluation was performed based on the theory of
bending moments, of revolution shells and of
congruence deformations on the one h4BH,and of
method of short structural elements [19,20], on the
other hand. The paper sets out how the deduction of
link loads, developed under the action of considlere
external loads, between shells and short structural
elements (type cylindrical shell with length shorte
than semiwave length [5], on the one hand, and
between mentioned elements [5], on the
other hand. Some recognized normative [5], make
adequate specifications on the geometry of such
beveled zones. Practice can not meet always such
recommendations, and as such it is required aricatyp
methodology for specific case.

a b
Figure 8.
8a- Dividing of beveled shape zone presented inrEig
7.a
8b- Dividing of beveled shape zone presented in
¢ d Figure7.b.

Figure 7. Types of beveled zones between tWO, the fyture we will try to make creep damage
successive cylindrical shells with different thielsses .o - 1ation in this case study. For achievementhef

[5] proposed aim, beveled zones of link are dividegLi(t
8-10), between the two successive cylindrical shél
any number of short cylindrical elements (blades).
Considering H - the zone height of a mentioned form
the N- the number of the lamellar elements of equal
height, t(it is noted that the method also allows
separation with different thickness which is acedpt
by researcher), it is deducted:

7a - constant outer radius;7b - constant inneusdic

- constant median radius (symmetrical beveled area)
7d - different medial surfaces (unsymmetrical begel
area)
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t=H/N. When multiple damage modes are operative, an
additional set of damage coupling relations is ireql,

D - 5(Ds) (14)

where the functions,;gi,j = p,c [where g(Dpp) =Dy
must be determined by experiments.

The coupling relations recognize that what is
considered as damage in one context cannot be

a b necessarily regarded as damage in another (e.g., pp
type cycling is associated with transgranular, itz
Figure 9.[5] fatigue-type damage, while cp-type cycling is

associated with intergranular, creep-type damage).

9a-Dividing of beveled shape zone presented intlowever, the coupling relations do imply that the
figure7.c damage state is relatable. The coupling relations
e provide a mapping or correspondence between damage

9b-Dividing of beveled shape zone presented irréigu modes.

7.d. To model the more general problem wherein multiple

damage modes may be present within a single cycle,

6.THE CUMULATIVE CREEP-FATIGUE one additional relationship must be established—a
DAMAGE (TMF/SRP-DAMAGE COUPLING) description of how the various damaging contritnsgio

MODEL[4,25,29] may be synthesized to provide a means of assebsng

o _ _ cumulative damage contribution
Most applications that involve TMF loading also

include complex multilevel cyclic loading patterrss
that cumulative damage effects are also a condém.  — =
model of cumulative creep-fatigue damage, proposede
by McGaw, rests on the notion that certain basic
damaging modes of cyclic deformation characterizeThis equation describes the cumulative damage
the failure behavior of a material and utilize BRP behavior of a complex cycle (with life {Nas life
method as its basis[25,29]. fraction, expressed in terms of the four damage
variables, [, D, Dy, and Q. Note that in general,
A set of damage-curve relations is proposed for thethe coupling relations must be invoked to recast
modeling of damage accumulation according to eachEquation 57 in terms of one effective damage vigijab
of the four fundamental deformation and damageD. The model can be readily extended to treat ése ¢
modes given in SRP of TMF through the use of the bithermal fatigue
approximation to TMF[4]. To address TMF, the life
o relations, damage-curve equations, and damage-
K coupling relations can be directly replaced by
:;] (13) bithermal counterparts. Experiments consistingiaf-t
level loadings of TMF (both IP and OP) followed by
isothermal fatigue to failure were conducted on 316
N _ _ stainless steel. It was found that the model gaaxg
wherey, i,j = p,c may be considered as material- predictions for the OP two-level tests and provided

dependent parameters, and the damage variable, [easonable bounds for the IP two-level tests [4].
possesses a range of 0 (undamaged condition) to 1

(failure) over the domain of the life fraction r/Nf O 7 THE MODIFIED EEEECTIVE J-INTEGRAL
tol. FRACTURE MECHANICSMODEL[1,30,31,32]

N e e Nt %
FpDp® +EDu® +E.DL™ +EDg=  (15)
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A model by Nisseley was developed to predict TMF Where f is a crystallographic strain-energy-coiigect
crack initiation and estimate Mode | crack growth i factor,
gas turbine hot-section gas-path superalloys. The
model is based on a strain-energy-density fracture
mechanics approach modified to account for thermal
exposure and single-crystal anisotropy.

f=f 111 ::-[Emax B ::-]2 (20)

where f;;5, is a factor that resolvesy., into the
An effective J-integral was developed for TMF crack Maximum normal octahedral slip plane stresg. i
life prediction. The effective J-integral is an dérgal ~ the elastic modulus in then., direction and at themax
strain-energy-density crack growth parameter and igemperature, B is elastic modulus in the <111>

not a rigorous fracture mechanics crystal direction and at thg,,, temperature, an*iis
parametdi,30,31,32]. the effective total strain-energy density.
The developed effective J-integral fracture meatgni ot = VY, + W, (21)

TMF model is summarized as

whereis the material constant, and.\li¢ the elastic

da Al (16) strain-energy density

dN

where a is the crack depth, da/dN is the crack-tirow W = (O ~ %]/ Eoma (22)
rate, Jy is the effective J-integral (an empirical strain-

energy-density fracture mechanics parameter), Acand \ypere m = 1 it >0and m = 0 i, 0.

are material constants, and

W,, is the plastic strain energy density:

I R

oypela

(23)

where @ and T, are material constants, T is the

absolute temperature, and dt is the time increment. ~ Wherea> 0, =is the stressyya, is the maximum stress,
amin 1S the minimum stress of a cycle in whish.

b occurs, and g is the inelastic strain
Tegt = o +ag PR ~ T (18) incremen{t1,30,31,32).

where g is the initial material defect size (material This TMF model's material constants are determined
Constant)’ b is a material Constaﬁis the crack- from a combination of uniaxial TMF and oxidation
boundary-correction factor, ang, & the threshold J- tests and by applying a nonlinear least-squares-

integral that may be constant or temperature-regression analysis. Stresses were obtained from a
dependent. For the latter, a good empirical nonlinear finite-element analysis of a TMF specimen

temperature-dependent formula gfis strain-temperature history. Nonlinear stress-strain
behavior was predicted using unified viscoplastic
constitutive models.

Joexp

1 1
qu[___] for Tyge 2T
Tom T, M

The TMF life-model formulation is limited to

Jin = (19) transgranular cracking. The model can capture many
Jo for Tma: =Ty TMF cracking effects, such as coating thickness,

single-crystal anisotropy, cycle wave shape, dveelt

thermal exposure. TMF life predictions based on the

where J is a constant and,Tis the temperature at Modified effective J-integral model were in good
which time-dependent deformation (creep) becomesigreement with observed uniaxial TMF specimen
significant in monotonic tensile tests. lives[1,30,31,32].
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9. OTHER APPROACHES[1,30,31,32,33]

Other TMF life-prediction approaches are mostly

empirical models or engineering models.

1.9

Lo (EnamgyCycle!
o
¥
'

5
275 3 A% 35

Figure 10. [1]Hysteretic energ
life curves for a 316 stainless
steel subjected to TMF tests i
the temperature range of 399
621°C.

attempt to separately model the different mechasism
of damages (i.e., fatigue, creep, and environmental
attack)[1,30,31,32].

Bernstein and

colleagues
developed a model
to predict the TMF
life of industrial gas-
turbine blades. The
model is a semi-
empirical approach,
similar to  most
engineering models
that are actually
used to predict low-
cycle fatigue. The
formulation does not

experience the different cycle types, a linear dgna
rule was used to account for the different cycpesy

o

» (25)

where the damage ratio, D', was assumed to betone a
100% life consumed. Ns the number of cycles of
straining-type i, and Nis the number of cycles to
failure of type i.

Zamrik and colleagues have used the hysteretigggner
method to characterize the TMF behavior of type 316
stainless steel[32]. From the stabilized mid-life
hysteresis loop, the energy per volume cycle ositken
can be calculated and fit to the energy-life refatby

Enerzy

W f
Tolume Cyole &l = 7= Je= A1)

(26)

where sU is the energy per volume cycle, W is the

The model developed for gas-turbine blades in ktect work or area of the hysteresis loop, A is the speaci
power generation is based upon the parameters ofross-sectional area, L is the specimen gage lesigth

strain range, strain amplitude ratio, and dwelletim
combination of

This

parameters is

reasonable, since the strain-amplitude ratio canwat
for mean strain effects, and the dwell time carsaier
environmental and mean stress effects caused bWhysteretic energy life line is lower than the TMIRO
steady-state stress relaxation, both of which ¢tatta

the fatigue life.

The general form of the model is

N; =Colnef 4ty )2 exp[%]

where N is the fatigue life; A is the strain ratio, A =

E:am;/ €mean (samp =

y Emean =

(24)

, where all strains

are mechanical strainsigis the total strain range; is

the dwell time; and C(i = 0, 1, 2, and 3) is the
from  multiple \yhere T_ and T, are the maximum and minimum

empirical

constant,

determined

the stress, @is the strain increment, yAand a are

intuitively constants, and {Ns the number of cycles to failure.

The hysteretic energy versus life approach istiiéied
in Figure 8. It can be observed that the TMF-IP

line, which suggests more damfb&0,31,32].

Kanasaki and colleagues have carried out axialhstra
controlled low-cycle fatigue tests of a carbon Istae
oxygenated high-temperature water under TMF-IP and
TMF-OP conditions[33].Based on the assumption that
the fatigue damage increased in a linear propottion
the increment of strain during cycling, a fatigife-|
prediction method was proposed.

= 1 dT

1 =
ﬁ i T;r._ Nl:T:I . Tz ~Tmin (27)

regression of the _TMF test data. In_ a test, theahod temperatures during TMF cycling, N(T) is the faggu
adequately described the behavior of IN-738LC jite "in high-temperature water under isothermal

superalloy for the TMF-OP test conditions in the conditions, and N' is fatigue life in high-tempeirat
temperature range of 427-8713¢30,31,32].

water under a TMF condition. For a carbon steel,
STS410, under the conditions of DO = 1 ppm (in pure

When the TMF model was used to predict the fatiguewater containing 1 ppm oxygen) aéd 0.002% 1/s,
life of the in-service gas turbine blades, whichyma N(T) was determined by the experiment
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1 8,755 x 10-4 (T=176°C) convenient for applications, but they are not in
N_m ={4.85 A0ST -768 %1073 [176°C < T = 290°C) (28) common use among various materials[1].

_ _ . Damage modeling under thermomechanical cyclic
A good relationship between the predictediNand  loading is still at an early stage. TMF cycling is

the experimental Ny was observed,30,31,32]. expected to introduce a multitude of cyclic
deformation and damage mechanisms in superalloys,
10. CONCLUSION [1,5] and the influence of these damage mechanisms on the

material's fatigue-crack initiation and propagation
This paper aims to present an original methodologybehavior is not well understood at present. No
based on the theory of unitary bending momentsgenerally accepted models of TMF fatigue-life
characteristic for shells of revolution, respediive prediction are currently available[1].
shorter structural theory. In this sense it purstethe
present case, the determination of related loadst is generally recognized that three dominant dgena
(unitary radial bending moments, cutting efforts}the mechanisms (fatigue, oxidation, and creep damage)
separation plans of the structure elements, withmay occur during TMF loading conditions. Most
transition areas from one thickness to anotherh wit proposed models of TMF fatigue-life prediction
linear variation (the four cases analyzed). Thalugs  attempt to capture the effects of these damage
can be used in subsequent works, at the evaluafion mechanisms and their interactions. It is not certhi
the average radial and annuktress, respectively of these dominant damage mechanisms operate
the maximal equivalent stress. Based on its vdloari ~ simultaneously, or if some of them run and others
be concluded if the structure is able to operaté&’®r become inoperative during a special TMF loading
necessary to go to specific adaptations: chandieg t condition[1].
construction material or the geometry used in thdys
[5]. There are many factors affecting TMF lives, such as
materials, maximum and minimum temperatures,
An interesting observation is that the above restdh  temperature range, strain rate, strain range, nstrai
be adjusted accordingly, when the switch betwean tw temperature phase, and dwell and cycle times. Tikere
different thicknesses of the shells are made throug a difficulty in that the models quantitatively sifate

connections with identical or different geometry. [5 the interaction of damage mechanisms; at present,
The models described here was taken by [1] andnit ¢ views on how to deal with this problem differ. Bdse
be divided into two types: on this and the complexity of alloys systems, TMF-

life-prediction models are generally time-consuming
«  General models of TMF life prediction based and expensive[l].
on fundamental physical mechanisms of TMF
crack initiation and propagation. Such models To develop effective TMF life-prediction approaches
may be used to capture and simulate damagdor superalloys, more experimental work and data
mechanisms and their interactions under TMF collection are necessary on various materials glace
loading conditions. These models must be under TMF loading conditions[1].
based on a number of test data sets of various
materials, include microstructural observations Acknowledgements
and analyses, and generally couple viscoplastic
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