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SUMMARY

This report provides a demonstration of an interpolative model for crack propagation life
predictions at elevated temperature. The model is based on the hyperbolic sine. Two specimen
geometries were tested under stress-temperature-time spectra that represent advanced gas
turbine disk operating conditions. A criti que of model predictive ability is presented.
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SECTION I
INTRODUCTION

Historicall y , the methods for predicting low-cycle fatigue (LCF ) life have produced
conservative underestimàtions of tota l useful life , resulting in costly early replacement of LCF
limited gas turbine engine rotating components. Accurate total LCF life predictions must
consider ( 1) the ini t ia t ion of an actively propagating macrocrack , (2) fa t igue crack propagation
under constant maximum load , and (3) deviations in propagation behavior (acceleration and/or
retardation ) caused by major load excursions.

Engine hardware operates under complicated stress-time-temperature spectra , hut lahora-
tory test ing must he done at selected conditions because of cost and t ime l imitat ions.  To describe
crack propagation at conditions where test data does not exist , an interpolative crack propagation
model is necessary.

This report presents a demonstration of an interpolative model for crack propagation
behavior at elevated temperatures , which is based on the hyperbolic sine. Propagation life
predictions using this model are made for two crack geometries tested under stress-temperature -
t ime spectra representative of advanced gas turbine disk operating conditions.

All f racture mechanics evaluations were performed on an advanced nickel-base turb ine  disk
alloy . GAT ORIZED T° IN- 100 . used in the F100 turbofan engine. Specimens specifically
designated to  th is  contract were machined from heat BANQ-499 , hut a significant amount of
(-rack pr opagation data existed for this  alloy prior to the start of this  program and is also used in
the anal yses. Heat t rea tment  consists of solut ionizat ion at 2050°F , stabilization at 1600°F and
1800° F. and precipitation hardening at 1200°F and 1400°F. Typ ical chemical composition is

() .I ) 7C-12. 4 Cr-1M .SCo-3 .2 Mo-4 .32Tj -4 .9 8A1-ft 7M\ -O. 02H-O .O6Z r - balance nickel.

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

~~~~~~ .‘ 
— .

__________________ 
~~~~- ~~~~~~~~~~~~~~ ~~~~~~~~~..



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

Tensile Propertie s
Ultimate

Yield Tensile
Temp Strength Strength EL RA

Disk No. ( °F) (kai) (ksi) % ‘~

499-A2A RT 164.5 232.4 22.0 22.2
499-A2A i300 157.2 177.0 14.0 22.3
499-A2B RT 164.9 232.0 22.0 21.5
499-A2R 1300 i56.0 179.1 14.7 16.4

Stress Rupture Properties
Temp Stress Life EL RA

Disk No. (°F) (ksi) (hr) ‘~

499-A2A 1350 95 28.0 10.6 15.9
499-A2B 1350 95 18.0 8.1 15.6
499-A20 1350 95 19.5 8.0 8.2
499-A2H 1350 95 19.3 6.7 12.9

Creep Rupture Properties
Total

Temp Stress 0.1 ‘~ O.2°c Life
Disk No. (°F) (ksi) (hr) (hr) (hr)
499-A2A 1300 80 — 175.5 233.2°
499-A2B 1300 80 114.5 142.5 14 3.2°

‘Test Discontinued.
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SECTION II
TH E MODEL

An interpolative model has been developed for the analysis of elevated temperature fatigue
crack propagation data. This model is used to describe the parametric effects of four fundamenta l
influences on crack propagation: frequency (v )  stress ratio (R), temperature (T), and major load
excursion effects.

G E N E R A L  MODEL

This interpolative model is based on the hyperbolic sine equation ,

log (da/dN) = C~ sinh (C 2 (l og (.~K) + C~) ) + C4 ( 1)

where the coefficients are simple empirical functions of test frequency, stress ratio , and
temperature:

C , = material  constant
C2 = f, ( R , v , T)
C, = f, (C ,, v , R)
C, f , ( v , R , T)

A more comp lete description of the model is presented in Reference 1. The salient features
are given here.

It has been shown that for IN-leo , the coeff icient s in equation I can be simple empirical
functions of cy clic frequency , stress ratio , and temperature. Experience indicates that , for a given
material , C can be fixed without  adversely affecting model f lexibi l i ty.  For IN- 100 , C , has a fixed
value of 0.5. The coefficients C 2 and C, are logarithmic functions of cycle durat ion , 1/ u , (Figure
I) and C, exhibi ts  linear variation wi th  log ( 1- R )  (Figure 2) . The coefficients C, and (‘ , are also
linear functions of temperatures (Figure 3), from 1000°F to 1350°F. C, does not change with
temperature because the correla t ion lint is vertical. The relationships for frequency, stress ratio ,
and temperature are given in Figures 4, 5, 6, and 7.

The simple relationships previously discussed describe crack propagation of IN-100 , at any
stress ratio and frequency for temperatures between 1000°F to 1350°F in air conditions. The
computational procedure is schematica l ly  represented in Figure 8. First locate the coefficients on
the 1200°F , R = 0.1 fr equency model , position 1. Second , account for stress rat o effects by
moving along a stress ratio model to position 2. Finally,  C, and C, for the desire d temperature are
deter mined using ~C/ ’T from the temperature model , position 3.

EMPIRICAL SYNERGISTIC MODEL

The majority of crack growth studies are performed using constant amplitude loading.
These tests are not representative of gas turbine rotating component operating conditions , which
include complex stress-t ime-temperature histories. It is expected that crack growth relationships
will he complicated by mission mix cyclic conditions that  result from throttle excursions , disk-
blade interactions , etc.

A generalized predictive model must account for the  effects of load sequence. A mission is
first analy zed to determine if principles of linear superposition of damage were app licable. If they
were not , then synerg ism must he considered. Since interaction effects are sensitive to the loading
sequence , accurate crack propagation models can only he expected when realistic load-time
histories are simulated (Reference 2).
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Figure 2. Effect of Stress Ratio, R, on S!NH Model Coefficient , C,
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Figure 8. Schematic Representation of the Method for Determining
SINH Model Coefficients Representing Any Frequency, Stress
Ratio , and Temperature

If a realistic load-time mission is broken down into small segments , t he segments can be
represented by synergistic empirical models. Linear superposition of damage for each mission
segment can be used to predict crack propagation life . Care must be taker when dividing the
mission to ensure minimum segment interaction at the division points. For examp le , major load
exct. rsions affect the cycles following to a greater degree than they are affected by those which
proceed , mission division should be immediately prior to an excursion rather than after. (See
Figure 9, segments 4 an d 7.)

The interpolative hyperbolic sine model is ideal for representing crack propagation data of
complex missions since it requires only a minimum number of tests. Both acceleration and
retardation of the crack growt h rate caused by overloads can be accurately represented . The
SINH does not attempt to model the micromechanical physical deformation near the crack tip,
but emp irically describes the macroscopic behavior of the crack.

This model is discussed in detail in Section III.
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SECTION III
MODEL DEMONST RATION

Two geometries, surface flaw (Figure 10) and modified compact tension (Figure 11)
specimens, were tested at the same two temperatures to demonstrate the interpolative predictive
ability of the hyperbolic sine model under simulated advanced gas turbine disk operating
conditions. Load vs time for the mission is shown in Figure 12. The two test temperatures were
1000°F and 1200°F.

The stress intensity (K) solution for the Modified Compact Tension (MCT) specimen
( Reference 3) is shown in Figure 11. The surface flaw specimen was designed by
P&WAlCommercial Products Division (Reference 4) . Figure 13 compares the analytically
determined surface flaw K-solution and the solution calculated using handbook values
(Reference 5) for a semicircular surface flaw under uniform tension.

All testing was performed on servocontrolled hydraulic rigs. MCT specimens were tested on
an MTS rig with digital computer contro l and the surface crack specimens were tested on a rig
designed and built by P&WAIFlorida , using DATATRAK~ contro llers. All specimens were
heated using clamshell resistance furnaces.

A mathematical  model describing crack propagation has utilitarian value only insofar as it
can be used in life prediction ; the overall accuracy of a model can be measured by the accuracy
of the  result ing predicti on. To provide a basis for comparing the accuracy of various life
predictions , a simple correlative parameter is used , N pr~.jN ,ct. the quotient of predicted and
actua l  cyclic lives , Ideally , this quotient is 1.0 and decimal deviations from the ideal can be
quickl y interpreted as percent error of the prediction .

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

daldN = f (a , ~ K ) ( 2)

dN = da/f (a , .~K ) ( 3)
a,

N dN f da/f (a, ~ K ) (4)
a,

Because this integral can be difficult to evaluate directly, computerized numerical methods are
used.

In equatio n 2, f (.~K) is represented by any emp irica l model t hat accurately predicts the
average instantaneous crack growth rate for a calculated stress intensity . Linear cumulative
damage within a mission spectrum is determined using cycle-by-cycle (or unit time-by-unit time)
integration and subsequent summation of individual components.

N N a,

N , , , . , 0  = [ ~~~ f(~~I < )  + 
~~~ f(~~}() + 

~~~ a ,

cyclic dwell sustained
load (5)
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Figure 10. Surface Flaw Specimen
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A computer program has been developed to perform crack propagation life analyses using
( 1) linear superposition of individual components within a mission , and (2) empirical synergistic
mode ls. The program predicts the life of specimens tested under variable amp li tude cyclic ,
cyclic-dwell , and/or dwell conditions. Currently, a total of twenty separate segments within a
given mission can be incrementall y integrated to predict crack propagation life. The empirical
inputs describing crack propagation within the mission segments are the interpolative SINH
model coeffic ients.

The program provides , as output, computer drawn (GOULD) plots of the actual a vs N data
(inc luded as inpu t i  and the predicted a vs N relationship. This allows direct comparison of
pred icted vs actual data. Appendix C shows an example of the complete program input.

Instructions for use of the program are given in Appendix A. The actual program is listed in
Appendix B.

LIFE ANALYSIS AT 1000°F

Figure 14 shows the test mission segmented into appropriate regions f or analysis at 1000°F.
Two assum ptions are made in t his ana lysis. First , it is assumed that sustained load crack
propagation does not occur under the test conditions. This is based on the observation that there
was no significant difference between 10 cpm and 2-minute dwell crack propagation rates at
1000°F (Reference 1). Second , it is assumed that no synergism occurs . This is necessary because
there are no data yet availa ble on overload effects at 1000’F for IN- lOU . Therefore , the predictions
are based on interpolations of the SINH model for the cyclic portions , assuming sustained load
crack propagation to be insignificant.

100 - _______________________________________ _______

3

75 -

1111 ~
) No Dwell Effects at 1000°F

E 4

E 2
50 -

a

a
C.)

~~25~~~

j

r 0 30
TIme Minutes

Figure 14. Incr ementation of Simulated Turbine Disk Mission for 1000°F
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All predicted mission lives , and a vs N relationships were computed and published prior to
testing, in PWA FR-7906 Quarterly Progress Narrative No. 6, 15 September 1976.

The SINH equation for 10 cpm , R = 0.1 crack growth rate at 1000°F was used as the starting
point for calculating the hyperbolic sine coefficients for each segment of the 1000°F mission . It is
assumed that  stress ratio effects at 1000°F are similar to stress ratio effects at 1200°F. Since
frequency effects on crack propagation rates would be less at 1000°F than at 1200°F because of
reduced environmental degradation (oxidation . Reference 1), the difference between I cpm and
10 cpm crac k growt h rates at 1000°F is considered to be negligible.

The prediction , published before testing, for the surface flaw specimen (Figure 15) was
conservative. The accuracy (N pred/N sej u~j = 0.91) of the prediction is encouraging, since only two
tests had been conducted at 1000°F (10 cpm , R = 0.1 ar.i 2-minute dwell , R = 0.1 ) prior to this
mix mission test. The actual a vs N data has the same shape as the predicted a vs N relationship
in dicating both an accurate K-solution and an accurate predictive model.

The prediction , published prior to testing, for the MCT specimen (Figure 16) was
anticonservative. The accuracy was good (N pr~ /N .ctua, = 1.12), and the shape of the actual data
is close to the predicted shape. No explanation is offered for the anticonservative behavior of the
MCT specimen.

Tables 2 and 3 present the SINH equation coefficients , and other parameters for the surface
flaw specimen and the MCT specimen , respective ly.

LIFE ANALYSIS AT 1200°F

Figure 17 shows the test mission segmented into appropriate parts for linear superposition
(no synergistic interact ions) life anal ysis at 1200°F. The inte rpolative hyperbolic sine model
( Reference 1) provides crack growth equations for exact operating conditions during each segment
of the mission. Linear superposition of the damage caused by each part of the mission (no
synergistic interactions ) resulted in conservative predictions for both the surface flaw
(Npre~/Nactuei = 0.57) and MCT (Npred/NactuaI = 0.42) specimens. Figures 18 and 19 respectively
i llu strate t he resul t s , and Tables 4 and 5 give the SINH equation coefficients and other data for
each segment of the mission.

The more realistic prediction uses a retardation SINH model (Reference 6) t.o represent
accurately the damage caused by the mission. The retardation model is segmented as shown in
Figure 9 with SINH equation coefficients for each part shown in Tables 6 and 7. The retardant
or acce lerative effect of overloads (mission parts 4, 7 and 10, Figure 9) has been modeled for the
fi rst 5 minutes of sustained load crack growth using the hyperbolic sine.

Figure 20 illustrates the effects of 25% and 50% repetitive overloads on sustained load crack
propagation in IN- 100 at 1200°F. Sustained load data (no overloads) are compared with sustained
load data plus a 25% overload every 2 minutes , and wi th sustained load data plus a 50% over load
every 2 minutes.

While the mission data used 2-minute dwell periods, it has been shown previously (Reference 7) there is no significant
diff erence between 1-, 2- , and 5-minute constant amplitude tensi le dwell cycles . However , there is a difference between
5-minute and 10-minute dwells. Therefore, it is postulated that there is a critical incubation period (between 5 aod 10
minutes ) before oxidation becomes the crac k propagation rate controlling mechanism,
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4 6
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Figure 17. Incrementation of Simulated Turbine Disk Mission for 1200°F , Linear
Superposition

TABLE 2. SPECIMEN 651 SURFACE FLAW SPECIMEN
1000°F

Width = 1.174 Thickness = 0.4 28 Initial Crack Length = 0.030

SJ .’VH (~op f f u ’ie nf . c Max Str ~~s Mis.c ion
( ‘ 1 (‘2 ( ‘1  (“ 4 Load Rat io Part

O.F,00 3.320 — 1.417 4 550 23.000 0.1 1
0.500 4 151 —1.278 -4.679 50.000 0.5 2
0.500 4.151 — 1,275 -- 4 679 44.500 0.5 3
0.500 4.151 —1.278 -4 .679 50.000 0.5 4

All loads are in Kips.

TABLE 3. SPECIMEN 652 MCT SPECIMEN 1000°F

Width = 2.503 Thickness = 0.847 Initial Crack Length = 1.000

S1NH Coeffic ien t. ~ Max Strp ss Mission
Cl ( ‘2 C3 ( ‘4 Load Ratio Part

0.500 3.320 — 1.417 —4.550 4.600 0.1 1
0.500 4.151 — 1.278 — 4.679 10 .000 0.5 2
0.500 4.151 —1 .278 —4.679 8.900 0.5 3
0.500 4.151 - 1.278 - 4.679 10.000 0.5 4

All loads are in Kips
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Specimen Number 650 Surface Flaw
Initial Crack 0.059 inches
Max Load 46.400 KIPS
Temperature 1200 Degrees F
Stress Ratio Mixed
Frequency Luke Mission

~!. Actual Data 441 MissIons
Predicted 251 Missions

0.6

0.5 

0.4 - -
~

a . . .

C)

0)
C 0.3a
_J - -

A
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0.1 / 1  . , .... ...

I,
- i l

0.0 II!  I i ~ i~t I I I !  l i i i  I lU
0 10’ 102 10~ 10~

Total Missions

Fig ure 18. Surface F law Specimen Crack Growth Prediction , Interpolative Hyperbolic Sine Model , No
Synergi8ti c Interaction , 1i.inear Superposition
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Figure 19. Modified Compact Tension Specimen Predicted Crack Growth, Interp olative
Hyperbolic Sine Model , No Synergistic Interaction , Linear Superposition
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TABLE 4. SPECIMEN 650 SURFACE FLAW SPECIMEN
1200°F, LINEAR SUPERPOSITION

Width = 2.509 Thickness = 0.85 1 Initial Crack Length = 1.0083

Si.V!-I Coefficients Max • Stress Mission
( ‘i ( ‘2 (‘3 C4 Load Ratio Part

0 500 3.938 — 1.397 -4156 2.760 0.20 1
0 500 4.297 1.479 2. 519 2.760 1.00 2
0.500 4.116 —1. 305 4 .241 6.000 0.46 3
0.500 4.297 --1.479 —2.519 4 .680 1.00 4
0.500 4.169 1.277 4 .267 5.340 0.52 5
0.500 4.297 - 1.479 2.519 4.680 1.00 8
0 500 4.116 — 1.305 - 4 .241 6.000 0.46 7
0 500 4.297 —1 .479 —2.519 2.760 1 (X) 8

All loads are in Kips.

TABLE 5. SPECIMEN 653 MCT SPECIMEN 1200°F, LINEAR
SUPERPOSITION

Width = 1.171 Thickness = 0.449 Initi al Crack l,ength = 0.02950

.‘~!.VH (‘oeff , cu ’nts Max Sf ’e s s  Missio n
CI ( ‘2 ( ‘3 ( ‘4 Load Rat io  Part

0.500 3.938 — 1 :197 - 4 .156 21 .344 0.20 1
0.500 4.297 — 1.479 — 2. 519 21.344 1.00 2
0.500 4.116 — 1.305 — 4.24 1 46.400 0.46 3
0.500 4 .297 — 1.479 —2 .M9 36.192 1.00 4
0.500 4.169 —1. 277 — 4.267 41 .296 0,52 5
0.500 4.297 —1 .479 — 2.519 36.192 1.00 6
0.500 4 .116 - 1. 305 4 .241 46.400 0 . 4~ 7
(1 . 5(X) 4 .297 — 1.479 --2.519 21.344 1.00 8

All loads are in Kips.
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TABLE 6. SPECIMEN 650 SURFACE FLAW SPECIMEN
1200°F, RETARDATION

Width = 1.171 Thickness = 0.449 Initial Crack Lengt h = 0.0295

.‘~l.\ll ( m ’ff ie ients Max Str ess Mission
(‘ 1 ( ‘2 (‘3 (‘4 Load Ratio Part

0.50<) 3 938 - 1.397 —4.156 21.344 0.20 1
0.500 4.297 1.479 -2.519 21.344 1.00 2
0.500 4.116 — 1.305 — 4.241 46.400 0.46 :t
0.500 4 . ;(7~ — 1.63 3 2.998 36.192 1.00 4
0 500 3 297 — 1.479 2519 36.192 1.00 5
0.500 4.169 1.277 - 4.267 41.296 0.52 6
0.500 4.292 — 1 .565 -2 .807 36 .192 1.00 7
0.500 4.297 - 1.479 2.519 36.192 1.00 8
0.5(10 4 .1 1 6 — 1.305 — 4 .241 46.400 0.46 9
0.500 4.297 - 1.479 2. 519 21 . 344 1.00 10

A11 loads are in Kips.

TABLE 7. SPECIMEN 653 MCT SPECIMEN 1200°F, RE-
TARDATION

Wid t h = 2 .54 (9 Thickness = 0.851 Initial Crack Length = 1. 0083

.‘INH ( o ’ f f i i e nf s  Af a x  ,~~t~~es c  Miss ion
(‘ 1 (‘2 ( . (  (‘ 4 ‘Load Rat io  Part

0.500 3 935 1 .397 4.156 2 760 0.20 1
(( .500 4.297 — 1.479 2.519 2.760 1.00 2
0.500 4 .116 — 1.305 4 .241 6.000 0.46 3
0,500 4 375 — 1.633 —2 .998 4 680 1.00 4
0.500 4 297 — 1.479 — 2 . 519 4.680 1.00 5
0.500 4.169 — (  277 4 . 267 5 .340 0.52 6
0.500 4 292 -1.565 - -2.807 4.680 1.00 7
0 500 4.297 1.479 --2.519 4.680 1.00 8
0.500 4.116 1 .305 - 4.241 6.000 0.46 9
0.500 4.297 -‘ 1.479 - 2.519 2.760 1.00 10

A ll loads are in Kips .
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The following equations detail the relationshi ps between overload ratio (OLR) and the
resulting SINH coefficients which model crack growth rate.

The model used to determine synerg istic SINH equation coefficients for mission parts 4, 7
and 10 (Figure 9) is defiaed as follows:

For 1.0 ~
— OLR ~ 1.25 C = 0,5

C. = -0.036 (OLR) 4. 333
C, = —0. 6 12 (OLR ) - 0.867
C4 = —2. 056 (OLR ) - 0.463

For 1 .25 ~ OLR ~ 1.5 C 1 = 0.5
C, = 3.016 (OLR) * 0,518
C2 = —0.04 (OLR ) — 1,582
C. = 1.25 (OLRI — 4.598

The SINH equation coefficients for the other mission parts are for exact conditions using the
interpolative SINH model developed in Reference 1.

The retardation prediction for the surface flaw specimen is very accurate
(N Pr~.d/N~,tU4I = 0 98) as shown in Figure 21 . The actual data has the shape predicted , indicating
an accurate K-solution and an accurate predictive synergistic model.

The MCT specimen synergistic prediction was more accurate (N~~ &’ ~~~~~ = 0.69 ) than
the linear superposition prediction , hut it was still conservative (Figure 22) . The shape of the
actual a vs N data is sl ightly different from the prediction. A check was made to determine if this
discrepancy could he due to the test load being much higher than precrack load. The hi gher load
could have created a reduction in crack curvature causing apparent accelerated crack growth at
the beginning of the test . Starting the prediction at a longer crrok length , after the precrack
effects have disappeared ( 17 missions) , matches the predicted shape to the actual data in the
early part of the test (Figure 23) , but there is apparently more retardation at higher stress
intensit ies than predicted by the  model.

The ar -uracv of the  M(”I ’ K - so lu t ion  (as well as the  computer  program accuracy) was
checked by predi ct ing  the  life of a s imple  cycli cally loaded specimen . An MCT specimen was
t r ~t i i i  at I 1( 81 ’F . H - (1 .3, at ‘2 cpm . and the actual  da ,dr ~ vs .~K data was fit wi th  the hyperbolic
-.uw eq i l a t iun .  ‘rh is regressed equation was then  integrated by the  life analysis program to
det ermin e if t he  actual a vs N data could he repr oduced , indicating an accurate K-so lution ,
F ’igure 2-i ~hows the  predicted data match es the actual  data very well. This indicates that the
i n a c c u r a t e  mi ss ion  mix  predicti on for the MCT specimen was not caused by an in&curate K-
so lt i t  ion .

Figure 25 compa’res the 1000°F linear superposition surface flaw prediction with the 1200°F
linear  superposition surface flaw prediction and the 1200°F retardat ion model surface flaw
predict ion.  Each prediction used the same load and the same starting crack lengths.
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Specimen Numoer 650 Surface Flaw
Initial Crack 0.059 Inches
Max Load 46.400 KIPS
Temperature 1200 Degrees F
Stress Ratio Mixed
Frequency Luke Mi ssion

.A Actual Data 441 MIssions
______ Predi cted 430 Missi ons

0.6

0,5 - -

0.4 . -

(a
0

0

‘C

01 

L 
~~

00 I
0 10’ 10’ 10~ 10~

Total Miss ions

Figure 21. Surface Flaw Specimen Crack Growth Prediction , Interpo lative Hyperbolic Sine Model ,
Retardation Model
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Figure 22. Modified Compact Tension Specimen Predicted Crack Growth, Interpolative

Hyperbolic Sine Model , Retardation Model
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SPECIMEN NUMBE R 696 MCT SPEC IMEN
I N I T ~ W CRA C K 0.88 11 INCHES

MAX LORO 1.195 UPS
TEMPER A TURE 1100 DEG RE ES F

STRE S S R A T IO 0 . 3
FREQU ENCI 2 CPM MISS ION

~ ACTU A L DA TA 111510 MISS I ONS
______ PREDICTED 111613 M ISSIONS
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Figure 24. Modified Compact Tension Specimen Predicted Crack Grou ’th , Interp olative

Hyperbolic Sine Model , No Synergistic Interaction , Linear Superposition
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Prediction Description
1 1 200°F, Linear Superposition,

No Synergistic Interaction
2 1200°F, Sinh Retardation Model
3 1000°F , Linear Superposition ,

No Synergistic interaction
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Figur e 25 . (‘ompari son of 1000°F and 1200°F Linear Superposition Predict ions With the 1 200°F

Retardation P rediction
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SECTIO N IV
CRITIQUE

The hyperbolic sine model has been demonstrated to provide accurate life predictions for
crack propagation at elevated temperatures under complex mission spectra. The accuracy of the
predictions for the surface crack specimens (N pr edIN act u a I = 0.91 and 0.98) was better than for the
modified compact tension specimens (N pre,JN .ct~ai = 1.12 and 0.69). -This result is interesting
since the bulk of the data used in model development came from MCT specimens (Reference I ) .

Figures 26 and 27 are macrofractographs of the fracture surfaces of the surface-crack
specimens tested at 1000°F and 1200°F , respectively. The cracks behaved well and the
assumption of a semicircular crack in the life analysis is verified by the fractographs . As expected ,
there is some evidence of crack turn back at the free surface. The absolute accuracy of the
predictions and the agreement in predicted crack history (shape of the a vs N curves relative to
actual data) leads to the conclusion that both the K-solution and the empirical SINH models are
accurate.

Since the  same models are used for the MCT specimen life predictions , a problem must
exist wi th  test procedures. Figures 28 and 29 are macrofractographs of the fracture surfaces of the
MCT specimens tested at 1000°F and 1200°F, respectively. A shear lip is observed on the
specimen tested at 1000°F. During constant amp litude load testing at 1000°F, 0.250-inch
specimens did not exhibit shear lips up to .~K= 50 KSI -.fiii . The shear li p observed on this 0.85-
in. specimen may therefore be an unexpected product of the major load excursions. Additionall y,
the lower temperatures create crack t ip environments that  are more conducive to mix mode
conditions (Reference 6). The 1000°F model was developed with th inner  (~~ 0.5 inch) specimen
data and might he mixed mode (slower da/dN) . The thicker demonstration specimen might he
expected to exhibit a higher crack propagation rate because of increased plane strain constraint .

The specimen tested at 1200°F has considerable crack front curvature (10~~). Crack
curvature affects the accuracy of the K-solution and therefore the predicted crack history . This
degree of curvature was not generally observed on thinner (0.25 in.) specimens subjected to
mission mix cycling (Reference 6). The curvature observed here is a result of the curved precrack
which resulted from room temperature (ducti le )  precrack cycling. Room temperature precracking
in thinner specimens (� 0.5 in. ) .  however , produces negligible crack front curvature , so the effect
here was unexpected.

The thicker MCT specimens were machined differently (removed the chevron ) than the
specimens used to characterize the mater ia l .  This modification was to reduce curvature during
precrack , but curvature was s t i l l  excessive.

The empirical SINH model has heen demonstrated to be an effective vehicle for
interpo lative life prediction under both simple and complex loading spectra. Its strength lies in
its emp irical description of observed material  behavior (crack propagation ) rather than any
qua sianal ytical model of crack t ip  deformation and hypothesized subsequent effects on crack
advance.

33

- . ._ - - .



- -~

“ ~

, . .
.

~~ 
‘‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘ -

s
~~~~~

.

~~~~~~~~~~~~~~ ~
- ~~~~~~~ :~~~

‘ 
~~

• 
~~~~

?~~~

. 4 _ _ _

_ _  

.
.

•1

F,~~ur ’  2h’ .tfiii r ’./ r ( I ~ ~~~~~~ ,,ir 11kg! j :  Sor f ae . ’ ~~ .
~
.P, ’ I “1111

I-I

_ _ _  _ _ _ _ _ _ _  -A



Jr,r~. - _ _

V. . 
- . • .

. —

~~ 

- .

,--: •_ ç4.c:.~

/ — .~ * _
.~~~ 

-
- ..- -.

-f ,*•
‘•_• . . • .

- 
. •~~

. -‘ ‘  

~~~ .. ~~~~~
- ,., .- 

. -
., . ~~~~ .:

- / ,
_ 

‘. - - ~‘_

,,~

- ‘ ,- — 4 .  
I

“ ‘~~ . - 

- 

~~~~~~~~ ~~~~~~~~~~ ~~~~~- - - -~- -~. - — -
~ :. — ~~. ~~ -

‘

— :,_,

• -

— 

~~~~~~~~ 
A.

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

V ;

~~~~~~~~~~~~~~~~~~~~~~~
•
~~~~~

_ •

F. •
~ 

.4.. . ~~~~~~ . .
~~~ • . -

w...
.
.~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~

- . .. :- . ~~~~~~~~~~ ~~~~~~..~
,—

— - • •  —~. ) .  .. -

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
~~~~ ~~~~~~ ~~~~~~~~~~~~ 

.,~~~~~~~~~~ ~~~~~

~ ~~~~~~~~~~~~~~~~~~~

F ig ure 27 Macro fract ograp h f o r  1200°F Surface Fla w .Sp ccimen

—

~~~~~~~~ 



-,

_.‘4_~~ t• ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
b

~~ -t~~:

~~~~~~~~~~~~~~~~~ —

~ 

• — ~~~~~~~~~

4.
.

F,g i~ri ’ 2.” t !.i. - “I’I( I I I & ’ ra l,h f u r  / ( Nk ’  ~F M( 7 .‘.p ecimen

__ 
_ _ _ _  _ _  A4



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

- ~~~~~ ~~~~~~~~~~ !. . - .
~~

, ,~ 
..

S ____________

• . 
- 

“i;-

S. 

.

~~‘

- ,~ . 
____ 

. 
. 

- - .

I 
,. 

. 

‘

~~

‘:. ~~~~~~~ .
~‘ :~~ 

T’t
~’. -

~~~~~ ~ t”-~ 
- 

~~~~~~~~~~ 
~~~

-1:
~ 

~ .
t!5~ ~~~~~~~~~~~~~ .~~“3j~~1p “. .~ .

~~~~t i.( 
~~ 

‘
~~~~‘~I’~ ~ 

- t... ~%~ ‘!~~~~ ~~~ - ‘~~~‘ 
1 

~~~~

~ L

- 
.
. . . . ..,- .. ‘~~~

“
~~.%Si~~~ ~~~~~~~~ - - - - -

S - ~~~~~~~~ 
‘

t
’ 
:I~;~~ ~~ 

-

1

1- i gu r i - ..‘O .~ I(II r .f r (zf - i’ IIe.’rap li fur 12(5! F .~f 1 Sp ec imen



- . -~~~~~~~

SECTION V
CONCLUSIONS

The interpolative hyperbolic sine model accurately predicts crack propagation life at
elevated temperatures under complex mission spectra.

2, Linear superposition techni ques are app licable in !N-100 at temperatures where environ-
mental degradation is minimal (1000°F) .

:~. Retardation and acceleration in crack growth of !N-100 due to major load excursions should
be accounted for at temperatures in the creep regime (1200°F).

4. Further stud y is required to determine if empirical synergistic models are generally
applicable to different component geometries and crack geometries.

5, Lack of time prevented running all four demonstration tests (2 at 1000°F and 2 at 1200°F)
at the same load. Table 8 gives a list of starting stress intensity values , A hypothetical
comparison is presented in Figure 25.

TABLE 8. STARTING STRESS IN-
TENSITIES

Tempera tur e Starting K
Specimen Type °F k, qi Inch

650 SF 1200 14
651 SF 1000 15
652 MCT 1000 50
65.3 MCT 1200 30
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APPENDIX A
LIFE ANALYSIS COMPUTER PROGRAM USER INSTRUCTION

This program will predict crack propagation life for MCT specimens and surface flaw
specimens with semicircular flaws. To predict crack propagation life of another type specimen ,
the stress intensity solution would have to replace that of the MCT specimen (if ini t ia l  crack
length is greater than 0.5 in.) or the surface flaw specimen (if initial crack lengt h is less than 0.5
in.) . Subroutine life contains the stress intensity solutions and the hyperbolic sine equation that
models crack propagation. The sinh equation is:

log (da/dn ) = C 1 sinh ( C2 ( log ( .XK ) C3) ) -
~ C4 ( A-I )

The input data cards must be in order as follows:

First Card: Card columns 1-72 are for the title. This is in “A” format under the variable
name of TITL.

Second Card : Card columns 1-8 are for the frequency. The designation for frequency (FREQ)
shou ld be centered in the firs t eight card columns for output on the GOULD
plot. FREQ is in “A” format .

Third Card: Card columns 1-8 are for listing the stress ratio for GOULD plot output. The
designation for stress ratio (RR ) should be centered in the first eight columns.
RR is in “A” format.

Fourth Card: Card columns 1-52 can be used for additional t i t le such as type of analysis.
Whatever is input should be centered in the 52 columns in “A” format.

Fift h Card: Beginning wi th  th i s  card , the  NAMELIST parameters  are input in the format
shown n the  sampl e data set (A ppendix C) .  The input  begins wi th  &INP ITT.
th en  a b lank space . A l i s t ing  of the parameter s and the i r  values is followed by
&KN I )  which ends th e  NAMELIST input . Commas separate each parameter
va iu e.  Table A - I defines each NAMELI ST variah l e.

S i x t h  Card: The ac tua l  da ta  is listed nex t .  A m a x i m u m  of 100 data  points may he inpu t .
Card columns 1-10 are for the  crack length (half  crack lengt h for surface flaw
specimens and columns 11-20 are for the number of missions corresponding to
the crack lengt h ( th i s  cannot he zero ) . One data point must always be input .
the  in i t ia l  crack lengt h and one mission. Both variables use “F” format .

Seventh Card: A .1.0 is input in card columns 1-10 to separate data sets and allow m u l t i ple
case analy sis.
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TABLE A-i
NAMELIST VARIABLES

PERIOD: Normally PERIOD is equal to one for a cyclic portion of a mission , but
must be less than one (units in hours) for sustained load portions of a
mission. For better accuracy during sustained load portions of a misssion ,
PERIOD should be less than 0.1 hours. To shorten PERIOD , increase
NPER (PERIOD * NPER = total length of mission part ).

NPER: Number of cycles or time increments in a mission part.

COEF1: C1 in the hyperbolic sine crack propagation equation A-i.

COEF2: C3 in the hyperbolic sine equation A-i.

COEF3: C3 in the hyperbolic sine equation A-i.

COEF4: C4 in the hyperbolic sine equation A-i.

PMAX: Maximum load for each part of the mission.

RATIO: Stress Ratio for each part of the mission.

Al: Initial Crack length.

AF: Final Crack length at failure (or at the end of stress intensity solution
validi ty) .

TEMP: The temperature to be printed on the GOULD plot.

PKLD: The maximum load for the whole mission. This is used only for GOULD
plot output.

WID: The width of the surface flaw specimen gage section , or the distar~1~e from
the MCT load centerline to the end of the specimen.

TI-UK: Thickness of the specimen.

LOOPS: The number of parts into which the mission has been divided.
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APPEN DIX B
ACTUAL PR OGRAM

R E L E A S E  2 . C  MAIN DATE = 76314 16/32/20

C L I P H L . F O R T  —— WRITTE N BY D.L . SiMS AND C.G. ANNIS . LATEST OOC O O CLC
3.. REVISI ON 10/29/76 . THIS PROGRAM PREDICTS THE LIFE OF MIXED 00000020
C M ISSON SPECiMEN S FE~ P HASE III OF THE AFML FR ACTURE MECHANICS 00000030
C CONTRACT tMC T AND SURF ACE FLAW SPECIMENS O N L Y ) .  00000040
c 00000050

00000060
c C0000070
C E X A M P L E  DATA CARDS ARE AS FOLLOWS 00000080
C 1 u..—1 TO 72 iS FOR 11* TITLE. 00000090
C 00000100
C C C — I  TO B IS FOR THE F R E Q U E N C Y FOR G OULD PLOT OUTPUT O N L Y .  00000110
1 00000 120
C 3 C C —i T O 8 15 FOR T HE S T R E S S  R A T I O  FOR GOULD P L O T  O U T P U T  O N L Y .  00000130
C 00000140
C 4 C C — i  TO 52 I S FUR THE TYPE LIFE PREO IC TION (SUPERPOSITION , ETC). 00000150
C 00000160
C 5 NEX I COMES NA M EL IST DA TA (SEVERAL CARDS). 00000170
C 00000180
C 6 TilE ACTUAL A,N DATA IS LAST (1—100 CARDS). 00000190
C 00000200
C 7 —1.0 MUST BE PLACED BE TWEEN DIFFERENT CASES. 00000210
C 00000220

DIM ENS ION A (i0Q) , XN (100) , CA (100), CN (100) , COEF II2O ) , COEF2 (20),00000230
1 COEFT (20), C0EF4120) , TITL (18t, NPER (20), PERIOD I 2O) ,CARD (20), 00000240
2 P MA X( 2 0), FREQI2) , RA 11 0420) , R R (2 ) ,  TYPE(13) 00000250

D A T A  A , X N,  CA , CN/ ‘d)0*O./ 00000260
DA TA CU~~FI,  COEF2, C1~~F3, COEF 4, PERIOD, PMAX , NPER/120*O.,2o*0/ 00000270
1* 1* RAT ItJ/20*0 ./ 00000280

C 00000290
NA MELIS T / INPuT/CGEFI ,COE F2,CO EF3,COE F4 ,Al ,AF, TEM P,PMAX, 00Q003C~01 WI b ,T~tIK , RA TI O,NPER ,PERIOD ,PKLD,LOOPS 00000310

3.. 00000320
C 00000330
C ~,1u=w Iu1i-4 , IH1K= IHICKNI SS , KAT IO=STRESS R A T I O ,  TITL=CC 1—72 OF 00000340
C TIT L E CARD , XN =AC IUAL L I FE ,  COEF1—C OE F2—CUE F3—C OEF 4 SINH COEF, 00000350
C A 1 = I N I T I A L  CR ACK LE N O1 ’H ,  AF. iCR ITI CAL CRACK LENGTH, UA DEL TA CRACK 00000360
1. L E N G T H ,  P M A X = P q A X  LOAD,  A”ACTT.J*L CRAC ~ LENGTH , CA=CALCU LATA E D CRAC K000CO37C
C LENGTH STORE D, TA~~CALC ULA TA TD CRACK LENGTH, CN= CA LCULATE D LIFE 00000380
C SIE I I~ED,  IN CA L CULATE D LIFE, OKONE K MAX, DK~~J E L T A  K, PKLD PEAK 00000390
C. L U A U ,  FRE(J~~FREQUEN C Y, MIS N NUMBER OF MISSIONS, RN • STRESS RATI000000400
C F U R  ({‘UL~) PR INTOUT ONLY, PERIOD = TIME OK C’3tLES IN A MISSION 00000410
C PAR I ~~~i O PS  N U M B E R  OF PARTS IN THE MISSION, NP ER = NUMBER OF 00000420
C CYC L . -, V TIME iNC R EMENT S IN A MISSION PART. TYPE = TYPE 000004~ 0
C (if LI1-~ PR ED IC T ION (SIJPER PC1SITION , ET C ) .  00000440
C 00000450
C KEA J AN D ~k IT E  THE CEJ4 PLET E DATA SET . 00000460

~k I1E(6 .5 9) 00000470
5’~ l~U R M A T ( I H 1 )  000004CC
‘~1 RLAO(S ,5’,ENO=SS)CARD 00000490
Si F .  M A T I 2 O A 4 ) 000005(’0

W R I T E ( t.,57)CARD 00000510
57 F (JRM A T (1X, 2CA 4 ) 00000520

CU ID 51 00000530

~.5 R E W IND !.. 00000540
w k I t 1 I b ,~.9 )  00000550

C 00000560
I G  C L I I T I N U E  00000570

1~ 00000580
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RELEAS E 2.0 MAIN DATE = 16314 16/32/ 20

C INITIALIZE. 00000590
OA=C . 00000600
Th=0. 00000610
NPTS • 0 00000620
MO UNT 0 00000630
LEST A = 0 00000640
IN T 0 00000650
LNCT 1 00000660

C 00000670
C 00000680
C. READ AND WRI t ( THE DI3IVIDUA L PARAMET ERS. 00000690

READ I5,1,EN0z 999)T1TL 00000700
~ FURMAT I1BA 4 ) COCIOOY1C

WR1TEtb, ~~9) 00000720
WR ITI( 6,194) TITI 00000730

194 FORMA fl//Ix ,1aA4/) 00000740
C 00000750
C RE AD THE FREQUENC Y AND STRESS RATIO. FOR OUTPUT UN THE GOULD ONLY .00000760

RE A U (5,4,END= 999)FREQ, RR , TYPE 00000770
.. FORMAT (2A4/2A4/13A4) 00000780

C 00000790
C RE AD THE NA M E  LIST PARAMETERS. 00000800

RE A UlS ,INPUT ,ENU 999) 00000810
C 00000820
L READ AND W R ITE THE ACTUAL A VS N DATA. 00000830

WRI I E I B ,3’s) 00000840
.~~9 FLRMAT (//IX, ’ACTIJA L A VS N DATA’) OOC-00850

DO 9 J= I,1C C 00000860
KEA O (5,95) A IJ ), XNI J) 00000870

43 Ft JR MAT( 2 F10.5)
W RI TE( 6,92) A (J) , XN( J) 00000890

92 FURMA T(lX,Fi0.1,4X,Fi~~.l) 000009CC
IF I A I J I  •LE. 0.) GD TO 20 00000910
NPIS NP IS • 1 00000920

9 CONT INu E 00000930
C OC000940
C W P I I E  SLIME OF THE NAMEL I ST PARAMETERS. 00000950

20 W R I T E ( 8 , 5 4 ) 00000954
w R ! I E j 6 , 2 C 3 P W I L ) , T H I K ,A 1  00000960

203 I- IjI4MAT (//1X, ’WI UIH = ‘,FE .5, 6X, ’T HICKNES S = ‘,F8.5,6X, 00000970
L ’ i N I T T A L  C R A C K  L E N G T H  = ‘ , F a . S )  00000980

C 00000990
3.. W R I T E  TH E S I N H  CO E F F I C I E N T S ,  M A X  LOAD AND S T R E S S  R A T I O  FOR EACH 00001000
C P’ I~ , S I O N  P A R T .  00001010

W R I T E ( t , 7 b I )  00001020
lol  F U K M A T ( / / 1 4 X , ’ SI N H  COE F F I C I E P , ( T S ’ , 1 5X , ’M AX ’,6X , ’ S T R E S S ’ , 00001030

i .,X , ’MI SSI t . J N ’ )  00001O4~
W R I T E ( 6 , 1 6 2 )  00001050

1b2 F O R M A T ( / b X , ’L1’ ,8X , ’C2 ’,CX , ’C3 ’ ,8X , ’C” ,S X , ’L OA D ’ ,6X , ’R A T I O ’ , 6X ,  00001060
1 ’ P A R T )  00001070
00 8 J 1,LOOPS 00001080

49~ W RIJE(6,200 )CUEFl( J ), CUE F2 (J ), COEF3 (J ), COEF4 (J), PMAX (J) , 00001090
i R A I I O (J P ,  j  000011CC

00001I1C
C LUN T INU E 00001120

wk11E(b,2 ~~9) LOOPS 00001I3C-
i b ’~ FORMAT (//1X, ’THE M iS SI ON IS BROKEN DOWN I N T O ’ ,I5,3X ,•PA R TS ’) 00001140

C. 00001150

4.3
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R E L E A S E  Z.C MAIN DATE = 76314 16/32/20

C INITiALiZE. 00001160
TA= A 1 00001170
MISN O 00001180

C 00001190
C CALCULATE THE LIFE — C A L L  SUBROUTINE LIFE. 00001200
C SUbKUJTINE LIFE DOES THE INTEGRATION CYCLE BY CYCLE. 00001210
C 00001220

id N PAKT 1 00001230
DO 155 1 1,LOOPS 00001240

C.*’* FIRST PAR T OF MISSION — 1ST CALL TO LIFE. S******************* 00001250
CALL L IFE( COE F I(NPA RT ) , COEF2 (NPART) , COEF3(NPART ), COEF4 (NPART ) , 00001260

I AF, IA, TN , wID, TH IK , RAT IO (NPART), PMAX INPART) , CA, CN, 00001270
2 NPE R (NPAR T ) ,NPART ,PERI OD (NPART ) , M QUNT ,MISN,LESTA ,INT ,INCT ,TITL ,00001280
S A l ) 00001290

C 00001300
C CHECK IF CRACK IS PAST THE CRITICAL LENGTH. 00001310

IF TA .GE. AF) GO TO 1 9 00001320
C 00001330

155 CONTINUE 00001340
C 00001350

IFITA .LT. A F )  GO TO 101 00001360
C 00001370
C ‘‘‘ 00001380
C CALCUL ATE PREDICTE D LI FE OVER ACTUAL LIFE . 00001390

C = MIS N /XN (NP 1S ) 00001400
C 00001410
C WRITE OUT THE RESULTS. 00001420

WRI TE(6, 413 ) TITL 00001430
413 F (JRMAT I1H1,1X ,18A4 ) 00001440

W R I T E ( 6 , 1 0 8 )  TA, TN 00001450

1D8 FOICM AT( 1X, ’FINAL CR ACK LENGTH = ‘,F8.5,SX ,’CYCLES TO F A IL U R E  = ‘ 00001460
1,F 1C- .1,// ) 00001470
W R I IE ( b , 2 1 C)  XN(NPTS ) , M I SN ,  Q 00001480

~jG FI.JKMAT I //3X ,’ACTIJA L LI FE = ‘,F7.0,I0X ,’PKEDICTED L I F E  = ‘, 00001490

I1 1O / / 1X , ’P R ED IC TE O /A C T U A L  = •,F8.5// ) 00001500
C 00001510
C SU SROUTINE OM P AR  PLOTS THE PREDICTED VS ACTUA L DATA. 00001520

C A L L  CM P A R IC A ,  CM, A, XN, NPTS , MOUNT,  TITL (3), Al , PKLD, TEMP, 00001530

I R A J I O , FRECJ, M ISN , m (NPIS), R R ,  T Y P E )  00001540

C 00001550
CO TO 10 00001560

999 slop 00001570
EN D 00001580
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RELE ASE .~.C L I F E  DATE = 76314 16/32/20

SUt~R W T I N E  L IFE( COE F 1 , COEF2 , COEF3 , CUEF4 , AF ,TA , TN, W I D , 00001590
1 IHi pi., RA T I O ,  PMAX , CA, CN , N P E R , NPAR T ,  PERIOD, MOUNT , M ISN , 00001600

LESTA , INT , INCT , TITL, A l )  00001610
C 00001620
C **~ CA L C U LA 1 E  L IFE C C’001630

DATA O1,D2 ,03,D4,O5/ 29.b,—185 .5,655.7,—1017. ,638.9/ 00001640
DA 1 A E 1,E2,E3 ,E4 ,E~ / ).S ,1.5,2.5, 3.5,4.5/ 00001650
DI MI NS 1UN C A I L O O I ,  CN I 100), TITLU S) 00001660

C 00001670
C DO THE CYCLE BY CYCLE IN 1EGRA TIUN . C’000IbBC

1C1 00 1E9 1 1,NPER 0000169C
C 00001700
C CHOOSE IF SURFACE FLAW OR MCT SPECIMEN. 00001710

IF( AI .LT. 0.5) 00 TO 1333 00001720
C 00001730
C ~.—S ULN FUR MC I SPECIMEN. 00001740

AUW T A / W 1 t )  0000 1750
f=Ui*A OW **E1 •02*AuW **E2 •D3SAOWS*E3 •04*AOW **E 4 •D5*AOW**E5 00001760
CIcOM E=( PMAX /ITHIIç SSQRT IW ID)))*F 00001770

C 000017 80
CC 10 133’ 00001790

C
C K— SOLN FOR SURFACE FLAW SPECIMEN. 00001810

13~ 3 L*UNE I .2063*PMAX *SQRT ITA) /(W lO* THIK ) 00(01820
C 00001830

1~~~
. lF(PERIOD .LT. 1.) 60 TO S C0001840

L,K~.(1.—R ATIO )*DKONE 00001$S0
C WRI TE (6,2JAOW ,F ,DKUNE,DK C 0001660

FURMA II1X ,1P4EI2.5 ) 0000 1870
CA.) 10 C 00001880
UK UKONE 00001890

b UAuNLG.~CC Lf1*5INH(LOEF2* IALOG1O (DK) ,COE F3J ) .CO EF4 00001900
DA DA) = 10.’*DAONL & 00001910
0* • PERIOG ~ OADN 00001920
TA = T A  • hA 00001930
TN IN • I. 00001940

1t~4 CI N T I N U E  00001950
C 0000 1960
C 00001970
C CUUNT LJNLY THE N U M B E R  OF MISSIONS. 00001980

II-(N I’A R T . EW.  1) MISN = MI S N + I 00001990
C 00002000
C 00-002010
C w RI lL  UUT ALL TilE JUNK IN THE LOOP. 00002020

I F I 1 N C T .11. 1) CU 10 1633 00002030
ML’UNI=MDUNl.l 00002040
MUUULQ MUOtM UUNI,5C) 00002050’
C A I P U U N T )  T A
C i U M O U N T I = M1 SN 00002070
IEIMUTI U tO .ME . I) GO To 835 00002080
wi~ IIE (o, 4t3 ) TITL 00002090

413 FI jR M A T ( lp l j , I X ,1 8 A 4 )  00002100
W K I T E I 6 ,414.) C00021IC

~.14 FURM AT (//1X , ’CRAC I3. LENCTM ’ ,T,x , ’MISSI O NS 10 A ’ ,7X, ’OK ’,7X , 00002 1i0
I’D IcMAX ’,#X d ’DA/DN’ // ) 00002130

b35 WI~I1EI6,4j 5) TA, M I SN , 013., DKO NE , O AD N 00002140
41’.. ~u~~ A r ( 1 x , F 9 .a , 5x ,:1c, 5x ,1P3EI2.5) 00002150

• IN1 00002160
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RELEASE 2.C LI FE DATE 76314 16/3 2/20

1633 1NT 1A * 1C0. 00002170
1NCT = INT — LESTA 00002180

9 N PART N PAR T • 1 00002190
RE1UKN 00002200

END 00002210
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RELEASE 2.0 C MPAR DATE 16314 16/32/20

S U b K U U T I N E  CMPAR (CA, CN , A, XN, NPTS , MOUNT, SPNO , A l , PMAX , 00002220
1 TEMP , K, FREW, M ISN , AL IFE , RR , TYPE ) 00002230

1 00002240
C... • SUBROUTINE CMPAR PLOTS THE ACTUAL VS PREDICTED DATA. 00002250
3.. 00002260
C 00002270

DiMENSION CA (100 ),CNI100),A (100),XN (100),FREQ(2),RR(2) ,TYPE (13) 00002280’
DATA XCLNIH,NX CYCL, YCLNTH ,NYCYCL /1 .5, 4, 1., 6/ 00002290

C 00002300
CALL PLOT$(13.,1 Q.) 00002310

1 00002320
C DRA W THE 8.5 BY 11 REC TANGLE. 00002330

CALL PLOIIO .,IC. ,2) 00002340
C CALL PLOT (b.5,1O .,3) 0000235C
C CALL PIOTIf .S ,0.,2) 00002360
C CALL PLOT (0.,0.,3) 00002370
C 00002380
C CHECKOUT SUBROUTINE GR APH. 00002390
C 00002400

CALL PLOTI2.,0 .B,—3) 00002410
C 0000242C-
C CALL D1F FEREN1 ROUTINE IF SPECIMEN IS A SURFACE FLAW . 00002430

IF(A I .GT. 0.7) GO TO 26 00002440
CALL CFi,RPH (CA ,CN,A ,XN ,NPT5, MOUN T ,SPNO,A I ,PMAX, TEM P ,R,FREQ,MISN , 00002450

1 AL IFE ,RR ,TY PE) 00002460
GO TO 27 00002470

C 00002480
~~ CA LL GRA PH ICA ,CN ,A,XN, NP TS ,MQUNT ,SPNO ,A I ,PMAX, TEMP,R,FRE Q ,M ISPI, 00002490

1 A L I F E ,RK,I YP E) 00002500
27 CALL PLUT (C.,0.,994) 00002510

C 00002520
RE TU RN 00002530
END 00002540
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R EL E A SE ~.0 ORA PH DATE = 76314 16/32/20

S UB R O U T I N E  GRAP p iICA,C N ,A,XN ,N PTS,N CALC,S PNO,A I ,PMA X, TEMP,R,FR EO , 00002550
I M] SN , A L I FE , K k ,1 Y P E )  000C~~56O

C PLOTS CRACK—LENGTH, CYCLES I A ,N ) DATA A NI) PREDI C IION. 00002570
DI MENS I ON CA I1 ) ,CN II) ,AI1) , XNII), TYPE (13 ) 000025 CC
D IME NSION XNLO CIIOO) ,FRE U I 2 ) ,R R ( 2 ) 00002 ,90
DATA XCLN Til ,NXCYCL , YCLNT H ,NYCYCL/1.’.., ~, 1., 6/ 00002600

C 00002 610
C COMPUTE rHE STARTING INTEGER EXPONENT OF TEN. 00002623.
C 00002630

MI NN A L U G 1 C I  X N I 1 )  ) 00002640
MI N CN=AL UG1O ( C N I 1 )  ) 00002850
MINX = M 1 NC’I M INN , M 1NCN I 00002660
XMI N M I N X  00002670

C 000026 80
C DRAW TIl E LIFE PREDICTION SEMI—LOG GRID. (0(02690

CALL LPCKOIX CLNT II,NXCYCL ,YCL N TH ,NYCYCL, MIN X ,TYPE) 00002700
C (‘C0C211C
C PR INT THE SALI~~N 1 PARAMETERS. C 0 0C 2 7 2 0

CALL PR INT ISPNQ , A I ,PMAX ,IE MP ,R ,I-RE Q,MISN ,*LIFE, R R ) 000027 30
C 00002740 

IAi.1 LOGS , CUMPUT E 1H~ SC ALE P A R A M E T E R S ,  PLOT DATA AND PRE OI C TIoN .CC0~~2750
C ( C & C 2 7 ~’(
C IA R E  LOGS OF X— PA R A M E T E K .  C~~0O277C

[‘U 10 I=1 ,N PTS C C 0(~~ Th C
X RLOC (1) AL OC1OI XN I.I) ) 00002790

iC C U N 1 I N U E  (0002800
C 00.002810
C PLOT THE UATA. 00027820

A NLO CINPIS.L) AMI N C.000-283C
AN LUCI NPT~..2)=t ./AL1NT Il C0002t4’.C
AINPlS .1).~O.6 0COC28~~O
AIN PTS+2 ) C’.2/YCLNIH 00002880
CALL L INF I XNLU6 ,A,NPT~ ,1 ,—1,2) 00002670

I C0002 880
L TAi.L LOGS OF X— PARA M E TER. (00(2693

UL 20 1 1,NCA IC 0C0( 2~~(0
XNL UGI I) AL OGI O I CN ( I) p C000 29IC

~C CUN11NUL 00002920
000029 30

C DR A W  THE PREL )ICIION . 0C00294C
X N L( 1DI ~IC A LC •1 ) X M I N  00002950
A NLUDI NCAL C .~ ) 1 . / XC L A ) T PI 00C C 2960
C A I N C A L C + 1 ) 0.i’
CA(N CP* LC 42 )rC. 2/Y L LN1 H

LC,1
C 00003000

REI URN 00003010
[NJ 0C0030~~C
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R E L E A S E  ~.0 LP IR D  DA TE = 76314 16/32/20

SUB R O U T I N E  LPGRDI XCLN TH ,NXC Y CL,YCLNTH ,NYCYCL,MINX,TYPE ) 00003030
DIMENSION TYPE I13 ) 00003040

C 00003050
C PLOT ANO ANNOTATE A SEMI—LOG L I F E  PREDICTION GRID. 00003060
C 00003070

DA T A  H ,HOVR2/0.0875, 0.0.44/ 00003080
HT IM2 P4 *~ 00003090

C 00003100
C URAW THE GRID 00C03 110

CALL M TGRU 2 IXC LN T PI ØIXC YCL ,YCLNTH ,NYCYC L) 00003120
C 00003130
C L*.AW THE 2—SHAPED INTERRUPTION. 00003140

CA LL PLOIIO., tj.2,3) 00003150
CALL E M A SE(1) 00003160
CAL L  PLOTIO.,O.5 ,2) 00003170
C A L L  E R A SE (0 l  00003180
CALL PLOT)— 0.3 ,O.3~~,2) 00003190
CALL PLUT) ,0.3,C.35,21 00003200
CA LL PLUJIO. ,0.2,2) 00003210

C 00003220
C wRII E F IGU R E  AND TITLE 00003230

IOP=6 .7 00003240
CA L L  S YM bUL~~3.0,I1L)P•3 .*H),HTIM2 ,’PCWA M A T E R I A L S  A t-a ME CHAN ICS LAB00003250

1 U R A T U A Y ’ ,0.,39,l) 00003260
CALL SYM BUL t3 .O,TOP ,HT IM? ,’AFML CONTRACT 833615—7 5—C—5097’, 00003210

1 0.,31,’) 00003280
CALL SY MUO L I3 .0,pTO P—~ .SH) ,Il , ’FI GURE • ,0.,9,1 ) 00003290
C A L L  SY MBUL (3 .O,ITO P— ~~.*H),H ,’MOO IFIEO COMPACT TENSION SPECIMEN PR00003300

1E JI C TE D CRACK GR OW 1H’ ,C..,56 ,1) 00003310
C ALL SYMBOLI.,.0,(TOP—7 .*H ),H,’lNTERPOLA IIVE HYPERBOLIC SINE MOOEL’00003320
1,C.,35,1) 0CC03336
CALL SYMBOL (3.O,(TOP— 9.*H) ,H,TYPE,0.,52,1 ) 00003340

C 00003350
1 ANN oT AT E THE X— A X 1 S  00003360

V L O C — C .2 5 00003370
IL 10 I 1,3 00003380
XLU C I *ACLNTH 00003390
CAL L  N UM8E R (XLOC ,YLOC,H ,I0,0.,—1 ,1) 00003400
CALL N UMBER( (XLOC ,H11M2),(YLOC .M),H,(M INX ,I) ,0 .,—1,1 ) 00003410

101 CONT iNUE 00003420
C 00003430
C A N N O T A T E  THE Y — A X I S  00003440

CALL NUMbER(—C.3 i.. ,0 .,~i,0.,O., 1) 00003450
00 20 I I,5 0000346C

Y L U C I *Y C LN T H  — HOVR 2 00003’70
YV A L t).6+I*C .2 00003480
CALL N U M b L R ~~—C.3O,YLOC ,H,YVAL, C., 1) 000(3490

~~~~ CUN IIN UE 00003500
C 000035 10
C LAb E L TIl E X — A A I S  00003520

CALL SYM BU L I .0300 ,—0. 6,HTIM2 , ‘TOTAL MISSIONS 1 ,0., 14 ,1 ) C’00C3530
C 00003540
C L A & E L  THE V A X I S  00003550

CALL 5YMB 0L)—o .so ,1.5,IITIM2, ’CqAC K LENGTH , INCHES’ ,90.,20) 00003560
C 00003570

4LI UKN 00003580
END 00003590
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R E L E A SE 2.0 MT(,K D2 DATE 76314 16/32/20

SUBROUTINE M TGRD 2IXC INTH ,NXCYCL ,YCLNT H ,NYCYC L ) 00003600
C 00003610
C GE N E R A TE  SEMI—LOG OPEN G R I D ,  X~ LOG I Y , I C A R T E S I A N  ) .  00003620
C 00003630

DIMENS ION 0R101 9),GLNTH(9) 00003640
OA IA &RIO/ 0.301030, 0.417121, 0.602060., 0.698970, 0.778151, 00003650

1 0.645098, 0.903090, 0.954243,  1.0/ 00003660
DATA G L N I . i / 0 . 10 0 ,  .160 , .205, .235 , .265 , .285,  .305 , . 3 2 5 , .340/ 00003670
D A T A  H , H U V R 2 / C j . 0 8 7 5 ,  0.044/ 00003680

C 00003690
C. FI NE ,  X — A X I S ( H O R 1 Z O N T A L ) CY CLE L E NGTH AND Y— AX IS (VERT ICAL) HIGHT. 00003700

Y III G HT=Y C LNTH *N Y C y C L 00003710
X L G N T H = X C L N T H *N X C Y C L  00003720

C 00003730
C U R A W  T~~E O V E R A L L  X—Y RE CT ANG 4. E , W I T H  O R I G I N  AT 10. ,  0 . ) .  00003740

C A L L  P L O T I C . . , 0 . , 3 )  00C03750
C A L L  P L O I I X L G N T H , C . , 2 )  00003760
CALL P L O I IX L G N T H,YHIGHT ,2) 00003770
CALL PLUTIO .,YHIGHT ,2 ) 00003180
CALL PLOTIO.,0.,2) 00003790

C 00003800
C D R A W  T,i E HORIZON TAL G R I D  L I N E S .  00003810

N L I N E S = N Y C Y C L — 1  00003820
00 10 1 1,NLINES C000383C
YL U C I  *YCLNTp, 00003840
CALL PLO TIO.,YLOC ,3) OCOO3BSC

C U R A W  THE LEFT TIC MARK . 00003860
CALL PLO1I HQVR2,VLL t ,2 ) 0000387C

I UR AW THE DUTTED LINE . 00003880
CALL PLOIIIX L GN Tp I — i40VR2),YLOC ,2 ,1) 00003890

C DR AW THE R iGh T J I C  MARK. 00003900
CALL PLOIIXLG NT II ,YLOC,2) 00003910

10 CONTINUE 00003920
C 00003930
C DRA W THE LOG A R ITHM IC V E R T I C A L  LINES. CCC039’.0

1,0 20 MC I ,NXC YC L 0t’003950
NCM I = NC—I 00003960
DO 30 1=1,9 00003970

• XLOC I (,KIDI I)+ N CM I)*XCLNTH CC003980
CALL PL0lIXL0C ,0.,.~) 00003990
CALL PLUI )X LUC ,GLN TH (I),2 ) 00004000

3C CONTI N UE 00004010
C .JR AW  THE 0111160 LINE AT EAC H COMPLETE CY(.LF . 0000’.020

CALL PL UT )XL OC , (Y HICHT —H UVR2), 2 ,1) 00004030
C L-R A w T I-f l TIC MARK. 00004040

CAL L  PLUIIX L UC,Y H IG H T ,2) C0004CSC
2 0 CONTINUE 00004060

C 0C’004C70
6ET U RN 00004080

CCiC1O4OQO
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R E L E A S E  2.0 PR INT DATE 76314 16/32/20

S U B R O U T I N E  P R 1 N I I S P N O , A 1 , P M A X , T EMP ,R , F R E Q ,  M 1 SN, A L I F E , R R ) 00004100
C 00004110
C IAJ UL U P R I N T S  S A L I E N 1  P A R A M E T E R S  NEXT TO EACH PLOT. 00004120

DIMENS ION F R E Q I Z ) , K R I 2 )  00004130
DATA f4 , I I T I M 2 / 0 .0 8 7 5 ,  0 .1750 /  00004140
I WOA = 2 .0  * A l  00004150
A1 2.0 00004160
)12 3 .O 0 00004170
X3 3 .5 0  00004180

• X 4 4 .50 00004190
00004200

V 7 .5 00004210
CALL SYMB UL IX 1, V ,H,’SPEC IMEN NUMB ER ’ ,C. ,15,1) 00004220
CAL). S’VMBUL(X2,Y ,H,SP I-1O,0.,4,1) 000042 30

C 00004240
C CHECK IF MC.I SPECIMEN OR SUR FACE FLAW S P E C i M E N .  00004250

I F I A I  .LI. 01.5) GO TO 58 00004260’
CAL L  SYME OL IX3, Y ,H,’MC I SPECIMEN ’ ,0.,12 ) 00004270
GO TO 68 00004280

C 00004290
Sb CALL S YM BOLIX 3 ,Y,H,’SLjR FACE FLAW’ ,O .,lZ) 00004300
66 Y Y—M T IM2 00004310

CALL SVM bOL (X1, Y ,ps ,’INITIAL . CRAC K ’,0.,13,1) 00004320
1 F I A I  .1.1 . 0 .5 )  (.0 10 56 00004330
CALL NUM BE KIX2,V ,H ,T W O A , 0 .  ,3 ,  1)  00004340
CU 10 57 00004350

56 CALL NU MBE R IX 2 ,Y ,H ,AI,C .,3,1) 00004360
51 CALL SYMBOLI X3, Y,p i ,’INC H€S’,0.,6) 00004370

V=Y— p IT IM 2 00004380
CALL S V M E U L I X 1 ,Y ,H,’MA X LOAO’ ,O.,*S,j) 00004390
CA LL N UMBERI X 2, Y, ,t ,PMAX , 0. ,3,1) 00004400
C AL L  SYMtSO L (X 3,Y ,H, ’KI PS’ ,0.,4) 00004410
V V—N T IM 2 00004420
CALL SY M BUL (X1,Y, p s ,’TE MP E R A T U R E ’ ,0.,jt,1) 00004430
CALL N U M B E R P X 2 ,Y ,H ,TEMP,C .,— 1, 1) 00004440
CALL  SYMBO L IX 3 ,Y ,H , ’DE GREE S F’,0.,9) 00004450
‘V Y— H TIM2 00004460
CALL SYMSU L IX1,Y ,H, ’STRESS RAT IU ’ ,0.,I2 ,1) 00004470
CALL S yMt ~0L (X2,Y,pf ,RR ,C.,8 ,1 ) 00004480
Y Y—Il11M 2 00004490
CALL S YM 8OL IX1,Y,ti ,’FR E~~UENCY ’ ,C.,9, 1 ) 00004500
C ALL SYMBCJ L (X2 ,Y, h, FRE (1,0., 8,1) 00004510
CALL S YMb OL (X 3,Y ,H, ’MI SSIUN ’,0.,7) 00004520
Y Y—H T IM ~ 00004530
Y Y — H T IM. 000C454C
CALL SY M B O L I X 1 , ( Y + 0 . fl2 51, f4,2,C .,—1,t) 00004550
CALL SYMBOL(X 2 ,Y,I’l ,’AC TUAL OATA ’ ,O.,ll,j) 00004560
CA L L  NIJMBER(X5, Y ,H,AII FF ,0.,—1,1 ) 000C4510
CALL S YML. O LI X 4 ,Y ,ph ,’MI SS IONS ’ ,C.,B) 00004580
Y = Y — H T 1M~ 00004590
CALL PLUIII.75, Y ,3) 00004600
CALL PLU TI2. 25 ,Y ,7,— 1) 00004610
CAL f. SYMBUCIX2,V,h ,’PREDIC IEO’ ,C.,9,l ) 00004620
CALL NUMEEKI X S ,Y,H, MISN ,0 .,— i ,I) 00004630
CALL SY ?b (IL(X4 ,Y,H,’MI SSIONS’ ,O.,B) 0.0034640
k I 1 U R N  00004650
[N O 00004660
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R E L E A S E  2 . C  CFGR) 1I DATE = 76314 16/32 /20

SUBK UU T INE CFGRP P$ICA ,CN,A ,XN,NPTS ,NCALC ,SPNO ,AI ,PMAX ,TEMP ,R,FRE Q , 00004670
I M ISN , ALIF E , RK , TYPE ) 00004680

C PLOTS CKA CK LENL,1H , CYCLES I A ,N I DATA AND PREDICTION. 00004690
OI MENS I (,N CA I1),C.N (1),A(1) ,XN(1 ) ,TYPE I13 ) 00004700
D I M I N S  1LI N XNLOC(1 00) ,FRF.QI 2 ),RR (2 ) 00004110
DATA X ILNTH ,N X CYC L, YCLNTpI ,NYCYCL/ 1.5, 4, 1., 6/ 00004720

C 00004730
C C O M P U T E  T H E  STARl ING INTE GE R EXPONENT OF TEN. 00004740-
C 00004750

M I N N A L O C 1 C (  IN I 1 I  ) 00004760
MIN CN .AL (JDIO( CN I I )  I 00004770
M1NX ’.MlNO( M I NN , M I N C N  I 00004760
X M I N M I N X  00004790

C 00004800
I DKA ~ Th ~ L 1 F E  PREDICTION SEMI— LOG GRID. 00004810

C A L L  C F G KDIX CLNT H, N X CYCL ,YC LNT h,NYCYC L,M IN X,TY PE ) 00004620
L 00004830
C PR I N 1  TIl E S A L I E N T  P A R A M E T E R S .  00004840

L A L L  PIINT ISPN O , A I ,PM A X ,IEMP ,R, FRE Q,M 1SN ,AL IFE ,RR ) 00004850
C 00004860
C l A K E  LOG S , CUMPUT E THE S C A L E  P A R A M E T E R S ,  PLOT D A T A  AND P R E O I C T I O N . C ’0 0 0 4 8 7 0
L 00004880
C IAKL  LUG S OF X—PM4 AM IT ER . 00C04890

ul) I C I .1,NPTS 00004900

~NLO C I I )  • AL O G I0( X N ( I)  I 00004910

~~( C . ) N T I N U E  00004920
0000493C

C PLOT 1~1E D ATA. 00004940
A NL(GI N PIS.1) XM IN 00004950
AN LO CI NPTS.2) 1 ./XCLNT H 00004960
*INPTS ,I 1-0.0 00004910
A (NPTS.2) O.1 /YCLN 1PI 00004980
(AL L  L I N E ( X N L O & , A , P ’ I P T S , l , — 1 , 2 )  00004990

C 0000500 0
C T A K E  LCC~. CF X — P A R A M E T L R .  00005010

1.1 20 1 1,NCALC 00005(20

~NCO C)II ALU (,ICI CNI I) p 00005030
20 CONT INUE 00005040

C 00005050
C ul- A W THE PR E J I C T I O N .  00005060

XN L UG( NC A LC .1) XM IN 000105070
XNL OCI NCALC+2 1=1 ./XCLN TM 00005080
CA (NCALC+1 )= (..0 00005090
CA INCALC .Z) 0 .1/YCLNTH 00005100
CALL L 1 N E ( X N L O G ,CA ,NCA LC ,1,O,0 I 00005110

C 00005120
RETURN 00005130
END 00005140
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R E L E A S E  2.3 CFGRO DATE = 76314 16/32/20

SU 8ROUIINE CFt,ROIXCLNTH ,NX CV CL, YCLN TH ,NYCYCL ,M1NX ,TY PE) 00005150
DI MENSION IYP EI1 3) 00.005160

o C0005170
C PL OT AN t) ANNOTATE A SE MI—LOG LI FE PREDICTION GRID. 00005180
C 00005190

DATA H ,rI CiVR2/O .0875, 0 .044/ 00005200
HIIM2 H.2 00005210

C 00005220
C D RAW 1 141 GRID 00005230

CA LL MT G KD 2 IX C LNTH ,NXC YCL ,YCLN T H ,NYCYC L) 00005240
C 0(005250
C O RAW Til E 2—SHAPED INTE RRUPTION . 00005260
C CALL PLOIIC .,C .2 ,3) 00005270
C C A L L  E R A S E I 1 )  00005280
C CALL PLOIIC .,O.5,2) 00005290
C C A L L  E R A S E  I C )  00005300
C CA L L  PLU ~~I—0 .3,0.35,2) 00005310
C CALL PLUII.C’.3,C.3 5,2) 00005320
C C A L L  PLOTIO .,0 .2,2) 00005330
4.. 60005340
£ w R I T E  F I G U R E  AND T I T L E  0C 0C 53 50

I O P = b . 7  00005360
CALL SYMDOL).3 .O,(TOP+3 .*H),M TIM2 ,’PC WA M ATERIALS AND MECHANICS LA800005370

1OK AT Ift Y ’,C.,3 9,1) 00005380
CAL L  SVM B LIL I3 .0, IOP ,HT IM2 , ’AFML CONTRACT F33 615—75—C—5097’, 00005390

1 0.,31 ,1) 00005400
C ALL SYMbU L I3 .(,(TCI P— 3 .AH),H, ’FIGURE ‘,C.,9,1) 00005410
CALL  SYMt. uL I3 .O , )1C -P—’..H),hl ,’SUKFACE FLAW SPECIMEN CRACK GROWTH P00005420

lW ~~L~ICT IU N S ,O.,4S ,1) 00005430
C A LL SYM8O L I3.O,I TDP— 7 .*H),H ,’IN TLRPOLAT IVE HYPERBOLIC SINE MODEL’00005440

00005450
CALL SY M E OL I 3.0,ITUP—9 .*h),H , TYPE,0. ,52,1) (0005460

C 00005470
C... • i~~~~L I A T L  T H E  X — A X I S  00005480

YL~~C —C .. 5 00005490
DO 10 1=1,3 00005500
XL1W ~~I S X CLN1H 00005510
CA L L  ~ UMEERlXLOC,YLI jC ,H,lC,0., —1,1) 00005520
CA L L  N U M b t k I I X L L ~~b M TIM2) ,IVLOC .H ),H, IM 1NX ,I),0., —1 ,i ) 00005530

1 4 .  C I I N 1 I N U E  00005540
C 0C005550-
C AN N O T A T E  1116 ‘ p — A X I S  06005560

C A L L  N U M b L N ) — 0 . 3 0 , 0 . , r l , 0 . ,C . ,  1 )  C0C 05570
DO 20 1 1,5 oooosse o
Y L L C= I *YCLN T ,-4 — HUV R 2 00005590
YVA 1~~I* C.I 0000.5600
CAL L  •1UM b [RI—L .~~~,,1r,c ,H,vVAL,C. , 1) 00005610
C O N )  I N U t  00005620

C 00005630
C L A i l L  T i l l  * — * X I S  00005646

C A L L S Y N I s u L I 3 . 0 C ~ - C , — C . o , H T 1 M 2 , ’ T O 1 A L  M I $ S I O N S ’, 0 . , 1 4 , 1)  00003650
C 00005660
C L A b E L  THE Y A A I S  00005670

C A L L  c Y ~~h C L t — 0 . S C , 1 . ( , H T T M , ’H A L F  CR ACK L E N G T H ,  I N C H E S ’ , 9 0 ., 25 )  00005680
C C0005690

R E T URN 00005700
E N D  00003710
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APPENDIX C
SAMPLE INPUT DATA

S P E C I M E N  653 MC 1 SP E C i M E N  I- O R AFML F R A C T U R E  M E C H A N I C S .
L u K E  CENTER FREQUE N CY IN THE FIR ST 8 SPACES OF THIS LiNE .
MIXED CENTE R STRESS RATIO IN THE FI R ST V SPACES OF THIS LINE .

RE T ARDATION MODE L CENTER IN 52 SPACES.
L I N P U T  P E K I U G  = 1 . ,  .0333 , 1., .0350, C .01~~6, 1., .0350, .0285,

1., .0333,
NPLK = 1, 1, i , 1, 1, 7 , 1, 3,

1, 1,
COEFI 0.500, (.5010, (.500, 0.500, (.500, (.5(0, 0.500, 0.500 ,

(.500, 0.500,
C O E F 2 ~.93t4 , 4 .297, 4 . l1 t ~, 4. 3 7 6,  4. 29? , 4.169, 4.292, 4,29 7,

4.116, 4.297,
COE F3 =—1 . ~97,—1 .479,—h305,—i.633 ,—i.479,—1.277,—1.565 ,—1.479,

—1 . 305 ,—1 .479,
COEF ’. —‘.. iSb ,—?.519,—4 .2’.j ,—2.99b, —2. 514 ,—4.267,—2 .8C7 ,—2 .519,

—4. ~‘.1, 2 .519,
PMAX = 2.7OC , 2.76C , 6.000, 4.880, 4.8BC , 5.340, ‘..680, 4 .68 0 ,

6.000, 2.780,
RATIO 0.2, 1.C, 0.46, 1.0, 1.0, 0.52, 1.0, 1.0,

0.46, 1.0 ,
A l = 1.3~ 83C , AF = 1.75(0 , TEMP = 12 0 0 . ,  P A L O  6.0,
W Iu .5090, 1)11K = ( . 8 5 1 0 ,
LOD~~S = 10,

(.INI)
1 . C Cb 3  I .
t.~.097 5.
1.023’ 17.
1.234’. 29.
1.C- 4~ 9 41.
i.~~4t5
1. 0 5 6 2  61.

11.
61.

1.oic’. Ni .
1. 77.~ i d .
1 . :V I I  111.
2.0859 121. .
1. : 9~~~~

13 8.
1.lt 26 147.
1.1I5~ 170 .
1 .128 6 193.
1.1485 23 4. .

1 .1797

~19.
1 . 2 1 2 5  3’b.

1.~~b S2 44C .
l . 1 H i3  470.

5 0 4 . .

I . i 2 8 1  5,0.
1.394.. 560.
1.3769 590 .
1.3992 61?.
1.=292
1.4795 oH..
1.— FE C
1.5152 7~~I.
1.”394 7’2.

54



1.5734 758.
1.5997 770- .
1.6173 78L.
1.64C1 790.
1.63 75 7~~9.
1.6898 BC8 .
1. 7175 8 15.
— 1 .C
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