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SECTION I

INTRODUCTION

1.1 PROGRAM DESCRIPTION

The purpose of the Structu ral Life Prediction and Analysis Technology research and devel-
opment program was to develop and verify a systematic method for predicting fatigu e life
exhaustion of military gas turbine engine disks on a mission utilization basis. Major emphasis
was given to the evaluation of procedures for modeling structu ral response to mission load-
ing, the development of a systematic fatigue life exhaustion specimen test program and
improved fatigue life prediction model , and verification of the life prediction methodology
with full-scale component tests. The major elements of a structural life prediction method-
ology are shown in Figure 1.

U~tre
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~
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material Life design component
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Figure 1 Elements of Life Prediction
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The program was divided into two phases. The first phase concerned fan and low-pressure
compressor disk environments where dwell (creep) response is min imal; the second phase
concerned high-pressure compressor and turbine environments including dwell effects . Full-
scale component testing for each phase utilized engine disk designs which contained low
cycle fatigue (LCF) life limited bolt-holes and were tested to representative , complex cycle ,
mission histories. The first phase utilized a prototypical FlO G fan disk geometry and titanium
alloy (Ti-6A 1 -2Sn-4Zr-6Mo) tested in a servo-hydraulic Ferris Wheel to simulate fligh t loading
conditions at the bol t-holes. The second pha~ utilized a prototypical advanced transport
high-pressure turbine disk made of Waspaloy R a nickel base superalloy.

LCF specimen testing was performed on unnotched , strain-controlled (SC) specimens,
notched , load-controlled specimens including notched round bars (NRB) and the bolt-hole
(BH) subcomponent specimen. All specimens were machined from the same heats of ma-
terial u sed to ob tain the full-scale disks , with one heat for each alloy.

The nominal (unnotched) loading conditions for both phases were determined from mission
history analyses perf ormed on several current Air Force engine models using a variety of
mission conditions. The unnotched loading conditions included cyclic stress ampli-
tudes, stress ratios (R = minimum stress/maximum stress), temperatures and cyclic dwell
times and stress levels. Nonlinear finite element analyses defined the disk and specimen notch
response to the nominal loading conditions. The finite element analyses were used to cali-
brate a simple notch model actually used in the life prediction method. Resulting values of
notch strain range and mean stress were used to characterize LCF life exhaustion.

A comprehensive LCF life exhaustion computer program was written utilizing the resulting
notch stress/strain response mooel , the LCF life exhaustion model including a cumulativ e
damage effects algorithm , and the dwell effects model that were developed by the research
program. The computer program estimates, on a cold (fan) or hot (turbine) component
basis, LCF life exhaustion as a function of component nominal mission load history, no tch
configuration , and material properties.

1.2 PROGRAM RELEVANCE

One of the major benefits possible through the development of a comprehensive tool for
• predicting component life exhaustion would be the improvement in premature retirement

of disks. Presently, the Air Force is replacing disks from engines which show no evidence
of measurable damage , based upon existing nondestructive inspection (ND!) methods. How-
ever , any method which promises greater part life inherently contains the risk of premature
failure . Consequently, the results of this program need to be carefully weighted to ensure
that applicatio n of th e predic tive tool does not increase failure probability for components
which currently are accurately accounted for under existing systems. Especially importan t
in this regard are high criticality components , such as disks, where failure can cause loss of
the entire engine. 

2
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Application of the prediction tool promises a better understanding of the application of
• testing procedures to verify accumulated damage in real hardware . Accelerated test proce-

dures which incorporate component normal operational fleet life exhaustion events on a one-
to-one basis are impossible to design. A realistic test which verifies design goals requires a
knowledge of how accelerated endurance damage accumulation is related to real time fleet
damage accumulation. Procedures developed within this program could result in significant
cost savings in designing endurance life verification tests. Development of these test proce-
dures promises savings in the elimination of redesigns during the development phase of engine
programs, as well as savings in avoidance of costly redesigns.

Recent occurrences of component failures resulting from fatigue related damage have had an
impact on engine development programs and fleet deployment. An example is the disk lug
ruptures which occurred during MQT endurance testing of the FlOG engine. The MQT
testing was subsequently ju dged to be very severe when compared to actual field usage. In
other instances, cracking of engine components has occurred within a few hundred hours of
operational use, even though thousands of hours of test stand running were accumulated on
the engine model. The cost of retrofit of component hardware following service introduction
and the attendant delays in full deployment are major concerns to both the services and the
manufacturer.

No less important is the long range impact of replacement of life exhausted components. In
the last 20 years, the cost of military fighter engines has multiplied by a factor of three to
five , based on adjustment to 1978 dollars.

Costs of replacing disks have risen accordingly, especially for complex turbine disks. These
increases are dictated largely by the requirement for higher stresses and lighter weight; this
requirement necessitates use of advanced alloys and machining of complex shapes. It can be
extrapolated from Figure 2 that replacement costs of future engines could reach five to ten
times today ’s fleet replacement costs. This program provides the essential effort to obtain a
comprehensive life exhaustion diagnostic tool to minimize the impact of the escalating costs
of component replacements.

5.0 v F100 Stainless steeI /-~ 7
• 1F30 nickel alloy

4.0 • ~~ 
turbine disks

Relative 3.0 -

re~lacement~~ 

~~~compressor disks

c — I -I.
1960 1910 1980

Year
• FIgure 2 Increased Replacement Costs of Compressor and Turbine Disks Are Due Largely

to Requirements for  Higher Stressed , Ligh ter , More Complex Disks
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1.3 MAJOR PROGRAM ACCOMPLISHMENTS

The Structural Life Prediction and Analysis Technology research program has successfully
establ ished a basis for LCF life exhaustion modeling relevant to Air Force needs. It was
established that unnotched SC specimens, together with a model for a workh ardened surface
layer in a machined component , can be used to predict the LCF life of machined BH
specimens. Further , nonlinear cumulative damage effects were clearly established for mis-
sion-relevant load histories, and these effects have been successfully modeled using a fracture
mechanics based methodology. The effects of dwell (creep) on LCF life were predicted using
a simple mean cyclic stress relaxation model. These accomplishments form the basis of the
cyclic life prediction algorithm.

Cost-effective numerical modeling of the bolt-hole notch was developed by calibration of
a simple notch model with detailed , nonlinear finite element results. The notch model
algorithm defines the cyclic stress (strain) conditions in terms of the strain range and mean
stress for the material adjacent to the notch. The research program clearly established the
validity of these variables for predicting LCF life exhaustion.

Finally, the resulting LCF life exhaustion model, incorporating all of these advanced fea-
tures , successfully correlated the full scale component test results. Mission simulation testing
of both sets of engine disks included important variations of load level , mission complexity,
and mission ordering. The resulting model has been converted to a computer program for
Air Force use.

The following report summarizes these accomplishments and describes the analytical and
empirical models in detail. The computer program is described in separate documents ”2 ~~

.

*Superscnpt numbers are references (see page 109).
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• SECTION II

MISSION SURVEYS AND GENERIC MISSIONS

In order to define specimen and component test parameters appropriate to the investigation
of bolt-hole fatigue behavior as experienced by service components , an extensive survey of
missions typically flown by F I l l  and F 15 aircraft was undertaken. The results of these sur-
veys and the selection of the relevant loading cycles for each phase of the effort are discussed
in this section.

2.1 PHASE I — FAN DISK MISSIONS

Phase I of the contract effort is restricted to the fan disk bolt-hole region. This restriction
permits us to neglect thermally induced stresses and relate bolt-hole loading and engine
operating conditions solely in terms of low rotor speed , N 1. On this basis, a typical missionj can be readily divided into distinct , activity associated blocks of subcycle activity , e.g., the
‘~Fouch and Go” activity of Figure 3.

Table 1 lists specific subcycle activities identified and characterizes each in terms of subcycle
speed excursion and frequency of occurrence for each aircraft. The data are derived from a
number of usage surveys performed by the Air Force and by Pratt & Whitney Aircraft and
is judged to reflect the mix of subcycle activity in the overall Air Force Fleet. Subcycle am-
plitudes and levels are identified as percentage of take-off maximum low-pressure rotor
speed (N1). The representation permits consistent comparison of subcycles experienced by
different disks from different engines. The objective was to set ranges of stress variation
(proportional to N 12 ) which, when applied to the test specimens and disks, reflect the range

- J of subcycle bolt-hole loading activity experienced in the Air Force Fleet.

Those subcycles which occur at least 100 times during 100 typical fleet missions are shown
in Figure 4. From this figure it is seen that the great majority (over 90 percent) of speed cx-
cursions have a maximum speed very nearly equal to the maximum take-off speed. Thus, an
“operating line” is defined along which nearly all significant subcycle activities lie.

Three generic mission pro files, Figure 5, have been defined utilizing the subcycle definition
— data discussed above. These profiles do not represent usage of a specific aircraft performing

identified activities but are instead a composite usage profile which reflects the range of sub-
• cycle level and frequency in the Air Force Fleet. This connectivity is made evident in Figure 4

where the generic mission subcycles can be compared to the activities experienced in actual
operation. In Figure 6, the missions are also compared to an operating band developed by a

- - Monte Carlo simulation of Air Force F 15 activity . The Monte Carlo simulation considers
only major subcycle activity and corresponds very nearly with our Mission B. Generic Mission A
shows a higher subcycle density since it includes a large number of smaller excursions which
the simulation neglects, 

- -~~~~~~~~-•~~.----~~~~~~~~~~~~~~---
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TABLE 1

SUBCYCLE ACTIVITY CHARACTERIZATION

Excursion Excursion Number of
• Max N 1 Min N 1 Excursions

Aircraft Engine (% of T/O N 1) (% of T/O N 1) per 100 Flights

F i l l  TF3O-P-7 100 0 167
98 58 100
98 43 466
85 60 100
85 55 133

TF3O-P-3 100 0 100
100 74 2825
98 45 475
97 53 100
97 74 100

TF3O-P-9 100 0 100
97 62 2825
9 44 4
98 53 100
91 65 100

TF3O-P- l OO 100 0 100
96 52 63
88 52 63
96 88 450

F , 95 86 450
98 59 360

• 75-90 75-90 Random *

97 67 62
93 82 16
97 89 10
78 62 10

100 78 15
97 62 360

• F-l5 Fl00 100 0 100
I I 100 49 100• I ] 99 41 200

Y 100 50 700

This is the random portion of TFR Activity , and therefore it is difficult to assign a number
of significant excursions to the significant N 1 variations.
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Figure 4 Subcycles Which Include Over 90 Percent of Speed Excursion Define an
“Operating Life”
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• Figure 6 Comparison of Generic Missions and Simulated Usage in Terms of Accumulated
Subcycles Versus Number of Flights

The loading spectra of Figure 5 have been used as the basis for the test program including
both specimens and components. In addition a computer generated random loading sequence

• corresponding to a ±7 percent power lever angle (PLA) excursion was used to investigate
damage accumulation during a terrain following radar (TFR) activity. Specific operating
line levels were chosen to provide for loading levels and test durations of interest and will

• be detailed in subsequent sections of this report.

2.2 PHASE 11— TURBINE DISK MISSIONS

Turbine disk bolt-hole stresses respond to both mechanical loading (high-pressure rotor
speed , N2) and local temperature gradients. Unlike the fan disk bolt-hole response discussed
in the previous section, turbine disk stress excursions during a mission are not generally pro-

• portional to N 22. In order to properly evaluate the mission usage of turbine disk bolt holes,
• a complete fl ight analysis, including the effects of changing rotor speed and temperature

gradients, is essential. Such analyses have been performed for four turbine disks and serve
as the basis for selection of relevant test loadings in this program .

Figure 7 shows the stress response of the TF3O-P-100 third-stage turbine disk bolt hole as
used in the Training Mission shown in Figure 3. Also noted in Figure 7 are the approximate
bolt-hole operating temperatures during the various mission activities. The effect of changing
disk thermal gradients during an activity are apparent in the “bomb-run” and “touch and
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go” activities. Rapid air maneuvers can set up transient therm al gradients which may require
several cycles to reach a steady state condition. It is also apparent that simple scaling by
N2 would not predict the actual stress response. The principal events in the stress history
can be grouped as follows: 1) a maj or cycle consisting of a take-off and landing; 2) subcycles,
of vary ing severity (for example , the touch and go activity constitutes a major subcycle
while the TFR activity results in a minor subcycle); 3) periods of “dwell” at high stress
occurring during “climb” activities; and 4) periods of “dwell” at low stress occurring during
“app roach” or “taxi” activ ities. -

0 40 60 80 100 120 140 160 180 200 220
runs (siuts sl

I-T -OIiN ---I I—Tffi Hio~~~~~~~~~~~ +~~~~ IA~irnsd~ T~~~$Co~~-LaE~~
-

~
T*soff

.I o~~~~~~ 
551 F) j~ O’)~~ ~~~~82O1 

- , _~~~~ ~~ 2O1 (500’F) _ 
- 

(5501
0 45 60 80 100 120 140 160 100 200 220

Figure 7 TF3O-P-100 Low-Pressure Turbine Disk Stress History During a Training Mission

Principal stress events for the four disks analyzed are shown in Table 2. The TFR activity is
listed as the minor subcycle for the TF3O-P- 100 low-pressure turbine (LPT) disk because its

• amplitude is compara ble to both TFR and bom b-run activities, thus representing a significant
damage event which is substantially different from the major subcycle. It should also be
noted that since actual TF3O-P-9 and TF3O-P- 100 high-pressure turbine (HPT) disks do not

• have bolt holes, the nominal stresses and temperatures listed in Table 2 were computed at
• a typical bolt circle radius.

Three generic missions were chosen to represent the principal stress events listed in Table 2.
These missions are shown in Figure 8, and their principal events for the Ferris Wheel (F/W )
disk used in this program are also listed in Table 2. Absolute levels of stress will be discussed
in subsequent sections of this report . Low stress dwell is not included in these missions
because the low stress and temperature levels were judged insufficient to produce significant
time dependent material response. The generic missions serve to investigate the interaction

of dwell periods and subcycles and the effect of stress “overloads” on the dwell effect.
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SECTION III

TEST PROGRAM OVERVIEW

The development of the cumulative damage models in the contract involved three major
areas of fatigue testing and prediction. First , basic material fatigue data were obtained for
simple cycle loading. Cumulative damage specimen tests were conducted next to identify
the cumulative damage mechanisms. Finally, the cumulative da mage models were substan-
tiated with complex mission testing of component-like disks.

3.1 SIMPLE CYCLE FATIGUE TESTS

The Strain Controlled (SC) specimen shown in Figure 9 was used to develop a basic simple —

cycle fatigue life prediction equation. This specimen was used because gage section stresses
and strains are known explicitly for each test and thus allow the development of a fatigue
system which is independent of notch geometry and notch stress/strain estimation. The SC
specimens were electrochemically machined to achieve a stress free surface.

• - ,  

2 • I ’~~~~~~~~~
— — —

~~~~

fl~~’ .III~~.

Figure 9 Strain Controlled (SC) Specimen ( 77-551-9091)
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The Bolt Hole (BH ) specimens shown in Figures 10 and 11 were used to find the relation
between the simple cycle LCF behavior of bolt holes and the smooth SC specimens. From
these back -to-back tests , the presence of a bolt-hole surface residual stresses was inferred in
both the PWA 1216 and PWA 1057 bolt holes. A surface residual stress algorithm which ac-
counts for the effect of the residual stress and the cyclic hardened condition of the surface
layer was developed and is described in Appendix B. The use of this algorithm showed that
the basic fatigue behavior equation developed with the SC specimen was applicable to the
BH specimens as well. This merging of the SC and BH fatigue data confirmed the expecta-
tion that fatigue behavior prediction can effectively be transferred from specimens to corn-

• ponents if the local notch mechanical conditions are accurately known.

• 

‘S

I~ 
5.50 NOM . r 1

ip~ 4\
~~~~~~~~~~~~~~~~~~ 6 NOM .

0.6255 DIA. 0.291 DIA .

0.50 NOM .
0.145

I ‘~~~~~~~ _ _ _

I I I I I I I
I I ~~~~~~~~~~ I I -

Figure 10 Phase I Bolt I/ole (BH) Spec imen , K T = 2. 55 (77-551-9898-5)

14

• -~~~~~ - •-~~~~~~~
- -

~~~~~~~~~~~~~~~~~~~~~
-

~~~
-.-



_ _ _ _ _  

- -~

- -

5.760

4) 
_ _
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0.150

F igure 11 Phase II Bolt Hole (BH) Specimen, K~ 
= 2.34 (XPN-15021)

• The simple cycle bolt-hole test conditions were chosen to simulate principal component
usage identified in the mission surveys discussed in Section II. Bolt-hole specimen loading
cycles are shown schematically in Figure 12.

In Phase I testing, the principal features were major cycle tests corresponding to take-off
• and landing and various amplitudec of subcycle testing corresponding to in-fligh t activities.

Two levels of maximum nominal stress 
~
5max~ 

were evaluated in the major cycle tests, and
two levels of nominal stress rar~ge, ~ S, were tested in the subcycle tests. All tests were con-
ducted at room temperature.

In Phase II , major cycle tests with and without the effect of high stress dwell , and subcycle
tests without dwell were conducted. Three levels of Smax and three levels of ~ S were eval-
uated. All tests were conducted isothermally at 900°F to simulate engine environment.

Details of the testing and fatigue model are discussed in Section V.
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Figure 12 Simple Cycle Bolt Hole Tests

During Phase I , a limited number of simple cycle LCF tests were conducted using the notched
round bar (NRB) specimen shown in Figure 13. However , elastoplastic finite element analysis
of this specimen showed that the stress-strain response of the notch was significantly different
in character from the response of either the SC or BH specimens due to a very high degree of
biaxiality in the notch. These results were previously reported3. The incorporation of the
data was therefore inappropriate for the development of a bolt-hole life prediction model.
Consequently, no NRB tests were conducted during Phase II of this contract , and NRB

• behavior will not be considered in this report.

3.2 CUMULATIVE DAMAGE TESTS

Cumulative damage investigations were conducted using various combinations of test condi-
tions already characterized in the simple cycle testing program. Only two sorts of cumulative

- - damage tests are possible; block loading or sequenced tests as shown schematically in Figure
- • 

14. Nearly all testing was of the block loading type in which load c rdering effects can easily be
observed . The sequenced test does not evaluate the effect of order ng.
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Figure 13 Notched Round Bar (NRB) Sp ecimen
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pcysis

Time — ruue

Figure 14 Cumulative Damage Bolt Hole Tests

In both Phase I and Phase II, the block loading tests revealed a strong influence due to order -
ing which was modeled successfully by double-damage concepts. In Phase II, the effect of
the dwell cycle was also found to be modeled properly by double-damage concepts.

The test conditions were chosen to reflect the ordering effects of interest identified by the
mission surveys. For example , the effect of a stress overload following a dwell cycle was in-

• vestigated in both block loading and sequenced tests during Phase II.

Details of the cumulative damage specimen testing are discussed in Section VI.
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3.3 FERRIS WHEEL DISK TESTS

The cumulative damage models developed in the specimen test program were verified by test-
ing of full-size disk-like components in a “Ferris Wheel” (F/W ) which simulates engine loading

• through radially applied loads at the disk rim. The Phase I tests were conducted at room tem-
perature, while the Phase II tests were conducted at 900°F without temperature gradients
at the bolt circle.

Four disks were tested in Phase I and three disks in Phase II. The generic missions shown in
• Figures 5 and 8 were used as the basis for disk loading. The effects of mission mixture and

different maximum load levels were included to provide a reasonably comprehensive test of
the cumulative damage prediction model.

The F/W tests are discussed in detail in Section VI.

-H
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• SECTION IV

CHARACTERIZATION OF LOCAL NOTCH BEHAVIOR

Accurate characterization of local bolt-hole mechanical conditions such as strain range and
mean stress is fundamental to accurate LCF life prediction of the hole. Because the oper-
ating load levels for engine disks often result in local plastic deformation at the bolt hole,

• etastoplastic stress analyses are essential. In addition, the operating temperatures and stresses
in turbine disk bolt holes are often sufficiently high to cause time dependent material non-
linear behavior. Calculation of local notch stresses and strains in the presence of these two
nonlinear effects are described below.

4.1 ELASTOPLASTIC ANALYSIS

Two nonlinear models were used in this contract to predict local mechanical variables for
both monotonic and cyclic plastic response. The first model is the well-known Neuber
model4 . The stress concentration and strain concentration factors, given by

K0 = a/S,

cE/S

are related by the elastic value of the stress concentration factor , Kt

( I )

Equation ( I )  defines a Neuber hyperbola for a given applied nominal stress (S). The inter-
section of the Neuber hyperbola and the stress-strain curve defmes the local notch stress and
strain values as shown in Figure 15.

,
NIIE&Tr.31-Ve

J o ,~~~ E = (K~S,~-,~ )2
S’jess~s~.rai ‘<‘A

Strain 6

Figure 15 DeterminatIon of Local Cyclic Conditions by the Neuber Calculation
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The second model is an elastoplastic finite element analysis using the MARC* computer
program. The finite element analysis was judged to be the most accurate characterization
method , bu t was too cumbersome for routine calculations. The Neuber notch model was
judg ed to be extremely efficient , but had to be modified by the finite element results to
obtain necessary levels of modeling accuracy.

Comparison of the two models for the BH specimens is shown in Figures 16 and 17 in terms
of the local strain concentration (K € ) and stress concentration (K0) factors. The comparison

• is made at a material location just below the bolt-hole surface which corresponds to the loca-
• tion of the nearest finite element stress solution point. The comparison is judged to be valid

also for the bolt-hole surface itself. The comparison is given for both the monotonic stress-
strain curve and the hysteresis curve for the material tested in Phase I and for the monotonic
curve used in Phase II. Details of the stress-strain curves are given in Appendix A. It is prop-
erly concluded that the Neuber model gives good results for local stress and strain values so
long as the stress-strain curve exhibits a high degree of strain hardening (i.e., the stress-strain
curve is relatively “steep”) and can , therefore be used with the hysteresis curves. However,
use of the Neuber model with the monotonic curves (low strain hardening) is seen to lead to
significant over-estimation of strains. Figures 16 and 17 can be used to modify or correct

I 

.
the Neuber calculation. The Neuber correction curves for the bolt-hole specimens responding
to the monotonic stress-strain curves are given in Figure 18. The Neuber approach , properly
corrected for use with the monotonic stress-strain curves, was used in both Phase I and
Phase H of the contract.

—Anfte &ement r~~~
~~ -Neuber ca~~ation a

3.0 -
monotonóc

- ~~~j curve
2.8 / / €

/ /

/ I,
//

t:~~=~ 
0/ 

€

1.8 - 

I I I  e
70 80 90 100

S Nominal stress , KSI -

• Figure 16 Finite Element Results Versus Neuber Calculation for PWA 1216 Materidl

~The MARC general purpose, nonlinear finite element code, MARC Analysis Corpora tion ,
Providence , R. I.
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4.2 BOLT-HOLE SURFACE LAYER RESPONSE

In both Phase I and Phase II of the contract , recognition of a bolt-hole surface layer was
crucial. Machining of the BH specimens and FIW disk bolt holes is known to introduce corn-
pressive surface residual stresses. A surface layer response algorithm was developed which
accounts for the effects of an initial stress state, a0, and the cyclic hardened condition de-
veloped in the surface layer during the machining operation. Appendix B provides an explan-
ation of this algorithm.

The modified Neuber approach described in the previous section was used in conjunction
with this surface layer algorithm to calculate the stress response of the surface layer and the
underlying subsurface material during fatigue testing. Figure 19 illustrates the method for
two cycles of loading of a bolt-hole specimen. Stress and strain values during the cycle for
this example are listed in Table 3. The modifie d Neuber approach is used to calculate the
subsurface stress and strain at point A since the low-hardened , monotonic curve is involved.
Subsequent stress excursions , from A to B and from B to C for both surface and subsurface ,
follow the high-hardened, hysteresis curve, so the Neuber calculation need not be modified.

Load htstoiy Subsurface response

0 B ~~~~~~~ //
/~o.o1o e, Stram (m iNi .)

oo~~3oO ~ (~~ ~~~~A ,C

o
L—J ~~~o~+ 2Ol - I /

Surface layer
00+1:1 response

e
~ 

e0 + 0.010 Strain (mile.)

Figure 19 Surface Layer Plastic Response
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TABLE 3

SURFACE AND SUBSURFACE STRESSES AND STRAINS
FOR ILLUSTRATIVE EXAMPLE

Surface Layer Subsurface Layer
Reference Point
in Load History Stress Strain Stress Strain

0 a
~ to 0 0

A ao + C ( ~) 2 +e 0B + a (i’) - a (&) - ~~ + 
~ 

(~
) -a (

~ €) -

C a0 + a ( ~) 
~~(~

‘)

4.3 STRESS RELAXATION

The temperatures and stress levels experienced in turbine disks and in the test conditions of
Phase II were sufficiently severe to cause noticeable creep in a standard creep specimen as
reported in Appendix A. In a strain controlled environment, the material’s nonlinear behavior
will be exhibited as a stress relaxation. Two cyclic relaxation tests of the Phase II material,
PWA 1057 , were conducted using the SC specimen shown in Figure 9. These data , reported
in Appendix A, showed that the mean stress during cycling decayed exponentially and the
relaxation of the mean stress, 

~R’ could be written as

J a R a ~~(e O.OO2T
~ l) (2)

where : a~ is the time averaged mean stress in the first cycle and T is the total time spent
• at the maximum strain limit during cycling.

Since all testing under Phase II was isothennal, the assumption is made that the exponential
decay rate is the same for all stress levels and the relaxation is given by (2). A complete
derivation of for complex missions and simple cycle tests is provided in Appendix C.
The relaxation of both surface and subsurface stresses is recognized fully in the simple cycle
and complex cycle LCF life predictions in the Phase H effort .
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SECTION V

SIMPLE CYCLE LJFE MODEL

A mathematically simple model has been used to correlate the simple cycle LCF data. The
model recognizes that LCF life is dependent upon the severity of the hysteresis activity ex-
perienced locally, measured in terms of the local strain range, Ac, and the mean stress value,

at which this activity occurs. The life correlating model is given by

Co
N = A A e B l0 m (3)

where N is the LCF life, and A, B, and C are material dependent constants. Constant life
curves from (3) are shown in Figure 20.

This section discusses the specific use of ~~ in correlating the simple cycle LCF data in
Phase l and Phase H.

Stain range

Mean stress—a m
Figure 20 Constant Life Curves

5.1 PHASE I — SIMPLE CYCLE LIFE CORRELATION

During Phase I PWA 1216 strain controlled specimens (Figure 9) of a single heat code (CAAZ)
were cycled between fixed strain limits and periodically inspected to establish the number of
cycles, N, needed to initiate a 1/32 inch surface length crack. Table 4 provides a list of test
conditions and resulting LCF lives for each specimen. Also included in Table 4 are the cor-
responding values of stress and strain occurring during the first loading and during subsequent
cycling between the strain limits. The values of stress listed here were obtained directly from
the monotomc and hysteresis curves given in Appendix A and do not involve any nonlinear
analysis. The mean stress level, 0m’ is given by

= — 

~~~~ 

a (Ac) (4)

where ~ is the maximum stress occurring during the first loading cycle obtained from the
monotonic stress strain curve, and u (Ae) is the cyclic stress resulting from the strain excur-
sion Ac obtained from the hysteresis stress strain curve.
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The logarithmic form of (3),

log N = log A + B log Ac + CU m (5)

lends itself to standard multivariate linear regression techniques in which log Ac and 0m are
treated as the independent variables. Appendix D contains a discussion of multivariate re-
gression analyses. The constants log A, B, and C determined by such an analysis can be iden-
tified in the following equa tion.

log N = —8.0979 — 6.73 19 log Ac — 0.020306 
~m (6)

TABLE 4

PHASE I STRAIN CONTROLLED SPECIMEN
SIMPLE CYCLE LCF DATA

Strpin limits First Loadii~g Subseauent Loading Actual Predicted
Test 

~min ~max ‘

~~ 
Ac o(Ae) 0m Life Life*

Condition (in/in) (inlin) 
~~~ 

(inlin) (in/ in) ]ç~j~ jj~~ (cycles) (cycles)

SC1 0.0000 0.0157 179.9 0.0157 0.0157 253.3 53.3 740 960
0.0000 0.0157 1 79.9 0.0157 0.0157 253.3 53.3 750 960
0.0000 0.0157 179.9 0.0157 0.0157 2~3.3 53.3 850 960

SC2 0.0030 0.0155 179.8 0.0155 0.0125 212.0 73.8 1,800 1,700
0.0030 0.0155 179.8 0.0155 0.0125 212.0 73.8 2,000 1,700
0.0030 0.0155 179.8 0.0155 0.0125 212.0 73.8 2,400 1 ,700

SC3 0.0062 0.0155 179.8 0.0155 0.0093 162.8 98.4 2,800 3,800
0.0062 0.0155 179.8 0.0155 0.0093 162.8 98.4 2,800 3,800
0.0062 0.0155 179.8 0.0155 0.0093 162.8 98.4 3,400 3,800
0.0062 0.0155 179.8 0.0155 0.0093 162.8 98.4 3,600 3,800

SC4 0.0010 0.0 103 173.3 0.0103 0.0093 162.8 91.9 5,700 5,200
0.0010 0.0103 173.3 0.0103 0.0093 162.8 91.9 8,700 5,200
0.0010 0.0 103 173.3 0.0103 0.0093 162.8 91.9 9,400 5,200

SC5 0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 6,600 8,600
0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 8,000 8,600
0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 11 ,000 8,600
0.0000 0.0093 162.8 0.0093 0.0093 162.8 81.4 11 ,500 8,600

SC6 0.0002 0.0093 162.8 0.0093 0.0073 127.8 98.9 12,500 19,100
0.0002 0.0093 162.8 0.0093 0.0073 127.8 98.9 18, 100 19,100

• using equation (5 )  with fatigue constants (10)
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The SC data correlation and the 95 percent confidence band is shown in Figure 21. The con-
fidence band shows the limits of lives within which a data point would be expected to fall
95 percent of the time based on the accuracy of the prediction model (6). Figure 21 shows
that the good correlation has been achieved for the data set taken as a whole and that the
correlation of individual groups of data is quite consistent.

l0~ - 

/
/ /

/ 7
/ 7,

1o~~
. 

/ 7 ’

/ 7,’
/ Z,’ ~‘—95% confidence band

Predicted
life 10’
—

, _
~mn/

io3 .
, / / OSC di n
, 7,
/ 1

102 1o~ ie~ io~
• Actual life — cycles

Figure 21 Phas e I Strain Controlled (SC) Data Correla tion

Figure 22 compares the Weibull distributions for the data as correlated with (6) and for a
“perfect” correlation model. (See Appendix D for further discussions of the Weibull distil-
bution .) The additional scatter introduced by the correlation model (indicated by the de-
crease in slope ~3) is not judged to be excessive, especially in view of the relative simplicity
of the correlation model. Furthermore, the Weibull distribution is continuous, and Table 4
reveals no patterns of consistently poor correlation for any particular subset of the data.
The overall correlation is judged to he very good.

Bolt-hole specimens, as shown in Figure 10, were loaded cyclicly between fixed nominal
stress levels and periodically inspected to establish the 1/32 inch crack life. Table 5 lists
the test conditions and actual lives. Included in Table 5 are the stresses and strains used
to characterize the local notch behavior. The values are calculated using the appropriate
modified Neuber calculation and the surface residual stress algorithms discussed in Section
IV and Appendix B. Figure 23 illustrates the hysteresis activities for each test condition in
a-c space. The mean stress of the surface layer is given by

= a0 + a (~) — a (Ac) (7)

The value of a~ is not known explicitly but was found through regression techniques as fol-
lows.
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The mean stress for both SC and BH specimens is composed of two parts: a~ , an initial
stress state , and 0a’ the stress excursions from the initial stress state to the mean stress level.

• 

• 
That is

am ao + a a (8)

where 0a = ~ for SC specimens

= a (~~
)  — — a (Ac)  for BH specimens

For the electrochemical ly machined SC specimens, a~ 
= 0 while a~ ~ 0 but is unknown for

the BH specimens. (5) can be rewritten as

log N = log A + B log Ac + C (D a~ + aa) (9)

where D = 0 for SC specimens
D = 1 for BH specimens

This equation reduces to (3) for the SC specimens. A multivariate regression analysis with
three independen t variables , (log Ac, 0a’ and D) for each data point , will yield the constants
log A , B, C and Ca0 for the combined BH plus SC data set. The value of a

~ 
can then be

easily calculated. The values for such a regression analysis are as follows:

log A = —8.0508
B = —6.7 195 (10)
C = —0.020476

= —136. 1

It is clear that the material fatigue constan ts, log A, B, and C, agree very closely with those
obtained from considering the SC data only, (6). Predicted values of life using constants
from the combined data set , are shown in Tables 4 and 5. Figure 24 shows that the overall
correlation of the combined data set is excellent; all data points lie well within the 95 per-
cent confidence band expected for SC data only, and the mean lives of each data set are cor-
related very well. The Weibull plot of Figure 25 shows that the scatter in the overall correla-
tion is not significantly larger than the inherent scatter in the data. It is, in fact , closer to
the scatte r in a perfect correlation than was achieved by the SC data alone , see Figure 22.
This is due to a better defin ition of the scatter resulting from a larger population and the
obvious success of the merger of the BH and SC data sets. Thus, the correlation is judged to
be very good , and it is clea r that the correlation model adequately accounts for the major
fatig ue influencing parameters .

28

- — — -——- - ----- .~~~~~~~~~~~~~ •- -———• - --- —-~ —- - —— _—-• —— - ~~ _ .  • • • •~~~ 
- -



-r — r ~ r ~~~~~~~~~~~ 
— 

-‘
-

Scatter un Pt%ase l Scatt erma
SC correlation ~rtect correlation

f3 = 4.3 13 = 1.0

!1~~ 
-

10 —‘ 10
0.1 1.0 2.0 0_ i 1.0 2.0

Actual life Actual life
Correlation model iile Avg. life at each condition

Figure 22 Phase I SC Correlation Weibull Plots

TABLE 5

PHASE I BOLT-HOLE SPECIMEN
- ; SIMPLE CYCLE LCF DATA

-
~ 

• Nominal First Loa4~~g
Stress Suh~irfaee Surface Subsequent Loading Actual Predicted

Test Limits 6 2 a (2) i~e a (se) 0m~ ~o Life Life t
Condition i~iL ~~ fi~.thnJ th~ . ~ iL!n) .~~~~) ~~~~ (cycles) (cycles)

BHI 50 ± 50 181.5 0.0191 279.0 0.0151 246.1 156.0 4,500 6,000
50 ± 50 181.5 0.0191 279.0 0.0151 246. 1 156-0 5,300 6,000
50± 50 181.5 0.0191 279.0 0.0i5 1 246.1 156.0 5,600 6,000
50± 50 181.5 0.0191 279.0 0.0151 246.1 156.0 5,800 6,000
50 ± 50 181.5 0.0191 279.0 0.0151 246.1 156.0 6,000 6,000
50 ± 50 181.5 0.0191 279.0 0.0151 246.1 156.0 6,500 6,000
50± 50 181.5 0.0191 279.0 0.0151 246.1 1 56.0 7,200 6,000
50 ± 50 181.5 0.0191 279.0 0.0151 246. 1 156.0 7,400 6,000

• 50 ± 50 181.5 0.0191 279.0 0,0151 246.1 156.0 7,600 6,000

BH~2 60± 40 181.5 0.0191 279.0 0.0119 203.0 177 .5 10,000 10 ,800
60 ± 40 181.5 0.0191 279.0 0.0119 203.0 177.5 13 ,900 10,800

8113 70 ± 30 181.5 0.0191 279.0 0.0088 157.6 200.2 23,500 28,100
70 ± 30 181.5 0,0191 279.0 0.0088 157.6 200.2 31,000 28,100

BH4 40± 40 179. 1 0.0127 214 .8 0.0119 203.0 113.3 157 ,000 223,000

* u~ ng equatIon (5) wIth fatigue constants (10)
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The value of a0 resulting from the regression must be evaluated in terms of its physical in-
terpretation in the surface layer algorithm ; the value of —136. 1 ksi is certainly a reasonable

• value for a residual surface stress.

The close agreement of the fatigue constants and the reasonable value of 00 indicate that
the surface layer algorithm is reasonable. In order to further evaluate the algorithm, an at-
tempt was made to predict the RH data using mean stress values given by (4) (i.e., the value
of 0m as if no surface layer were present) and (6) developed for the SC data alone. The re-

• - suits of this attempt are shown in Figure 26. It is obvious that a very significan t improve-
ment is achieved by the use of the surface layer residual stress algorithm.

Several important conclusions were made from the above analyses:

I) The local mechanical parameters, strain range, Ac, and mean stress, 0m’ as used in
the life model (3) are the principal variables affecting.the fatigue life in bolt-hole-
like regions.

2) The constants A, B and C are basic material fatigue constants that can be deter-
mined from well controlled SC testing. This suggests an alternate approach to
finding the value of a~ for a notch ; with material constants A, B, and C known
from SC tests, the value of a~ can be evaluated by using (9). This approach was
used in Phase II.
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3) A work hardened surface layer with an initial stress state is present in the bolt
holes, and the surface layer algorithm of Appendix B adequately models its be-
havior.

4) Accurate calculation of Ac and 0m is essential to accurate fatigue prediction and
is a fundamental link in translating specimen fatigue results to component life
prediction.
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Figure 26 Prediction of Phase I BH Data Without Consideration of Surface Layer

5.2 PHASE I I —  SIMPLE CYCLE LIFE CORRELATION

- - During Phase 11 testing, the element of elevated temperature effects was added to the inves-
tigation of fatigu e behavior. All tests were conducted isothermally at 900°F using a single
heat code ( XNNZ) of PWA 1057. The basic approach in the investigation remained essen-
tia lly the same as that followed in the Phase I room temperature testing. That is, the same
life correlating model (3) was employed , an d SC tests were used to establish the material’s
fatigue constants A, B, and C. Next , bolt -hole testing, with appropriate accounting of sur-
face layer and stress rela xation , was evaluated against the fatigue model.
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Table 6 lists the individual SC test conditions and resulting 1/32 inch crack lives. As noted
in Appendix A, the PWA 1057 material hysteresis curves were dependent upon strain range
and, in general, showed more variability than the PWA 1216 room temperature behavior,
thus making calculation of mean stress levels from standard material curves more difficult
than in Phase I. In addition, even small temperature fluctuations while testing in a strain
controlled mode caused noticeable variations in recorded specimen load levels. Consequently,
the average mean stress values for each test condition were obtained from the load records
of each test and used in the data reduction. The regression analysis of these data , using the
logarithmic form of (3), yielded the material fatigue constants as follows:

log A = —6.0796
B —4.8057 (1 1)
C —0.013647

TABLE 6

PHASE II STRAIN CONTROLLED SPECIMEN
SIMPLE CYCLE LCF DATA

Actual Predicted
Test Specimen e in 6max Ae Life Life

Condition Number (ii~’)in) (in/in ) (in/in) Q~~ 
(cycles) (cycles)

Sd 1057-9 0.0000 0.0140 0.0140 2.0 900 600

SC2 1057-12 0.0050 0.0140 0.0090 27.0 2300 2400
1057-18 0.0050 0.0140 0.0090 41.5 1000 1 500

r SC3 1057-20 0.0042 0.0118 0.0076 34.5 3000 4300
1057-2 1 0.0041 0.0119 0.0078 39.0 1600 3300
1057-23 0.0042 0.0118 0.0076 42.5 2600 3400
1057 25 0.0043 0.0121 0.0077 56.0 2000 2100

- 

- SC4 1057-22 0.0000 0.0098 0.0098 26.5 2000 1600
1057-24 0.0005 0.0098 0.0093 42.0 2000 2600

SC5 1057-2 7 0.0022 0.0098 0.0086 44.0 1000 1800
1057-28 0.0022 0.0099 0.0087 48.5 2300 1500

SC6 1057-36 0.0025 0.0090 0.0065 40.0 7000 7700

SC7 1057-30 0.0003 0.0079 0.0076 40.5 6000 3600
1057-3 1 0.0002 0.0079 0.0077 32.5 6000 4300

SC8 1057-3 2 0.0015 0.0078 0.0063 57.0 9000 5200
l057-3~ 0.0015 0.0080 0.0065 46.0 8500 6400
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The overall correlation is shown in Figure 27. The Weibull curves in Figure 28 compare the
degree of scatter in the correlation to the best estimate of perfect correlation. It is seen that
the increase in scatter introduced by the correlation model is comparable to that observed
in Phase I. And again, no patterns of overprediction or underprediction are apparent from
Table 6. As expected , the higher degree of variability associated with high temperature
testing and material behavior is reflected in a larger degree of scatter in both the material’s
inherent scatter and in overall data correlation. -

As concluded in the Phase I testing, the constants ( i i )  were viewed as material constants
and were used directly in the correlation of the BH data. However, there is a significant dif-
ference in the nature of the BH tests between Phase I and Phase II which must be recog-
nized.

The high temperature environment caused relaxation of the mean stress in the bolt-hole re-
gion. Since the mean stress has been identified as a primary fatigue correlating variable, re-
laxation models had to be incorporated in the characterization of the mean stress. Of the
several models investigated , the model discussed in Appendix C and in Section IV was

- 
- judged to be the most straigh t-forward and reasonable. This model was developed from di-

rect observation of cyclic relaxation tests, and employs a single decay rate , a & 0.002 hr 1),

which is viewed as characteristic Qf the material’s behavior at 900°F.
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The BH test conditions were selected to span the range of load levels and nominal stress
ratios, R5, pertinent to actual component usage as described in the mission surveys (Section
H). The test conditions and actual lives are given in Table 7, and the sur face and subsurface
stress conditions are shown in Figure 29.

Prior to incorporating either the mean stress relaxation model or the surface layer algorithm
into the calculation of BH mean stresses, an attempt was made to predict the BH data using
the fatigue constants (1 1) and mean stress values given by

— .4~
. a (Ac) (12)

that is, as if neither a surface layer nor stress relaxation were present in the BH specimens.
Figure 30 shows the results of this prediction. It is clear that (12) does not adequately de-
scribe the mean stress.

Incorporating the surface layer mean stress algorithm in the life equation for the BH speci-
mens

a
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TABLE 7

PHASE II BOLT HOLE SPECIMEN
SIMPLE CYCLE LCF DATA

Nominal First Loading Predicted
Stress Subsurface Surface Subsequent Loading Actual Life

Test Limits ~ a(~) Ac o(Ae) t1/t2 Life Eq. (16)
Condition (ksi) (ksi) (in/in) (ksi) (in/in) ~~ (seconds) (cycles) (cycles)

BH I 42 ± 42 144 0.0081 224 0.0068 196 2/2 15,700 55,800
144 0.0081 224 0.0068 196 2/2 49,000 55,800

BH2 50±50 148 0.0112 273 0.0082 229 2/2 7,000 9,300
148 0.0112 273 0.0082 229 2/2 8,000 9,300
148 0.0 112 273 0.0082 229 10/ 10 6,000 9,300
148 0.0112 273 0.0082 229 10/ 10 8,000 9,300
148 0.0112 273 0.0082 229 10/ 10 8,500 9,300
148 0.0112 273 0.0082 229 10/ 10 9,000 9,300

BH3 55 ± 55 150 0.0136 294 0.0092 246 2/2 5,000 3,600
150 0.0136 294 0.0092 246 2/2 6,000 3,600

BH4 80± 30 150 0.0136 294 0.0048 140 2/2 > 64,000 16,700
150 0.0136 294 0.0048 140 2/2 > 64,000 16,700

BH5 70± 30 148 0.0112 273 0.0048 140 2/2 185,000 32,900
148 0.0112 273 0.0048 140 2/2 > 185,000 32,900

BH9 72.5±37 .5 150 0.0136 294 0.006 1 175 2/2 72 ,400 8,700
150 0.0136 294 0.006 1 175 2/2 96,000 8,700

BH7 50 ± 50 148 0.0112 273 0.0082 229 105/2 30,000 36,900
148 0.0112 273 0.0082 229 105/2 55,000 36,900

BH6 5 5 ± 5 5  150 0.0136 294 0.0092 246 105/2 8,000 16,300
150 0.0136 294 0.0092 246 105/2 9,000 16,300

a
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log N = —6.0796 — 4.8057 log Ac — 0.013647 (a0 + a(s) — -i-- a (Ac)) (13)

provides a method for evaluating o~. Equation (13) was used to find a value of Oo for each
of the major cycle, rapid (i.e., no dwell time) test conditions (conditions BH 1, BH2 , and
BH3). The average value was found to be L_ 160 ksi. This value is reasonably close to the
compressive strength of the material , and consequently seems to be a reasonable value for
a residual stress. The dwell test data (conditions BH6 and BH7) were not included for cal-
culating 

~0 in order to preclude the possibility of relaxation modeling inaccuracies aff ~~ting
the Go determination. The subcycle conditions BH4, BH5, and BH9 were not included for
reasons that will be discussed shortly.

With a~ established , the relaxation model discussed in Appendix C was used to calculate the
mean stresses during the dwell tests. For the simple cycle tests, the relaxation of the mean
stress can be written as

= {ao +a(~) — -
~~

- a (Ae) (1 + 
t2 t

:)  }(e~ T — 1) (14)

and the instantaneous mean stress can be written as

0m = a~ e~~T — ~ a(Ae~~~
2 - ~1_~~e~~T 

— 1) (15)_

lwhere a~ = o~~+ o(e) — -~-. a (Ae)

a = 0.002 hr 1

Figure 31 shows the relaxation of the mean stresses for the simple cycle BH test conditions
as calculated from (15). The minimum allowed stress, °L’ as discussed in Appendix C was
taken to be -160 ksi. Substituting (15) into the mean stress term of (13) gives a life equation
for both rapid and dwell BH test conditions as:

log N = —6.0796 — 4. 8057 log Ac

—0.013647 e~~
0
~

2T —! o(Ae) (
~ 

t

1) ~J 002T — 1)] (16)
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Since i is a function of N, an iterative procedure was used to find the predicted life. Result-
ing predicted f’ Lgue lives are listed in Table 7, and the resulting correlation is shown in
Figure 32. The orrelation of both rapid and dwell major cycle data is good with the single
exception of one specimen tested at condition BH 1. This specimen failed much sooner
than expected and lies outside of the 95 percent confidence band established by the SC
data; all other major cycle data lies well within the confidence band. This single data point
is suspected as a statistical “outlier”. Figure 33 compares the Weibull distributions resulting
from the correlation model to the hypothetical ~‘perfect” model for the SC and the major
cycle BH data. The single data point suspected as an outlier is indicated in the plot but was
not included in determining the slope of the distribution. Its position suggests even more

4 strongly that it is an outlier. Once again, the quality of the correlation model is judged to be
good for the major cycle data based on the results shown in Figures 32 and 33.
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The principal influence in correlating the rapid cycle test points is the recognition of the sur-
face layer since very little relaxation takes place for those data points (see Figure 31). It is

4 clear ‘1- ;It a surface layer does exist in the bolt-hole specimens and that its behavior is mod-
eled accurately by the same algorithm as employed for the PWA 1216 bol t-hole specimens.
The correlation of the dwell data is due to the recognition of both surface layer stresses and
their subseq uent relaxation. It was concluded that the relaxation model incorporated the
principal feat ures of the relaxation process. This conclusion was further supported with the
cumu la tive damage testing.

Figure 32 shows that the subcycle BH test conditions are consistently underp redicted. That
is, the correlation model assigns more fatigue damage to these conditions than is actually
experienced. This was definitely not the case for the PWA 1216 data. This comparison sug-
gests that a material dependent mechanism is active and is associated with subcycle activity.
Fu rther , comparison of local stress/strain conditions for the maj or cycle and subcycle test
conditions (Figure 29) indicates that mechanism is probably associated with the strain
ra nge. This behavior is suggestive of a fatigue thresho ld mechanism. Rega rdless of the mech-
anism involved , cumulative da mage testing using these subcycles clearly showed that sub-
cycles contrib uted to damage accumulation when used in combination with a major cycle.
Furthermore. subcycles can never exist as isolated events in the usage of a real component.
The double-damage cumulative damage model discussed in Section VI fully accounts for the
subcycle damage.
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SECTION VI

CUMULATIVE DAMAGE LIFE MODEL

6.1 THE DOUBLE-DAMAGE MODEL

A cumulative fatigue damage model was developed using the double-damage effect described
by Manson 5 . This model is most easily illustrated for a block-loading test such as shown
in Figure 14. For such a test, the familiar linear Miner’s6rule assesses the damage done during
each block of loading to be

(16)

where Dj is the relative damage due to flj cycles at a load condition which has a simple
cycle life of N~ .

The double-damage effect recognizes that the entire life of the part is composed of a crack
initiation phase and a crack propagation phase. For a given value of Di, the crack size (follow-
ing initiation) developed during high stress amplitude loading such as the a - loading in Figure
14 is larger than the crack that would have been developed during low stress amplitude load-
ing. Thus, a low amplitude loading block following a high amplitude loading block , during
which initiation has occurred, will result in failure sooner than would be predicted by the
linear Miner’s rule damage model

Linear damage modeling predicts (for the block loading test shown in Figure 14) that the
cycles to failure in the a-loading block , np, following ~a cycles at the a - loading block is
found from the Miner’s rule equation

1 =- ~~ ~~~~~ (17)
Na Np

If , however, a crack, ~, has been initiated at the end of the a - loadi ng block , then the double-
damage model implies that np is governed by fracture mechanics.

I
The crack growth law is needed to derive an expression for np’s , the cyclic life remaining
under j3  - loading as predicted by fracture mechanics. The crack growth law is given by

(18)
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da
where = crack growth rate

alternating stress intensity factor

= crack growth exponent

C = crack growth constant

The alternating stress intensity factor ~ K must include the effects of local stress ratio , R
( 0mm /umax). For the materials considered in this contract , the R-ratio model can be in-
corporated in the equation for i~K as

= ~~ ( b )  ~/-;~ay  (19)

where a = crack size

Y = crack shape function

= local stress range [ cr(&)1

b , d = material constants derived from R-ratio crack
growth tests

Integration of the crack growth law (18) gives an expression for up”. the number of cycles
requi red to grow the crack , ~ to a final length of 1/32 inch length under ~3 - loading.

np* = 
n 

1 - n/2 — (i...) 1 — n/2} (20)
C 

d - Rp 
£~cJI3] (n/2 — 1)

If , instead , the crack had been propagated under a - loading conditions , the remaining life
would simply have been equal to Na - n~ . And integration of( 18) would now result in the
expression

Na-na  = 

c[~~~~y d

’
b
~~ ~aa]

n {
~ l n/2 

— (L) l f l /
2} (21)

Combining (20) and (21),

= 
1(d - Rp) Ao~ 1 ~ 

(N a na) 
(22)

L(d - R~) ~op J



Manipulating (22), the following modiiI~ Miner’s rule is obtained :

fla nR
1 — -‘. ‘ (23)

Na Da pN p

/d-Ra\’~/~
Oa\” /Na

where D~p I ‘~~
-
~“ ‘ I I— I  1

\ d -R d  \~ ap/ ~ Np

Thus, double-damge effects have the influence of modifying the Miner’s linear damage
rule. It can be shown that the double-damage debit factor , D~~, is less than one for low
amplitude loading following high amplitude loading (a “High-Low” test) and is greate~
than one for high amplitude loading following low amplitude loading (a “Low-High”
test). For (23) to apply, it is only necessary that a coherent crack be initiated at some time
during a - loading.

While the double-damage model can be written in the form of a modified Miner equation,
(23), it should be remembered that it is actually a fracture mechanics approach which
recognizes the exhaustion of the initiation life during the first loading block. This fact is
further illustrated by writing (23) in an expanded form and noting that the simple cycle
life of the second loading block , Np, does not enter into the calculation of nj3”’ ;

-

Na (d - ~~~ ‘~f ~~~ \~ (!‘E!.. \ Np (24)
• - \d - R

a/ k ~ op / \ Np /
Stated yet another way, the double-damage equation (24) simply evaluates the crack growth
during the second loading by evaluating the severity of crack growth conditions in the second
loading block relative to the loading which exhausted the initiation life.

After a crack has been initiated , it propagates both along the surface of the bolt hole as well
as into the subsurface region. It is reasonable to assume that the propagation of the crack
is governed essentially by the more positive R-ratio subsurface region. For this reason , sub-
surface stress ranges and R-ratios are used in the double-damage equation (24).

As stated above, for (24) to apply, it is only necessary that a crack , ~~ , exist at the end of
the a - loading block in a block - loading type of test. If ~ does not exist at that time ,
Miner ’s rule initiation life exhaustion damage (16) continues to accumulate . In such a case,
for a two-block block loading test , the double-damage rule would reduce to the simple
Miner ’s Rule.

For more complicated mission type loading such as the sequenced test shown in Figure
14 , it is clear that the initiation life is not exhausted by just one of the various type of cycles
but is in stead exhausted by major and minor cycles acting together. As such , ~ does not
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exist unt il after some unknown number of missions. As stated previously, prior to the exist-
ence of a, the ini tiation life exhaustion is given by (16) and not until after a exists is it
appropriate to apply the double-damage rule . The assumption is made in this program
that all mino r cycles contribute to the propagation life exhaustion. Thus, some flight-by-
flight subcycles experienced early in the component life will not see the small crack initiated
by the major cycles and the assumption will be conservative. For very long lived compon-
ents , this assumption becomes increasingly more conservative.

6.2 PHASE 1— CUMULATIVE DAMAGE TESTS

6.2. 1 TFR Specimen Testing

One gang of four bol t-hole specimens was used to determine the fatigue damage done during
the terrain following radar (TFR) portion of an actual mission. The specimen nominal stress
spectrum shown in Figure 34 was developed by considering a random sequence of ±7 percent
(maximum) PLA excursions for the Fl00 second-stage fan bolt-hole location. The loading
was repeated continuously until 390,000 subcycles were imposed, corresponding to roughly
6 ,500 fleet-typical flights of the TF3O engine in the F-I 11- . Testing was terminated at this
point and subsequent testing of one of the TFR specimens at test condition BH 1 (50 ± 50 ksi
nominal stress) showed that the 1/32 inch crack life was no different from virgin specimens
tested under the same loading (see Figure 35). It was therefore concluded that the TFR

• specimens could be considere d to be virgin specimens. One of these specimens was subsequent-
ly tested at simple cycle conditio n BH4 . The results of that test were reported in SectionV .
The remaining two specimens were subsequently tested at nominal stresses of 33 ± 33 ksi for
155 ,000 cycles and then at 40 ± 40 ksi until failure . A discussion of this test (labeled BH54)
is included in the ne xt section (6.2.2).
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6.2.2 Cumulative Damage Specimen Tests

Phase I BH and SC cumulative damage test conditions and resulting lives are shown in Table
8, along with corresponding Miner’s Rule (17) and double-damage (24) life predictions.

The double-damage debit factor , D~~, used in these predictions is

( 1.64-Rp\4~
84 

(~~oa\4 84f N a \ - 15

\l.64 Ru) \~ apJ k N p )

The PWA 12 16 room temperature crack pro pagation ra.te exponent (n = 4.84) and the
R-ratio model were established fro m independent testing.

Tests BHI2 and BH23 can be considered “High-Low” tests (i.e., high amplitude loading
preceeding low amplitude loading) and, as noted previously , the double-damage debit
factors for these tests are less than one. Conversely, tests BH2I and BH 32 are “Low-High ”
tests and have D~~~~~ ‘s greater than one. Predicted simple cycle lives (as discussed in Section

• V) were used in both the Miner’s Rule and Double-Damage calculations shown in Table
8. Consequently the predicted cumulative damage lives are influenced by the simple cycle
life model’s ability to predict, thus making an evaluation of the two cumulative damage
models more difficult.So, in order to allow a more accurate evaluation , the average simple

• cycle lives for each of the loading blocks were first used in the Miner ’s R ule and double-
damage equations. The Weibull plots of these results are shown in Figures 36a and 36b.
In Figure 36a it is clear that the actual lives of “High-Low” tests are consistently over-pre-
dicted an d that the “Low-High” tests are consistently under predicted. However , the do uble-
damage method predicts both “High-Low” and “Low-High” tests uniformly as shown in

• • 
Figure 36b. Thus, double-d amage effects are clearly displayed and are predicted by the double-
damage equation (24). Figure 36c shows the effect of using predicted simple cycle lives in
(24); again, the tests appear to be uniformly predicted.
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Figure 36 Nonlinear Cumulative Damage Effects

The clear existence of the double-damage effect implies that a crack , ~, existed at the end

• J of the first loading block in these tests. In each of the tests, the number of cycles applied
in the fust loading block was approximately 50 percent of the number of cycles needed to
initiate a small (approximately 0.008 inch) crack at that loading condition as established
fro m simple cycle testing. Thus, it seems reasonable that a small sub-detectable crack , ~ ,
could indeed have existed at the end of the first loading block .

• The test labeled BHS4 is included in Table 8 for completeness even though it is judged
not to be directly applicable for the purposes of this contract. As shown in Table 8,

• 8H54 is correlated by neither the Miner ’s Rule nor the double-damage equation , but
examination of the calculations shown in the table indicate some obvious limits in the pre-
diction systems. First , the calculated simple cycle life (3,400,000 cycles) for the first
loading block is obviously much too optimistic since the specimens failed shortly after the
first 155,000 cycles had been applied . This over prediction is not surprising since the data
base is limited to much lower lives. Secondly, the double-damage calculation predicts that
the effect of D~p is to enhance the life of the second loading block . That is , the prior load -

• ing is predicted to have caused np~ to be larger than the simple cycle life of the second
• block , Np. Clearly, this implies a limit on Dap for “Low-High” tests . This limit has been

exceeded somewhat in condition BH32 as well , although it has not been exceeded as sub-
• sta ntially as exhibited in the calculation for Bl-154. Lastly, such a limitation of the do uble -

damage calculation occurs only in the “Low-High ” type of loading (whe re Dap> 1 .0). Tnis
type of loadi ng never occurs in component usage . For this reason , the implied limit in the
double-damage calculation does not have to be considered further for the cumulative dam-
age predictions considered in this program.
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The correlation of the cumulative damage specimen tests (including the single SC test )
using the double-damage approach (25) is shown in Figure 37. Values of np~ are plott ed
for the block loading tests.
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F igure 37 Correlatio n of Phase 1 Simple Cycle and Cumulative Damage Specimen Testing

6.2.3 Ferris Wheel Tests

Verification of the fatigue life prediction models described in previous sections was achieved
• by tests of four fan test disks. The disk , shown in Figures 38 and 39 was designed to be LCF

life limited in the bolt hole. The elastic stress concentration factor (KT = 2.427) was deter-
mined fro m extensive finite element and finite difference analyses and verified with strain

• gage surveys . Disk testing was performed in a “Ferris Wheel” (F/W) which simulates engine
• operating stresses th rough radial loading app lied at the disk rim.

- : The generic missions established from the mission surveys reported in Section II were
used as the basis for the disk testing. Actual disk nominal stress levels and the resulting lives

- 
_ 

are shown in Table 9. The major cycle local stresses and strains of each Ferris Whee l disk
test are shown in relation to the B!-! specimen test condition in Figure 40. Three of the disk

L tests were run to final failure but F/W4 test was suspended with no bolt holes cracked. All
th ree disks tested to completion failed from a single bolt hole ; postfai lure examinations
revealed no crack indica tions in any of the remaining holes.
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Figure 40 Specimen and Ferris Wheel Surface Layer and Subsurface Response

The life prediction methods described in previous sections have been developed for pre-
dicting typical or mean LCF life behavior , but because each test disk could have failed
from any one of twenty bolt holes, life predictions for the test disks were made for the appro-
priate probability of failure rate . Based on the probability distribution of actual versus
average lives for the BH specimens, the lowest lived of twenty holes would fail at 65 percent
of the mean predicted LCF life.

The disk bolt holes were manufactured using machining parameters which duplicated those
-; used in the BH specimen machining. However, the bolt holes in the second and third disks

• were found to have machining marks atypical of the BH specimens and were subsequently
• I 

reoperated by honing to a maximum diametral increase of 0.008 inch. Thus, the surface
ayer of the second and third disks were not the same as for the first and fourth disks.

The double.damage model discussed in previous sections was used to predict the number of
missions required to fail the first hole in each disk. Due to the very low amplitude of loading
in Mission A of F/W3, this mission was assumed to contribute only to the exhaustion of

- 

I initiation life ; no double-damage effects are assumed to be present in Mission A. Figure 41
shows how the correlation of actual and predicted missions varies with the assumed values
of surface layer machining stress, o~. It is clear that F/W2 and F/W3 behave differently than
F/WI . Furthermore , the value of ~~ ( —133 ksi) which correlates F/W i is nearly identical
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to GO determined for the BH specimens. This correlation is expected since these parts were
machined in the same way. However , the value of U~ ( — 7 1  ksi) which best correlates F/W2
and F/W3 reflects the fact that part of the surface layer was removed by subsequent honing.
This is viewed as clear evidence of the existence of the surface layer and firmly establishes
validity of the surface layer algorithm . The predicted lives for each of the F/W tests is shown
in Table 9.
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Figure 41 Surface Residual Stress for the Second and Third Disks Shows the Effect of
Partial Surface Layer Removal

Overall correlation of all specimen and Ferris Wheel test data is shown in Figures 42 and
43. This correlation is judged to be extremely good considering the wide variety of speci-
mens, component s, and loading conditions considered.
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6.3 PHASE I I —  CUMULATIVE DAMAGE TESTS

6.3.1 Cumulative Damage Specimen Tests

The PWA 1057 cumulative damage investigation involved several block loading tests and
• 

• one sequenced test. The actual test conditions and resulting lives are shown in Table 10.
The Miner ’s Rule and double-damage life calculations for each test condition are also shown
in the table. The double-damage debit factor D~y~3 used in these predictions is

- 
(L077~ Rp\ 

2 
(~~~~

\
2 

(-~ -\ (26)
Da~~ 

- 

\I .07 7  - R
0/ \1~II0t3 I kNp !

The PWA 1057 900°F crack propagatio n rate exponent (n 2.0) and the R-ratio model
were established from independent testing .

Consider first those tests involving only rapid cycle testing: BH32-2 , BH29- l , and BH29-2.
In test BH32-2 the Miner ’s Rule life calculation is the better of the two methods for correl-
ating the life . This is reasonable since it is relatively certai n that a crack , ~, was not initiated
during the first loading block (a - loading). It required approximately 2000 cycles at a - load-
ing level to initiate a “pin-point ” crack (approximately 0.008 inch) in the simple cycle test-

• ing. As stated in Section 6.1 , the double-damage concept reduces to Miner ’s Rule for such
cases. Tests BH29-l and 29-2 illustrate again that the double-damage model is appropriate .
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While the Miner ’s Rule calculation appears at first glance to be comparable to the double-
damage calculation , it should be remembered that the simple cycle life prediction for n~ ’ can
too low by nearl y an order of magnitude as reported in Section 5.0. Thus , a Miner ’s Rule

• prediction for n~ using an accurate simple cycle prediction for N13 would be much higher than
the observed n~. But, as discussed in Section 6.1 , the double-damage equation for can
be written in the form (22) in which N13 does not appear . So the double-damage calculation
leads to a more accurate answer.

• it is clear then that while the subcycle loading (j3 - loading) produces essentially no damage
in itself , it does contribu te significantly to propagation life exhaustion.

Test condition BH27 demonstrates that once the initiation life has been exhausted by prior
loading, the dwell cycle contri butes to propagation life exhaustion in the manner described
by the double-damage equation. It was therefore inferred that the principal influence of
the dwell cycle is to enhance the initiation life .

Subsequent block loading tests BH62 , BH73- 1, and BH73-2 were conducteu to investigate
the influence of dwell cycles on initiation life . This was done by selecting the number of
cycles in the first loading block , na, such tha t a crack did not exist at the end of the a - load-
ing block. Thus for these tests , the Miner ’s Rule life prediction is appropriate. The principal
effect of prior dwell loading on subsequent loading was found to be a reduction of the mean
stress levels over which subsequent cyclic activity occurred. This stress condition is reflected
in the simple cycle lives, N13, for the 13 - loading condition. For the double.damage calculation ,
the relaxation of both surface layer (affecting N13 val ues) and the subsurfa ce region (affecting
the crack growth calculation) was recognized. The relaxation of the mean stress of the sub-
surface region is shown in Figure 44.

1O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ iRa ~d

~~~~~~~~ m e T ~hours~

• Figure 44 Subsurface Mean Stress Relaxation
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in a similar manner , for the sequenced test , BH73S , the effect of the dwell period was
• taken to be the relaxation of the mean stress level of the rapid cycles. In the double-d amage

calculation , the propagation behavior of the dwell subcycle was debited relative to the prin-
cipal life exhausting cycle (the 50 ± 50 ksi rapid cycle). The relaxation , both surf ace and sub-
surface occurs over a period of several hours and eventually reaches a fully relaxed condition
as discussed in Appendix C. The simple cycle lives and double-damage debit, D~~ , shown
in Table 10 were calculated for the fully relaxed condition , but it was calculated that nearly
10000 missions would be required to achieve the fully re laxed condition. it is apparent that
if a part ially relaxed condition were to be used as the basis for calcula tion , lower lives would

I be predicted. This resul t suggests an iterative process for determining the N~ and ~~ for
sequenced tests. From Table 10, it appears, once again , that the double-damage method
provides the better correlation.

Figure 45 shows the overall correlation of the cumulative damage tests. Total liyes (
~a + nB)

• are plotted here. The correlation is well with in the 95 percent confidence band establisheti
by the SC data alone.

6.3.2 Ferris Wheel Tests

Verification tests were performed on Ferris Wheel disks at a constant temperature of
900°F. Figures 46 and 47 show the actu al disks mounted in the test rig with the heating
mechan isms in place. Figure 48 shows the dimensions of the test disk. This shape contains
the major features of a typical turbine disk. The elastic stress concentrations factor for the
disk was determ ined to be 2.33.

Actual test loading, based on the generic missions of Section H, is shown in Table 1 1. Each -

~
. 4 disk was subjected to a room temperature calibration run prior to testing to ensure that

proper loading conditions were being achieved. For tests F/W 1 and F/Y,’3, the room tempera-
ture calibrations were made using a maximum nominal stress equal to that experienced dur-

• ing 900° F testing. However , in the room temperature calibration of F/W 2, the maximum
stress was 16 percent higher than the m aximum stress experienced during subsequent cycling.
The effects of these room temperature cycles were accounted for in the prediction of the
F/W test results. Figure 49 shews schematically how the effect of the room temperature

I loading was calculated . Simply stated , the room temperature monotonic and hysteresis
- curves are used to calculate an initial stress and strain state (point B in Figure 49) for sub-
• sequent high temperatu re loading. The high temperature loading continues from point B

along the 900°F hysteresis curve for both the surface layer and surface region.

H The surface layer algorithm, using a0 = -160 ksi as determined from BH tests, and the relaxa-
tion algorithm (Appendix C) were used to calculate the local bolt-hole stresses and strains.

• The double-damage equation was used in the life prediction. None of the tests reached a
fully relaxed condition prior to the end cf testing.

in all cases the simple cycle lives, N~, and the double-damage debits, Dij, for a given m ission
were calculated using the stresses occuring at the end of that m ission. FO~ the fin al m ission
in a test , the relaxation was calculated at the number of missions corresponding to first
cracking. All life predictions were made for typical bolt-hole behavior , i.e., half of the holes

• in the disk showing 1/32 inch cracks. In all three tests, a sufficient portion of the bolt holes
were cracked to establish the actual typical lives. Typical lives are shown in Table I I.
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Figure 46 Phase I/ Ferris Wheel Rig (77-441-4008-A )
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Figure 47 Phase II Ferris Wheel Disk in Test Rig (77441-4008 B)
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Figure 48 Dimensions of Ph ase I/ Ferris Wheel Disk
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In disk tests F/W-, and F/W 3, the loading was changed from one type of mission to another
relatively early in the life of the disk , thus creating the possibility that  the initiation life was
not exhausted prior to the change in mission type. As stated previously, the double-damage
debit , Dij, is properly applied only to those cycles occuring after the initiation life has been
ex hausted . In the case of disk test F/W3, the assumption that the initiation life was exhausted
(i.e., a existed) during the first applications of Mission C leads to a double-damage predic-
tion that the disk would have failed during Mission B loading. This assumption obviously
was not the case. On the other hand , if the 1300 Mission C and the 2500 Missions B contrib-
uted only to initiation damage , the double-damage model would predict an additional 3250
Missions C unti l  failure of half of the bolt holes which agrees very well wi th  actual life .

It is clear that if 1300 Missions C were insu fficient to exhaust the init iat ion life in F/W 3. then
certainly only 850 Missions A would also not exhaust the initiation life in F/W ,. The double-
damage life model then predicts that  an additional 4430 Missions C would be needed to fail

• 50 percent of the bolt holes. This prediction also agrees very well wi th  the actual typical life
as shown in Table 11 .

Since only one type of m ission was used in disk test F/W 1, aU suhcycles were assumed to
contribute to the propagation of the crack . ~~. Consequently, the predicted life is conse rvative .
But again , the agreement between actual and predicted lives is good.
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Figure 50 shows the overall correlation of all Phase II specimen and Ferris Wheel tests. The
I correlation of all the cumulative dam age tests is within the 95 percent confidence band de-

termine from the SC data alone. The Weibull distribution of the data (subcycle data not in-
cluded as discussed previously) is shown in Figure 51 .  This overall correlation is judged to
be very good indicating that the various components of the prediction model accurately de-
scribe the damage processes that occurred.

• 6.4 CUMULATIVE DAMAGE PREDICTION COMPUTER PROGRAM

I A computer program was written for the prediction of disk cumulative damage life exhaus-
• tion using the methods discussed in this report . The program recognizes the existence of a

-

• 

surface layer and the relaxation of stresses caused by dwell periods. The cumulative dam age
effects are modeled by the double-damage method described above. The assumption is made
that all minor cycles contribute to propagation life exhau stion. The computer program is
discussed further in Appendix E. Computer program documentation is contained in Ref-
erences 1 and 2.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 LCF LIFE EXHAUSTION MODELS

• Prediction of low cycle fatigue (LCF) damage due to complex load history is an active area
of research7’8 and is not limited to aerospace applications9 . A major conclusion of the cur-
rent work is that most of the published fatigue results (such as those presented in Dowling
et al’°) are inappropriate for the current research effort due to the use of balanced strain
testing which neglects mean stress effects. Further, it is concluded that no acceptable design
model can be generated that does not reflect differences due to specimen type and macinn-
ing effects.

The approach used in the reported research and development program was the local strain
4 approach , as discussed by Dowling et al; that is, unnotched , strain controlled specimens

are tested at conditions of strain range and mean stress that represent those of the loaded
notch. The notch conditions were necessarily modeled in a manner that accounted as
fully as possible for nonlinear response , in a cost-effective manner. However , it was clearly
concluded that notched specimens, representative of the actual component notch including
all macinning operations , must be tested in order to predict component life. Further conclu-
sions on machining effects are discussed in Section 7.2.

Simple correlation models such as used in the current effort can successfully fit LCF data
taken over a wide range of loading and specimen conditions if proper care is taken to define

4 the local strain and mean stress condi tions. The approach used emphasi zes au tomated cor-
Tetation methods, as opposed to engineer-interpreted design curves. With care, some of the
“scatter” between actual lives and the simple correlation model can be reduced by local ad-

• justments in the life curves. However, the risk that the adjustment could be in error for other
load conditions is perhaps as great as the original error. It is concluded that the simple correla-
tion model is as good an approach for design as hand drawn life curves , for the data obtained
in the current program.

• The life prediction model is based on correlating the number of LCF cycles to initiate a 1/32
• inch surface length crack in the specimens and components. It was concluded that while

some propagation of a coherent crack was involved in the LCF initiation life , the effects of
differe nt stress (stra in ) gradients was not important. Further , it was concluded that all lives
(with a possible exception for very short LCF life data) included demonstrable initiation
and propagation behavior. While further research into microcrack growth modeling is
recommended , the use of a fracture mechanics model for the LCF life data obtained is not
recom mended 11 .

• 

• - 
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7.2 SURFACE LAYER MODELS AND MACHINING EFFECTS

Clearly, one of the most important conclusions from the current research and development
effort was the need to systematically account for a surface layer of previously worked mate-
rial in the tested notches. While it is generally accepted that both residual stress and surface

• cyclic work hardening are important effects ’2 , the authors are not aware of a simple model
for these effects , comparable to the one successfully adopted in the current effort.

Scatter in LCF life data is a major influence on minimum design life calculations for a safe-
life design methodology . Control of scatter to increase the minimum cyclic life is a critical
area for future research . The simple surface layer model developed in the current effort is

• based only on bolt holes , machined under carefully controlled conditions. Further research is
required to establish better models for the nature of the surface layer work hardening, the
level of the imposed residual stresses, and the effects of different machining operations. While
such an effort is a major undertaking, the potential pay-off appears to be quite attractive in
term s of increased performance and reduced cost for critical rotating structure components.

7.3 DWELL (CREEP) EFFECTS

The presence of time dependent behavior in turbine disks was clearly established in the cur-
rent effort. All of the elevated temperature testing emphasized dwell events at high stress
levels which generally benefit life . However , the analytical model adopted for dwell effects
on mean cyclic stress includes the potential for life debits due to dwell at low stress levels.
Further testing to verify the potential life debit is recommended .

It was generally concluded that no acceptable material behavior analytical model exists for
predicting the time-dependent creep effect which can account for cyclic loading at locally
high stress levels. Thus , cyclic test data had to be obtained which could be used to develop
a simple exponential  decay model for cyclic dwell stresses. The model used was based on
data at one stress level and one temperature. Further work is required to develop a calibrated
model of dwell stress relaxation for different stresses and temperatures.

• Finally, the current effort did not involve creep-fatigue interaction e ffects. While such problems
4 

- • also involve time-dependent plasticity , the temperature levels of the current effort are not
• judged to be sufficient to contribute creep damage to the material microstructure . Major

new research efforts are required to model creep-fatigue damage at a level of confidence
• comparable to that achieved in the current effort.

• 7.4 CUMULATIVE DAMAGE MODEL

An early conclusion in the research and development effort was that  the nature  of LCF
cycles in mi l i tary  gas turbine  eng ine disks contained one critical s implif icat ion.  Essential ly
all important  cyclic stress excursions at the disk bolt-holes shared a common m a x i m u m

• • stress. Thus , nonlinear  overload damage retardation modeling was not required. This coiiclu-
sion will generally apply to all disk notch locations wi th  the exception of those seeing major
trans i ent , thermally driven excursions.
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The oniy nonlinear damage effect that remained was named by Manson ’3 as the “double-
damage” effect. Simply stated , a stress (strain ) cycle does damage at a different rate on
cracked material than on uncracked material . The data generated in the current program
clearly supported this hypothesis. A fracture mechanics based model was developed which
accounts for this effect by debiting the cyclic initiation life of low amplitude cycles to
account for the cracking damage done by the major cycles. While somewhat conservative,

• the adopted algorithm was found to give good nonlinear damage estimates for military mis-
sion modeling.

7.5 DESIGN MODELS FOR LCF LIFE EXHAUSTION

The model developed by the current effort is judged to be suitable for design purposes under
a few stipulated limitations. The current effort was calibrated only for disk bolt-holes , al-

• though the procedures are felt to be generally applicable. Single heats of the two materials
and single macinning operations were included in the current statistical base. Actual design
implementation of the current model must include the greater statistical scatter associated
with heat-to-heat and processing variables. Application of the current model to hot section

• components is limited to zero creep-fatigue interaction and to mission cycles represented by
nearly constant values of peak tensile cyclic stresses. Also, calibra tion of the dwell model
used is limited, as discussed in Section 7.3, to a single temperature and dwell stress level.

Use of the developed LCF life exhaustion model for engine disk design is possible for new
alloy systems where data generation can be obtained along lines similar to those used in the
reported program . Application of the developed model to old materials is not recommended
without the development of the necessary new data base. In both cases, it should be clearly
recognized that the development of a data base for LCF life exhaustion modeling for design
purposes is a major undertaking.
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APPENDIX A

MATERIAL CHARACTERIZATION

Basic material characterization tests were conducted for a single heat code of each of two
• disk alloys: Ti (6Al-2Sn-4Zr-6Mo), (PWA 1 2 1 6 ) ,  heat code CAAZ and WASPALOY®

(PWA 10 5 7 ) ,  heat code XNNZ. Monotonic and cyclic uniaxial stress-strain tests were per-
formed for both materials using the close-loop, servo-controlled MIS testing machine. The
specimen used is the strain controlled specimen shown in Figure A-I. Gage section strains
were controlled within ±0.001 in/in ; loads were measured with an accuracy of ±30 lb. In
addition cyclic relaxation and standard creep tests were performed for PWA 1057 using
the specimens shown in Figures A-i and A-2 respectively .

2•456 - 
1 _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~0.~HHL+
• O tIS dia.

Figure A-i Strain Controlled Constitutive Test Specimen

4.540

_ _  

I •f i~~~-~~ J
0 625 0253 0 3420.620 0.251

F igure A-2 Creep Specimen
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The monotonic stress-strain curves are shown in Figures A-3 and A-4. No strain rate sensi-

• tivity was observed over the range of strain rates of interest ; 0.01 in/ in/mm to 0.10 in/ in/
m m .  Yield behavior of the PWA 1057 was discontinuous at 900°F. Figure A-5 is a tracing
of an actual load-deflection plot showing this discontinuous behavior. These slip bursts
were accompanied by accoustical emissions and were observed only during monotonic
straining greater than approximately 0.007 in/in . The load drop during these slip bursts
were within the variation of the monotonic strengths from repeated tests and were therefore
not modeled explicitly by the monotonic curve adopted for use in this program.

200

150 -

~~~, Monotonic
stress 100 -

(ksi)

50 • Young’s modulus = 115 ~ 106 ~~,

Proportional limit = 166,500 psi
0.2% offset yield strength = 112,600 psi

~~~, Monotonic strain (% strain)

Figure A -3 PWA 1216 Room Temperature Mono tonic Stress-Strain Curve

200

~~ , ~~~~~~~~~~~~~~~~~~ 100 - 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 9OO’F

(ksi) // Room temperature 900SF

II Young ’s modulus 34.0 X iQ 6 psi 290 X 106 psi
// Proportional limit 132,000 psi 118 .500 psi

( 0.2% offset yield strength 155 .000 psi 141,000 psi

0 

~~ , Monotonic strain (% strain) 
2.0

F igure A-4 PWA 105 7 Monotoni c Stress-Strai n Curve
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Figure A-S Load-Deflection Tracing Showing Discontinous Yielding of PWA 105 7 at 900°F

Incremental step tests were used to characterize the cyclic stress-strain behavior of the two
ma terials. Cycling was strain controlled at a fixed strai n rate between selected strain limits
until stabilized hystere sis loops were observed. Maximum strain limits were incrementally
increased while maintaining the same minimum strain. Figure A-6a illustrates the technique.
In both PWA 1216 and PWA 1057 , stabilized hysteresis loops were obtained within a few

• cycles. Neither material exhibited cyclic hardening or cyclic softening. The cyclic stress-
strain behavior was characterized by plotting the shapes of the hysteresi s curves , i.e., curves
A , B , and C for each test . This is illustrated in Figure A-6b. For PWA 1216 , the shape of
each hysteresis loop formed a single hysteresis curve (Figure A-7), while in PWA 1057 , each

-• strain range had its own characteristic curve shape (Figure A-8). The loci of tips of such
curves were taken to represent the cyclic behavior of PWA 1057. The resulting curves are
shown in Figure A-9.

Standard creep tests of PWA 1057 at 900°F were conducted using the specimen shown in
Figure A-2. The results of these tests are shown in Figure A- 10.

Two cyclic relax ation tests were also conducted using the specimen shown in Figure A-I .
During these tests , the specimen was cycled between fixed strain limits with a 125 second
“dwell” time imposed at the maximum strain of each cycle. While total stress range was
unchanged during cycling (neither hardening nor softening) the peak stress, and conse-
quently the mean stress was observed to change during cycling. These results are shown in
Figure A-I I .  The stress relaxation was found to be approxima ted by equation A-I.

o =  1 55 e~~~OO2 t

where a = the current stress (KSI) (A-i)
t = time spent at peak stress (hr)
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Figure A-6 Incremental Step Tests Used to Establish Hysteresis Curve
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Figure A -7 PWA 1216 Hysteresis Curve Shape
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Figure A-8 PWA 1057 Hysteresis Curves Show Dependence Upon Strain Range
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Figure A-J O Results of PWA li157 Cyclic Relaxation Test
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Fig ure A - I l  Results of PWA 105 7 Cyclic Relaxation Test
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APPENDIX B

SURFACE LAYER ALGORITHM

The following procedure for calculating local surface mean stress recognizes the influences
of residual surface stresses due to machining and cold working. The influence of residual
stresses was foun d to be of prime importance in developing a fatigue life prediction model
that encompassed both Strain Controlled (SC) and Bolt Hole (BH) specimens.

The bolt hole region can be viewed as a thin preworked surface layer having an initial stress
state (a0, e,.~) lying atop a subsurface region of virgin material (Figure B-l). Because the re-
sidual machining stresses do not extend appreciably below the bolt hole surface , the bulk
response of the region is not significantly altered by the prestressed surface layer and can - •

therefore be modeled by the modified Neuber approach , as given in Section 4.0. Compati-
bili ty requires that both surface and subsurface strain excursions are identical . However ,
the stress-strain response of the two regions will be different since the surface layer has
already experienced large plastic strains during machining, and is therefore responding ac-
cording to the hysteresis curve shape , whereas the subsurface region is not.

Consequently, during the loading portion of the first cycle (A to B in Figure B-i ), as the
subsurface region strains to an amount 2 (determined by the modified Neuber approach)
along the monotonic stress-strain curve, the surface layer will experience an equal strain ex-
cursion along the hysteresis curve described in Appendix A. The local surfa ce stress after
the first loading is then given by

= + a (e~ (B-i)

where a ( )  is the Stress from the hysteresis curve at e. Subsequent cyclic loading
causes a strain ex cursion ~ e in both the surface layer and subsurface region. The surface
mean stress is then given by

= 0~ + a (~
) — ½ a (1~e) (B-2)

The terms in (B-2) can be identified as the initial stress state , the first loadi ng cycle stress
• excursion and one half the cyclic stress.

For the SC specimens which were electrochemically macI~ned , or for an ideal bolt hole con-
sisting of completely virgin material , the surface mean stress is

am a (e) — ½ a (ne) (B-3)

where ~ (2) is the stress from the monotonic stress-strain curve at 2.

It should be noted that 0max of( B-1) is valid only for

0max ~~ ~ (2 + ~0) (B 4)

Fia t ,~~~. the maximum local stress cannot be greater than that permitted by the monotonic
~trrss-s t r aI n  curve . For the materials considered in this document , (B-4 ) can be written ap-

• ~imatdy as
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amax ~ ~ ( )  (B-5)

If (B-5) is violated, e.g., for a particularly large first quarter cycle stress excursion , the sur-
face mean stress wili be given approximately by (B-3). In such a case , the effect of the sur-
face layer initial stress state is essentially “wiped-out ” and subseq uent behavior of the sur-
face layer will be identical to the subsurface behavior.

Comparison of (B-2) and (B-3) reveals that the local mean stress for a BH specimen and a
SC specimen undergoing the same strain excursions differs by an amount sam ;

= 0 (~~ ) 
— — 0 (2) 

(B 6)

Thus, the residual stresses due to machining effectively shift the mean stress values for bolt
holes relative to SC specimens , and it is clear that this shift is a function of the maximum
load applied to the specimen.

BOLT HOLE SURFACE HAS
INITIAL STRESS-STRAIN
STATE (0o ,Eo)

STRESS — STRAIN HISTORY
LOAD HISTORY U UR

B D  -r B, D
LOA D j /\ (/ 0~ 

~~~~ ONIC 
SURFACE

TIME 
_______________________________

(0o(o )  A 
E

~~~~~

-

Figure B-i Cyclic Loading of a Bolt Hole Specimen

74

- — -~~~~~~~-~~ ~~~~ ---~~~~~~~ - •  ~~~~~~~~—~~~~~~ --~~~~~~~~~~~ •~~ -



APPENDIX C

MEAN STRESS RELAXATION MODEL

During repeated flights, a t urbine disk bolt hole may be subjected to temperatures and stresses
suf ficient to cause time dependent material behavior in the hole. Because the bolt hole re-
gion is constrained by surrounding elastic material in the disk , the hole region can be viewed
as a strain-controlled region. In this strain-controlled environment , the time dependent ma-
terial response will result in stress relaxatiote .

The following procedure recognizes the composite influences of the various activities ex-
perienced during repeated applications of a complex mission. Any complex mission , Figure
C-i , can be subdivided into separate activities, each of which will contribute to the relaxa-
tion of the bolt hole stresses. Consider the stress history during the ~~~ activity of the first
flight of the complex mission. The salient features of the activity are shown in Figure C-2.
During the first complete cycle of the activity (a-b-c-de), the time averaged stress, 5k,, is
given by

o1 t 1 + 02 t2
= (C-i)

10

where a~ , °2 = the first cycle maximum and minimum stresses respectively

t 1, t 2 = “dwell” times at the maximum and minimum stresses respectively

A cruise activity such as the 2nd activity in Figure C-I can be modeled by letting 02 = t 2 = 0.

One mission H

Stress (~J\J\j.............J\/ \J\ 
1st 

I 

2nd 3rd 
I 

Time —ac
~~

Figure C-I The Component Activities in a Typical Mission
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Figure C-2 Simplified History of the ~TH Mission Activity

Equivalently,

= — 

~~~~~~~~

. 

( 
~ 

— t~

) 

(C-2)

01 +02 -
where = ‘ 

2 
= arithmetic mean stress during the first cycle

Based on the results of the cyclic relaxation tests reported in Appendix A, it will be assumed
that the time averaged stress of the i Til event decays exponentially during the fi rst flight.
That is

ai i _ o ~0 e 1  (C-3)

where T1 = duration of cycling in the TH event.

Then the change in both the time average mean stress and the arithmetic mean stress after
time I~ is

= 
~~ 

(e aT~ — I )  (C-4 )

I —--~~~~~~~~ ~• __
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~

_
~
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Suppose the mission to be analyzed contains ‘l~ different activities. Then the total change
in mean stress due to those ~ activities in the first flight, <

~~~
a> l,  

is given by

17
<.~~o>~ 

= ~~ ~Aa11i=l

= ~E 
~~~ 

(e - — I )  (C-5)

1=1

During the second flight of the mission, the arithmetic mean stress of the first cycle of an
event i will be shifted by an amount <~ Cm>l from the corresponding value in the first
flight. Consequently,

~oi2 = + <~ 0m> i~~ 
(e - 

~~~~~~~ — I) (C-6)

and

= 

i=l ~ 0i2

= 
.~~~ ~ io + <~~0~~>~ ) (e - aTj - - 1) (C-7)

In general , the mean stress relaxation during the j TH mission is

-t TI
<L~Um>j 

i~~I ~~~~ 
(C-8)

TI i 1
= +

~~ 

<~~Op.~>j ) ( l ~ 
..~d’1 — I )  (C-9)

- 

— 
For convenience, let

11
A = ~~~~~ 5io (e aTI 1 )

and i 1
17

B = I  (e~~ T1 _ l )
1=1
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Consider now , the relaxation during the j and (i-i)  flights

<L~am>j = A + B <L~Gm> 1 + <L~0m>2 + .  . . + <~~0~~>j~~ + <L~0m>~..l }
(C-l O)

<Z~0m>j l  = A +B {<~ om> i +<~ Om>3 + . . . +<1~0~~>i~~} 
( C- I l )

Subtracting (C- i 1) from (C-b ) gives a recursion formula for

<~ am>j (B + l ) < 1~om>j l  (C-12)

And (C-12) can also be written as

= (B + 1) i l  <~ 0m> 1 ( c1 3)

The total change at the end of N flights of the mission , ö~R, is then

N

G
R 

~~~ 
<L~IO~~>j (C-14)

N .

OR <L~0m> l 
= 1 

( B + 1) ~
-1 ( C 1 5 )

(C-IS)  is simply a geometric progression and can be written as

(B + l ) N _ 1  -
-

GR = <~ 0m> l B 
- (C-I  6)

or

TI
GR = [ I  + E (e 

oTi — 1 )  1
N 

— (C- 17)

i~

1
l 

(e — oTi — I ) ~
= I

This relaxation expression can be applied to simple cycle tests of specimens. For the sim-
pie rapid cycle test shown in Figure C-3a , (C- 17) reduces to

= 0rn (e - aT 
— I )  (C-i  8)

• At time 1,

0m 0rn +U R
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Thus , the mean stress of such a cycle would relax to zero , piven sufficient time.

For the dwell cycle shown in Figure C-3b, (C-17) reduces to

= (a ~ + ~~ ) (e - aT 
— I )  (C-l 9)

At time 1,

0m 0rn + G R

Thus, the mean stress relaxes to the limit

0m = ——  (C-20)

and the minimum stress in the cycle , 0min’ relaxes by the same amount to
0

0min = 0
2 

— 0m y (C-21)j 
G 01

Local °
~~ ________________________

stress 02 Time
a — Simple rapi d cycle

thcal Time —~-stress t 2~~~
b — Simple dwell cycle

Figure C-3 Cyclic Test Characterization
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However , it is obvious that 0min can never be less than the compressive strength of the ma-
• teriaL Thus, (C- i 9) is valid so long as

0

°2 0m — > 0L (C-22)

where °L is the compressive strength of the material.

Similarly, (C-l7) is valid so long as the minimum stress in the flight does not exceed the
compressive limit, 0L•

In summary, the relaxation due to N missions is

~~ 
(e - aTi — I )

i 1  17
= [ 1  +Z  (e aTi — 1) 1

N 
— (C-23) —

17

i~ l 
(e 0~T i_ l )

for 0mm > 0L~

- I
ll
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APPENDIX D

STATISTICAL CONSIDERATIONS

MULTIVARIATE REGRESSION ANALYSIS

The form of the equation assumed to describe simple cycle LCF behavior is

N A I ~eB iOC~m (D-I)

where N = fatigue life
= strain range

— 0m = mean stress

The constants A , B and C are determined from a multivariate regression analysis. This section
provides a brief description of such an analysis.

For each specimen test conducted , the fatigue param eters Ac and °m are known (either
from direct measurement or from analysis) and the resulting fatigue life , N, (in this contract ,
the number of cycles to the appearance of a 1/32 inch crack) is observed. Many such tests
are conducted , and the assumption made is that the typical behavior can be described by
(D-l) with the proper values of A, B and C. These values are most easily found by consider-
ing the logari thmic form of (D- 1)

log N = log A + B log I~E + Cam (D.2)

Equation (D-2) is now thought of as an equation to predict the fatigue life of each data point
from the known loading conditions, ~ e1 and °mi’ of that data point. The difference between
the actual fatigue life Nm and this predicted life is the error , E~, in the prediction.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (D-3)

The constants log A , B, and C are found by minimizing the sum of the squares of the errors
for the entire data set (n data points), i.e., by minimizing the expression

- 

- 

~ [log N~ 
— log A — B log ~~ — Cami ] 2 (D-4)

This is done by differentiating (D-4) partially with respect to log A, B, and C, equating these
- - partial derivatives to zero, and solving three resulting equations for log A, B, and C.

EVALUATION OF DATA CORRELATION

Fatigue prediction systems quite frequently display a significant degree of scatter resulting
from uncontrolled or unrecognized sources. Several of the maj or sources of scatter can be
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listed as follows:

1. Inherent fatigue scatter

2. Heat-to-heat material variations

3. Fatigue model inadequacies

4. In accurate stress analyses

5. Variable machining procedure s

6. Application to various components

• 7. Variations in component usage

With so many sources of variability, it is very difficult to judge the contributions of a single
sou rce. In this contract , these sources of scatter were limited to as few as possible. Only
single heat codes of material were considered: H/C CAAZ in PWAI2I6 and H/C XNNZ
in PWA 1057. Only disk bolt holes under isothermal loading conditions were considered,
and the variety of those loading conditions was limited through extensive surveys of actual
component use. Machining procedures for each specimen type and the Ferris Wheel disks

- 
- were controlled as nearly as possible. In addition, the most accurate state-of-the-art methods

of stress analysis were employed. Consequently, the list of major sources of scatter was
narrowed to the simple cycle and cumulative damage fatigue models themselves (Sections

j V and VI), the surface layer and relaxation algorithms (Appendix B and C) used in those
fatigue models , and , of course, the inherent material fatigue scatter.

• it is necessary to evaluate the fidelity of the various models and algorithms used to corre-
late the fatigu e data. A statistical analysis of the correlation can be used in such an evalua-
tion. In this contract , it is assumed that the fatigue data can be characterized by a two-

- 

— parameter Weibull distributioll t4 . ~~. The Weibull distribution is given by the formula

F(N) = I~e~~~’0 (D-5)

where N = Random variable (life)
- - F(N) = Cumulative probability of failure (the area under the distribution curve

f romn Oto N)
a = Weibull slope (shape parameter)

- - 0 = Characteristic life (life corresponding to 63.2 percent cumulative
failure rate)

- - Figure D- l illus trates two Weibu li distribu tions , each having a characteristic life 0 = 40,000
cycles bu t having different Weibull slopes, ~3, which define the amount of scatter in the
distributions. For the distribution having a 1.3, the B 10 life (life at which 10 percent of
the populatio n would have failed) is 7500 cycles, indicating a fairly large degree of scatter.
In contrast , the distribution with Weibull slope a = S has significantly less scatter since its
BlO life is 25,000 cycles.
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Figure D-1 Sample Welbull Distribution

The Weibull probability plot then can easily be used to compare the overall scatter produced
by using a certain correlation model to the scatter that would have resulted from a hypothet-
ical “perfect” correlation model. A perfect correlation model would predict the typical life
of every test condition exactly. In such a model, the ratio of actual lives of specimens tested
at a given condition to the typical life at that test condition (Nact/N) would describe a
Weibull distribution with shape parameter , flu. All models producing less than perfect corre-

• lation would have slopes smaller than when the ratio of actual lives to lives obtained
from the correlation model (Nact/Nc) are plotted. It is desirable that $ be as close as possible
toap.

Certain other features of the Weibull plot can yield pertinent information about the correla-
tion model being analyzed. The data points defming the Weibull line should be continuous:
sharp “knees” or discontinuous subsets of data can signal poor correlation for certain data
subsets. Likewise, the data should be evenly distributed on the Weibull line. If , for instance,
all dwell cycle tests appear at low failure rates while all rapid cycle tests appear at a high
failure rate, it would indicate that the correlation model was too optimistic for the dwell
data .

~ 
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DISK FAILURE PREDICTION

The life prediction models developed in this program were based on the prediction of typi-
cal fa tigue behavior. For life prediction of an engine disk with 20 bolt holes, it is necessary
to specify whether the prediction is to be made for the typical hole or for the weakest hole
in the disk. If the prediction is to be made for the weakest hole, then the life predicted by - -

the typical model must be adjusted to account for a failure rate corresponding to one in 20.
This can be done by entering the Weibull curve for the correlation model at a median rank
corresponding to the first failure in 20 holes (i.e., a median rank of 3.4 percent ’5) and find the
appropriate debit factor , 1, as shown in Figure D-2. The predicted life will then be f x Nc•

99.0 —

95.0 -::: _ _ _ _ _  

/

Cumula tive
% failed 

i:.: 

_

~~
/
/
/

1= 0 .31

1.0 ~~~~~~~~~~~~~ I

0.1 1.0 2.0

Actual life
Predicted life

Figure D-2 We! bull Plot Used to Determine Life Debit Factor

It is usually desired to predict the number of cycles to failure (in the weakest bolt hole) for
- - -: a large population of disk s, each containing 17 bolt holes. To do this , an acceptable disk fail-

ure rate, FD, must be specified. For example , it may be desired to predict the number of
cycles required to cause one bolt hole to crack in 10 percent of the disks. The life debit

• factor , f, to be applied to the mean life prediction is determined ar follows:

The Weibu ll distribution from testing of single bolt holes is given by equation D-6.

F I~~e~~ 10~~ (D-6)
where

F = reliability rate in singl e bolt holes -

f = life debit factor ( = Nact /Nc)
a, 0 = shape factor and characteristic life of the bolt-hole specimen Weibul l

plot.
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Now, for a disk with i~ bolt holes

l -F D = ( l - F)fl (D-7)
where FD is the disk failure rate.

I - F
D 

e~f lO ’/0)0 
(D-8)

InIn (j~~~) = In 17+ 13 In f - i3 In 0

lnf
[Llnln _.!__ +aJn o ln i~

J
- 

- f e xP~~~ [ln ln j_~_ + P l n O~~ln nj~
(D-9)
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APPENDIX E

COMPUTER PROGRAM

This computer program predicts component low cycle fatigue (LCF) life exhaustion as a
function of user-defmed material data base and mission analysis history and includes the ef-
fects of mission number and ordering of different flights. The program embodies the results
of a research and development effort described in the main body of this document.

The program calculates the LCF life exhaustion due to multiple flights of user defined mis-
sions. Life exhaustion due to repeated flights of a single mission may be analyzed as well as
the effect on life exhaustion due to a change in the mission usage. As many as three blocks
of missions may be analyzed.

Each mission is described as a sequence of events selected from a “damage events library ”
chosen to reflect various flight activities. Each damage event requires specific user input (e.g.,
the maximum nominal stress level) as well as default values of parameters which describe the
event completely.

Unless default parameters are over-ridden , they will reflect the usage of a specific engine
disk : the TF3O-P-lOO fan disk if a “cold ” analysis is specified , and the TF3O-P- l 00 third-
stage turbine disk if a “hot” analysis is specified. For all events, nominal stress level input
must reflect appropriate thermally and mechanically induced stresses.

This computer program is limited to life predictions of isothermal engine disk bolt holes.
Specification of a “cold” analysis implies that stress relaxation effects will not be analyzed.
Specification of a “hot” analysis implies that relaxation effects will be modeled by a single
exponential decay of all stresses. This decay rate and a lower bound for the minimum allowed
stress, CL, must be supplied by the user.

Local bolt hole stresses and strains are computed internally using a Neuber calculation.
• Neuber strain correction curves are optional use~ i nput but are recommended especially for

low strain hardenin g materials. A surface layer algorithm is implicit in the calculation of bolt-
hole stress. User input must include initial stress state , a 

~
. Component geometry is speci fied

through an elastic stress concentration factor and the number of bolt holes in the disk being
analyzed. The analysis will be performed for the disk failure form

N = A~~eB 
I

where N is the typical simple cycle Life , ~ e is strain range and Cm is mean stress. The values
A , B, and C must be supplied along with a description of the fatigue scatter. The fatigue
scatter is described by the Weibull distribution parameter , 13, i.e., th e slope of the Weib u ll
-L.stribution for specimen data.

Double-d amage concepts are used in the prediction of the cumulative damage effects. The
crack propagation model assumes that the material’s crack growth behavior is described by
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the standard Paris law:

Program output is specific to disk failure rates and mission ordering specified by the user.

A listi ng of the program is presented on the following pages.

Warning: The data supplied in this program is for illustrative purposes only. The program is
not to be used for component design.

88



C DATA SET PIMA IN
COMMON /10/ 1D1,I~ U,MAX ,NMAX ,MAXCV ,ISWAPCOMMON /DATA/ (URVM (5Q,2),CURVH (~~O,2) ,KT,$121,3),R(21,3)
2 ,NUMMIS,SIGL CW,SIGZRO,NEVENT (3),E,NMONO,M1V51,NOCCUR(21 ,3)
3 ,IHOT,NTPYE4 21,3)
COMMON /LUATA I A,b,C,D,XN,NT1M~SI3),ALPI4ACOMMON /CRRCT/ (.RMUNOI5O,2),P&CRI,CRHYsT (50,2),NcR2
COMMON /SRELAX/ ASuR,BSuR,csuR,ASue,Bsu8,Csu~ ,REL1,RE L2COMMON /LEFT/LIFk~SP
COMMOt~ /SVL!FE/XNA,R A,OVA
COMMON /ERROR /IEKR
COMMON /R EL1/8ETA ,FRATE ,NBOL T
t~EAL LII ESP
REAL~~ T
DIMENSION SUR SVEI42,3,4),ICVCLE (21,3,3),IDAM43),5L!FE 1 21 ,3,2~DIMENSION IOFF (3)

C
C READ INPUT DA TA
I..

1F (IERR.L1.O) GO TO 210
CALL INPUT

C
C INITI ALIZE CONSTANTS FOR STRESS HISTORY C ALCULATION S

H c
IL!N=0
LIFESP 0.0O
SURLST SIGZRO
STRLST=O.0
SUBL ST=O .0
JI1MEzO
NTIMES (NUMMIS )0

C
C COMPUTE STRESS/STRAIN HISTORY
C

DO 20~ MISS I ,MJMMIS
DO 5 J z t ,4
00 5 JJ~~~,425 SURSVEIJJ,MISS,J )=0.0
lr(MISS.EU.1) ~~ TC 20
STRLST=SURSVE (r~Jn,MIS$—1,I)
SU$LST~ SURSVE &sM,MISS—1,3)
SURLST SUe~SVE INUPi,MISS—1,2)

20 CALL. 5TRESS~M IS5,SlRLST,5U8LST,SuR$VE,NUM ,SUR L 5T,7LTN)
C
C DETERMINE STRESZ CYCLES AND RELAXATION FACTOR S
C
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CALL CYCLE4SURSVE,ICYCLE,IDAr4,!OFF,M1SS,NUM)
C
C It~ H0f ~L1GHT RELAX STRESSES
C

REL1*O.Q
REL2~ C.O
!FIMISS.EQ.NU PtiIS) GO TO 35

30 IF(IHOT.EQ.2) CALL REL*X (SURSVF,MI$5,NUM)
C
C DO SIMPLE LIFE PKEDICTION AND PROPAGATION DAMAGE DE BITS

3~ CALL LIFE (SIJR SVE,ICVCLE,IDAM ,SL1FE,IOFF,MISS)
C
C LIFE EXHAUSTIUN CALCULATION

H C
CALL EXLIFE (SLIFE,ICYCLE,IDAM ,M1SS,JTIME )
IF~MISS.LT.NUMMIS) GO TO 200
JT1ME JTIME+L

C
C NUMBER CF CfC LES PREDICTED NOT THE SAME A S LIFE USED TO
C RELAX STRESSE S 11ERATION NEEDED
C

DC 50 I=1,MJM
SURSVEII,MISS,2)=SURSVE (IPMTSS,2)—RELI
SURSVE (I,MTSS ,3)=SURSVE (I,MISS,3)—REL2

50 CONTINUE
GO TO 30

2C0 CONTINUE
210 STOP

END

SUBROUTINE IN PUT
CCMMCN /ERROR /IERR
COMMON /1O/lDI,IDC,MAX,NMAX ,MAXCV .ISWAP
COMMON /DAMAGE/S DEFI6,2),RDEF (6,2),TJ,OEF (6,2),T2DEF~6,2)
COMMON /D A ’V A /CL~~VM 15O,2) ,CURVMI 5O,2) ,KT,S(2 l ,3) , R~ 2 1,ZS ),NUMMIS,

2 SIGLOW ,SIGZRO ,NEVE NTf 3) ,E,NM ONO,NPIY ST ,NOCCUR ( 21,3)
3 ,IHOT,NTYPEf?I,3)
COMMON /LDATA/ A ,B,C,D,XN,NT!MES(3),ALPHA
COMMON /rIME/T:~ 2I,3;,T2(21,3)
COMMON ,CRRCT/CRMUNO (50,2),NCR1,CRHYST (50,2),NCR2
COMMON /~ ELI/btTA,PRATE,M8OLT

C IERR —ERROR I~LAG TO INDICATE FATAL INPUT ERROR
C 101 —LOGICAL LP~IT FOR CARD READER
C 100 —LOGIC AL UNIT FOR L INE PRINTER
C MAA —MAXIMUM NUMBER OF DAMAGE EVENTS
C NMAX —M~~XIMUM NUMBER OF DATA POINTS FOR STRESS/STRAIN CURVES
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C NEVENT( I) ~NUMPstR OF EVENTS IN MISSION I
C NIIMES —NUMbER OF TIMES MISSION A iF F LOWN
C MIS —1 FOR MISSION A
C 2 FOR MISSION B
C NTYPEII,J) —TY PE OF DAMAG E EVENT FOR MISSICN~ J , 7TH EVENT
C NOCCUR(1,J)— NU M~ER OF OCCURANCES OF EVENT
C Sl1,J) —NOMINAL $1RESS

• C R41,j) —STRESS RATIO
C T1U,J) —1114€ 1
C T2(I,J) —TIMe 2
C SDEFIN) —D EFAULT VALUE OF NOMINAL STRESS CF NIH TYPE E~~~MT
C RDEF~~N) —DEFAULT VALUE OF STRESS RATIO FOR NTH TYPE EEV ENT
C T 1OEFIN)—O EFAULT VALUE OF TIME 1 FOR NIH TYPE EVENT
C. T2DEF (N)—OEFAULT VALUE OF TIME 2 FOR NTIs T~Y’PE EVENT
C 11401 = 1 COL D FLiGHT
C IIIOT 2 HOT I-LIGHT

REAL 1(1
DIMENSION IPRINT (20,3,3),ICHCK(2),NTITLEi3,6)
DIMENSION IA~~8~ ),PRINT13),T TLE (B0)
DATA 164./114 / ,1ASK /IH*/
DATA ICHCIc/IHH,1HC/
DATA Pi~1NI /IHA,U4B,1HC/DATA NT~ TLE /4HTAKE,4H OFF,4H ,~ HTR7M,4H PAO,414
2 444CRUI,.~iSE ,. li ,4I4COMB,414A1 ,414 ,41STOUC ,
3 41414 t ,4HG~3 ,4I4BOMB,414 ckUN,4s /

C
C ECHO INPUT DA TA
C

WRIT E( IDO,265 )
I REA D(IDI ,270) 1A

1F~ ECF1IV1).G 1-uO.0 ) GO TO 5
W RITEUDO,280 ) 1A
WR IT E(T SW AP ,21O ) 1A

H GO TO i
S WRITE(IDO,290)

H IDI=ISWAP
REWIND 101
W RITEIIUO,li)QU)
WRI T E (100,100 1)
WRITE (100,1002)
WRITE ( 100,1003a
wRITE(IOO,~~,,)4I

1000 f-ORM*T(1H1,//,53X,24HSTATEMENI OF LIMITATIONS ,///,9x,
2 4314TH15 COMPUTEs~ PROGRAM IS LIMITED TO THE LIE,
3 52,iE PREDICT1t.Pe S OF ISOTHERMAL ENGiNE DISK BOLT HOLES. ,
4 19MSPECIFICATIQN [IF A ,/,BX,
5 4314 COLD ANALYSIS IMPLIES THAT STRESS RILAXAT,

H 6 33141DM EFFECTS WILL NOT BE ANAL !ZEO.,/,9X,
6 I4MSPECIF1C*T1O~.
7 29., OF A ‘HOTs ANAiLYSIS IMPLIES .
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8 43 14T 14A 1 RELAXAT ION EFFECTS WILL BE MODELED By
9 4314A SINGLE EXPONENTIAL DECAY OF ALL STR ESSES.)

i(.Ol FORMAT (9X,43HMISSIGN DESCRIPTION MUST BE SELECTED FROM T,
2 43HHE EVENTS LIBRARY. UNLESS EV ENT PARAM ETER S ,/,~~X ,
3 Z7rIARE OVER—RIrJOEN, THEY .-~ LL
4 45HREFLECT THE USAG E OF A SPECIFIC ENGINE DISK :,/,9X,
~ 34HTHE TF3QP 1~~ FAN DISK IF A ‘COLD ,
6 38PiAN*LYS1S IS SPECIFIED AND THE TF3O100 ,/,9X,
7 43HTiiIRD TUR BIN E DISK IF A ‘HOT’ ANALYSIS IS S.
8 38HPFCTFIEO. ?~UmINAL STRESS LEVELS INPUT ,
9 34HMUST REFLECT APPROPIATE THERMALLY ,/,~~X,
1 4311AN0 MECMAV~!1C ALLY iNDUCED STRESSES. PROGRAM
I 41HOUTPuT IS SPECIFIC TO DISK FA ILURE RATE S ,
2 2314AN0 MISSION ORDERING BV ,/,9X,
3 9HTHE USER.)

1002 FORMAT (//,9X ,’.314T.sE LIFE EXHAUST ION MODEL USE D TN THIS PROG,
I 39HRAM ASSUMES THE FOLLOWING DESCR!PTIONS.,//,11X,
2 54141. TYPICAL SIMPLE CYCLE FATIGUE LIFE,N,1S L)ESCR IBED BY,/,

4 3 45X,40~4N A*( DELTA STRAIN)**6*l0**(C*SIGM A ME AN ) , /)
1Q 03 FORMAT (L1X, ’e1142. FAT IGUE SCATTER IS DESCRIBED BY A ~~~~~

2 45HULL DISTRIBUTION IN TERMS OF ITS SLOPE, BETA .’//~.11X ,
3 73P13 . THE CRACK PROPAGATION BEHAVi OR IS DE SCRIBED BY T~ E STAN flARD
4 P A R I S  LA~~.,/,14X ,70HSTRESS RATIO EFFECT S A RE ASSUM ED TO BE INCLUD

~ED IN T~ E CALCULATION OF ,/,14X,4lriTHE A~~TERN ATINC- STRESS I\TE~JSIT
bY FAC1OR .

10C4 FURMAT4/,11X,4~i4. MONOTOP4IC 
AND HYSTERESIS STRESS—STRAIN ~

I 57IICURVES MUST RE INPUT FOR THE SINGLE 1 EMPERATUR E AT WHICH ,
2 16HTHE A?IALYIS wILL,/,14X,13146E PERFORMED.,//,1IX,

J 3 57H5. THE STRESS V~ELAXAT ION 
MODEL ASSUMES THAT ALL STRE SSES ,

4 52’iOECAY EXPONENTIALLY WITH A SINGLE DECAY RATE, ALPHA. ,///,14X,

S 5IHWARNING : NE DATA SUPPLIED IN THIS PROGRAM IS FOR ,
6 57HILLUSTRAT IVE PURPOSES ONLY. THE PROGRAM IS NOT TO BE USED,
7 4H FUR,/,24X,I7’ICOMPOIIENT DESIGN.)
READ S 101,270) h u E
READ S IDI,350)NWM1S,IFLAG

350 FOkMAT (I5,4X,AI)
1140T (1
IF (IFLAG.EQ.ICICK (1)) 1140T 2
IF(IF LAG.Eu.1CHCK~

Z)) IHOT~~1
Ij (IHOT.GT.O) GO TO ‘.
IEPR=—99 9
W R IT E(IDO ,360 )

360 FORMAT IIx ,1014If*),37HFATAL ERROR EITHER HOT OR COLD FLiGHT,
21814 MUST BE S PECIFIED )
4 MISS O

IF(NUMMIS.LE.3) GO TO 10
IERRZ- 999
w RITE 1100,300 I

C READ MISSION 0*1*
• C

10 MISS MISS+l
READ! ID!, 100) P€VENT ( MISS) ,NT IMES(MISS)
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IFINEVENTSMIS5J,LE ,.MAX ) GO 10 20

wRIT E( 100,900 P NEVENT (MISS) , M T SS, MAX
900 FORMAT1 1X ,1O( II ~~),11HFATA L ERROR,15,22 ,s EVENT S W ERE INPUT FOR,15,

2 814 MISSION, / ,22X,1ZHA MAXUMUM OF ,15,12H ARE ALLOW ED )
20 N NEVENT(MISS )

00 22 1J 1,3
00 22 1=1,20

22 IPRINTU,MISS,IJ ) 18L
DO 30 1 1.N
R EADS IDT,AtO )  NTYPEII,M ISS),00MMY ,SI I , MT S$ ) , R(T , MT S $ )

2,111 I,MISS),T211 ,MISS)
N N N TY P E I I ,P4I 55)
1F1(NI4 AX —NTY PE4 I , M1SS))*N’rV PEU,MIS S) )  21.21.25

21 IERR=— 999
WRITEIIDO,910) NTYPE (I,MISS),NMAX

• 91~ FO RMATSIX ,10l 1H*),18HFATAL ER ROR A TYPE,I5,1614 EVENT WAS INPUT,
2 5314 VALID EVENTS ARE GREA TER THAN 0 *ND LESS CR EQUAL 10, 15)

25 IFS S fI , MT SS).Gr.c,.~ ) GO TO 26
WRiTE lIDO,32~ )MISS,I26 IF(T 11T,MISS)- .t,T.0.0) GO TO 27
IF%IHUT.EQ.2. ANO.NN.EQ.4) GO TO 29
T ill ,MT SS) T1DEFSNN,IHOT)
IPRINT(! ,MISS ,2) =IAS K

27 IF4T2 1I,MISS )-s~GT.0.0) GO 10 28
IF4lHOT.EQ .2.M~~.NN.EO.4) GO TO 29
T2(I,MISS ) zT2 DEF INN,IHOT )
IPRINTI1,MISS,3)= IASK

J 28 1F(RII,MISS).G1.o.~~) GO TO 129
IFIIHOT.EQ.2.ApO.NN.EQ.4) GO TO 29

IPRINTSI, MISS ,1)z1ASK
GO TO 129

29 WR IT EIIOO,330 )
IERR —999

129 NOCCURI1,MISS )=!FIXE(DUMI4Y/ (T 1(I,MISS)+12(I,MISS)))40.5)
1FI14N.EQ.1.OR .M4.EQ.3 ) NOCCURlT ,MISS)r l
IF(MN .EQ.2) NOC.CUR(I,MISS)*T FTX IOUMMY+0.5 )

30 CONT INUE
fl 1FIMISS.LT.NU MMISP GO TO 10
H C

C CHECK ThAT THERE IS A TAK E OFF AND LANDING FOR EACH MISS ION
C

00 37 11,MISS
NZNEVENT ( I)
00 36 J 1,N
IFIN1YPE(J,II .EQ.t) GO TO 37

36 CONTINUE
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I ERR=—9°9
WR ITEIIDU ,400)I

31 CONTINUE
C
C ADO LAPDING AT END OF EACH MISSION
L

00 38 1 1 , MISS
NEV ENT ( I)~~NEVENT ~ 1)+1
J NEVENTII)
R (J,I) 0.0
S(J,I)=u.0

125J, Ibzu.U
NOC CURIJ,I) 0

38 CONTINUE
C
C READ MATERIAL DATA
C

RE AD(IDI ,j1O) KT,SIGLOW,ALPHA,SIGZRO,E
ALPH* ABS(ALP14*)

C
C READ RELIABILITY DATA
C

READ ! 101, 115) BETA,FRATE,N BOLT
READ ( IDT ,I2O)*,b,C,O,X ~C R EAD MUNOTO NIC CURVE
REA OI 101, iCC) NMONO,NCRI

- .1 IFINMeNC.LE~ M AXCV) GO TO 40
-~~~~ I~~RRz~999

W R IIESIOU,920) NMOh.~~,MAX CV
920 FORMATS 1X,i.0 ( !bi*),11I9FATAL ERROR ,I5,2714 POINT S INPUT F(~ MONO TONIC

2 3514 STRESS STRAIN CURVE,12, 814 ALLOW ED)
40 CONTINUE

REA 0(1DI,120)gICURVM (I,J),J 1,2),I~~1,NMONO)
IF(NCRJ.NE.0) READI1OI,120)(tCRMONOlI,J),Jz1,2),l~~I,NCR1 )

C REA D HYSTERESIS CURVE
REAOITDI,I (~0)NhYST,NCR2- 

- 
IFINPi YST.LE.MAXCV) GO 10 65
IERR —999
wR ITEIIDO,930) MPIYST,MAX CV

930 FORMAT ( 1A ,1-04114*) ,1IHFATA L ERROR ,I5,2614 POINTS INPUT FOR HYSTERES
2 22 1415 CURVE,IS,uH A LLOWED )

45 CONTINUE
READS ID!, 120) IICURYH I I,J) ,JxI,2), I~ 1,NHVST )
IFlNCR2.N?~.0) READ!IDI ,I20) IICRHYST lT,J) ,J.I,2),I~ 1,NCR2 )

C
C ECHO MISSION DATA
C

IFIIHCT.EQ.1) ~~ITE( !DO,44O ) TITLE
IF(IHOT.EQ.~~) WRITE(IDO,450) TITLE
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W RITEIIDO,460 )pT,NBOLT
460 FORI4ATUOX,3M XT ,E15.4,~~,lOX,714fl8Q~T5z,I~~~)

NLLNUMMTS—1
IF(NL..EQ,o.G) GO TO 806
DC 805 MISSz1,NL
WRITE(IDO,203) PRINTIMISS), NTIMES(MISS)
W RITE(IDO,430 )
NZNEVENTIMISS )—1

DO 800 I~~1,N
KPWI TYPE(I,MISS)
WRIT E(IDO,210)I,ENTITLE(JP,KP),JPZ 1,3),NOCCURU,M!SS),SII,MtS5),
2 IPRINTII,MISS,1 ),R(I,MISS),IPR INT(I,P4ISS.2),T1!I,MISS),
3 IPRINT(I,MISS,3 ) ,T211,MISS)

80~
) CONT INUE

IF(IHOT.EQ.1)
IFU HOT.EQ.2) ~~ITE(IDO,390)

805 CONTINUE
806 N NEVENT( MiSS I—i

wR ITE( IDO,220 ,PR!NTIMISS)
wRITE 4 100,430 1
DO 810 I=1,N
KPxNTY PE ( I,MI SS)
W RIT ESII)O,2 10)i,INTITL.ESJP,KP),JPZI,3),NOCCURU,M!SS),Sf I,MISS) ,

2 lPR1~IT1l ,MISS,i),RII,M1SS~~,IP~ INTII,MISS,2),T1II,M1SS),
3 IPRINT(I,MISS,3), 12U,MISS )

810 CONTINUE
IFIIHOT.EQ.1) W RITEIIDO,380)
TF(1HOT.E0,2) WRITEtIDO,390 )

C
C ECr4C MATERIAL IMTh
C

WR ITE IIDO,230 I
WR ITE(IDQ,240 ) SIGLOW ,A LPHA ,SIGZRO,E,BETA ,FRAT E
EzE/ 1000.
wRITEIIDO,370 )A,B,C.D,XN

C
W RT TEUDO,250) l(CURVM(I,J) ,J il,2) ,Is~1,NMO NO )
IF(NCRI GT.O) W R!T ESIDO,410)S$CRMONOI I,J ) ,J 1,2);Izl,NCR1)
W RITE ( 1DO ,2b~j ) l1CURV H(I,J) ,Jx 1,2),1~ 1,NI4YST )
IF(NCR2.GT.O) wIkITE!I00,420) f !CRHYST lI,J) ,J~ 1,2),Ix1,PCR2)
WRITE(IDO,470)
RETURN

C FORMA T S
10’) fO RM*T~ 2I5)

— h G  FORMATII5 ,5X ,5E10.0)
200 FOR NAT S/ ,52X ,?~14iSSION,1X,A 1,JX,11HDESCRIPTI0N,/,10X,

2I6HMISSION A UCCURS,I5, 614 TIMES,//,1CX,5HEVE N~~,5X ,’e17YP E ,4X ,
31OHOCCURAP.CES,2X,7HNOM INAL,8X,61JSTRESS,9X,6HIIME l,9X,6MTIME 2,/,
4.,0X,6PiSTRESS, 9X,5HRATIO)

210 FQR r 4 A T ( 1 O X , I 5 , 5 X , 3 A 4 , 1 3 , 5 X , E 1 O . 4 , 3 ( 5 X , A 1 ,  E I 0 . 4) )
2 2)  FORMAT( IH1,/, 5~*,ThMISSION,1X ,A 1,1X, 11HOE SCRIP1I0N,// ,1OX ,5HEV ENT,
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2 5X ,4HTYPE,IX ,1OHOCCURANCES,2X,7HNOMINAL ,8X,6 P4 STRESS,9X,6HT IME 1,
3 9X,6HTIME Z,/,40X,6HS4TRESS,9X,5HRATIO)

120 FORMAT (8E10,3)
230 roRMAT ! 114i,/,~~iX,13HMAT ERIAL DATA ,// )
2.,-) FORMA T( 1OX ,19hLOW ER STRESS BOUND=,E15 .4,1X,3HKSI,/, lOX,

2 bHALPHA ,E1 5.s,IX,5H1/HRS,/,1OX ,I5HINITIAL STRESS=,E15.4,1X,314K5
31 .1, IOX,214E=, 21€ 15.~, 1X,3HPSI ,/, lOX, 5HBET A=,OPEI5.4
4 lOX, 1814015K FAILURE RATE ,FiC.2 )

250 FO RMAT ( 1M1,// ,IOX ,?BHMONTQNIC STR ESS/STRAIN CURV E,/,1Ox ,eHSTRESS,9
2 X, bHST RAIN ,/,11X,3HKS !,12X ,5141N/TN,/,5015X,2E15.4,/))

263 FORMATI1H1,// ,aQx ,3OHHYSTERESIS STRE S S/STRAIN CURVE,/ ,IQX,6HST RES$
2 ,9X, 6HSTRAIN,/,11X,314K5I,12X,5141N/IN,/,5045X,2E15.4,/))

265 FORMATl1H1,l3HECp~3 OF IPJPUT,//)
270 FORMA1 (80A 1)
280

320 FORMATSIX,10 ( 1PI*),3ÔHFATA L ERROR NOMINAL STRESS LEVEL NOT,
2 3214 INPUT FOR MISSICN .I5,lX,SHEvENT,I5)

33{’ FORMAT (iX,10t 1pf*),45,4FATAL ERROR DAMAGE E VENT TYPE 4 HAS NO DEFAUL
2 21141 VALUES Fci~ HOT RUN.)

~~~ F3RMAT (IX,12P4 END OF ECHO)
3~~ FQRMAT(IX,hi4 114a),3814’ATAL ERROR MOR E THAN 3 MISSIONS INPUT)
3~ O FORMATS4OX,3714*OEFAULT VALUE FOR TF3O—Pl~~O FAN DISK)
39 CS  FCRMAT%40X,4114*OEFAUL T VALUE FOR 1F30—PiD0 TURBINE DISK)
‘GG FORMAT 41X ,~~0(tH*),35MFATAL ERROR NO TAKE CFF FOR MISSION,15)
410 fOi~MAT4lHL,/,IOX ,èbHCORRECTION CURVE FCR MONOTONIC CURVE ,

() • /,1OX,6iISTSA1N,9X,5HCFACT,

~ /,IOX,SH1N/IN,
2 /,50~i5X ,2E15-.4,/))

‘ 20 FORMATS 1141./. 1CX,36HCORRECTICN CURVE FOR HYSTERSIS CURVE ,
1 /,1c~X , 6HSTR A 1P ,9X,5rfCFACT,

- - 2 /,1OX,5141N/1h9,
3 /,S0 SX,2E15.’~,/~~115 FORMAT I2 EI~~.O,I5)

430 FORMAT (40X,3H I~Sl,27X,3HHRS,12X,3HHRS/~
440 FORMATI 1H1,/,,~.2X,2 1HCOLD MISSION A NALYS IS./ ,25X.8c~A1,// )
45C FOR MAT ( 1141,//,52X,2OMHOT MISSION A NALYSIS,/ ,25X ,80A 1,/ / )
370 FO RMATU p, l,//,10X,23HLIFE EQUATION CONSTA NTS ,/ /

2 ,1~~X ,2 14A=,E1 5,4,/,10X ,2HB~~,E15.4,/,1OX,2P’C ,Ei5.4,
~ // / / ,1OX,22 HCKAC K GROWTH CDNSTANT S,//, IOX,2 140 ,
d~ E15.4./ ,1UX,2P-~.,E15.4 )

‘70 FURMAhiiHI,L1X,2 THRESULTS OF MISSION ANA L YSIS,// ,1OX ,71441S510N.8X
2,1 CUM ULAT IV ~~,6X ,9HNUM~ ER OF,/ ,25X,1GHPERCE’J T OF ,
3 b)~,7r$FLIt,r IT S, /,25~I,9HLiFE USED,/ )

END
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SU8ROUTINE ST RESS4MISS,STRLST, SUSLST,SU R S V E,NUMLST ,aJQLST ,ILIN)
COMMON /1O/IDl,IUO
COMMON /UATA/ cURVM I SO,2),CURVH(50,2),KT, SS(21,3) ,RR( 21,3 ),NUMMI S
2, SIGLUi, SIG7R O,NEVEMTS ~

) ,E,NM ONO,NHVST ,NOCC-LJiU 21, 3)
3,I HOT,NTY PE (21,3 )

• COMMWl /CRRCT/ CKMONC(50,2),NCR1,CRHYST(50,2),NCP2
REAL KT
DIMENSION SUR SVE!42,3, 4)

C
C THIS ROUTiNE COMPUTES THE STRAIN HISTORY O~ ~ MISSION
C
C INITIALIZE CO NSTANTS
C
C ILIN=0 STRESS LEVEL ON LINEAR PORTION OF IIYSTRESIS CURVE
C ILIN*l ON NON—LINEAR PORTION
C

KwTPE=c~
1=1
53 0.G

ISIGN=—1
ITIME=0
SURSVE4’JUM ,MI 55,1 P STRLST
SURSVEINU$,i’qISS,3)SUBLST
S 1 6 SUR=SU RI ST
SURSVE (NUM,MI SS,2) SIGSUR

1 SaSS( ! , MISS)
R xRRII,MI 5S9
IC 14NGE~ O
IFIS.bT.S4.AND.ISIGN.L.T.O) IC1tNGE 1
IF1S.LT.S4.AN D.ISIGN.GT.O) ICHNGE=1
IF(ILIN.EQ.-3.ON.IC.*4GE.EQ.O) GO TO 200
N DM8 C K ~~UM
iFS ITIME.E0.1 .ANO,NUM.EO.1) NUM~ NUMLST
STRLST SURSVE (P&JM,MISS,l)
SURLST~ SURSVE ~wM,P1ISS,2)
SUBLST SURSVE (MJM,MISS,3)
NLJI NUMI3CK
S3 S4
ILIN~ O

200 CONTINUE
C IF PA RT HAS ~IO PREV IOU S STRESS HISTORY SU BSURFACE FCL LCW S
C MONOTONIC STRES S STRAIN CURVE

IFII.EQ.1.AND .MISS.EQ.l.AND.ITIME.EQ.O)GO TO 5
GO TO 10

C fOLLOW MONOTOMIC CURVE
5 DVOEZ$K1*S)*I ~T*S)/E

CALL INTERICUPVM,NMONO ,DE,DVDE ,CRMONO,NCRI)
1L1N~~1SIGSUBaDVDE/D E
STRA IN~ DE
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ISIGN=1
I MONO=C
ISIG~4=1
GC l U  20

C FOLLOw HYSTER tSI S CURVE FOR SUBSURFACE ST’ESS LEVEL
1C DVDE (KT*SS3—S))~~*2/E

ISIGN=1
IF(S3.G1.S) ISIGN=—i
CALL INTERSCLH~vH,NHYST,DE,DVDE,CRHYST,NCR2)
1LIr4~G
I p ( D E . G T ,CU f? V I-4( i , 1) )  I L lN ~~l
OSi(~M*=DVDE/DE
S 1GSUBXSUBLS1 +IS!GNUDSTGM A
STRA IN=ST RL5T +ISIGp~*OE
1F (SIGSUB.LT. slGiOw)SIGSUB=S1GLOW

C CHECK THA T MONC1 ONIC CURVE IS NOT VIOLATED
1MONO~~ -

CALL vL ATE (CU1~VM ,STRA1N,SIGSUB,1VIOL ,NMONC)
IFIIV IOL ,LT ,0) GO TO 5

C HAS SUi~FACE LA YE R BEEN PREVIOUSLY BEEN ~)ESTROYEO
2(~ IFSK WIPE.NE.~~) GU TO 45

IFU MC~O.GT.0) bC 10 30
C SUBSURFACE FOLLOWED ~OMOTONIC STRESS/STRAIN THEREFORE SIGMASUR
C IS S1, ZRO PLUS SIG HYST

CALL INTERY (CLiRVH,NHYST,STRAIN,SIGSUP)
SIGStJ~ =SIG~ UR .~.lt2RO
GU TC 4()

30 SIGSUR SURLST,ISIGN*DSIGM A
IF(SIGSUR.LT.SIGLOw) SIGSUR ST GLOW

C CHt~CK THA T MOP.!YTuN!C CURVE IS NOT VIOLATED
40 CALL VLATE4CUt~VM,S1RA1H,SIGSUR,IVIU1 ,NMONO)

IF (1V10146E.0 ) (..U TO 50
Kb4IPE=l

45 S1GSUR=S1GSUB
5C~ IFIR .LE .O ) *0 10 60

OVDE= (KT*S*S 1 .O—R))**2/E
CALL INTER (CU KV!1,N1IYST,DE,OVDE,CRIIYST ,NCR2)
1LIN O
IF(D~~.GT.CURV 14s1,l)) ILIN=1
DV=DVDE/DE
NUM~~NUM+l
SURSVE (NUM,P4I SS,1) STRAIN
SLU~SVE (NUM,MI S~,e )=SiGSUR
SURSVE !NUM ,MI SS,3)SIGSUB
SIGSUR~ SIGSUR —OV
IF(S !GSUR.LT.S 1GLOW ) SIGSUR=SIGLOW
SIGSUB S!GSUB —UV -

IFISIGSUB.LT.SIGLOW) SIGSUB~~SIGL0W
ST RA IN=STK A IN—D~

60 NUM=NUM+1
SUR S V EI NUM,MI SS.1)=ST RA IN
SURSV EU’~JM ,MIS$,2)=SlGSLM
SU RSVc %NU M,M1 SS,3)=SIGSUB
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SURSVE INUM,MLSS, 4)=F LOA T OCC UR(t ,MTSS);
iF tIT iME.E~J.3) S4~~i1=1+1
IF(ITIME.EQ .l) GO TO 90

• IF !T. LE.NEVENT SMISS))  GO TO I
ITIMEXI
I~~1• 
~4UML5TzMUM
IV MAX 1

70 1 !.1
IF(I.GT .~IuM CC TO 80
IF(SU

~ SV E( I ,M1SS,2) .GT .S URSV Ef IV MAX ,MISS ,2) )  IV MAX = l
GC TO 7O

80 1 1
NUM I

0C F(NUM .L1.IVMAX) GO TO 1
RETUR N
END

SUBROUTI’IE 1NT~R (ARR AY ,N.X~~,XY8,C RCT,ICRCT)
COMMON /10/ 101,100
DIMENSION ARR AY~ 50,2),XY(50),CRCT(5O,2)

C THIS ROUTINE FINDS THE VALUE OF XB GiVEN XV B SUCH T HAi THE POINT
C IS ON THE CURV E DEFINED BY X *Y VS. X
C
C COMPUTE XV ARRAY

H C
DO 1.0 1=i,’l

ID XV5i )~~AWR~~Y~ i ,1)*APPAY (1,2~
C

-
, C DETERMINE IF INTERPOLATION OP EXTRAPOLATI ON IS NEEDED

C 
I F IX Y ( N)— X Y B ) 3),20 ,40

20 X BZI RRAY ( N, 1)
GO TO 909

C
C E XT R APOLA TE S OLU TION
C

- 

- 

30 NN*’I
:1 60 T0 70
I

C INTERPOI IITE S OLUTION
C

4Ca DC 50 1~~1,N
MHIGH-I
I F IX Y B — X Y I I ) )  60,60,50

50 CONTINUE
GO 10 30

— 60 NNaNHIbH
70 IFINP,.EQ.i) GO TO 75

XM.4AP RAY INN, 2 )—AR RAV 4N N—1. 2 ) ) / 1AR RAY U?4 . I )—ARRA YS N PI—l , 1) )
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B=ARRAYSNN—l ,2)— ,*IARRAY S NN-l,I))
60 10 80

75 .~M=ARR AY (NP1,2)/ARRAY (NN,l)
B 0.0

80 XB (SQRT S B*8 +4,0*X M*XVB )—B )/ 42 .O*XM )
C
C USE CORRECTIO N CURVE TO DETERMINE ACTUAL STRAIN FROM NLEBER
C ST RAP4 PREDICTIU’4
C

999 CFACT=i.O
iFS 1CRCT.GT.0) CALL INTERV4CRCT,ICRCT,XB,CFACT)
X8=XB*CFACT
CALL INTtRYSA WRAY,N,XB,Y)
XY B XB*Y
RETURN
END

SUBROUTINE 1N TERY SCURV E ,N ,X ,Y)
DIMENSiON CUR VE4 SO,2)
COMMON /10/ 101,100

C
C ThIS ROUTINE FINDS V GIVEN X USING CURVE 11 .1) = XII )
C AND CUkVE (I,2) = VU)
C
C DE TERMINE IF INTERPOLATION OR EXTRAPOLATION IS NEE DE D
C

N TO P N
1FS C URV E ( N , 1)—X )  40, 10, 20

1~ Y C U RVEIPJTOP,2)
• 60 T0 999

C
C INTERPOLATE
C

21) OCt 25 I=1,N
NToP=1
1FI X—CURVE (1,J)) 30, 10, 25

25 CONTINUt~60 10 40
30 IF(NTOP.EQ.1) 63 10 35

Y 4tCURVE iUP,2)—CURVE (NTOP 1,2))/(CU~VE I NTOP,1) CDPVF(NTOP I,l))
21*4 X—CURVE (NT OP—i, 11 )+CURVE (NIOP—! ,2)
GO TO 999

C
C ASSUME CURVE ~~ARTS AT 0.0,0.0
C

35 Y= ( C URVESI ,2 ) / C URV E( 1 ,1) ) *X
GO 10 999

- j  C
C EXTRA POLATE 1(. SOLUT1ON
C

‘.0 NTOP=M
60 10 30

999 CONTINUE
RET~JRN
END

100

-• ~~~~~~ ~~~
-
~~~~~ — —-~~ ~~~~ —

-
~~~~~~ — ~~~ —--- - 

~~~~~~~~~~~~~~~~~~~~~~ -- - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



B LOCK DATA
C BLO~~ DATA RO UTINE TO SET DEFAULT VA LUES OF I/O DEVICES AND DAMAGE
C E V E N 1  DEFA ULT VA LUES

COMMON /ERROR /IERR
COMMON /10/ IDI,IDO,MAX ,NMAX,MAX CV ,ISWAP

— COMMON /DAI4A (iE/ SDEFS 6 ,2) ,RDEF S 6,2),T1DEF( 6,2).T2OEF( 6,2)
DA TA 101,100 15,6/
OATA SDEF/12*0.O/
DATA T1DEF/.333, ’J.(~I66,.333,3*Q.O ib6,.O333,.OD833,.5,.O,.08333,.O5
2/
DATA RDEF/O.,.5,0.,.83,49,.36,0.,.56,O .,Q.,.1o,.45/
DAT A T2DEF/O. ,.016b,O.,.0166,.O366,.0 I66,5~.,. 0366,C.,O...O833~~,.O5- 1  2 /
DA TA ?IAX ,Z ER R ,NMAX,MAX CV, !SwA P

2 /20,3,6,50,1/
END

SUBROUTI’& E VL AI ESCURVE,STRAIN,S!GSUB,IV IOL,NCURV )
C
C THIS ROUTINE DETERMiNES IF GIVEN ST RAIN £ SIGSUR
C IF CURVE IS VIOLATED

COMMON /10/ i01,100,MAX,N MAX ,MAXCV
UTMENSION CUR VEI5O,2)
X PRTz FL0AT4~lC URV )
IV IOL=0
CALL INTERYIC URVE,NCURV,5 IRAIP4,STRESS)
1F(SIGSLIS.GT.SIRESS) IV1OL~—999
XPRT=FLOAT ( IV Itt )
R~ TUKPI
END

SUBROUT INE CY (.LE~ SURSVE,ICVCLE,IDA M ,IO~~~,M1S5,NUM )
DIMENSION SUKSVE -442,3 , 4) ,ICVCLE(21 ,3, 3), IDA MS 3 )
DIMENSION 1OF F-~3)

C
C. THI S SUBROUTINE DE TERMINE S STR ESS CYCLES AND NUMBER OF TIME S
C THA T EACH 15 CYCLED
C **BASED ON SUBSURFACE STRESS CYCLES
C
C ALSO CALCULAT ED ARE CONSTANTS FOR STRESS RELAXAT ION
C
C ICYCLES1,MISS ,J)
C J=1 POINTER TO SURSVE FOR BEG . STRESS

-- C Jz2 POINTER TO SURSVE FOR INtl ST RESS
C J=3 NUMBER OF CYCLES
C IDAM(MISS ) CO UNTS OF ST ESS CYCLES IN A MISSiON
C

COMMON /LDATA / A,B,C,D,XN,’4TIMES (3),ALPHA
COMMON /10/ it1,IDO
COMMON /DATA/  CUSV M(50,2) ,CURV H(3O ,2) ,KT , 5121,3), R12 1 ,’),NUMM IS

2 ,SI&L0W,SIG2 RC,Nt~V ENTI3) ,E,NMCNU,NHY S1,NCCCUR(2) ,3)
3 , IPSOT ,NTYPES2 I,3)

COMMON / S REL*X/  *SUR,BSUR ,CSUR,ASUB, B SUB,CSLJB,RELI, REL2
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COMMON ,rI / T r ij~~1,3 ,1T2 21,3)
REAL KT
ASUR O.0
BSUR=0.O
CSUR I.O
ASUB O.0
BSU8 O.0
CSUB 1.G

• 10 ISTR=0
IEVENT = 0
IDAMSMISS) 0

20 ISTR ISTR.1
IF( IEVENT+l.GE.NEVENTSMISS)) GO TO 909

C
C IS THIS THE END OF A DAMAGE EVENT
C.

IF(SURSVE( ISTR ,MISS,4) .EQ.O .0)  GO TO 20
C

F C INCREMENT DAMAGE CYCLE COUNTER
C

IEVEN1=IEVENT +1
I i T T ~~tIEVENT ,M1SS)
T2 TT 2% ~EVE ~’iT ,MISS)
TR AT=tT~ —T1)/ 411+T2)
11=1 11.12 )*SU P.SVE( ISIR ,M1SS ,4)
ESTUFF=~4l.0/€XP(i~LPHA *Tl))—t.0

C
C DETERMINE EVE NT TY PE AND CALCULATE NUMBER CF C~~~LES

H
N~NTVPE1IEVEN T,MIS5)

IFS N.NE.4.AND .f .NE.5.AND.N.NE.6 ) GO TO 30

C GET NUMBER OF CYCLES DTRECTL. Y FROM SURSVE
C

25 SIGM (SUSSVE I 1$TR—1,MISS,2)’ . S URSVE ( ISTR,MISS ,2 ) )/2 ,
• DSIG ASS(SURS VESISTR—1 ,MISS,2)—SUR SVE (ISTP,MISS,2 )?

SIGI=SIGM—lDSIG/~~.tfl*TRAT
ASUR ASUR +SIGI*ES1UFF
B SUR B5U~~+~ 51 UI-F
CSUS CSUR+ES1Ut F
S1GM SSURSVESI$T1k ),MI$S,3)+SURSVE{ISTR,MISS,3))/2.C
DSIG=A BS(SUP S VE ( 1STR—1 ,MISS ,3)— S UR SV E ( IS T R , MISS .3) )
S IGI=SIGM—SOSJG ,2.0)*T RAT
A SUB~~ASUB.SIGI*ESTUFF
BSUb&BSUB.ES~ U1f
C SUB ZC SUB .1ST tiFf

• 1F(N.fQ.2 ) GO TO 35
IDAM 5 MISS )‘~ID AMI M ISS), 1
I t0*MIM1 SS ,~ICY C LE( I ,MISS, i)= IST R— 1
ICYCLE( I ,M IS S  ,2p=ISTR
ICYCL ESI  ,MISS ,3) 1F1X-I SUR SV E( ISTR ,MISS ,4)
GO TO 20
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30 IFS J.’f t .2) GO TO 4C
GO TO 2~35 CONTINUE
IDA M(MISS)= ID As(MISS).1
I I D AM4MISS)
ICYCLEII,MISS .1)=ISTR—1
ICYCLE(I,MISS ,2)=ISTR
ICYCLE S I,M1SS ,3) =1
GO TO 20

40 IFIN.NE.i) GO TU 60
c
C FIND VMAX AND V$IN OF MISSION
C

IMAX 2
IMIN Z
IC1=2

45 ICT=ICT+I
IF(ICT.GT.NUM ) GO TO 50
IF (SURSVE (ICT ,MISS,2).LT.SURSVE -IIMIN ,MISS,2)) IMIN IC T
IFISURSVEIICT ,P4ISS ,2) .GT .SURSVE( IMAX ,MISS,2) )  IM*X= IC T
GO TO 45

53 IOAM 1M1SS)~~1DAM(MISS)+ I
I IDAM(MISS)
10PF( MISS ) I
ICYCLE(I,MISS ,1)=TMIN
ICYCLE(1,MISS ,2) IMAX
ICYCLEII ,MISS ,3)=1
S 1GM (SUF~SVE S IM*X ,MISS,2)+SURSVE(IMIN,M!SS,2) )/2,0
DSIG=A BSISURS VEII MAX,M ISS,2 )— S URSVE( 1MIN ,MISS,2) )
SIGI SIGM—(DS IG/2 .0)*T RAT
ASUR=ASUR4SIG1*EST UFF
BSuR BSUR.EST tiFF
C SUR=CSUR .EST UFF
SIGM=SSURSVES1MAX ,MISS,3) .SURSVESIM1N,MIS$ ,3))/2 .0
DSIG=ABSSSURS VES IMAX ,MIS5,3)—SURSVE(IMIN,MI SS,3))

• SIGIZSIGM—IOS IG/2.0)*TRAT
ASUBzASUB,S1G 1.ESTUFF
BSUB BSUB.ESTUFF
CSUB=CSUB+ESTufF
GO TO 2”

63 IF(N.NE.3) GO 10 20
IFSIEVENI .EQ.1) GO TO 20
NLZP4TYPE I lIVE NT—i ,MISS )
IF(NL .NE.1.AN D.r~L.~4E.4.AND.NL .NE.5.AND.NL .NE.6) GO 10 20
NN NIYPE( IEV E NT+1,M1SS)
1FINN.NE.1.AND.P4N.NE.4.AND.NN.NE.5.AND.NN .NE.6 ) GO 10 20

• IDAMIMISS)Z IDAMIMISS). 1
I=T OAM IMISS ,
ICVCLI(1, MLSS,1)Z IST R
ICYCLE( I,MI55 ,21=ISTR+1
ICYCLE( I ,MISS,3)= 1
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S lGM 5URSVE ( 1~~1R,MISS, 2)
SIG1=$IGM
ASUR=ASUK+SIGIPE STUFF
B SUR = Euk ,E SI UFF
C SUR=C SUR+ESTU F
SIGM SURSVE (ISTR,M1SS,3)
SIGIzSIGM
ASU B=ASUB.S1GI1ESTUFF
8 SU8 8SU8+ESTUFF
C SU B C SUB+ ES TUFF
GO 10 20

999 CONTINUE
RETUR N
END

SUBROUTINE LLFt4 SURSVE,ICYCLE,IDAM,SLIFE,IOFF,M15S)
C
C THI S SUBROUTI NI DOES SIMPLE CYCLE LIFE CALCULATION
C USING SUR FACR STRESS HISORY

• C
C
C SLIFE (1,MISS,-1I — LIFE PREDICTION FOR JIM STRESS CY CL E OF MISSION
C SLIFEII,MISS,21 — ‘ROPAGATION DAMAGE DEBIT
C
C IOFFI MTSS) — LCCATION OF TAKE-OFF CYCLE POINTERS IN C YCL E A RRAY
C

COMMON /10/ 101,100
COMMON /SVLIFE/ XNA ,RA, DVA
COMMON /DA TA/ CU$V$(50 ,2) ,CURVI4150,2) ,KT,S(2 1,3) ,Rf21,3) ,MJ MMIS

2 ,SIGLOW ,SIGZR U,NEV ENT I3) ,E ,NMONO,NHYST,NOCCUR(2 1,3)
3 ,IHOT,NTYPE I 21,3)

COMMON /LDATA/ A,8,C,D,XN ,NTIMES (3)
REAL KT -

DIMENSION IOFF(3),SURSVE (42,3,4),ICYCLE (23,3,3)
DIMENSION IDAM(3) ,SLTFE(2 1,3 ,2)

C
C A ,B,C ARE US ER INPUT CONSTANTS USED IN LIFE C ALCUL ATI ONS
C.
C LOG IN) L0t ,(A) .B*LOG(DELT SIRAIN) .C*STRESS MEAN WHERE N~ L1FE
c
C
C DETERMINE HOW MANY STRESS CYCLES iN MISSION
C

N IDAMIMI SS)
C
C LOO P THROUGH STRESS CYCLES CALCULATING LIFE
C

DO 100 Izl,N
I1=ICYCLEII,M!SS,1)
I2 ICYC LE( I ,MIS5,2 )
0$TR =A B5(SU RS V E(i1,MISS, 1)—SURSV E II2,MISS,1))
SIGMB ( SURSVE ( 1I,MISS,2)+SURSVE ( 12 ,MISS,2))/2.
A RG=ALOG 1OIA).b*A LOG1OIDSTR) ,C.SIGM
SLIF€I1,M1SS, 1)=10.**ARG
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1

IF(SLIFE(1,MI SS,1).GE.1.OE6 ) SLIFE(I, MISS,1)=1 .016
100 CONT INUE

c
C CALCULATE PROPAGATION DAMAGE DEBIT
C

IF(MISS.GT.1) GO TO 125
ISUB IOFF (MISS)
XNA=SLIFE(ISU~~,MI5S,I)
J 1=ICYCLE(ISU B ,MISS,1)
J2zICYCLE (ISU~’,MISS,2)
RA=A MINIISURS VEIJ1,MISS,3),SURSVEIJ2,MISS,3))/
2 AMAXIISURSVE IJI,MISS,3),SURSVE(J2,MISS,3))
DVA SURSVE (J1 ,MISS,3)—SURSVE (J2,MISS,3)
DVA ABSIDVA )

125 CONTINUE
00 150 1*I,N
I1=TCYCLEU, NISS,1)
I2Z ICYCLEI(I,MISS,2) -

XNBzSL1FE(I,MTSS,1)
R8=AMIN1I SURSVE- (I1,MISS,3),SURSVE (12,MISS,3))/
2 AMAX1 (SURSVEII1,MISS.3),SURSVEII2,r4ISS,3))

F DVB=SURSVE4II,MI SS,3)—SURSVE(12,MI5S,3)
OVB ABS(DVB)
SLIFE(1,MISS,2) 1141D— RB)* DVA )/ I ( D — RA )* DV b) ) * *x N) * I XN A/X NB)

151) CONTINUE
99~ CONTINUE

RETURN
END

SUBROUTINE EX LIFE(SLIFE,ICYCLE,IDAM,MISS,JTIME)
COMMON /LEFT/ IIFESP
COMMON /DATA/ CURVMI5O,2),CURVHI5O,2),XXT,S121,3),R 121,3),NUMMIS.
2 SIGLOW,SIGZRO,4EVENT (3),E,NM ONO,NMYST,MOCCUR I 2I,3).
3 IHOT,NTYPEI21,3)
COMMON /10/101,100
COMMON /LDsTA / a,B,C,D,XN,NTIMES (3)
COMMON /RELI/ Bt TA ,FRATE,NBOLT
REA L LIFESP

• DIMENSION SL1FE (21,3,2),ICYCLE (21,3,3),IDAM(3) ,PRJNTI3)
DATA PRINT /1i-$A,1HB,1HC/
NDAMZIDAM IMISS)
XBOLTBFLOAT (NBOLT)
RDZ1 .0—FR ATE
XNK I  1.0/BETA )*(ALOG (ALOG(1.0/R0)) ALOG4 X BOLT )
2 —ALOGI*LOG(2.OP))
XNR EXPIXNR )
IFIMISS.EQ.NUMMIS) GO TO 200

C
C THIS IS NOT THE LAST MISSION CALCULATE RE MAINING LIFE
c
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1

XLIFE O.0
00 20 I 1,NDAM
XLIFE=XL IFE+4 FLOAT (ICYCLE (I,MISS,3))/ISL1FE (I,MISS. 11*
2SLIFEU,MISS,2)1)*NT!MES4MISS)/XNR

2 C CONTINUE
IF(X LIFt+LIFE SP—i.0)30,40,50

30 LIFESP XLIFE + LTFESP
xPR r= (LI ,Espp * io’~.
WRITE4IOO,10’j-)P*UNT (MISS),XPRT,NTIMES (MISS)
RETURN

40 WRITEUDO ,IOO )PRINTIMISS),XPRT,NTIMESIMISS)
WR ITE-(I0O,110 a

110 fOR MATt1X,23iiLIFE HAS BEEN EXHAUSTED )
G0 T0 999

C
C LIFE USED UP BEFORE MISSION OVER CALCULATE AP PROXIMAT E LIFE
C

5~ XLTFE~~(XLfFE)/~JT1MES (M1SS )
N= I1.0—LIFESP )/XLIfE
wRJTE (IDO ,120),’RINT{MISS),N

12C FORMAT ( IX , 49HL1I-E EXHAU STED BEFOR E SPECIFIED NUMBER OF M1SSIO~:,1X ,
2 A1,IX,1’.tiW ER~ COMPL ETED,/ ,1X ,13HA PPROX IMATELY ,I5 ,13H MISSION S COiJ
232HL0 BE FLOW N. REANALYSIS ADVIS ED.)
G0 10 999

C
C PRED iCT HOW M ANY MISSIONS CAN BE FLOWN
C

200 XL IFE O.0
00 210 1 1,NDAM
XLIFE~~ LI t-E+(~-L0AT (ICYCLE (I,MISS,3))/t$L I FE(I,MTSS,?)*SLIFE (2,MISS
2,2))1 /XNR

210 CONT I’IUE
~z( 1.~~—1IFESP )/XLIFEX PR 1 1CO.

I F I I HOT .EQ.1) GO TO 220
-~~ IF(NT1MES (MI~,S).EQ.0.AND.JTIME.EQ.0) CO 10 950

NT NTIM!S (MISS)41
IF(NT.GT .50) GU T O 950

220 NZIN, 5)/1O

4 - 

W KI I E(I0fl ,100 )P RI NT ( MISS ) ,XP RT ,N
GO TO 999

q50 NTIME SeMISS ) N
RETURN

H ~00 FORUA T413 X,A1 ,11X,F$~ 2,7X ,I10)
099 STOP

END
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SUBROUT INE RELA.{~ SURSV E,MISS , NtJM )
COMMON /S RELAX/ASUK,BSUR,CSUR,ASUB ,BSUB.CSIj B ,REL1,RFL 2
C OMMON / LDATA/ A ,~~,C,D,XN,NT IMES(3 ) ,ALPH A
COMMON /DATA/ CUPVM (50,2),CURVH (50.2),XKT,S (21,3),R (21,3),NUMMIS,
2 SIGLOW,SIGZR O,NEVENT (3),E,NMONO,NMYST,NOCCUR(21,3),
3 IHOT ,NTYPE(21,3)
COMMON /10/ 101,100
DIMENSION SUR SVE 4 42,3,4) ,REL(2)

C
— 

C THIS ROUTINE CALCULATE S RELAXED S TRESSES
C

NSAVE*NTI MESS MISS)
NFL NT1MES(M! 55)

— DO 50 I 2,NUM
00 50 J~2,31 REL(1)ZSAS UR/t ’SUR)* (CSUR**NFL—1. O)
RE L (2 ,z4ASuB/ B~LJe )* (CSUB**NFL—I.0)
,jl~ J—ISIG SURSVE II,MISS,J).REL(J 1)
CALL INTERY (CURVM,NMUNO,SURSVE (I,MISS ,I), STRESS)
CALL V LAT E(CURW4 ,SURSVE( I ,Mj SS,11,S IG, IVICL,NMONO)
NFL
IF(NFL.EQ .0? GO TO 49
I~~11VIOL.LT.0) GO TO I.
IF (SIG.tT,SZGIJM) GO TO 1
NFL~ NFL’1

2 9  IF(NFL.LT .MSA v’~ ) NSAV E~~!FL
IF(NSAVE.EQ.0) GO TO 52

50 CONT i NUE
- 

- 52 NFLZN SAVE
55 IFEM1SS.tQ .NUMMIS)NTIMES (MZSS )NFL

R EL1 S*SUR/B S Wi )* (CSUR$*NFL—1.)
REL2z IASUB/BSUb)i~(CSUB**NFL—1 •~
90 60 1 1,MJM
SURSVE IT,M1SS,2) SURSVE (1,MISS,2).REL1
SURSVEII,MISS,3).SUSSVE (I,MISS,3).REL2

60 CONTINUE
R ETURN
END
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