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FOREWORD

The major portion of this work was performed under Air Force Materials Laboratory
Contract F33615.75-C-5097, “Application of Advanced Fracture Mechanics at Elevated Tern.
peratures.” Dr. W. H. Reimann was the project engineer. The program was conducted in the
Materials and Mechanics Laboratories, Pratt & Whitney Aircraft Group Government Products
Division , West Palm Beach , Florida. Mr. M. C. VanWanderham, Manager , Mechanics of
Materials and Structures, was program manager and Mr. R. M. Wallace, Group Leader,
Component Life Analysis, was the principal investigator.
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SUM MARY

This report investigates the applicability of linear elastic fracture mechanics to predict
crack growth at elevated temperatures. The interactive effects of stress, temperature , time , and
environment on the crack growth process of an advanced gas turbine disk alloy , IN-100, are
investigated. The effects are described with an interpolative empirical model based on the
hyperbolic sine.
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SECTION I - ‘

INTRODUCTION

It has been estimated that replacement costs for Low.Cycle Fatigue (LCF) limited engine
disk components could reach the $100,000,000 level by 1980 to 1985 (Reference 1). A tremendous
cost savings could be realized if a procedure was developed to provide accurate assessment of
useful residual life in retired engine disks (Reference 2) . This procedure is based on improved
inspection and fracture mechanics life prediction techniques. This report addresses the
development of advanced fracture mechanics concepts for the prediction of crack growth at
elevated temperatures. The results of this program will be used in conjunction with advanced
inspection techniques for residual life predictions of retired turbine disks (Reference 3).
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SECTION II
APPLICABILITY OF LINEAR ELASTIC FRACTURE MECHANICS

AT ELEVATED TEMPERATURES

All fracture mechanics evaluations were performed on GATORIZEDTM IN-tOO , an advanced
nickel-base turbine disk alloy used in the F100 turbofan engine. Specimens specifically
designated to this contract were machined from heat BANQ-499, but a significant amount of
crack propagation data existed for this alloy prior to the start of this program. These data are also
used in the analyses. Heat-treatment consists of solutionization at 2050°F, stabilization at 1600
and 1800°F, and precipitation hardening at 1200 and 1400°F. Typical chemical composition is
0.07C-12.4Cr-18.5Co-3.2Mo-4.32Ti-4.98A 1-0.78V-0.02B-0.O6Zr - balance nickel. When super-
plastically forged with the GATORJZED forging process , IN.100 becomes a fine-grain (ASTM
12-14), isotropic material.

Tensile, stress rupture , and creep test results for two forgings from this heat (499-A2A and
499-A2B) are given in Table 1.

TABLE 1. MECHANICAL PROPERTIES OF
TWO IN-100 PANCAKE FORGINGS

Tensile Properties
Ultimate

Yield Tensile
Temp Strength Strength EL RA

Desk No. (°F) (ksi) (ksj)  %
499-A2A RT 164.5 232.4 22.0 22 .2
499-A2A 1300 157.2 177. 0 14.0 22.3
499-A2B RT 164.9 232.0 22.0 21.5
499-A2B 1300 156.0 179. 1 14.7 16.4

Stress Rupture Properties
Temp Stress Life EL RA

Disk No. (°F) (ksi) (hr)
499-A2A 1350 95 28.0 10.6 15.9
499-A2B 1350 95 18.0 8.1 15.6
499-A2B 1350 95 19.5 8.0 8.2
499-A28 1350 95 19.3 6.7 12.9

Creep Rupture Properties
Total

Temp Stress 0.1% 0.2~?~ Life
Disk No. (°F) (ksi) (hr.) (hr) (hr.)
499-A2A 1300 80 — 175.5 233.2°
499-A2B 1300 80 114.5 142.5 143.2°

°Test Discontinued.

The usefulness of Linear Elastic Fracture Mechanics (LEFM) depends on a uniparametrical
connection between crack growth rate and the stress intensity factor. Our general approach is to
first determine the limits of applicability of LEFM concepts at elevated temperatures.

Recently, a number of investigators have attempted to determine the relevance of linear
elastic fracture mechanics as applied to crack growth at elevated temperatures (References 4 and
5). In most cases, crack growth rate could successfully be expressed in term of the stress intensity
factor , K (Reference 4); however, some work showed better correlations with net section stress or
with some reference stress state (Reference 5). In general , the higher strength low ductility alloys
correlated better with K and the lower strength high ductility alloys correlated with net section
stress.
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It has been postulated that the inadequacy of linear elastic concepts for correlating c rack
growth rate data with the stress intensity factor , K , may be due to t he nonlinearity ot constitutive
laws for the immediate vicinity of the crack tip. Because of the success of apply ing t he J contour
integral to describe the singular terms of stress or strain for a nonlinear elastic material , the
applicability of J to creep crack growth has been investigated (References 5 and 6). Experimenta l
results show that creep crack growth for ductile alloys can be approximated by J , t he potential
power release rate. Another approach developed the Ct parameter , an en ergy rate li ne integra l ,
to characterize the crack ti p stress and strain rate field (Reference 7). The problem ofana l yt ic allv
calculating Ct for a crack in a real structure is somewhat complicated. Research continues in this
area.

Fortunately, experience has shown that linear elastic fracture mechanics is generally
appl icable to high strength gas turbine alloys (Reference 4 ) . The hostile environment of the gas
tur bine engine can have a sign ifi cant role in emb ritt ling t he crack tip region , reducing large scale
inelasticity. It has been shown that grain boundary oxidation (Refe rences 4 and 8) affects the rat e
of intergranu lar crack propagation . The structure of the material in front of he crack ti p is
altered. Not only is the immediate vici nity of t he tip oxidized, t he region ahead of the crack is
depleted of oxide forming elements. Thus , t here are two relevant spheres of local damage: ( 1) the
inelastic zone associated with local creep deformation and cyclic plasticity and (2) the zon e that
is locally fractured because of oxidation. The problem then becomes one of comparative kinetics.
If oxidation generally prevails over creep, then the crack tip will respond elastically and LEFM
is applicable. The dominance of large scale inelasticity, however , necessitates inelastic fracture
criteria.

In this task , specimen geometries , specimen thicknesses , stress-crack lengt h combinations ,
and net section stresses were varied to test the uniparametrical relation between crack growth
rate and app lied stress intensity. In genera l , when crack ti p non l inearity is sma ll compared to
elast ic crack ti p stress fields , lin ear elast ic fract u re mec hanics concepts are app li cable.

The specimens selected for this phase of’ the program include the modifie~ compact tension
(Fi gure 1) and through-thickness center-crack (Figure 2) geometries.

Test specimens are precracked using procedures outlined in ASTM E-399 . Precracking is
genera lly performed at room temperature; anomalous precracking effects are easily recognizable.

Crack propagation testing is conducted on closed-loop servocontrolled equipment under
load control. Cyclic tests are performed using isosceles triangular load waveforms. Load ramping
rates for the mission mix crack propagation tests are closely controlled and monitored for benefit
of subsequent modeling. Unless noted otherwise, speci mens are heated using resistance .
clamshell furnaces.

Crack lengths are measured directly with a traveling microscope with the cyclic load
removed , holding the specimen at the mean stress level. This procedure holds the specimen rigid
while opening the crack slightly to make the crack tip more visible. A hi gh-intensity light is used
at an oblique angle to the crack to provide illumination and a higher degree of crack tip detection.
On tests at elevated temperatures , the furnace is removed from the specimen in order to facilitate
opt ical measurement.

An attempt is made to measure crack growth in increments no larger than 0.020-inch. Crack
length measurements are considered to be accurate to within ± 0.001-inch.

Specimen test conditions are summarized in table 2.
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Figure 1. Modified Compact Tension Specimen
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Figure 2. Center Crack Specimen
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EFFECT OF SPECI MEN THICKNESS

Room Temperature

Figure 3 compares crack growth rates in IN-100 for specimens of varying thicknesses at room
temperature , R = 0.1. At room temperature , the crack propagation mechanism is predominantly
planar slip at low applied stress intensities and multiple slip at high applied stress intensities
(Reference 9) . In thin sections , crack t ip inelasticity (p lasticity) increases with increasing stress
intensity until the zone size becomes comparable to the specimen thickness. At this point , crac k
ti p plane strain constraint relaxes and crack propagation becomes mixed mode (MODE I and
MODE ifi) . For a constant applied stress intensity, mixed mode propagation rates are slower
t han those for plane strain. The maximum stress intensity at first indication of an observable
shear lip (mixed mode) is given in figures 4 and 5 as a function of specimen thickness for Thl-100
at room temperature. Note that a ½-inch thick section would not guarantee plane strain
conditions for typical applications at room temperature. In order to determine valid K 1~ values
per ASTM E399, specimens with thicknesses greater than two inches would be required. The
room temperature fracture toughness (K 1,, ) of IN.100 as determined by J-Integral techniques is
143 ksi.,/TiiT (Reference 10) .

In summary, linear elastic fracture mechanics concepts are not generally applicable to the
prediction of crack growth in IN.100 at room temperature.

Elevated Temperatures

Figure 6 shows the effect of specimen thickness on the crack propagation rate of IN-tOO at
1200°F, 10 cpm , R = 0.1. Specimen thicknesses varied from 0.060 to 0.87-inch. While different
geometries and heats were used , it can be concluded that the effect of thickness is minimal
(within the bounds of heat-to-heat scatter) at 1200°F, 10 cpm. This result is interesting because,
theoretically, the plasticity should be comparable to that at room temperature since the yield
strengths are similar. An explanation of thic apparent contradiction is provided at the end of this
section.

Figure 7 illustrates the effect of specimen thickness on the crack propagation rate of IN-100
at 1200°F , 2-minute dwell , R = 0.1. Within the bounds of heat-to-heat scatter, no difference in
crack propagation rate is observed for MCT specimen thicknesses greater than 0.25 inch. It is
concluded that minimum section thicknesses of 0.25-inch should be used for mission mix crack
propagation tests.

Figures 4 and 5 present the maximum stress intensity at first indication of an observable
shear lip (mixed mode) as a function of specimen thickness for IN-100 at room temperature, 1200
and 1350°F. It is noted that mixed mode propagation occurs at lower stress intensities at room
temperature than at 1200 or 1350°F for equivalent specimen thicknesses. Furthermore, the
1350°F results (higher oxidation rates) indicated decreased susceptibility to inelasticity effects
than at 1200°F. Specimens tested in argon (oxidation minimized) are susceptible to mixed mode
propagation at lower maximum stress intensity levels than specimens tested in air.

These results lead to the conclusion that at elevated temperatures, the effect of
environmental degradation (oxidation) is to promote crack tip embrittlement , which acts to
discourage through-thickness strain. Therefore, plane strain conditions are more possible in an
oxidizing atmosphere than in an inert environment.

The sustained load crack propagation characteristics (da/dt , K) for IN-lao, at various
section thicknesses , at 1200 and 1350°F are presented in figure 8. The qualitative effect of
temperature is evident; sustained load crack propagation at 1350°F proceeds more rapidly (by as
much as an order of magnitude ) than propagation at 1200°F.
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Thickness effects on sustained load crack growth at 1200°F are also illustrated in figure 8.
A P&WA study (Reference 12) determined the da/dt , K relationship for thin (0.08 to 0.10 inch)
specimens of differing geometries (Double Cantilever Beam and Center Crack). The base curv e
for thick (0.5 to 0.9-inch) specimens was described in the preceding section and Reference 11. For
stress intensities below 50 ksiv’iii , the thin specimens are seen to exhibit considerably slower
crack growth, by nearly an order of magnitude, as stress intensity decreases from 50
to 30 ksis/T~.

Figure 9 presents the 1200 and 1350°F sustained load data in terms of predicted time to
failure vs actual time to failure for the 0.50-inch and greater thickness specimens. There is no
apparent effect of specimen thickness at 0.5-inch and greater. It is important to note that the
thickness required to assure plane strain at the crack tip increases from 0.060-inch for cyclic tests
with no dwell , to 0.250-inch for tests containing short time dwells of 5 minutes or less, to 0.50-inch
for sustained load subcritical crack propagation . This behavior can be explained by considering
the environmental influences on crack tip inelasticity (oxidation). Environmental degradation
promotes crack tip embrittlement , which in turn acts to discourage through-thickness strain .
Plane strain conditions are therefore possible in thinner sections in an oxidizing atmosphere than
in the unoxidized condition . During sustained load , or long dwell tests, a protective oxide layer
can form which prevents further oxygen diffusion into the material. During a cyclic test , this
prophylactic effect is reduced as a result of the repeated breakdown of the oxide layer with each
cycle. A P&WA study describes the effect of grain boundary oxidation on crack propagation in
Udimet-700, a nickel-base superalloy similar to IN-l00 (Reference 8). The material micro-
behavior of U.700 provides the basis for the crack tip behavior hypothesized here. In addition to
the protective effects of surface oxidation , enhanced creep, due to the sustained load also
increases crack tip inelasticity which results in a larger inelastic zone size (greater through-
thick ness strain) .

The net result of these synergistic effects (creep and prophylactic oxidation ) is greater
through-thickness strain which necessitates thicker specimens if plane strain constraints are to be
maintained.

I’
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EFFECT OF NET SECTION STRESS

The center-crack specimen design was used to determine the effect of stress levels greater
t han 80~ of material yield strengt h (Reference 4). This specimen was selected because of the
small crack size obtainable and the ability to achieve the necessary high net section stresses at
stress intensities comparable to existing crack propagation data .

Figure 10 compares high net section stress and low net section stress data at 1200°F, 10 cpm ,
R = 0.1. These data are observed to be in general agreement.

Ei ghth-inch center-crack specimens, 649 and 684, were tested at 1200°F , R = 0.1, 2-minute
dwell. Different crack length-load combinations were used to produce high net section stress
(~~net > 0.8 ly ieId) in specimen 649 and low net section stress (a net < 0.8 aY I ~~ld)  in speci men 684.
Figure 11 shows that high 0 fl~~t 

produces somewhat slower crack propagation rates at intermediate
to h igh applied stress intensities (40 ksi ‘C/m T � ~ K � 60 ksi s/TnT). This small decrease in
crack growth rate , less t han a factor of 1.5, may be due to increased through-thickness strain at
high o~~~, a deviation from plane strain constraints associated with thin specimens . In any case ,
there is only a negligible effect of using low O flet data to pred ict cyc li c l ife under h ig h O flet
conditions , because apprec iable differences in crack growth rate on ly occur at rates so large
(da/dn > 5 X 10’ inch/cycle) that little crack propagation life remains.

EFFECT OF SPECIMEN GEOMETRY

MCT specimen 606 and center-crack specimen 684 were tested at 1200°F, R = 0.1 , 2-m inute
dwell. Both specimens were 0.125-inch thick. At intermediate stress intensities (~~K < 40 ksi
5finT), the specimen exhibited no difference in crack propagation rate (as shown in figure 12) .
However, at stress intensities greater than 40 ksi ../inT, the MCT specimen experienced mixed
mode crack propagatio n as evidenced by a pronounced shear lip. This mixed mode propagation
was markedly slower , by a factor of two or more , than the Mode I propagation exhibited by the
center-crack specimen.

Crack propagation under mixed mode conditions is a function of thickness and material
condition . It was recently shown (Reference 13) that the crack tip stress state has a strong
influence on plastic zone size. Using the conventional X-Y-Z coordinate axes , where the specimen
lies in the X-Y plane , and the crack propagates pa rallel to the X-axis , through-thickness crack ti p
stress, 

~~~~~ 
can be described by

= k (o s. + ~~ ( 1)

where 0 � k � p~ depending on the material and specimen thickness. ~ is Poisson ’s ratio. For
plane strain conditions , o’., � v~ (o s, + o~,), ) .  For plane stress, a,., = 0. Using the vonMises
hypothesis, it was shown that the plastic zone size , r 0, is proportiona l to this through-thickness
stress, or

K°r~ i

(“ yIeId + ~r,,)2 (2)

The exact form of this equation analytically predicts a minimum and maximum plastic zone size
under plane strain and plane stress conditions respectively. The results of fi gure 12 suggest that
at equivalent stress intensities and thicknesses, 

~~
,, is also a function of geometry.

In section thicknesses that potentially result in mixed mode conditions (0.125-inch in this
instance), crack tip stresses can also be a function of specimen geometry . Therefore , it is
imperative to test under plane strain conditions to assure universal applicability (in engine disk
applications) of the data being generated .
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SECTI ON IN
A N INT ERP OLATIVE MODEL FOR EL EVAT ED TEM PE RATUR E FATIGUE CRACK

PROPAGATI ON

An interpolative model has been developed for the analysis of elevated temperature fatigue
crack propagation data. The model presented here has been successfully used to describe the
parametric effects of three fundamental influences on crack propagation: frequency ( v ) , stress
ratio (R), and temperature (T) .

This interpolative model is based on the hyperbolic sine equation ,

log (da/dN ) = C 1 sinh (( 3 (log (.~K) + C 3 ) )  ± C 4 (3)

where the coefficients are simple empirical functions of test frequency, stress rat io, and
te mperature:

C 1 = material constant
C2 = f2 ( R , v , T)
C3 = f~ (C 4 , v ,
C4 = f4 ( v , R , T)

A more complete description of the model is presented in Reference 14. The salient features
are given here.

CHAR ACTERISTICS OF THE SINH

The hyperbolic sine is defined as

el _ e x
y = S,nh x = 

2 (4)

and when presented on cartesian coordinates it appears as shown in figure 13. The function is zero
at x = 0 and has its inflection there .

The introduction of the four regression coefficients , C, through C4, permits relocation of the
point of inflection and scaling of both axes. In the equation

y — C4 = Sinh (x -~- C3) (5)

C3 establishes the horizontal location of the hyperbolic sine point of inflection and C4 locates its
vertical position.

To scale the axes, C, and C3 are introduced
(y-C4)

= Sinh (C 3 (x + C3)) 
6)

which can be rewritten as

y = C, Sinh (C 3 (x + C3)) + C4 (7)

of which equation 3 is a special case where y = log (da/dN) and x = log ( .XK). Note that C 3 hasunits of log (A K ) and C4 has units of log (da/dN ) ; C , and C3 are dimensionless and can be
conceptualized as stretching the curve verticall y and horizontally, respective ly. Experience
ind i cates t hat , for a given material , C , can be fixed without adversely affecting model flex ibility.
For IN-100, C, has a fixed value of 0.5.
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QUANTITATIVE EFFECTS OF CYCLIC FREQUENCY , STRESS RATIO , AND TEMP ERATURE

It has been shown that for IN-100 , the coefficients in Equation 3 are simple emp irical
fun ctions of cycl ic freq uency, stress ratio , and temperature (Reference 14). C3 and C4 are
logarithmic functions of cycle duration , i/v (figure 14) . C3 ex hibits linear variation with log ( 1-R)
as shown in figure 15, where R is the stress ratio. C2 and C4 are linear functions of temperature
(figure 16), from 1000 to 1350°F , and C3 does not change because the correlation line is vertical.
The relationships for frequency, stress ratio , and temperature are given in figures 17 through 20,
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USING THE HYPERBOLIC SINE MODEL; INTERPOLATIVE CAPABI LITY

The simple relationships discussed previously, describe the propagation behavior of IN-100,
in air , at any stress ratio and frequency for temperatures between 1000 and 1350°F. The
computational procedure is schematically represented in figure 21: First locate the coefficients on
the 1200°F , R — 0.1 frequency model , position 1. Second , account for stress ratio effects by
moving along a stress ratio model to position 2. Finally, C2 and C4 for the desired temperature are
determined using aC/aT from the temperature model , position 3.

C’)

z
0

-4

I

—
~~~~~ ~~~~~~~~~~~~~~~~

‘I
I

log (,\K)

Figure 21. Schematic Representation of the Method for Determining
Sinh Coefficients Representing Any Frequency, Stress Ratio ,
and Temperature
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SECTIO N IV
SYNERGISTIC EFFECTS OF MISSION VARIABLES

BACKGROUND

The majority of crack growth studies are performed using constant amplitude load ing.
These tests are not representative of gas turbine rotating component operating conditions , which
include complex stress-time-temperature histories. It is expected that crack growth relationships
will be complicated by mission mix cyclic conditions that result from throttle excursions , dis k-
blade interact ions , etc.

This section describes synergistic effects of mission variables on IN-100 crack growth. LCF-
dwe ll interaction s at constant peak stresses and major load excursion effects on various mission
operati ng conditions are investigated.

LIFE PREDICTIONS

A generalized predictive model must be able to account for the effects of load sequence. A
mission should firs t be analyzed to determine if principles of linear superposition of damage are
applicable. If they are not , then synergism must be considered. It is expected that synergistic
interactions can be analyzed in at least three ways. First , idealizations (e.g., l inear superposit ion
of damage) can be made that result in confident but extremely conservative predictions. This is
t he least desirable design approach from both cost and engine weight considerations. Second ,
ana lyses can be performed to compare synergistic mission effects with predictions based on the
quasiana lytica l mode ls such as those proposed by Wheeler , Willenborg, Elber , Barsom , and
Gallagher-Hughes. Generalized predictive models are desirable because their applicability is not
limited to operating conditions identical to the test conditions under which a model was
developed. Third , empirical models can be developed that predict specific mission effects , This
approach is potentially the most accurate if true synergism is modelled , i.e., both retardation and
acceleration. It will be shown that the Sinh model is also a vehicle for accurately describing the
effects of mission cyclic conditions on the crack growth rates of IN- 100.

A mathematical model describing crack propagation has utilitarian value only insofa r as it
can be used in life prediction and the overall accuracy of a model can be measured by the F
accuracy of the resulting life prediction. To provide a basis for comparing the accuracy of various
predictive models , a simpl e correlative parameter is used , N PC, &’N ,C -~. the quotient of predicted
and actual cyclic lives. Ideally this quotient is 1.0 and decimal deviations from the ideal can be
quickl y interpreted as percent error of the prediction.

A simple cycle by cycle (or mission by mission) integration is used to sum the incremental
crac k advances , da , which comprise the cyclic life , N , (or mission life, M ) ,

da/d N = f(a ,.~K ) (8)

dN = da/f (a ,~~K ) (9)

N = 5 dN = 5 ~~

‘ da/f (a ,~~K ) ( 10)

Because this integral can be difficult to evaluate directly, computerized numerical
met hods are used.
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In Equation 8, f (AK ) is represented by any empirical model that accurately predicts the
average instantaneous crack growth rate for a calculated stress intensity. Linear cumulative
damage within a mission spectrum is determined using cycle by cycle (or unit time by unit  t ime )
integration and subsequent summation of individual components.

r N . Nd t
N m , .eione = [ 

~~~~~ 
f(~ K )  + f(~ K )  ± 

~~ ~k-Tj ( 1 1

cyclic dwell sustained
load

Two computer programs have been developed. One , to perfor m linear superpositon of
ind ividual components within a mission mix , and t he other to study retardation using
quasiana lytical models. The first program predicts the life of specimens tested under variable
amplitude cyclic , cyclic-dwell , and/or dwell conditions. The mission is segmented and
incrementally integrated to predict crack propagation life . The empirical inputs within the
mission segments are the interpolative Sinh model coefficients , It is important to note that any
of these segments can be a synergistic Sinh model such as those presented later in this section and
app l ied in Reference 15.

The second program performs life analyses for straight cyclic or sustained load crack
growt h. The Willenborg retardation model (Re ference 16) has been incorporated into this
prog ram. The applicability of this model for the prediction of crack growt h at elevated
temperatu res has been investigated (Reference 4). Because acceleration as well as retardation has
been found to occur , the results of Willenborg model predictions were inconsistent.

Effect of Dwell on IN-i 00 Crack Growth , 1200°F , R = 0.1

Figure 22 presents a composite plot showing the effect of dwell on the crack growth rate of
IN- 100 at 1200°F, R = 0.1. It is interesting that there is no appreciable difference between 1- .
2-, and 5-minute dwells. For this reason these data are represented as a single regression. The
implication of this observation is that an incubation period exists prior to the onset of sustained F
load crack propagat ion , and t hat this dormant time is due to the exclusion of the pernicious
oxi dative atmosphere during crack closure. Note that there is a significant difference between the
5- and 10-minute dwells.

Prediction of the dwell specimens lives was made using linear superposition (one cycle at 10
cpm , R = 0.1, 1200°F plus sustained load data at 1200°F).Table 3 shows that these predictions
were anticonservative , but the longer the dwell time the more accurate the prediction , th us
ind icati ng t he observed sy ne~qism at the shorter dwell periods.
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TABLE 3. LCF-DWELL INTERACTION FOR IN-100 AT 1200°F , R = 0.1, LIFE PREDIC-
TION ANALYSIS

J . , t w.i Crack Size! Fina l Crack Size/ Ratio
I ’utiai Stress Intensity Final Stress Intensity Predicted Actual Predicted/

Spec. No. /Freg . (&n /k si \1n.) (in./ ksi S/ in.) Life Life Actua l
535/1 Miii Dwell 1.022/19.0 1.764/56.1 9889 6350 1.557
602/2 Mm. Dwell 0.800/20.0 1.676/65.1 7105 4990 1.424
612/20 M m .  Dwell 1.051/22.3 1.703/68.2 607 508 1.195

The life predictions are based on superposition of one cycle at 1200°F , 10 cpm , R 0.1 and sustained load data for
1200°F

LCF -DweIl InteractIon at 1200 and 1350°F

Figures 23 and 24 provide composites of the LCF-dwell interaction crack growth curves at
1200 and 1350° F , respectivel y . The missions used in these tests are illustrated in Figure 25. Table
4 is a summary of pertinent specimen information and provides a comparison of predicted versus
actua l lives.

To investigate the effects of combined cyclic and sustained load damage on crack growth in
t he creep region , specimens were run with combinations of 10/1, 20/1, and 40/1 ratios of cyclic (10
cpm) to 2-minute dwe ll. Two temperatures were investigat ed and the laboratory results
compared to pred icted values on the following basis:

• Using equivalent 10-cpm cycles and predicting total damage with 10 cpm
data only.

• Linearly superimposing cyclic damage at 10 cpm and 2-minute dwell damage
using cyclic plus 2-minute dwell crack growth data.

• Linearly superimposing cyclic damage and sustained load damage using
cy clic plus sustained load crack growth data.

• Considering the mission block data themselves as the basis for predicting
residual life .

The comparison assuming equivalent 10 cpm cycles was made to determine if the sustained
load damage could be approximated by simple cyclic assumptions. It appears from these limited
data that it is justifiable to make this assumption at 1200°F . but not at 1350°F. The results of the
predicted vs actual lives are shown in Figures 26 and 27.

The comparison of ~~~~~~~~~ for predictions using the mission (daldM) crack growth data
should , and in most cases does, resu lt in the most accurate predictions.

It is encouraging to note the accuracy of predictions using linear superposition of cyclic
damage plus sustained load damage. With the exception of specimen 536, all of the cyclic plus
sustained load predictions were within 15’~ of the actual life. These results lend promise to
developing degradation models for any dwell time based on sustaine”l load crack propagation
data. This model is tested in Reference 15 with encouraging results.
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Figure 26. Illus tration of the Missions Used for LCF-Dwell Interaction
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TABLE 4. LCF-DWELL INTERACTION FOR IN-100 AT R = 0.1, LIFE PREDIC-
TION ANALYSIS

Initial Crack Sizel F inal Crack Size/ Ratio
(Spec. No.) Initial Stress Intensity Final Stress Intensity Predicted Actua l Predicted!

Analysis Method (in./ksi~.fj n.) (in./ksi .f in.) Life Life Actua l
(536)

10 cpm 1.124/13.3 1.735/33.0 1608 2187 0.735
10 cpm + 2 mm dwell 1.124/13.3 1.735/33.0 1389 2187 0.635
Mission Mix 1.124/13.3 1.735/33.0 2177 2187 0.995
10 cpm + Sustained Load 1.124/13.3 1.735/33.0 1557 2187 0.112

(537)
10 cpm 1.089/15.8 1.771/43.6 2025 1925 1.052
10 cpm + 2 mm dwell 1.089/15.8 1.771/43.6 1490 1925 0.774
Mission Mix 1.089/15.8 1.771/43.6 2061 1925 1.071
10 cpm + Sustained Load 1.089/15.8 1.771/43.6 187~ 1925 0.972

(542)
10 cpm 1.090/13.0 1.738/33.8 918 931 0.986
10 cpm + 2 mm dwell 1.090/13.0 1.738/33.8 853 931 0.916
Mission Mix 1.090/13.0 1.738/33.8 937 931 1.006
10 cpm + Sustained Load 1.090/13.0 1.738/33.8 902 931 0.969

(625)
10 cpm 0.935/20.4 1.756/63.9 686 561 1.223
10 cpm + 2 mm dwell 0.935/20 .4 1.756/63.9 566 561 1.009
Mission Mix 0.935/20.4 1.756/63.9 510 561 0.909
10 cpm + Sustained Load 0.935/20.4 1.756/63.9 645 561 1.150

(621)
10 cptn 0.948/20.0 1.749/60.9 701 339 2.068
10 cpm + 2 miii dwell 0.948/20.0 1.749/60 .9 426 339 1.257
Mission Mix 0.948/20.0 1.749/60 .9 338 339 0.997
10 cp m + Sustained Load 0.948/20 .0 1.749/60.9 335 339 0.988

(626)
10 cpm 0.877/19.7 1.741/68.4 381 218 1.748
10 cpm + 2 mm dwell 0.877/19.7 1.741/68.4 285 218 1.307
Mission Mix 0.877/19.7 1.741/68.4 226 218 1.037
10 cpm + Sustained Load 0.877/19.7 1.7 41/68.4 243 218 1.115

(629 1
10 cpm 0. 797/18.8 1.662/84.3 155 122 1.270
10 cp u + 2 m m dwell 0.797/18.8 1.662/84.3 133 122 1.090
Mission Mix 0.797/ 18.8 1.662/84.3 119 122 0.975
10 cpm Sustained Load 0,797/18 .8 1.662/84.3 120 122 0.981

Note:

Specimen 536: One mission = 20 cycles at 10 cpu plus one tensile dwell for 2 minutes at 1200°F
Specimen 5,37: One mission 10 cycles at 10 cpu plus one tensile dwell for 2 minutes at 1200°F
Specimen 542: One mission 40 cycles at 10 cpm plus one tensile dwell for 2 minutes at 1200°F
Specimen 625: One mission 20 cycles at 10 cpm plus one tensile dwell for 2 minutes at 1200°F
Specimen 621: One mission = 10 cycles at 10 cpm plus one tensile dwell for 2 minutes at 1350°F
Specimen 626 : One mission 20 cycles at 10 cpm plus one tensile dwell for 2 minutes at 1350°F
Speci men 629: One mission = 40 cycles at 10 cpm p l us one tensile dwell for 2 minutes at 1350°F
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Major Lo ad ExcursIon Influences on Crack Growth

Effect on Sustained Load Crack Growth at 1200° and 1350°F

Specimen 634 was tested wi th  the mission shown schematically in figure 28 (2  minutes
sustained load plus a 25~ overload). To determine the effect of major load excursions on
sustained load crack propagation , the da/dM vs ..~K relationship was first converted to da/dt vs
K msx using the t ime per mi ss ion.  Deviations from the measured da/dt VS K maz relationship are
attributed to the major load excursions. To provide a tangible comparison , separate life
predictions for specimen 634 were made using the pseudo da/d t and actual da/d t relationsh i ps. A
comparison shows that  the major load excursions retard 1200°F sustained load crack growth.

The linear superposition prediction for specimen 632, which saw repeated 25’ overloads in
combination with  2 minutes  sustained load at 1350°F , was overly conservative , figure 29.

Figure 30 presents the SINE -I models that illustrate of effects of 2~Y and 5O~i repetitive
overloads on sustained load crack growth in IN- 10() at 1200°F. Figure 31 details the relationships
between the SINH coefficients and overload ratio . This interpolat ive scheme was subsequently
applied in the complex mission testing and analy ses described in Reference 15.

Effect on Cyclic Crack Growth at 1200°F

Specimen 666 was tested at 1200° F, R = 0. 1. 10 cpm with  a single major load excursion of
25’ every 21st cycle. The life prediction using actual mission data was very accurate  as
il lustrated in figure 32. The predict ion based on linear superposition of damage (2 1) cy cles  at ‘~2
+ one cycle at oi l is conservative compared to actual results , as is the  prediction based on cyclic
data wi th  constant ampl i tude  0 2 . The major load excursions therefore produced crack growth
retardation.

Specimen 669 was tested at 12(~F F , R = 0. 1. 10 cpm with  a single major Il iad excursion of
50C~ everY 21 cycles. The life prediction using actu al  mission data was ver accurate  as i l lus t ra ted
in figure 33. The prediction based on l inear  superposit ion of damage 120 cycles at 0 2 ‘ one cycle
at o , as in the actual  mission ) is a conservat ive e st ima t ion  1 crack propagat ion life for specimen
669. A prediction based on 10 cprr . cons tan t  ampl i tude  (0 2 1 data was also conservat ive re la t ive
to the actual  mission. The majo r  load excursion s produced crack grow lh re ta rda t ion .

Figure 34 presents crack g r o w t h  curves comparing mis siolls containing major load
excursions to constant  st ress ampl i tude  data. It is i n t e r e s t i n g  to note  t h a t  the  25 and 50’~
overload curves converge at stress intensities below 12 ksi \ hi. Ii mig ht be expected that
overload effects would he more pronounced at low applied stress in tens i t ies :  however , it is
possible tha t  as the  l i m i t i n g  crack growth rate for cont inuum propagation is approached. overload
effects are min imized .  Also note that  above ~ K = 40 ksi \ iti~. the effect of the 25’ major
load excursion is neglig ible. This suggests t h a t  there is some cri t ical  Parameter  tha t  controls the
t r a n s i t i on  from re tardat ion e f f e c t s  to the  accumula t ion  of damage associated wi th  the  overload .
Work k con t inu ing  to determine the qual i ta t ive  nature  of this param eter.

Figure (5 i l lustrates  the  effect of major load excursions on crack growth in IN -100 . R 1)5 .
12 ( K )C F. overload ra t io  (OLR) of 1.5 . Note tha t  both re ta rdant  and accelerative effects can (wCU r .
Figures 36 and (~ present the in terpo l a t ive  synergi st ic  SINH models for 25 and so’ ; repeated
overloads respect ivel y .  Simple re la t ionsh i ps are established between the SINH coeff icients  and
OLR and cycles between overload s (f igure 38). Table 5 summarizes the  model.

Thi s example i l l u s t r a t e s  tha t  t he  S INH model is an effective empir ical  tool for develop ing
ac cura te  in ter po l a t  vu predic t ive  schemes f~ r complex spectra.
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TABLE 5. SINGLE OVERLOAD SYNERGISTIC SINH MODEL 1200°F, R=0.5, 10 CPM
CYCLES

log (da/dn) = C 1 SINH (C, (log ~K + C,)) + C,

n = Cycles

R=O.5 of t  : Cyc1e8 between~ ing~e overloads

M = Missions = n/(N ., + 1)
N 01

Cycles
C, = 0.5

( C2 = o~ (N 0 - 67) + 4.772
for 0 ~ N01 � 67 wher~e OC) 0.0316 (OLR) — 0.0308

for N ,, > 67 C2 = 4.772

C C3 = O~ (N 0 - 40) — 1.279
fo r 0 ~ N , ~ 40 wher~ 6c~ = (3.48 10 3) OLR — (3,475 10 3)

for N , 1 > 40 C 3 = — 1.279

for 0 ~ N , 1 ~ 20 { C4 = — 0.0173 N , 1 — 4.345
OLR ~- 1. 5

C OLR � 1.5, C. 0.0173 N , - - 4 :45
for N 01 ~‘ 20 

~ OLR 1.5; C4 — 4.700
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Effect on Cycli c Crack Growth at 1350°F

Specim ens 661, 662, and 664 were tested at 1350°F, R = 0.8, and v = 20 cps with major load
excursions every 41st cycle. Specimen 662 experienced a 25% sawtooth load excursion , specimen
661 a 5O~ sawtooth load excursion, whereas specimen 664 was held at elevated load (50~excursion) for two minutes before returning to the lower load for 40 cycles.

Figure 39 illustrates that major load excursions at this temperature (1350°F) have a
detrimental effect on crack growth rates , with the greater effect being at the higher overload ratio.
It is also shown that the imposition of a 2-minute dwell further accelerates crack growth rate. It
is interesting to note that the effect of overload for constant cycles between overloads results in
a model similar to that for stress ratio developed in Section ill. For the 50~ exc ’:r~i - n , a
comparison of 10 cpm ramp rates and the 2-minute dwell reveals a model similar to that for
temperat ure in Section III. Here , the corre lation line is vert ical , i.e., C, is constant.

Specimens 661 and 664 were also analyzed to assess the applicability of linear superposition
to mission life prediction at 1350°F. Figure 40 presen ts an anlysis for specimen 661. Although the
load excursion was applied at 10 cpm with an exact stress ratio of 0.6, data for R = 0.5 was used
for computa ti ona l purposes because of its proximity to the actual value since a stress ratio model
was not developed for 1350°F. This prediction , and that based on t he act ual mission data ,
resulted in accurate (N pre~t ,~tecj /N actua j = °~92 .upe r po.l t Ion , = l.OSmj ..Ion ) estimations of specimen life
as well as following the true shape of the a-M curve.

Figure 41 presents an analysis for specimen 664. The actual excursion stress ratio was R =

0.6 at a frequency of 10 cpm. Crack propagation characterizations for both 10 cpm , R = 0.5 and
susta ined load were used to represent the 2 minutes at increased load. This prediction was
inaccurate when compared to the mission life analysis using the actual mission data (N ,.,0~
‘•°2m1..Ion, = l’341.uperposltlon).

Interpolative empirical models for complex spectra based on the SINH model show
considerable promise. The uti l i tarian value of some of the models developed in this section are
demonstrated in Reference 15 where cumulative damage analyses are performed for simulated
eng ine missions.
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SECTION V
CONCLUSIONS

The applicability of Linear Elastic Fracture Mechanics (LEFM) for predicting high-
temperature crack growth in a gas turbine disk alloy, IN-100, is investigated. The following
conclusions are presented .

1. At room temperature LEFM is not generally applicable to predicting crack growth in IN-100
because of large-scale crack tip inelasticity.

2. At elevated temperature (T > 1000°F), LEFM can be used to predict crack propagation
behavior because oxidation reduces crack tip inelasticity. However , caution must be exercised to
assure that plane strain constraints are met.

a. The effect of specimen thickness is a function of cyclic conditions and
temperature.

b. The effect of net section stress is a function of cyclic conditions.

3. Major load excursions can cause either retardat ion or accelerat ion depend ing on operat ing
conditions.

4. The analysis of TN-100 crack propagation data at elevated temperatures is based on the
hyperbolic sine model

log (da/dn) = C, sinh (C2 (log (~~K) + C,)) -‘- C4,

the coefficients of which are shown to be simply related to test frequency, stress ratio , and
temperature.

5. Interpolative empirical models for complex spectra have been developed using the SIN H
model. These models show considerable promise as an accurate means for the prediction of crack
growth at elevated temperature under representative engine operating conditions (see Reference
15).
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