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Probabilistic Mesomechanics for
High Cycle Fatigue Life Prediction

This paper presents an analytical modeling approach to characterize and understand

Robert G. Tryon high cycle fatigue life in gas turbine alloys. It is recognized that the design of structures
Thomas A. Cruse subjected to fatigue cannot be based on average material behavior but that designs must
Fellow ASME consider —30 or some other appropriate extreme value (tail of the distribution) loading
Brentwood Technologies, Inc., and/or material properties. Thus, a life prediction capability useful in a design applica-
Brentwood, TN 37027 tion must address the scatter inherent in material response to fatigue loading. Further,

the life prediction capability should identify the key micromechanical variables that are
critical in the tail of the materials durability distribution. The proposed method addresses
the scatter in fatigue by investigating the microstructural variables responsible for the
scatter and developing analytical and semi-analytical models to quantitatively relate the
variables to the response. The model is general and considers the entire range of damage
accumulation sequences; from crack nucleation of the initially unflawed structure to final
fast fracture.[S0094-428@0)01302-5

Introduction domain. Additionally, by modeling each level of the fatigue pro-

Many material and structural design factors influence compé%iitlsnglr\gcmglhyde%nd rigorously linking the levels, various size

nent reliability in terms of the defined durability problems. From a

material performance standpoint, many of these factors are at

work in the durability “size effect.” Two important aspects of the

size effect influence high cycle fatig@elCF) in mechanical com- Three Level Fatigue Model

ponents: the relative size of the stressed area compared to the sizggure 1 shows the three levels of damage accumulation that

of the component and the relative size of the damégack are assumed in the present study. First, the crack nucleates on a

compared to the size of the microstructure. small scale on the order of the grain size. Then the crack grows as
The size effect was first reported by Petergbhwhen he no- a microstructurally small crack in which the crack front lies in

ticed that the mean fatigue life and variation in fatigue life were eglatively few grains. The material properties, averaged along the

function of the stressed volume. The size effect must be carefuiyack front, approach bulk material properties as the crack grow

considered in regards to HCF of such components as aeroen@.ﬁd the number of grains interrogated by the crack front increase.

airfoils. The stresses that cause HCF are often mode shapes béHdhis point, linear elasticity can be assumed and the crack grows

ing stresses induced by vibratory excitation. Only a very smdif @ typical long crack until final failure.
portion of the total airfoil area is subjected to the high stresses, 1N€ models used to predict the behavior for each of the three
vels of damage accumulation have been discussed elsel@ere

The size effect has another fundamental role in controlling HCE ;
because damage accumulation often starts on a small scale. FRAE Only those aspect of the models related to HCF of gas turbine
&lloys will be discussed.

failures are not usually initiated by the large microstructural d
fects associated with low cycle fatigue failures but often nucleate Crack Nucleation Model. Models used in the research must
“naturally” at local regions of high stress. The local regions ohave two attributes. They must be quantitative with regards to the
high stress may be caused from vibratory resonance or foreignmber of cycles needed to produce a crack to a specific size if
object damage. The damage grows through various mechanisthsy are to be used for lifetime predictions. The models must also
including crack nucleation, microstructurally small crack growtHye able to address the microstructural parameters in order to pro-
and linear elastic long crack growth. Each mechanism is asso¢ide a physical link between the microstructure and the fatigue
ated with a characteristic size and each characteristic size hagPR§avior. The crack nucleation model used in the current research
own geometric complexities, constitutive laws and heterogen@ddresses slip band cracking within a grain that is a preferred
ities. Fatigue behavior cannot be fully understood and predictdde of damage accumulation for HCF in gas turbine al[Gy}s
without obtaining information about each of the characteristi:‘Ehe model used in this effort is based on a model proposed by
sizes, or what can be called mesodomains. Nested models can{ a;)ka and Mur$4] and extended to account for grain orienta-
each of the mesodomains to determine the response of the mag? PY Tryon and Crusgg] as
rodomain.

The overall fatigue response of a component is predicted by
nesting the individual mesoscale models. The lowest level model
uses the appropriate mesoscale parameters to determine the init MiCainicles I
state of the next level. This level uses the results from the previ
ous level along with the appropriate parameters to determine th, —

ey . s ) \,FRACTURE MECHAlNCS\‘ @ LINEAR ELASTIC \;
initial state of the next level and so on. Using nested models, flee cracxucieation —s ™ swaii crack —{ JLonG crack ——

| MODEL

reliability can be linked to the heterogeneities at each meso-

GROWTH MODEL
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whereN,, is the number of cycles needed to grow a crack to the =il
size of the grainG is the shear modulusVs is the specific frac- where,; is the applied resolved shear stress initiegrain,k; is
ture energy per unit area; is the local applied normal stredds  the frictional stress of thith grain,a is the crack lengthg is the
is grain orientation factofreciprocal Schmid factork is the fric-  crack length plus slip band length; is the distance from the free
tional stress which must be overcome to move dislocations, surface to grain boundary of theh grain preceding the slip band
Poissons ratio, and is the grain diameter. tip as shown in Fig. 2.

Small Crack Growth Model. The behavior of small cracks The CTOD is given by

differs from the behavior of long cracks. Long crack behavior can Jka ¢ n (ri 1~k _)—(r—k)

be predicted using conventional continuum based LEFM tech- ¢,=—'—In— 2 i1 "; L Tg(ac,li_y)

nigues. Small crack growth rates vary widely, from several orders mA T a i A

of magnitude greater than that predicted by continuum baséd N —

to complete arrest. A small crack can be thought of as a crack with g(a:c,L)=L In c’-L™+yc'-a

a size on the order of the microstructure. The anomalous growth o [cZ— 12— \c2—aZ

of small cracks has been attributed to two competing factors: high

growth rates due to lack of closure and growth retardation due to aJc2—L2+Lc?—a?

microstructural obstacles. —aln Al L Lyo—a 4)
Crack Tip Opening Displacement. The experimentally ) )

observable parameter that has been correlated to the varying A=G/l2m(1-v) for edge dislocations

?gﬁllec)r?SC]k growth rate is the crack tip opening displacement A=G/27 for screw dislocations

For the slip band blocked by the grain boundary, the size of the

da slip band zone is

an - CAd @) w=L,—a (5)
The CTOD is given by

wherea is the crack lengthN is cycles,¢; is the CTOD, andC’ BT 2kia c
is a material constants derived from test data. The CTOD is a d=—\Jc?—a?+ ——In—
measure of the amount of damage associated with the crack tip. A A a
The larger the CTOD, the higher the crack growth rate. This phe- " (r ki)~ (r—k)
nomenon was first observed by Laird and Snjighand has been + E i1 "; o
well established in long crack growth behaviat]. The direct iZj+1 A
proportionality of Eq(2) has been observed in small crack growth
of aluminum, nickel and titanium alloy{8]. Nisitani and Takao B=1— ﬁarcoosa—l
[9] showed that small crack arrest could be associated with zero ] [
CTOD.

In the current research, the CTOD is modeled as a function of S 2(rioa—kim)—(r—k)] Li—a
the random microstructural variables based on the approach used _i:j+1 | arccoy—-—
by Tanaka et a[.10] and extended by Tryof2]. Consider a crack _ ) _ _ _ o
of lengtha with the crack tip in theth grain as shown in Fig. 2. The microscopic stress intensity factor at the slip band tip is
The slip band has a length of with the slip band tip in theath _
grain. The total length of the damagg,is the crack length plus Km_'BT\/% Q)
the slip band length. If the slip band is propagatingt blocked To account for the crystallographic orientation of the individual
by the grain boundapythe size of the slip band zone can be foundrains, the applied resolved shear stress Egs. (3) through(7)
from can be replaced with

g(a;c,Li—1)

6

(o
7= — for surface grains
Ms

0- . . .
7= — for interior grains
My

where o is the local normal applied stresdls is the reciprocal
Schmid factor andV ; is the Taylor factof12].

c Modeling the Physical Microstructure

grain j grain n
= . N y’ (I ( ’\ Consider a random array of grains as shown in Fig. 3. A crack
L nucleates in the surface graiy and then grows along theaxis
S L, as a semi-circle through zones in which the effective material

T

properties are uniform. The boundaries of the zones are repre-
sented by the concentric half circles. The zones are composed of
grains represented by the semi-circular arc segments. The arc
length of the semi-circular segments is a random variable equal to
Fig. 2 Crack tip slip band in multiple grains the grain diameter. The surface grains are represented by the in-
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Fig. 3 Array of random grains

tersection of the zones and the surface. Note that because the

As the crack becomes long,, < approaches the bulk properties.

Using the concepts of effective material properties, crack
growth is modeled as one-dimensional. Consider a cut along the
axis (Section A-A in Fig. 3. The fatigue damage is modeled as a
one-dimensional crack growing through zones of varying kize
and varying effective material properties, g .

The above microstructural modeling technique is approximate
and does not capture some of the nuances of crack/microstructure
interactions. In particular, the model does not allow for spatial
variation of properties along the crack front that can cause a non-
smooth or ragged crack front shape. If the crack front encounters
strong grains(due to unfavorable orientation or high frictional
stresg in a matrix of weaker grains, the crack front will retard in
the region near the strong grains and tunnel in the region of the
weak grains. However, crack growth mechanisms tends to have a
smoothing effect on the crack front shape. The crack front will
tunnel around the blockage until the shape of the crack front at the
blockage is such that the stress intensity overcomes the blockage
and the crack front resumes its smooth shdgdg. If the blockage
is not overcome, the crack front will not continue to tunnel. The
crack growth will arrest.

Long Crack Growth Model. The long crack growth is mod-
eled using the Paris law representation of a surface crack in a
semi-infinite body subjected to a constant stress cycle. If the final
crack size is much greater than the initial crack size, Tryon and
Cruse[12] showed that

ai:L—n/2
N.=

' (10)

n
CAO‘”B”(E— 1

crack grows as a semi-circle, the surface crack growth is the same

as the in-depth crack growth through the zones representedf

Section A-A.

re,Ng is the number of cycles needed for the crack to grow to
ailure, a; is the initial crack size at the start of the long crack

After successful crack nucleation, the crack grows from gra@fowth phaseAo is the global stress rangg, is the geometry
X, into zone 1. In the example shown in Fig. 3, zone 1 contaifonstant(1.127), andC andn are based on material properties.

three grains. The effective material propeRy ¢, of zone 1 is
the average of the properties of the individual grains.

P,; weighted with the area of thi¢h grain.(In the current study Monte Carlo Simulation Model

P, o represents the local frictional strendttor the local applied
stressr.)

2 2 2
_ Pudi+ P+ Pradis
1 eff— 242 2 g2
di+di,+di;

(8)

The statistical characteristics of variables used in the Monte
Carlo simulation have been discussed in detail in Tryon and Cruse
[13]. The random variables and the associated statistical distribu-
tions are shown in Table 1. Normalized distributions are used for
d, a, k andC. This allows the average values to be easily changed

In the nth zone composed gfgrains, the effective material prop- without having to re-evaluate the distribution parameters. The dis-

erty is tribution parameters only need to be re-evaluated if a change in
sl pod2 coefficient of variation(COV) is desired. The orientation factors
N eﬁ=$11”# (9) are not normalized. A change in the average value of the orienta-
2qdy; tion factor would require texturing the microstructure. The values
Table 1 Values used in the Monte Carlo simulation
Distribution Distribution
Variable Description type Parameters Average Cov
C Paris Law Coefficient Lognormal A=0.034 £=0.30 4.4x10°° MPa/m 0.30
c’ CTOD Law Coefficient Deterministic N/A 0.10 N/A
d Grain diameter Lognormal A=-0.076 {=0.39 55.8um 0.40
da Small Crack Growth Interval Deterministic N/A 0.5 N/A
G Bulk Shear Modulus Deterministic N/A 76X 10 3 MPa N/A
k Frictional Strength Weibull n=1.12 (=37 69 MPa 0.30
KM, Critical Microstructural Stress Deterministic N/A 769 MPa/m N/A
Intensity Factor
Mg Schmid Orientation Factor Curve Figee Ref[12)]) 2.21 0.08
Mt Taylor Orientation Factor Curve FiBee Ref[12]) 3.07 0.13
n Paris Law Exponent Deterministic N/A 3 N/A
Wg Specific Fracture Energy Deterministic N/A 440 kN/m N/A
v Poisson’s Ratio Deterministic N/A 0.3 N/A
o Applied Micro-stress Normal p=1 0=0.3 Variablé& 0.30

*Note: Several different stress levels are modeled as discussed in the Section on Model Results.
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in Table 1 would no longer be valid and new representations 4 —— T
would be required. The deterministic input variables are also

shown in Table 1. - oA O

The basic flow of the Monte Carlo simulation is outlined as 2223 n:: @,ﬁ 7 dﬁlﬁ
follows. A crack is nucleated in each surface grain of a compo-§ 2 0227 MPa § A ﬂﬁl s T
nent. Each crack goes through the small crack growth phase ans <1207 MPa o A lﬁ q
long crack growth phase. The total life associated with each crac, | ©186 MPa OO Aa & OM
is the summation of the cycles in the crack nucleation, small cractg V165 MPa ;5 A g < &
growth and long crack growth phases. The life of the componen2 or g A D < <><><> 7
is equal to the minimum total life of all of the cracks. The details 3 o AA o < %

of the simulation are described in Try¢g].

Standa
O
>
u]
A
<
< %

Model Results

0 A"
The predictions of the individual crack nucleation, small crack : o aH v
growth, and long crack growth simulations have been shown tc
correlate very favorably with experimental observations and are 4‘04 e '165 T0¢

discussed elsewhelf@®,12]. In this section, we will discuss the
prediction of the total fatigue life for a simple test specimen.

Predicted Total Fatigue Life of a Test Specimen. It is dif- Fig. 5 Predicted fatigue life distribution plotted on lognormal

ficult to compare the probabilistic model predictions for total faP2Per

tigue life directly with experimental data because the parameters

used in the model are usually not reported. However, the predicted

scatter in fatigue data is compared with trends in the experimental

data and the predicted mean life for different size specimens is o o

compared with size effect observations. of d_ata usgd for statlstlc_:al characterlzatlon. However, the cost as-
The distribution of fatigue life for test specimens was predictetPciated with such test is considerable and the data is tightly held.

by assuming the parameters in Table 1 in the Monte Carlo an?)géwever, Bastenairgl4] performed a thorough investigation of

Life (cycles)

sis. These values are characteristic of a stainless steel. The sp&@-Scatter in fatigue life for five different grades of low alloy
men has a circular cross section with radius 7.62 mm, and a sh¥ge!- ) )
low notch with a gauge surface area of 1.61 ifihis gauge Steels may nucleate cracks by mechanisms other than slip band
surface area results in about 4000 grains per specimen. Differ6[cking depending on the alloy composition and the impurities.
specimens will have a different number of surface grains arfePWever, the trend in the scatter in steel data has been observed
therefore the number of surface grains is a random variable. TiHeother metallic alloy$16]. Bastenaire performed rotating bend-
predicted CDF of fatigue life for the specimens is shown in Fig. 419 fatigue experiments for many stress levels for each grade of
The mean life of the specimens is 60,000 cycles with a COV §f€€l with several hundred specimens for each stress level.
0.17. Figure 6 shows the trends in the scatter exhibited in Bas-
Figure 4 shows that fitting the model results to a lognormagnaire’s data plotted on lognormal pap@rhe curves are replot-
distribution give a correlation coefficient of 0.993. Fitting thded from the data in Fig. 7 dfl4],) If data plots as a straight line
model results to a normal distributidnot shown gives a corre- N Fig. 6, the lognormal distribution is valid. If data plots as a
lation coefficient of 0.999. Both the normal and lognormal distridonstraight line in Fig. 6, the lognormal distribution is no longer
butions provide an adequate representation of the model resiyfdid- The general trend is that the CQMdicated by the slope of
and both have been used to represent experimental b, p.  the curye};_ is fairy constant for applied stresses well above the
380. fatigue limit (363—324 MPa As the applied stress decreases, the
A thorough investigation of the scatter in fatigue life is nofcOV starts to increase€304-285 MPa As the applied stress
available in the literature for most alloys. Many manufacturer@PProaches the fatigue limit, the fatigue life increases and run-outs

particularly in the aerospace industry, have the large compilati§ffrt to occur. The right tail of the distribution becomes more
heavily populated than a lognormal distribution, which causes a

line through the data to bend to the rig@65—-245 MPa The 363
4 . . - MPa data curves slightly to the left indicating the right tail of
distribution is less populated than a lognormal distribution and the
data can also be fitted to the normal distribution. As the applied
stress decreases, the curvature shifts to the right.

Comparison of Fig. 5 with the results in Fig. 6 shows that the
model predicts all of the above trends observed in the experimen-
tal data. Figure 7 presents the same data in the familiar form of a
SN diagram. The runout$suspensionsare the percentage of
specimens that did not fail at i@ycles.

The Monte Carlo simulation showed that most of the failures
were caused by the largest grain in the specimen and almost all
the failures were initiated in one of the five largest grains. The
lower the stress the more failures initiated in the largest grain.
R=0.993 This indicates that the “weak links” in crack nucleation are the
largest grains. Experimental evidence shows that failures can be
associated with the largest graifisl].

4104 * ' : T The distribution of the largest defectsr the largest grains in
the present modgllead to the size effect model developed by
Weibull [17]. Size effect is the phenomenon that small compo-

Standard Normal Variate
[}

Life (cycles)

Fig. 4 Fatigue life distribution of the specimens plotted on nents have a higher fatigue life than larger geometrically similar
lognormal probability paper components. Weibull assumed that the larger component is more
212 / Vol. 122, APRIL 2000 Transactions of the ASME
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Fig. 6 Fatigue life test data plotted on lognormal paper  (data Fig. 8 Predicted stress versus life curve

from Bastenaire )

pends on the scatter of the fatigue strength controlling variables

. ) ) ) .and can vary with material processing and material gIi8].
likely to have a larger life-controlling defect. This approach is

widely used in the design of ceramics and it has also been appliedsensitivities. The sensitivities shown in Figure 9 represent
to ductile material$18]. the sensitivity of the total fatigue life COV to the random variable
The reliability of different sizgdefined by the mean number of COV.
surface grainsspecimens was determined and the mean fatigueTo change in total life COV a Monte Carlo simulation was
strength at an arbitrary life is plotted against size in Fig. 8. Theerformed using the nominal variations in Table 1. Then a sepa-
model indicates that very large structures have zero life. Thisfigte Monte Carlo simulation was performed for each of the ran-
because a lognormal distribution of grains allows an infinitelfom variables in which the COV the random variable was de-
large grain in an infinite population. In reality, the grain size cargrease by 5 percent. The sensitivities have been normalized such
not be infinite and the true distribution of grain size is truncated #at the summation of sensitivities is one.
a size no larger than the component. Maximum truncated grainFigure 9 shows that at low stre@sigh cycle fatigug, the varia-
size would control the fatigue life of a very large structure. tion in fatigue life is most sensitive to the variation in the grain
The predicted size effect on fatigue strength is linear in logrientation. It is well known that texturing can greatly effect high
space as shown in Fig. 8. Trantifit8] predicted the same rela- cycle fatigue life. The variation in high cycle fatigue life is shown
tionship using a weakest link theory. Trantina’s experimental ol be least sensitive to the variation in grain size. The Monte Carlo
servations on smooth, bolt hole and sharp notched specimens hgiieulation showed that at low stress, the largest grains were re-
been scaled with respect to fatigue strength for comparison wihonsible for the failure-causing crack. It would seem that the
the model predictions in Fig. 8. A direct comparison cannot batigue life would be sensitive to the grain size distribution. How-
made because the data exhibited is for a different material th@ver, the distribution of the largest grains in each specimen is an
that modeled. The important point demonstrated by Fig. 8 is th@xtreme-value distribution and will only change slightly with a 5
the model predicts that the fatigue life decreases linearly with #grcent decrease in the COV of grain size for all of the grains in
increase in the log of voluméor surface area The intercept of the specimen.
the line depends on the specified fatigue life. The slope of the line,Figure 9 shows that at high streiésw cycle fatigug, the varia-
which represents the sensitivity of the material to size effect, déon in fatigue life is most sensitive to the variation in the applied

0.4 T T T T T T T T v T T T
300 ——re ———rrrr
u]
so3l ¥ ]
~ 250 i £
& k-
a Runout : 0.2
§ 200 - 13% — - ,ﬁ e} Frfctional strength
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Fig. 9 Importance of the random variable variation on the fa-
Fig. 7 Predicted mean fatigue life for various size specimens tigue life variation
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