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]MECHANISMS OF RECOVERING LOW CYCLE FATIGUE DAMAGE
IN INCOLOY 901

Robert E. Schafrik, Capt. USAF (Ph.D.)
The Ohio State University, 1979

Professor James A. Begley, Adviser

The effect of thermal treatment and hot isostatic pressing (HIP)
on eliminating low cycle fatigue (LCF) damage in the iron-nickel
superalloy, Incoloy 901, was investigated. Testing was done in air at
500OF at a total strain range of 0.75%. The mechanisms of crack initiation
and crack propagation in baseline specimens were determined and used
as the basis of comparison for the rejuvenated specimens.

Crack initiation in the baseline specimens was due to decohering
of blocky grain boundary carbides. Pre-crack initiation damage
consisted of extrusions and intrusions formed at persistent slip bands
and partially decohered grain boundary carbides.

A pre-rejuvenation damage level of 800 cycles (60% of crack
initiation) was selected. Some specimens to be HIP processed were
ceramic coated; the rest were left uncoated. Post-HIP testing
revealed that LCF properties were adversely affected by surface
microstructural damage caused by the HIP processing.

Thermal rejuvenation, consisting of a standard solution treatment
and double aging, was partially successful in recovering fatigue

properties with a pre-rejuvenation damage level of 800 cycles. Initia-
tion life was extended by 400 cycles and cycles to failure was extended

by 600 cycles. This behav4or is explained in terms of microstructural
damage which is resistant to thermal treatment.
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Chapter 1

INTRODUCTION

The modern gas turbine engine demands the ultimate in performance

from materials. Typical material requirements include high strength

and stiffness at operating temperatures, good oxidation resistance,

low creep rates and high stress rupture values, and good low-cycle and

high-cycle fatigue resistance. Since the results of component failure,

especially of rotating components, usually are catastrophic, design

approaches and material specifications tend to be conservative (1,3,4,61).

A turbine disk is that component which transmits the work done by

hot, expanding gases on the turbine blades to the power shaft of the

engine. Experience has indicated that turbine disks can fail either by

stress rupture at the rim where the blades are attached with dovetail

slots; or, as is usually the case, by low-cycle fatigue at cross-

sectional changes or at bolt holes (10). The low-cycle fatig-uc results

from vibration, changing engine operating speeds and thermal gradients

(3,12). When a turbine disk is limited by low-cycle fatigue (LOPF) life,

the design approach is to establish a probability of failure of 0.5%,

with failure defined as extension of a detectable crack and not compo-

nent disintegration. Therefore, most turbine disks reach their LCF life

with a high probability of additional lift- remaining (1). Since these

disks are quite expensivo , there is a great deal of interest in

processing the disks in some manner (i.e., rejuvenating the disks)
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to remove the microstructural damage which leads to LCF failure, so

that the disks can be returned to service safely and reliably at low

cost (2).

This investigation was undertaken to determine how the LCF process

causes crack initiation in Incoloy 901, and to find which rejuvenation

treatments can lead to recovery of the initiation life. Incoloy 901

was selected for study because it is a commonly used superalloy and,

thus, there are many disks which potentially can be returned to service

after rejuvenation.

Subsequent portions of this introduction will briefly review LCF

crack initiation and propagation in superalloys, the physical

metallurgy of Incoloy 901, and rejuvenation.

I. CRACK INITIATION

Dieter divides the fatigue process into four steps: crack

initiation, Stage I crack growth, Stage IT crack growth, and ultimate

ductile failure (14). This classification will be used in the

following discussion.

The mechanisms for LCF crack initiation generally involve the

interaction between the deformation processes and the alloy micro-

structures (1,4,5,6,7,8,9,11,46,64,67,68). The mode of crack nucleation

depends on such factors as the amount of deformation, the degree of slip

dispersal, test temperature and environment, and the amount and type of

microstruictural defects (carbo-nitrides, borides, porosity, brittle

second phases, ctc.). Kim and Laird point out that in pure metals,

crack initiation occurs at persistent slip bands at low stress ranges

and at grain boundaries at high stress ranges exclusive of severe
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environmental effects (47). In lower temperature regimes (less than

about 700°F or 370°C), superalloys deform by planar slip which is

heterogeneous in nature (4). Kuhlmann-Wilsdorf and Laird have developed

a dislocation model to explain how persistent slip bands can lead to the

formation of instrusions and extrusions on the specimen surface which

in turn lead to crack initiation (49,46). This model presents the

rationale for the simple stress-raiser mechanism proposed by Wood

20 years ago (50).

At high cyclic ranges, cracks generally initiate at the grain

boundaries. Recent work by Kim and Laird (47,48) have developed three

criteria for crack initiation in pure metals at grain boundaries:

(a) The grain boundaries must have a high degree of lattice mismatch;

(b) The slip on the active slip system in either one or both of the

adjacent grains should be directed at the intersection of the boundary

with the specimen surface; and (c) The trace of the boundary at the

free surface should lie at an angle of 30-90* with respect to the

stress axis. Kim and Laird also observed grain boundary sliding in

their LCF experiments on pure copper (47). The cracks were observed

to have initiated at grain boundary steps.

Superalloys contain a substantial amount of carbides, carbo-nitrides,

and borides intentionally added to control the grain size, improve creep

resistance, increase grain boundary strength, and to vitiate the adverse

effects of trace elements (17). Unfortunately, it has been found that

these nonmetallic inclusions serve as favorable sites for crack

initiation. In a study by Cell and Leverant on the LCF behavior of

Mar-N200, it was found that metal carbides played a key role in

---------------------------------- j
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determining the crack initiation life (8). The carbides can be pre-

cracked due to differential contraction during the solidification

process or during the various metalworking processes. Also, the

carbides can de-cohere from the matrix, especially at the surface,

leading to a localized strain concentration region. As recently shown

by Reimann and Menon, carbides provide a preferential path for

developing LCF cracks in Reng 95 and seem to be associated with

initiation of th, cracks themselves (1).

Many invevt-gator% have found coherent twin boundaries to be

significant sit for crack initiation at lower stress ranges (4).

II. STAGE I CRACK PROPAGATION

There is some disagreement in the literature about a definition of

Stage I cracking. Coffin suggests that Stage I is early growth of a

crack to some detectable limit and then propagation through a plastic

regime (12). A more accepted definition, is that Stage I cracking is

that stage where cracks propagate along specific crystallographic

planes which are oriented near 450 to the applied stress axis (46). But

Laird points out that this definition is not strictly applicable te LCF

where crack nucleation and growth may occur along sections which are

not crystallographic (47).

Since persistent slip bands develop on the most active slip plane,

cracks initiated at them generally continue to propagate along them (46).

Thus, a persistent slip band can lead to the development of intrusions/

extrusions, to a crack nucleus, and finally to crack propagation.

Similarly, cracks nucleated at grain boundaries tend to grow along

the boundary both on the surface and into the bulk (47). Thus, the



crack front develops a thumbnail shape. Also, Kim and Laird predicted

and observed a crack path which is asymmetric with respect to the

boundary, with the crack occurring in that grain with the most favorably

oriented active slip system (48).

III. STAGE II CRACK PROPAGATION

Coffin proposes that Stage I cracking leads to Stage II cracking

when the crack overcomes the plastic zone which envelops it during its

early stages, and thus it begins to grow elastically (12).

Usually, however, Stage II is denoted as the transition of the

crack from growing along the maximum shear direction to growing normal

to the applied stress direction. At high stress ranges, the crack

will almost immediately propagate by Stage Il processes (46).

It is during Stage II crack growth that fatigue striations are

generated, although not all materials develop a striation pattern.

Striations are usually observed in superailoys (53). It is generally

accepted that each striation represents the propagation distance of a

fatigue crack during each cycle. A crack plastic blunting process

proposed by Laird requiring two slip systems (51) is a very reasonable

explanation for the formation of striations (52).

Stage II continues until the crack becomes long enough to cause

the final instability. In brittle materials, the crack begins to

propagate unstably after a critical length is reached. In ductile

materials, the crack grows until a tensile overload occurs, at which

time fracture occurs by shear rupture on planes inclined 450 to the

tensile axis (52).
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IV. PHYSICAL METALLURGY OF INCOLOY 901

Incoloy 901 is an iron-nickel superalloy widely used as a turbine

disk material since the early 1960's (17). Its nominal composition is

(in weight percent): Ni-42.5, Fe-36.0, Cr-12.5, Mo-5.7, Ti-2.8, Al-0.2,

C-0.05, and B-0.015. Since it is fairly strong and ductile at inter-

mediate temperatures (up to 10000F/5400 C) and contains substantial iron

and relatively low chromium, it is widely used due to its comparatively

low cost. It also possesses the advantage of being in that group of

superalloys which can be forged and machined fairly conventionally (19).

Incoloy 901 has an austenitic (y-f.c.c.) iron-nickel-chromium

matrix. Molybdenum, titanium, carbon, and boron are the other principal

substitutional solid-solution strengtheners of the matrix (17). The

stacking fault energy is not known, but from data presented by Decker

and Floreen, it can be estimated to be greater than 60 ergs/cm 2 (18).

The primary precipitate is y', an intermetallic compound of the

I type Cu3Au, possessing a Strukturbericht structure type L12. Its

stoichiometric composition is Ni3Al with a lattice parameter of 3.60 A.

In actual fact, y' contains some iron on the nickel lattice sites, and

some titanium on the aluminum lattice sites, so that y' is usually

denoted as (Ni,Fe)3(Al,Ti). The lattice mismatch between y' and the y

matrix is low, so that the y' nucleates homogeneously. The y' grows

in a spherical morphology which indicates that the lattice misfit is

less than 0.5% (17,20). The solvus temperature is 1725*F (940*C) (17).

Actually, in Incoloy 901, y' is a metastable precipitate (18). The

equilibrium precipitate is n, an h.c.p.-ordered intermetallic compound

with a Strukturbericht structure type DO2 4 . It has the stoichiometric
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composition Ni3Ti. Unlike y', it does not dissolve substantial amounts

of other elements (20). The precipitation of n may occur in two forms:

at the grain boundaries in a cellular morphology or intergranularly as

plates (22,20). The cellular precipitation nucleates at a lower

temperature than the plate-shaped precipitates. The solvus temperature

for n is 1825*F (996'C)(17). Significant precipitation occurs in the

temperature range 1500-1750'F (816-954°C), with the most rapid precipi-

tation rate in the temperature region 1600-1650*F (871-899°C) (25).

The cellar precipitation reaction consi-ts of alternating lamellae

of y and n. These cells have a random orientation with respect to the

grain into which they are growing. But the close-packed planes and

directions of the h.c.p. n and the f.c.c. y are parallel to one

another (20). These orientation relationships are also true for the

plate morphology which are thought to nucleate on stacking faults in y'

(18). The interface between y and n is semi-coherent, with a lattice

mismatch of 0.65% (19). The n phase is associated with severe degrada-

tion in mechanical properties. Not only is the phase itself brittle,

but also it grows at the expense of the y'. However, n has successfully

been used to control the grain size of Incoloy 901 during forging by

the utilization of special thermomechanical processing (25).

Carbides play a key role in superalloys. They help to control grain

size since some carbide typcs are stable nearly to the Melting point of

the alloys. Also, the carbides which precipitate in the grain boundary

greatly increase stress rupture strength at elevated temperatures. And,

carbides can increase the chemical stability of the matrix by removing

reacting elements (26). MC carbides form shortly after freezing and,
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hence, they occur as discrete particles distributed homogeneously

throughout the alloy. In Incoloy 901, these MC carbides have the

composition TiC with an f.c.c. structure. Some molybdenum can

substitute on the titanium lattice sites, so that a carbide of the

type (Ti,No)C is possible (26,70).

Although carbides of the type M23C 6 usually form in superalloys

during low-temperature heat treatment and service in the temperature

range 1400-1800*F (760-9800 C), they are not found in Incoloy 901.

Instead, MC carbides of the type (Ti,Mo)C precipitate at the grain

boundaries during the stabilization portion of the heat treatment (70).

The morphology of these grain boundary carbides is similar to that for

a Laves phase and they have been incorrectly identified as Laves

phases (24).

The formation of carbo-nitrides and titanium nitrides has been

reported (24). Cubic TiN is as thermally inert in the superalloy as

is TiC.

The boron which is added to improve creep properties results in

the precipitation of hard, refractory M3B2 borides (26). Typical

composition of these borides is: (Mo,Ti,Al,Cr,Fe,NiSi)3B2 (24,69).

In addition to the intentional precipitates, various topologically

close-packed (t.c.p.) intermetallic compounds form in superalloys due

to solid-state bonding phenomena (t.c.p. phases are also referred to as

"Hume-Rothery compounds" and "electron compounds"). A hexagonal Laves

phase of the type (Fe,Cr,Mn,Si) 2 ('o,Ti,Ch) h, been found in Incoloy

901 after aging for long times in the temperat tre range 1200-2000°F

A (649-1093C). The morphology varies from genrnl intergranular to grain
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boundary precipitation (24,23,18). The trigonal )I phase has been

observed in Incoloy 901 with high boron additions (0.1 weight percent)

(24). This phase has a close structural relationship to the M6C

carbides and, thus, it may be that N6C can precipitate in this alloy,

although it has not been reported. The chemical composition of the p

phase can be quite complex. It is, in general., (Ti,11o) 6 (Fe,Ni)7 (24).

The precipitation is intragranular as thin platelets parallel to y

close-packed planes.

V. REJUVENATION

Metallurgical engineers whoare responsible for the maintenance of

turbine engines have long expressed a desire to be able to restore at

least a portion of the design life of expensive engine components

through some sort of processing operation. This process has been

given the name "rejuvenation." Recent advances made by Wilshire and

others have shoin that ther-mal treatments are successful in recovering

the creep life of superalloys (28,29). Wilshire found that the onset

of tertiary creep is caused either by development and growth of grain

boundary cavities or by microstructural changes which cause changes in

volume fraction and morphology of the y' (28). Thus, suitable heat

treatments could be devised to sinter out the cavities in the first

case, or to restore the original microstructure in the second case in

order to recover the creep life.

The success with creep damage has given impetus to finding suitable

processing conditions for recoverinig the low-cycle fatigue (LCF) life

of superalloys.. The use of hot-I s;o:;t1 tic-pressing (111') technology to

conf, olidate metal powders has heci, quite siwc(s, fl1 (31) and it was
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inferred that this technology would be useful in heatling LCF damage.

The HIP process involves tlhe introduction of high pressure gas into an

autoclave at elevated temperature. Thus, some mechanical energy is

available as well as thermal energy.

Researchers at the Stellite Division of the Cabot Corporation

obtained some preliminary data on turbine blades which indicated that

some recovery of creep and fatigue properties was possible with HIP

processing (30). An Air Force funded study on HIP rejuvenation in

IN-718 concluded that there was no rejuvenation of pre-crack initiated

damage, but that there was some rejuvenation of post-crack initiation

life due to the closure and bonding of fatigue cracks (2). However,

this work was not conclusive because the HIP cycle chosen for the

rejuvenation effort substantially changed the baseline properties of

the material, and there was relatively little effort devoted to

microstructural characterization.

It is the purpose of this dissertation to report the rcsults of

the experimental investigation to recover some port::", - pre-cracl

initiated LCF life using thermal and HIP processing. Pertinent

aspects of the physical metallurgy of Incoloy 901 are presented. The

LCF behavior of Incoloy 901 at various strain ranges is reported. The

microstructural mechanisms of LCF damage and the resultant effects of

the rejuvenation processes are detailed.



Chapter 2

EXPERIMENTAL PROCEDURE

I. METALLOGRAPHIY TECHNIQUES

A. Optical Microscopy

The samples to be examined were mounted in Bakelite, hand polished

through 600-grit silicon carbide paper using water as a lubricant, and

polished successively with 6-p, 1-11, and 1/4 -p diamond paste. Several

different etchants were utilized. ASTM Etchant 105 (32) was most

generally used to reveal microstructural details. It was freshly

mixed each time in these proportions: 92% BCl, 5% H2S04, and 3% "0N3 .

Immersion for 5-30 seconds was usually sufficient. Marble's Reagent

(ASTII Etchant 25) was effective in highlighting the grain boundaries.

It was mixed in these propo :ions: l0 g CuSO 4 , 50 ml HCI, and 50 ml

water (32). Etchant times were generally 10-30 seconds. Glyceregia

(ASTM Etchant 87) was; useful in highlighting microstructural details

when the other etchants were not adequate. It was freshly mixed each

time according to the formula: 10 ml HN0 3 , 50 ml HCI, 30 ml glycerin (32).

The samples were bathed in hot water prior to immersion in the glyceregia.

Etchant t imus depcided on the surface temperature of the specimen.

Average tines were between 20 seconds and 1 minute. Sometimes the

samples were imnirsed in 11F for a few seconds to remove a passive

layer prior to etching.

11
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After the samples were satisfactorily etched, they were thoroughly

rinsed in water and bathed in a saturated sodium bicarbonate solution

placed in an ultrasonic cleaner for several minutes. This step was

necessary to prevent etching of the micro,;cope objective piece. The

etched surface was then dried using a methanol wash and a blower. The

samples were examined and photographed in a Bausch and Lomb Research II

Metallograph using a xenon light source.

B. Transmission Electron Microscopy

Thin slices of Incoloy 901, approximately 0.010 inch thick, were

cut using a thin abrasive cut-off wheel. These slices were then ground

flat on 240- and 320-grit silicon carbide paper using water as a

lubricant. The slices were attached to the bottom of a stainless steel

mount using balsam wax. The slice was further ground down to a

thickness of 5-6 mils on 320- and 400-grit silicon carbide paper using

a water lubricant. The thin slices were then dismountcd and the

residual balsam was removed by slight grinding on the 400-grit paper.

A punch-out die, with a 3-mm opening, was used to cut out the disks.

In the case of the fatigue specimens where the disks were taken normal

to the longitudinal axis, the above procedure was simplified somewhat

since the fatigue specimens had a nominal. 3-mm diameter.

Electropolishing was done with a dual-jet Tenupol. The electrolyte

had the following composition: 600 ml methanol, 250 ml butanol, and

60 ml perchloric acid (70%). The electrolyte was maintained at a

temperature of about -60'C by constantly adding liquid nitrogen to a

methanol bath surrounding the electrolyte.

The controls on the polisher were set for minimum flow rate and

maximum sensitivity of the photocell detector which turned off the

- a
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electrolyte pLIm) after perforation of the disk. A two-step polishing

sequence worked best. Electropolishing for 15-30 minutes at 30 volts

followed by final polishing at 16-20 volts produced dished disks with

holes close to the center. After electropolishing, the disks were

washed in methanol. Great care was taken in hand]ing to prevent inducing

artifact dislocations into the structure.

C. Scanning Electron Microscopy (SEM)

An AMR Model 1000 Scanning Electron Microscope was used in this

investigation. An Energy Dispersive Analysis of X-Rays (EDAX) attach-

ment to the SDI was used to identify chemical elements. Sample

preparation involved cutting the LCF specimen just below the extensometer

flange, and mounting it on an aluminum stud using a silver paste.

D. Surface Replication

Acetyl cellulose replicating film was used to replicate the surface

in the gauge section of the low-cycle fatigue specimen. The replication

was done on loose specimens and while the specimens were mounted in the

Instron Hydraulic Testing Machine (37). The replicating film, 0.034 mm

thick (1.34 mils), was cut into strips 0.30 in. wide (the approximate

length of the gauge section). The strips were cut into lengths 0.25-

0.30 in. long. Strips of this length covered about 75% of the gauge

length area. A reference line was made on the LCF specimen above the

extensometer flange so that the location of each replica could be noted.

At least six replicas were made for each gauge length, with adequate

overlap of areas between adjacent replica.. Thus, the gauge section

was completely replicated about three times. This provided insurance

against an artifact in the replica obscuring a vital surface detail.

,
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The replicating film was prepared for use by submerging it in

acetone for 8-10 seconds, holding a corner with tweezers. The film

was removed from the acetone and quickly applied to the surface. The

film "grabbed" onto the surface almost immediately. The film dried on

the surface for 5-10 minutes, and then was stripped off with tweezers.

It was placed on a piece of double-sided sticky tape mounted on a

glass slide. The position of the reference mark on the LCF specimen

with respect to the replica was scribed into the sticky tape at the

appropriate position. A piece of masking tape on the reverse of the

glass contained the identification data. Two glass slides at a time

were then placed in a vacuum evaporator, and the belljar evacuated to

-5
2 x 10 torr. The slides were rotated and a uniform thin coating of

99.99% purity aluminum was applied. The replicas were then examined

using a light microscope: or a scanning electron microscope.

II. AGING RESPONSE OF INCOLOY 901

A. Material Specification

The Incoloy 901 was received in the form of a segment of a

partially finished compressor shaft. The shaft had been cast, forged,

and pierced. A chemical analysis is presented in Table 1. A band saw

with a bi-metal blade was used to cut pieces of material for study.

The material was received in solution-treated and double-aged condition.

The commercial heat treatment specification is shown in Table 2 (34).

B. Therma_ Treatments

Heat treating studies were conducted in two different furnaces.

A vertical tube drop Marshall furnace was used when rapid quenching

bud
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TABLE 1I CHEMICAL ANALYSIS OF BILLET

Element Weight Percent Atomic Percent

C 0.034 9.162

Mn 0.10 0.104

P 0.019 0.035

S 0.005 0.009

Si 0.10 0.203

Cr 12.41 13.63

Ni 41.33 40.21

Mo 5.31 3.16

Ti 2.99 3.57

Al 0.29 0.61

Cu 0.09 0.08

Co 0.29 0.28

Bi 0.00005 0.00001

Pb 0.0003 0.00008

B 0.015 0.079

Fe Balance (37.02) 37.86
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TABLE 2

COMI':RCIAL IiFAT TREA"MTNE2, SPECIFICATION
FOR INCOLOY 901

SOLUTION Heat to 1975-2025 F

Hold within ±25 F for 2 hours

Cool at rate equivalent to air cool or faster

STABILIZATION Heat to 1400-1475 F

Hold within ±15 F for 2-4 hours

Cool in air or quench in water

PRECIPITATION Heat to 1300-1375 F

Hold within ±15 F for 24 hours

Cool in air

Reference: Pratt & Whitney Aircraft Specification 1003H, 20 Nov. 1973.



17

of the specimen was desired. A thin piece of alumel wire was used to

suspend a tantalum specimen basket in the furnace hot zone. The alumcl

wire was formed into a loop and each end was connected to a metal post

in a cap at the top of the furnace. lHeavy gauge nichrome wire, bent at

each end in the form of a "U", was used to connect the basket to the

alumel wire. Helium gas was passed through a gas train to remove

impurities and then introduced into the top cap of the tube. The bottom

tube opening was covered with a thin sheet of plastic held in place by

a rubber band wrapped around the tube. Tygon tubing, connected to a

side tap in the tube, near the bottom, directed the helium gas into a

beaker of vacuum pump oil. Minimal pressure and flow rate of the gas

was maintained, i.e., only sufficient pressure to generate a bubble

every few seconds in the oil was used. A cbromel-alumel thermocouple

placed at the same height in the tube as the basket was used to monitor

temperature. When the heat treatment was completed, the thin alumel

wire loop was broken by passing a 110-volt line current through it.

The basket, with the specimen in it, fell out the bottom of the tube,

easily penetrating the plastic membrane on the bottom. A pail of

water was placed under the tube to serve as the quenching medium.

A Brew High Vacuum Furnace was also used for heat treatment studies.

Vacuums on the order of 10 - 6 torr were easily obtainable at the tempera-

tures used in this study. A platinum/platinum-10% rhodium thermocouple

was used to monitor temperature. The hot zone of the furnace was

6 inches in diameter by 14 inches high. Tantalum heating elements and

shields were used. The furnace design was of the cold wall type.

Temperature was controlled within ± 5OIF. The specimens were eithor
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cooled in vacuo or by backfilling the furnace chamber with helium gas,

which passed through the gas train, to a partial pressure of 640 torr

(about 0.83 atmosphere). The cooling rates, as measured by a thermo-

couple, for the vacuum cool and the helium quench, are presented in

Table 3.

III. LOW-CYCLE FATIGUE

A. LCF Specimen Design and Manufacture

The specimen design is shown in Figure 1. The outstanding feature

of the specimen is the extensometer ridges located on either side of the

gauge section. This allows accurate measurement of displacement and

the ability to maintain constant, uniform temperature in the gauge

section using a clamshell furnace. The disadvantages of the system

are the long times required for the entire system to reach equilibrium

(typically 2-3 hours) and the fact that the calculation of strain

necessarily involves the application of effective gauge lengths. The

details of the load train, the strain measuring system, and the

equations required to convert displacement to strain are discussed in

* following sections.

The specimens were manufactured by Metcut Research Associates from

blanks sawed from a portion of a forged shaf . Figure 2(a) shows a

photograph of the shaft segment. Specimen blanks were sawed from this

segment parallel to the shaft axis. A typical cutout configurat ion is

depicted in Figure 2(b). The blanks were then rotinded by straight wheel

grinding, and rough machined to - 0.020 in. oversize in the gauge section.

The specimens wore given a standard heat treatment, de.;ignated as STA 3A

* .
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TABLE 3

FURNACE COOLING RATES

Vacuum Cool

A. Heat Treatment Temperature: 1975 F

Temperature Average Cooling Rate
(OF) (0F/min.)

1400 192.0

1299 97.6

1072 72.2

893 55.8

709 47.8

509 27.1

B. Heat Treatment Temperature: 1400 F

1299 100.0

1072 50.5

893 40.2

709 28.2

509 15.1

C. Heat Treatment Temperature: 1300 F

1072 46.5

893 35.4

709 25.1

509 33.7

_ _ b
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TABLE 3 (CONT'D)

Helium Cas Quench (640 torr)

A. Heat Treatment Temperature: 1975 F

Temperature Average Cooling Rate
(OF) _ c ° /min.)

1400 243.4

1299 214.6

1072 166.2

893 137.4

709 120.0

509 116.4

B. Heat Treatment Temperature: 1400 F

1299 85.5

1072 104.1

893 92.0

709 83.6

509 75.4

C. Heat Treatment Temperature: 1.300 F

1072 82.7

893 86.1

709 75.1

509 67.0
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prior to final machinln,. The heat treatment parameters for STA 3A are

contained in Table 4. The specimi;ns, in groups of nine, were heat

treated in a Brew High Vacuum Furnace. The fixture used tc support

the specimens in the furnace chamber is described in Section V of this

chapter.

Final machining of the gauge section was done using a low-stress

grinding approach (35). The machining parameters are summarized in

Table 5. Final polishing of the gauge section was done with 400-grit

silicon carbide paper using water as a lubricant, followed by 3/0 and

4/0 Emery polishing paper using Buehler Isocut Fluid as a lubricant.

The paper was cut into strips approximately 0.20 inches wide, and

polishing was done axially with the specimen chucked in a jeweler's

lathe.

B. Ceramic Coating Procedure

A gas-tight ceramic coating, Solaramic 5210, was applied to the

gauge sections of some specimens at General Electric's Materials and

Processing Laboratory in Evendale, Ohio. Before the coating was

applied, the gauge section was vapor blasted; this procedure entailed

impinging fine alumina powder (Novacite 1250/150, supplied by Malvern

Minerals) in a water stream at 0.31 HPa at the specimen surface. The

specimen-to-surface distance was kept at about 5 cm, and total honing

time was approximately 1 minute. The surface had a bright matte

fini sh after the vapor blasting.

The ceramic coating was then applied, and baked in air at 1750*F

for 20 minutes, and air cooled. The gatge section was inspected for

spaiUat.ion of the coating.

4I
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TABLE 4

STANDA!'D ]fEAT TrJ'1I'E,[ STA 3A
FOR INCOLOY 901

SOLUTION Heat to 1975 0 F in vacuum

Hold within ±4 Y' for 2 hours

Backfill furnace with helium gas to a partial
pressure of 640 torr

STABILIZATION Heat to 1400°F in vacuum

Hold within ±4 F for 2 hours

Backfill furnace with helium gas to a partial
pressure of 640 torr

PRECIPITATION Heat to 1300OF in vacuum

Hold within ±4 F for 24 hours

Backfill furnace with helium gas to a partial
pressure of 640 torr
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TABLE 5

LOW STRESS GRINDING PAIAIETERS

SPEEDS Work surface: 8-26 ft/min.

Table speed: 7 in./min.

Wheel speed for traverse grinding: 2800-3250
ft/min.

FEEDS Traverse grinding

Roughing: 0.001 in./pass

Finishing: Last 0.010 in. (250 pm)

First 0.0080 in.: 0.0005 in./pass

Next 0.0008 in. : 0.0004 in./pass

Final 0.001-2 in.: 0.0002 in./pass

Plung grinding: 0.00002 to 0.00008 in,/rev.
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C. Specimen Preparation after Rejuvenation

After the specimens were thermally rejuvenated (see Section V-A),

the gauge section was axially repoliscd with 3/0 and 4/0 emery

polishing paper as described above in Section III-A. This provided

a good quality surface for replication; an oxided surface could not

be replicated without loss of detail.

After the specimens were HIP rejuvenated (see Section V-B), those

specimens which were ceramic coated were mechanically polished with

240-grit polishing paper to remove the coating. The specimens were

given the standard STA 3A (Table 5) to restore the morphology of the

precipitates in the matrix. The gauge length was then lightly polished

through 4/0 emery polishing paper as previously described.

D. Load Train Conflguration

A photograph of the load train is shown in Figure 3(a). Note that

a resistance-wound clamshell furnace was used for heating. A sketch of

the load train with the various components labelled is illustrated in

Figure 3(b). The grip design is contained in Figure 4. A molybdenum

di-sulfide lubricant was effective in preventing binding in the grips.

E. Strain Measuring System

Although commonly referred to as a strain measuring system, the

system employed actually measured displacement which must then be

converted to strain. The necessary equations to accomplish this are

described in Sections III-F and IV-C. Figure 5 is a photograph of the

extensometer system used in this investigation. Tho -,ystem features a

Satek PSIH-SHS High Temperature Extensometer with a icroformer (Linear

-"p .
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Variable Differential Transducer or "LVDT") to weasure di.5plicolent. TI,

suspension arms, which lock into the extensomter fixture, bolt around

the flanges on the LCF specimen and effectively transmit the displace-

ment of the specimen to the LVDT located beneath the furnce. The

length of the suspension arms was governed by two criteria: (a) adequate

length to allow the center of the spccimen gauge length to be located in

the center of the furnace hot zone with a one-inch clearance between the

top of the extensometer fixture and the bottom of the furnace; and (b)

proper difference in length between the top and bottom arms so that they

would lock into the fixture for the particular flange separation distance

used for the LCF specimen.

Calibration of the strain measuring system was accomplished as

follows: The extensometer system was mounted in a Boeckeler Instrument

Calibration Fixture. The top extension arm remained fix:ed and the

bottom arm was movable using a dial calibrated in increments of 0.0001

inch. The LVDT was connected to an Instron Model 602A Stroke Controller.

A Resistance-Capacitance (R-C) balancing network was adjusted to compen-

sate for the resistive and capacitive characteristics of the system.

The zero suppression control was used to give a zero voltage when

the LVDT core was in the center position of the LVDT. Output was read

as a voltage on a digital voltmeter. Voltage readings were then taken

as the dial was advanced ir increments of a thousandths of an inch from

0 mils to 10 mils to -10 mils, and back to 0 mils. These 41 data

points were then used to compute a linear least-square error line of

the form y - mx + b (36) where y is the dispIacement in volts, x is the

dissplacement in mils, m is the slope of the line In volts/mil, and b is

the y-Inter-cept vaIlue. Table 6 contains typical daita ohbtained from a

.. -. . . . . . . ...I
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TABLE 6

TYPICAL LVI)T CALIBRATION CUR VE DATA

Inches x 10 3  OutputL ota,e Inches x 103 Output Volt;-1c e

0.0 0.003 -1.0 -0.687

1.0 0.723 -2.0 -1.397

2.0 1.429 -3.0 -2.120

3.0 2.129 -4.0 -2.835

4.0 2.828 -5.0 -3.552

5.0 3.534 -6.0 -4.269

6.0 4.230 -7.0 -4.991

7.0 4.927 -8.0 -5.707

8.0 5.622 -9.0 -6.428

9.0 6.320 -10.0 -7.153

10.0 6.994 -9.0 -6.421

9.0 6.324 -8.0 -5.700

8.0 5.630 . -7.0 -4.980

7.0 4.926 -6.0 -4.258

6.0 4.243 -5.0 -3.538

5.0 3.553 -4.0 -2.821

4.0 2.848 -3.0 -2.110

3.0 2.130 -2.0 -1.396

2.0 1.421 -1.0 -0.678

1.0 0.721 0.0 0.023

0.0 0.007
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calibration run. The data is plotted in Fipurf, 6. Note that it i. very

linear. The inverse slope of this graph, or l/b:, is the desired

calibration factor, A, in volts per mil. These calibration runs were

typically done before and after each 1.CF test.

F. Low Cycle Fatigue 're.st in,.

All LCF testing was performed on an Instron DynL:nic Materials

Testing System. The testing was done using a sax-tooth wave form at

a frequency of 0.4 Htz under strain control (actually displacement

control, as explained above) with zero mean level (i.e., fully

reversed). The signal cable connecting the actuator LVDT with the

Stroke Controller was disconnected and attached to the extensometer

LVDT by means of an adapter cable. Specimen displacement thus served

as the feedback to the controller. Command signals to the sei vovalve

were generated by two different techniques: (a) Instron Model 860

Function Cenerator (i.e., an analog comptter), and (b) Instron Series 900

Computer System, utilizing a Computer Automation Alpha 16 .inicompter.

Load-displacement hysteresis loops were plotted on a hevlett Packard

Model 7004B X-Y Plotter.

The load train alignment was checkcd and the load cell calibrated

prior to each test. To begin the actual testing, the specimen was

loaded into the grips, the extension arms were attached, and a chromel -

alumel thermocouple w;is placed in closec proxim:ity to the LCF specimen

surface in the center of the gauge length. Thenl the clamshell furnace

was placed around the assml ly. All testing Ja! done at 50001'.

Temporatire wa:; cont rolle.d using, a en;t Gtardsm.n ('ont roller. The

specimi-n wa; heated indier load ('ont r01 at a tensile Si r-s, of 3 ksii6L M
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Once the temperature and the indicated specimen displacement readings

had equilibrated, the Stroke Zero Suppression control was used to

obtain zero voltage output of the LVDT at zero load.

The operation of the Function Generator was fairly straightforward.

The proper amplitude setting to provide the desired strain range was

empirically determined, using several specimens.

Testing under computer control required the use of a computer

program. Instron's Low Cycle Fatigue Application Program APP-900-A3A8

(1974) was modified to provide more frequent and better formatted data

output. The Appendix contains the source listing of the modified

program. The address locations are in hexadecimal notation. The

program was assembled using an Alpha 16 Assembler. Program paramoters

were entered via a teletype keyboard. Output was accomplished by tele-

type printer and punched paper tape. The frequency of data output was

governed only by the speed of tbe paper tape punch. The fastest rate

that data could be recorded was every three cycles at the test strain

rate. The data on papsr tape was processed by another program, written

in Fortran, on a CDC 6600 computLcr. This program provided data,

typically every five cycles, in tabular format for the following7

parameters: total displacement, plastic displacement, ma.iunum elonga-

tic -, minimum elongat ion, stress range, maximun stress, minimum stress,

the ratio of ma-ximum stress to minirmm strers.s, elastic strain range,

plastic strain range, and total strain range. Also, the program

generated plots of stress range v\ersus cyc I S, ratio of maximdm ,tre

to mininii stress vcrsius cycles, an]nd strain riuige v(,r,,us- cvcles. A

source li!,itlug of the comptiter program i:: containod in the Append iX.
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The Instron computer program required a specification of strain

rate, rather than frequency. Equation 1 is the appropriate expression

relating frequency to strain rate:

u = 2v Au (1)

where Ci is "strain" rate (actually displacement rate) in mils per second,

v is frequency in hertz (cycles per second), and Au is displacement in

mils.

The instron was capable of controlling displacements to ±0.00004 in.

A typical plot of displacement versus cycles is shown in Figure 7.

G. Computation of Strain Range and Stress Ran-e

As previously explained, the strain measuring system actually

measured displacement. Since the cross-section of the LCF specimen

between the extensometer flanges was not uniform, as is apparent from

Figure 1, the computation of strain involved consideration of an effec-

tive gauge length. An effective gauge length is defined as that gauge

length of uniform cross-sectional area which produces the same displace-

ment under the application of a given load as does the gauge section of

variable geometry. Use of the effective gauge length concept is made

in the following equation which allcws the computation of strain from

displacement data:
u -LI U

Act = Ace + Acp 
= -Le + (2)

L L13eff eff

where Ac is the total strain range, Ac is the elas.tic strain range,
t 0

Acp is the plastic strain range, it is the total specimen displacement

(Gn inches), up is the plastic dik5pacersnt (in inches) , is the

effective gauge ]oingth in the cla ;t ic regime (in inches) , and is
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the effective gauge longth in the plastic regime (in inches). Now, u

and u can be measured directly from the hysteresis loop plots or can
i p

be obtained from the computer data.

Equation 3 was used to compute displacement in thousandths of an

inch when displacement distances were measurcd from hysteresis loop

plots:

u = s (3)

where u is displacement (in mils), A is the LVDT calibration factor,

m (in mils/volt), s is the plotter chart scale factor (in volts/inch

of chart), and kD is the measured chart distance along the displacement

axis of the hysteresis loop plot (in inches).

The plastic effective gauge length, Lp  was assumed to be theeff I

straight portion of gauge length. This straight segment was measured

for each specimen using a traveling microscope. MeasureTMcnts were made

along the top and bottom surfaces of a specimen supported borizontally;

these were then averaged and rounded off to two significant figures.

The experimental determination of the elastic effective gaugc

length, Le  involved comparing the slope of a stress;-displaccmcnt' eff'I

curve to a known elastic modulus value. The equation of interest was:

L = ACT (4)
eff TO/Au

where Le is the effective elastic gatge length (in inches), F is
of A

the known Young's Modulus (in psi), Ao is the stress range (in psi),

and Au is the displacment range (in Inches).

The calcula tion of stress, using diistances measured along the load

axis on the fatigue hysteresisq loop, was donle by applying> Fqiiation 5:
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k 1/2 (5)

where a is stress (in psi), k is a constant = 6.367 x 102 when the full

scale load is 5000 ibs, d is the specimen diameter (in inches), t is
0

the plotter chart scale factor (in volts/inch of chart), and L is the

measured chart distance (in inches) along the load axis of the hysteresis

loop plot.

H. In Situ Surface Replication

When it was necessary to interrupt a fatigue test in order to

replicate the gauge length of the specimen, the specimen was not

removed from the load train but rather replicated in place in order to

maintain the same alignment (37). The procedure is detailed below.

After the LCF test was halted, while the specimen was going into

compression, the system was placed in Load Control with a mean level of

zero. Then the stroke value was recorded. A mean tensile stress of

about 3 ksi was then imposed on the specimen. The furnace was removed

and a small fan was used to speed the cooling of the load train. After

the system was at room temperature, the actuator was turned off, the

thermocouple pulled back, and the extensorieter removed. These

procedures exposed the gauge section. The gauge section was cleaned

with acetone and the replication was accomplished as explained in

Section I-1).

In order to restart the test, the extensometer was reattached and

the thermocoipli placed back in position. The actuator was turned on,

and a mean tensile stress of about 3 ksi was imposed. The furnace was

placed back around the load train. When the system was equilibrated,

both with respect to temperature and difwcuslons , a z-ero mean l evel was
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imposed and the Stroke Zero Suppression Control was used to set the

same stroke value which was recorded when test was initially stopped.

Then the test was restarted.

IV. TENSILE TESTING

A. Specimen Configuration

The same specimen design, shown in Figure 1 for LCF testing, was

used for tensile testing, Specimen manufacture was also done in the

same way.

*B. Machine Description

Mechanical testing was performed on an Instron Tensile Testing

Machine, Model TT-C. The cross-head was moved at a constant speed

utilizing an amplidsne drive and selsyn control elements. A Leeds and

Northrup chart recorder (1.5 seconds full scale response time) was

driven by the output from the extensometer LVDT. Load was measured by

an Instron Load Cell. The chart was operated at 100 ibs full scale to

provide good sensitivity of the load-displacement curve. The load cell

and the LVDT gain control were calibrated prior to each test. The load

train and furnace assembly were essentially the same as shown in

Figure 3 for the LCF testing.

C. Computation of Stress and] Strain

Stress was simply computed by dividing the load by the cross-

sectional area of the specimen. The strain was computed in an analogous

manner to that for the LCF data. Thus, a relationship was required to

convert displacement to strain, It is certainly true that
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et Cu + c (6)t e p

where c is total strain, c is elastic strain, and c is plastic
t e p

strain. But
g o Ue

C C. (7a)
e E e

eff

U U - U

and C = t e (7b)
P Lp  p

eff eff

where a is the stress (in psi), E is Young's Modulus (in ksi), u is
p

the plastic displacement of the gauge section (in inches),u is the

total displacement of the gauge section (in inches), u is the elastic

displacement of the gauge section (in inches) Le is the eati

p
displacement~ ~ ~ ~ ~ ofteguescioeinhsLf is tile effective

gauge length in the elastic regime (in inches), and Lp  is the

effective gauge length in the plastic regime (in inches). Thus, it is

apparent that:
elff

S= + (8)E Lp

eff

So, Equation 8 is the desired relationship.

V. REJUVENATION TREATMENTS

A. Thermal Treatments

The only thermal rejuvenation treatment which was investigated was

STA 3A which is defined in Table 4. It was necessary to suspend the

specimen vertIcally in the furnace in order to minimize crcp effects

which could warp the Ppccimen. A heat treating fixture, shown in

Figure 8(a) and Figur 8(h), was designed to support the specimens in

the c enter of the furnace hot zone. This fixture mnimi7ed the
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possibility of specimen distortion, did not adversely affect critical

machined surfaces, and was fairly simple to use. It held nine specimens.

The cap, depicted in Figure 8(b), fit over the LCF specimen button head.

Fine Nichrome wire was threaded into the two holes on each side of the

cap, and thus the specimen was supported on the surface under the

button head. Chromel wire, with a bead on one end, was threaded

through the hole at the top of the cap. This wire was then pulled

through a hole on the top plate of the fixture shown in Figure 8(a).

The material used to manufacture the fixture and cap was AISI 1020 steel.

B. Hot Isostatic Pressingj(jP) Treatments

The HIP processing was conducted in a small, high-pressure, 7-in.

i.d. x 14-in. long, HIP unit at Kelsey-Ilayes, Detroit, Michigan. The

chamber was designed by Autoclave Engineering, Erie, Pennsylvania. The

heating elements were Kanthal wound, supplied by Conway Pressure

Systems:, Columbus, Ohio.

The fatigue specimens were vertically supported in a special

fixture, shown in Figure 9. The same button head cap design, depicted

in Figure 8(b) was used.

The temperature and pressure profiles for the HIP run are shown

in Figures 10 and 11. The autoclave gas used was commercially pure

argon.

A summary of the HITP run is as follows: The specimens mounted in

the fixture were loaded into the rIP chamber, The systcm was flushed

with argon gas ur, il the atmosphere was prinmrily argon, The unit was

slowly heated to 2050 0 F and the pressure wis raied to 15 ksi. The

2050 0 ; temperature was maintained for one hour, then the temperature
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was lowered to 1975 F while miwintaining 15 ksi. After two hours at

1975 0 F, the pressure was released and tle heating elements we'- turned

off. When the chamber temperature reached 1700 0 F, the un ', c.pened,

and the fixture removed. It was then placed in an orgon gas stream

until it reached ambient temperature.

VI. SONIC MODULUS TESTING

Moduli of elasticity were measured at room temperature using a

Magnaflux FM-500 Elastomat. A right cylindrical rod was centerless

ground to a uniform diameter of 0,4983 inches. The rod was 4.483 inches

long and weighed 117.625 g.

The test rod was suspended at its nodal points by adjustable

cross wires. Mechanical vibration was transmitted to the sample by a

piezoelectric transducer by means of a 0.004-inch Niehrome wire spot

wleded to the rod about 0.010 inch from the circumference. Another

transducer, similarly connected on the other side of the rod, received

the mechanical vibration from the specimen. The rod was excited by

means of a variable frequency oscillator w;ich contained a digital

counter. The resonant frequency was determined by the appearance of a

circular Lissajou figure on an oscilloscope. The oscilloscope had the

voltage output of one transducer connected to the x--axis and the

voltage output of the other transducer colnected to the y-axis. In

such a manner, the resonant frequencies for the longtudtnal (Young' s)

modi t:;, l .' la;vers.' modul us, and shear modulus wore me;asured. T1 he

followl,,;, equal lons; were thcn used to compute the modul :



Longitudinal (Young's) ModullIu (39):

4.00 x 10
- 4  Z2 f

2

E = 6.895 L

Shear Modulus (39):

4.00 x 10 -  f2
6.895 (10)

Transverse Modulus (40):
4 22

1.261886 x 20 p fT T1

T 6.895 d2  (1i)

Shape Correction Factor, T1 (41):

i 1.2622, v + 0.20B \,2 2

T4.88669 j (12)

where p is density (in g/cc); 9 is length (in :'ii); d is dia:.ieter (in ciii);

fL' fG' and :T are the re,,onant frequI 'ncis; E', C, and F.,. .re the ela,,tic

modulii (in psi); and is Pol'!son',, i rtio.



Chapter 3

RESLTS AND DIS(TSSIGN

1. AGiNG; RLS PON Sl OF bEINCOLOY 901

A. C (1a IIi 1 Ct e2r i It 1len o f ,-c2, i %?cd ri rs t r u c tur e

The microsVLncLure Of thu InIcoloy 901J forging wais examined u!sing

a mietal lograph, a trnnsmissiLel electron iiicroscope, Lnd an elect ron

microp robe.

Figure 12 shows a typical ;-icros tructuLre. Vsin , the AS)TN L Wear

intC(eret Method to measure grain size (42) , the grzlin size was

determined to be 90 ira or AST,, Equivalen~t Grain Siz c 3.5. Part icularly

evident in Figure 12(a) arc, thei, inclluslon. stri'c * ers rich p I I C', the

forging direction. Figures 12(b) and 12 (c) rn hi,,i. ra~niPie o

photog~raphs of these inclusionis. It is eviden"t th ,!t those partLiles

act as Obstacles to grain bojundnry mirazt ou and thuIs aIs;iSt ini

controlling the grain size dumrinog proces;sing 1 and thermal treatilitwnt.

Fi gures 12 (a ) and .12 (c ) c ont L; n sever;ii annr ii jn.! t Ni ns . These tiluo wre

cormm.on]l y obse r\'ed i1 n the as- rece i ved maizter 1,1 1 . Also evi dent in F i c tires

12 (1)) anld I 2(c-) 'Ic Imullch sill: cr pairticle(S .

FJ gutr 1C '3 is an1 c c t ) oil Ii~r produtc cl i n a mi crop robe o f a

11 [gut .1 L eleu oa' l Th is cicalrl y SherCak' tHlnat there- are- tWO (IMft fl nt
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Qualitative electron probe analyuls, shown in Figure 1.4, clearly

identifies the large, blocky phase as a titanium/molybdenum carbide.

Quantitative analysis "ndicates that these are MC-type carbides with

slightly varying proportions of titanium and molybdenum. A typical

carbide had thi composition Ti Mo0.C. The sizes of these primary
0.8 0.2

carbides typically ranged from 2-15 jim.

The small symmetrical particles in Figures 13 and 14 were approxi-

mately 1 pm in size and thus were difficult to quantitatively analyze.

However, the results from an electron microprobe quantitative analysis

indicated the following composition in weight percent: Ti-9.88, Co-13.52,

Fe-8.55, Ni-3.42, Mo-52.23; difference from 100% is 12.40. Although

boron could not be analyzed for in the microprobe, this analysis is

consistent with the hypothesis that these particles are M3B 2 borides.

Furthermore, Beattie electrolytically extracted similar particles from

Incaloy 901 and analyzed them chelically and by x-ray diffraction (69).

His conclusion was that these particles were M3B 2 borides.

Transmission electron microscopy was used to characterize the

small -y' precipitates and the grain boundiry precipitates. Figure 15

shows y' in dark field. The particles have a spherical morphology and

an average diameter of 300 A units. Figure 16 shows the grain boundary

precipitates. These are I.MC carbides of the type (TI,Mo)C rather than

M 23C cnrbides (70). It should be noted that some grain boundaries, as

indicated in Figure 17, were relatively free of precipitates.

B. Dvelo j mnve of Sta-ndard Soluti ion ,umd Double-A,d Treatment

Since time ICF test S;pCCeImns were cut from different portions of

a slft forgimg., it. was desired to subj et them all to a standird,
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known heat treatment prior to testing. Also, this standard heat

treatment could be used for thermal rejuvenation and to restore the

microstructure of hot isostatically pressed specimens. Table 2

contains the sp'cification for the com1,!crcjal heat treatment. Since

the minimlzation of grain growth was an important consideration in

developing the standard heat treatment, the lowest portion of the

time and temperature ranges 'were selected for the solutioning treatment.

The drop furnace was used to rapidly quench a piece of material which

was subsequently e::amined by transmission electron microscopy. It was

determined that 2 hours at 1975 0 F was sufficient to dissolve a]] phases

except for the primary MC carbides.

All heat treatments were done in a vacuum furnace to mini- Ize

surface contamination. However, it was necessary to backfill the

furnace with helium gas in order to obtain a high enough cooling rate

to prevent the nucleation and growth of undesirable precipitates and

precipitate morphologies. Such undesirable grain boundary morphologies

are shown in Figure 18. Figure 18(a) shows needles of a n phase

growing out from a grain boundary MC precipitate in a platelet

morphology, and Figure 18(b) is a dark field view of the MC platclets

growing out from a grain boundary. These precipltates were formed during

vacuum cooling from the solutloning temperature becausc the cooling rate

was too slow. It was found that backfilling the furnace to 640 torr of

helim gas produced the proper grnin boundary morphologsy. The standard

heat treatment, designated as STA 3A, is presented In Table 4.

AL-
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The effect of STA 3A on grain ;ize was; eurcd. The a-'erage

grain size wIs increased to 120 1n (AST' Equiv ait.nt Grain Size 3),

but remained fairly stable at this size with Suhl,!equent heat treatmcnL;.

The matrix was not dislocation-free, but the di!slocations were randomly

k' oriented.

C. Microst-rsctiire 'etIconsc at Elevated Te,,eratures

In order to better understand the physical r--tallur'gy of Incoloy 901,

the microstructore which developed at 15000 E and 1700'F was studied using

a drop furnace. After 6 hours at 1500'F, no change in the grain size

occurred. The fine y' coarsened appreciably, approximately doubling

0
in size to 600 A units. The grain hol,1nir earbi des dev, l op, d

a blocky morphology.

After 6 heurs at 1700'F, no change iTn the grain size occu-rred. The

change in precipitates was draaatic. No y' was,-; seen, although the

solvuis temperature is asstad to be 1725°F (17). The platelet

morphology of the n phase B_; evident from the transmission electron

micrographs in I igur 19. F1-igure 20 .;how; t he1e ts platClets at loVer

niag nificaLion as seen in a letallograpi.

D. NicroatrtLerscttr' h( a l i -rer ,ho 1,elt o,- rcs-sin." (li]P)

Hot isostatic presit ; of sZpt, lee,; i v , V ;sei-osl]]isl ietl

very high temperJtree , . .. , above the 10? l 5 ,, stionin, te'peprature of

Incoloy 901. in an a te'r.'pt tU se,.;sri the , ItCe oil grain growth ,

thee high 1111' t'rtCratulsrt':, one e- Of mat r i.i I1a,!; hcatdt, in a

Va-nuns furl ;te. to 21(0,' I or five hso11.,; ,nmh sue - pis- 'te wa.s heated

to 2115(1 1' for thrie, hiour:i. 'hie ;ia's-.s,, s. s i aftcti thet 21(0 0'f
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lieat treatment wa~s 2 37 pim (AD8 Euiv;i I co t Grain S i xe 1) .Thec ave rage

grain size which res !ulteci from-, the 205'00J} hueat t rouit int was 1E, jim

(ASTM Equival e-it Grain Size I .5)

Figure 21, sh owh; or ' or pOf ee1]PPmtria1(15 ho ;i

pressure, 1 hour at 2050 0 F, 2 hours at 1975 CF) .Note thiat tie nrii~iarv

carbidee _ hl pa-1d to C0nt rol rA]iin gro~wth. There also appears. to he

some ij-ph1aSe precipitation which occurrce2 during cool ing. Except for

the primary carbides and - plat olets, trsesrnlmssicn electron microscopy

did net reveal nmv Other prey i pitLates. The grain size w~as nboit

150 ~jm, or ASTIM Equivalent Crain Size 2.

When tie as-liPed material was givon the stanidard ,TA 3A heat

treatment, the desirable morphuieg,,' and Plst ribut ionr of precipi t.-taLs

was restored.

11. 1ME1CHANiCAL PIMPLRTIES

A. Tins 1c eproli-rti1es,

The measured tensile prepert 1 cs of tie Incol y (01I tcest se1WriLns,

a ftoe STA 3A , arc comima r izceP in TaO le 7. These prope - i o a en

temterat ire) are, Wel1 ahOVe tie spe) Cified rtiittsof 100 k.si \lilP

strenjsiLi and 150 1,si ul timate tensile e t men(gtl (43).

B. Ell :Is te C n t *111t-,

The clas~i t 111(1,111i Were ee sire at 1-00111 tet;: c11)Omtir - ii ti

El aste:c;,it S;onic lnthi I ii; Toette V. Yoiioe dtilu was, Petemti ned to 0he(

3(0.2 v106 1); ; the cLrce t anv'e :ditewas 10. 3 \ 10 6 1W

li 1 ltoC r mod] ui t11; wa s I 1. x 106 1) p i Poii 1W 1 ,sol Is at i o wals 0. (

1o1ip: oilihis. ol 29.0) 10 0t ps;i at sos;';1 t e'1peraItn an-0;d 27. ') 10 i 6

psi t '0) ' Lie Io reort so. moh. i ca t t Pt a (44) .
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III. LOW-CYCLE FATIGUE BASELIg:E TESTING

A. Peterminntion of Effectircv Gauge Le uth

The low-cycle fatigue specimen design (Figure 1) requires the use

of an effective gauge length in order to compute a strain from the

measured displacement between the flanges. A plot of Stress vs

Displacement at room temperature is shown in Figure 22, and Figure 23

shows Stress vs Displacement at 500'F. The slope of the linear

portions of these curves is an effective nodulus, Aa/Au (recall

Equation 4). Thus, Equation 4 allows computation of the effective

elastic gauge length, L eff once the effective modulus, Aa/Au, is

known. Using a linear least square error curve fit to the linear

portion of the data in Figures 22 and 23, the effective modulus at

70'F was found to be 58.76 x 106 psi/in, with a correlation cocfficient

of 0.9999. At 500 0 F, the effective modulus was found to be 54.89 x 106

psi/in, with a correlation coefficient of 0.999. The results are

summarized in Table 8. Strain was then computed using Equations 2 and 8.

Table 8

EFFECTIVE ELASTIC GAUGE LENGTH

Tempera ture Youn;'s Modulus Effectiv Mudulus Effective Elstic
(OF) (>l10 - 6 psi) (x]0-6 psi/in.) Cauge Length (in.)

70 30.2 58.76 0.51

500 27.5 54.89 0.50
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B. Cyclic Stress-Strain Curve

Using the methodology described by Manson (3), a comparison of a

500'F static stress-strain curve with the 500°V cyclic stress-strain

curve was made. For experimental ease, the tensile data used was

measured at a strain rate of 2 x 10- 2 in./in./min., while the cyclic

data was obtained at a higher strain rate of 3.3 x 10 in./in./min.

The tensile data presented in Table 7 shows that the mechanical

properties of this alloy at 500'F are not very sensitive to strain

rate within the range studied; thus, this comparison is not expected

to be in significant error.

Figure 24 is the cyclic stress-strain curve compared to the static

curve. At the lower strain ranges, the alloy cyclically softens; and,

at the higher strain ranges, it cyclically haidens. For total strain

ranges greater than 2.0%, Nerrick observed rapid strain hardening of

Incoloy 901 at room temperature and at 1000OF (16). The strain ratc

was not specified. flardening peaked at about 10 cycles, then gradici1

softening occurred. Very rapid strain hardening was observed in this

work also. The strain softening which occurred happened very gradual .ly,

Cyclic strain hardening has been explained phenomenologically as

being caused by dispersal of slip onto neighboring slip planes, and

analogous to unidirectional hardening (4,66,67). The cyclic softening

is due to the concentration of cyclic slip in the active slip bands

(4,64,65,68). Thus, the shape of the cyclic strss-strain curve can

be explained as follows: At the hi gher strain ranges, strain

hardening has occurred but since the, lifetimes at these high ranges is

short, tbere wa.; Ins;ufficicnt time for appreciable strain softening to
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4occur. At the lower strain ranges, the lifetimes are relatively long

and hence there was time for softening to occur.

C. Characterization of Fati ,,ue Damage

i. Baseline Data

A summary of the baseline data is presented in Table 9. The stress

range reported is the stabilized range. The initiation cycle, Ni, was

determined by extrapolating the asymmetric load drop back to the stable

stress range on a plot of expanded Stress Range vs Cycles (2). A

typical plot of this type is shown in Figure 25. The tr; nsition to the

rapid load decrease, Ni', was determined by the point at which the load

drop-off was no longer linear. The cycles to failure, Nf, was deter-

mined when the maximum tensile stress was 20 ksi. Figure 26 is a log-

log plot of Strain Range vs Cycles. Table 10 contains the constants

for the linear least square fit lines of Figure 26. Using the data in

Table 10, the following Coffin-Nanson type equations can be derived:

Ac = 8.15 N- 0 .295 (13a)t

Ac = 1.75 N- 0 .1-14 (13b)e

Ac = 71.29 N -0 .89 8  (13c)

The data estimated from Nerrich (16) was obtained by merely averaging his

room temperature and l0000 F data. Figure 27 compares the trend line for

Cycles to Initiation with Cycles to Failure.

Plots of Stre;s Range v Cycles for the baseline specimens listed in

Table 9 are contaimed in Figures 28-38, respectivly. Note that these

plots, in general, con tain data oh t btained by measuremcnt of hysteresis

loops and by outpu t from the ln. tron Minicomputer. The computer data

Ll
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TABLE 10

LINE CONSTANTS FOR log AL vs log N CURVES

Sb * M*

Ac 0.911 -0.295
t

AEp 1.853 -0.898

p

Ac 0.242 -0.114

---------------------------------------------------------------------------

*Equation is of the form:

log Ac = m log N + b

where Ac is strain range (I)

N is number of cycles

m is slope of the line

b is the y-Intercept

b

.... *
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was obtained, in general, at every fifth cycle. The hysteresis loop

jI  data was usually obtained every 109 cycles. The effect of rejuvenation

efforts will be discussed with respe-t to this baseline data.

ii. Dislocation Substructure

A typical dislocation substructure after a test is shown in Figure

39. The dislocations are aligned in bands, giving rise to the planar

slip characteristics of this alloy. The dislocotions are bowed around

and looped around y' precipitates, although cutting of the precipitates

cannot be ruled out. Stacking fault contrast was observed in some

precipitates, leading to the conclusion that they had been sheared.

Using surface replication techniques, others have observed sheared y'

on the surface (16). Not every foil showed the concentration of slip

bands depicted in Figure 39. Thus, deformation even at these higher

strain ranges, is still somewhat localized.

iii. Fractography

Extensive fractography was carried out on samples which were

removed unbroken from the fatigue machine and subsequently broken in

tension. This procedure preserved the character of the fracture surface.

The fractures were mixed mode, with both intergranular and transgranular

regions. This behavior has been observed by others (16,45). A typical

fractograph for LCF Specimen 33 is shown in Figure 40. Figure 41 is a

higher magnification view of a likely crack initiation area. This was

determined by following fatigue striations back to the edge. Typical

fatigue striations are shown in Figure 42. Striations were seen close

to the edge. Figures 43(a) and 43(b) demonrtrate the cracking of

carbides which lie on the fracture surface. The morphology of the

O4
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carbide shown in Figure 43(a) suggests it may be a carbo-sulfide. The

presence of these carbides may contribute to the large amount of longi-

tudinal cracking which has been observed in this alloy (9).

D. Crack Initiation Mechanisms

i. Surface Replication

Surface replication during the course of fatigue testing was done

in order to find the fraction of life at which crack initiation at 500*F

occurred for total strain range of 0.75%. Two specimens, LCF Specimen 7

and LCF Specimen 8, were replicated at 500-cycle intervals. A composite

of the replicas' photomicrographs are presented in Figures 44 and 46.

Figure 44(a) shows the replication after 500 cycles of the area where

the crack will initiate in LCF Specimen 7. At this magnification, there

is no apparent crack, but persistent slip lines are evident. Figure

44(b), after 1000 cycles, still does not show a microcrack, but more

intense deformation concentrated in the dlip bands and grain boundaries

is evident. Figure 44(c), after 1500 cycles, shows the first indication

of microcracking. In Figure 44(d), after 2000 cycles, the cracking has

extended into a persistent slip band. In Figure 44(e), after 2500

cycles, another microcrack becomes evident on the left-hand side. By

Figure 44(f), after 3305 cycles, the two cracks have lined up and

further extended. In the final series, Figure 44(g), after 3752 cycles

(the last cycle), substantial crack propagation had occurred. A plot

of Crack Length vs Cycles for LCF Specimen 7 is shown in Figure 45.

When the crack length is extrapolated to zero length, the x-ordinate is

intercepted at approximately 1500 cycles. The transition to rapid crack

growth, Ni , occurred at approximately 3400 cycles.

L
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A composite of the photomicrographs of the surface replicas for

LCF Specimen 8 is contained in Figure 46. In this specimen, three

separate cracks form. Figure 46(a), taken after 500 cycles, shows the

development of slip lines but no cracks are apparent. In Figure 46(b),

after 1000 cycles, there is a persistent slip band evident in the upper

right-hand portion of the collage which eventually becomes the upper

crack. In Figxre 46(c), after 1500 cycles, the V-shaped beginning of

the middlV- crack is apparent. At 2000 cycles, Figure 46(d), the lower

crack is evident as is a portion of the upper crack. Unfortunately, the

middle er : q obscured by artifacts in the replica. In Figure 46(e),

after 2500 cycles, all three cracks are clearly visible and several

micr:cracks at either end of the middle crack are visible. By 3000

cycles, shown in Figure 46(f), the microcracks of the middle crack have

linked up. Further crack extension by 3500 cycles, Figure 46(g), is

readily apparent. A plot of Crack Lengths vs Cycles for LCF Specimen 8

is contained in Figure 47. The crack lengths plotted are the sum of

the individual lengths. Since the measured crack lengths entailed some

judgment, the scatter is not unreasonable. At the early cycles, it is

especially difficult to ascertain if a crack exists and to measure its

extent. Extrapolating the data back to zero crack length, it appears

that crack initiation occurred at approximately 1300 cycles.

If the Stress Range vs Cycles plot for Specimens 7 and 8, contained

in Figures 32 and 33, are closely examined, the asymmetric stress drop-

off for LCF Specimen 7 occurs at about 1.500 cycles and at about 1300

cycles for Specimen 8. These cycles correlate reasonably well with

those determined from the crack length measurements. Therefore, the
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asymmetric load drop-off is used in the remainder of this dissertation

as evidence that a definite crack exists. In Table 9, Ni is thus a

measure of the crack initiation cycle. Furthermore, a damage level of

800 cycles was selected for rejuvenation efforts since it seemed well

below the actual crack initiation point,

The slope of the lines in Figures 45 and 47 yields a crack growth

rate, da/dN, of 0.27 vim/cycle or 1.07 x 10- 4 in./cycle. Macha has

determined crack growth rates as a function of AK at 400°F and 6000F

(62). At 400°F he found that:

da - 9 2.9
-= 0.15 x l0 (AK) (14)
dN

where da/dN is crack growth rate in in./cycle, and AK Is stress intensity

range in ksi i-n. . At 6000 F, he found:

da = 0.10 x l0 (AK)32 (15)
dN

Since these expressions have the form:

da C (AK)1  (16)

C and m can be estimated to be 0,125 and 3.05, respectively, at 5000 F,

by simple averaging. Thus, at 500°F it is estimated that:

da 0.125 x 10 - 9 (AK)3.05

By finding AK for a fatigue crack in the LCF test specimen, Equation 17

can be used to verify the rep] ication-derived crack growth rate. Irwin's

methodology for a semi-e]lIiptLical crack, correcting for the plane strain

plastic zone in a finite body, was used (63). It Is only an approxima-

tion for the geometry of the LCF specimen. The details of the calcula-

tion are presen ted in Tahle 11. The computed value of
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TABLE 11

CALCULATION OF CRACK GROVErI RATE FROM FRACTURE MECHANICS

Assumptions: 1. Initial flaw size, 2c, of 0.118 in.

(3000 Pm)

2. Crack aspect ratio, a/2c, of 0.30

3. Stress range, Ao, of 190 ksi

4. Ratio Oma/ays of 0.75

5. da/dN = 0.125 x 10
- 9 (AK)3 .05

Calculation: Irwin's equation of interest is

2
1.12 c2- 2

where Q = f [1 - c si ? jd-. 12

0 ys.

Using the above assumptions, Q = 1.4. Thus AK = 107.5 ksi Jn.

From Assumption 5,

d= 1.96 x 10- 4

dN
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-4da/dN = 1.96 x 10 in./cycle agrees reasonably well with the measured

value.

Higher magnification photogri'phs of the replicas taken for

Specimens 7 and 8 revealed evidence of a concentrated deformation

zone along grain boundaries. But since these specimens were not

lightly etched prior to testing, these observations were inconclusive.

ii. Surface Scanning Electron Microscopy

iiThe above replication procedure was invaluable for finding cracks

during a fatigue test, but it was not suitable for defining the crack

initiation mechanisms for the following reasons: (1) The sharp radius

of curvature of the LCF specimen made the replication process extremely

difficult to accomplish without producing artifacts in the replica; and

(2) A cycle of cooling the specimen, replicating it, and reheating the

specimen for further testing took 3-4 hours with the consequence that a

great deal of time was consumed in the testing.

With these difficulties in mind, several different approaches

were taken to better determine the crack initiation mechanism: (1) A

LCF specimen was lightly etched prior to tcsting and a search was made

for offsets in the longitudinal polishing scratches at grain boundaries;

(2) A LCF specimen had two parallel flats machined longitudinally and

the specimen was electropolished (one flat was lightly etched), and

after 1.800 cycles of testing at 500 0 F at a strain rangle of 0.75%, the

flats were examined in the SEM; (3) A specimen was tested at room

temperature and replicated every 300 cycles until the asymmetric load

drop-off occurred and a definite mlcrocracl could be seen; (4) A

specimen, after complete testin ;, was placed directly in the SFM for
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surface observation; (5) The gauge section of a specimen was examined

in the SEM after 800 cycles of testing; and (6) A longitudinal section

of a gauge section was made of a specimen tested to 2103 cycles. The

results of these metallographical investigations are detailed below,

and a proposed mechanism for crack initiation at 5000F at Act = 0.75%

is presented.

LCF Specimen 42 was lightly etched after polishing through 4/0

emergy paper. After testing was completed, the gauge section was placed

in the SEM. Using the straight polishing scratches as fiduciary marks,

offsets of them along grain boundaries were observed. Figure 48(a) and

(b) show typical offsets at grain boundaries. There is an apparent

curvature of the scratches in the vicinity of the grain boundary

indicating the existence of a band of deformation along the boundary,

Also, the offsets along a boundary are not uniform. The formation of

grain boundary ledges was not readily apparent, but this experimental

technique may not have been sensitive enough to detect them. Figure 48

(c) shows offsets along a persistent slip band. Note that the polishing

scratches which pass through a persistent slip band are relatively

straight right up to the band, and that the offsets along the lengLh of

the band arc reasonably uniform.

LCF Specimen F2 had two flats machined which were mechanically

polished and then electropolished. One flat was lightly etched before

testing. The stabilized stress range was 190.5 ksi, at total strain

range of 0.75%. Crack initiation, as determined by the asymmetric

load drop-off, occurred at 875 cycles. The fattgue test was halted at

1.800 cycles and the flat surfaces examined In the SEM. Figure 49 shows

i • ,0
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cracks leading away from a large carbide Inclusion. Figure 50 graphi-

cally shows slip lines and cracks associated with two blocky carbides.

The slip lines are at nearly a 450 angle with respect to the longi-

tudinal stress axis.

LCF Specimen 36 was tested at room temperature after light etching.

The stress range, after 500 cycles, constantly decreased at the rate of

3.2 psi/cycle. The stabilized stress range was 222 ksi at a total

strain range of 0.73%. The test was stopped at 3900 cycles and the

specimen broken in liquid nitrogen for fractographic examination.

Figure 51 is a 100x view of a replica of a typical area after 3900

cycles. The slip lines within each grain are clearly evident. As the

test progressed, there appeared to be a gradual thickening of the grain

boundary regions. Using the longitudinal polishing scratches as

fiduciary marks, higher magnification definitely revealed offsets along

the grain boundaries. Figure 52 shows a typical crack which apparently

initiated at a grain boundary carbide. On the fractograph, it was

difficult to differentiate the fatigue initiated fracture from the

tensile overload fracture.

LCF Specimen 53, which was electropolished before testing, was

placed directly in the SEM after testing at 5000 F. Table 9 has a

summary of its properties. Figure 53 shows a portion of the main crack.

Note the grain which pulled out In the center of the photograph. This

crack follow:s a combined transgranular and Intergranular path on the

surface. Figure 54 shows fatIgue striatvions in an intergranular crack

reglon which are obvious from looking in from the surface. Figure 55
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shows surface cracking which occurred at some distance from the a;iin

crack. The crack associated with the carbide Is rormal to thc 1oid!irrg

direction.

LCF Specimen 38 was removed from the Instron after 800 cycles at

5000F at a total strain range of 0.77%, It vas lightly etched bofore

testing. Figure 56(a) shows the general microstructure as vicu, iLn

the SEM. Figure 56(b) is a high magnificatton view ,>f the slip "in in

the center of Figure 56(a). At this magnification, the slip l:ne is

seen to be an extrusion band. These extrusions were also cor.mionly seen

on other fatigue specimens examined in the SEM with greater tLhn-, 800

cycles of damagc. Figure 57(a) shows a blocky carbide in a grai-n

boundary. Figure 57(b) shows that this carbide is beginning to de-cohere.

The microstructural damage oberved in this sneci,:en at tls stage of

testing occurred well before the as.metric load drop-off or the

inftiaton of microcracking.

LCF Specimr,. 39 was tcsted at 5000 F at a total strain rangec of

0.77%. The test was stopped after 2103 cycles. Crack initiatic,i,

det:-r;ained by thie asymimetric load drop :etirhod occurc-ed at 1300 cv les.

The specim en was sect ionod ]ongitudinaill:, ]j, ght ly etched, gold p]ated,

and oxanmined in thiL SEM. Fi,ure 58 shows the gcler;l microstructnro!

appearance. The blocky carlb>dc stringers 1nd the ,,raila boundary L'ves

phase are ci early evident, as are the ci lspherical ircicpitate:.

Figurc 59(a) so w,,s, a crack long , app'rent l ip p1,100 Which is oricnt ,

(0 0 w i ren~pceet to the appl]ied load. T'ii;urr e ( a naltfi tA v1,.

of the ed)c of th crack. Figure 59(c) :JiPws a clranck rln,,fnrg from the

edge :11 uig a b,,ra:i i 1indary ori ete td at 30 with re-p)c t 10 the 1pplI rd
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stress. Note that as predicted by Kim and Laird, the crack is not

symmetric with respect to the boundary, but propagates primarily in one

grain (48). These cracks, as they progressed into the specimen,

followed a path either along another slip plane in a grain or along

a grain boundary, but not deviating by more than 150 from a 450 angle

with respect to the applied stress. Blocky carbides di -o to

be associated with crack propagation into the thickness.

iii. Proposed Mechanism

At 500 F and within Lhe total strain range 0.7-0.8%, this material

can initiate cracks at persistent slip bands or at grain boundaries,

whichever is energetically favorable. Generally, cracks initiate at

blocky carbide inclusions in those grain boundar.ies oriented between

300 vnd 600 with respect to the principle tensile direction. The

combination of a deformation zone along a grain boundary, as evidenced

by the offsets of polishing scratches across the boundaries, and the

tendency to develop grain boundary steps, as developed by Kim and Laird

(47,48), results in large compatibility strains between the carbide and

the grains which are relieved by the decohering of the carbide. This

marks the start of Stage T propagation and is noted by the start of the

asymmetric load drop-off. Once the crack begins to propagate along a

grain boundary away from the carbide, it either continues growing along

the boundary both on the surface and into tihe material, or it turns and

begins to propagate along a favorably oriented persistent slip band which

had already formed a crack embryo in the form of instrustons/extrusions.

Since the stra in range is fairly high, thc,;e nucleation events occur

at miltiple loca tions. Once these cracks begin to link up, the crack
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grows more rapidly, leading to a much larger decrease in stress drop-off

per cycle. The point at which this happens corresponds to N.' in

Table 9.

Thus, the carbides play a key role in the crack initiation process,

but are not as important during crack prapagation. Stage I cracking

generally ends when the crack reaches the end of a grain or a grain bound--

ary triple point in term, of through the thickness of the crack dimlension.

The material is duct-ile enough so that Stage II cracking leads to

the formation of fatig-ue striations. It is not surprising thiat the

fracture surface shows both intergranular and transgranular cracking,.

It is clear that after 800 cycles, w..ell before the start of-

Stage I crack growth, substantial micros tructural danage in the form

of partially de-cchered carbides arid persistent slip bands alreadv

exists. This information is crucial in evaluating the effects of the

rej uvenation treatments.

IN. REJUVENATION EFFECTS

A. Results of MIP Treatments

i. Presentation of Data

The results of the 11 specimens, pre-dama-ed in 1,CF to ai gVe!(n

number of cycles, hot isostatically pres sed anJ heaf0 t reaIt e, 'and ti hen

retested to fail1 11-o , are snwi.i ir f7Ad inlab -1) ( 12. 1)1 pts, 0'l

range vs' cy 11e C ae Co1tl ind in 17ijiiro:; (,0-7f). Spc, ii'iii 10( .1. in

ica lypoli~h~l nd leri-e;nli!JIed t1lL Ir !1t' vv)w evtK

It is apparent from thin; data, in co.111par, il wii tfie 1, iI

data of Table 9, that no rejulvenat ion bY 1111 o( cliri Th. cc- ';
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coated and the uncoated specimens performed about the same; although

Specimen 20, which was coated, performed the best. On the basis of

total life, these HIP specimens were clearly inferior to the baseline

specimens. Specimens 25 and 29, which were HIP'd without prior damage,

failed within the range of about 1600-1700 cycles. The remaining HIP'd

specimens with different levels of pre-HIP damage also failed within

this range of cycles after retesting commenced, regardless of the level

of pre-HIP damage. This includes two specimens which were predamaged to

2100 cycles; crack initiation had already occurred in these specimens

prior to the HIP treatment. This is strong evidence that the HIP

processing itself adversely damaged the microstructure at the surface

of the material,

Those specimens which were to be ceramic coated were first vapor

honed to provide a suitable surface for the coating to adhere to, The

effect of the vapor honed surface on the LCF properties was investigated.

Figure 71 shows a SEM photomicrograph of the as-vapor-honed surface.

The surface is fairly rumpled and some inclusions appear to have already

decohered from the microstructure. The gauge section of two vapor-honed

specimens was repolished and then tested at 500 F. The Stress Range vs

Cycles for these specimens, Specimens 27 and 28, are shown in Figures 72

and 73. Table 13 is a summary of the LCF data. It is clear that vapor

honing, even after repolishing, was deleterious to the fatigue life.

During repolishing, the diameter was reduced from 0.118 in. to about

0.116 in,, or by 25 p (about one-fifth of a grain diameter) along the

specimen radius. Specimen 28, after testing, was placed in the SEM.

In addition to the main crack, extensive cracking along the gage
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Figure 71. Sl! Micrograph, As-Vapor-loned Surface - LCF Specimen 55
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length was observed, Typical examples of secondary cracks are shown in

Figures 74, 75, and 76, All three of these cracks secl, to be associated

with inclusions which have decohered, cracked, or faile-i out.

There was a reaction between the ceramic coating and the base

material during HIPing. Figure 77 shows a typical reaction zone from

LCF Specimen 20. This reaction was observed in the shank region,

above the extensometer flange. It is assumed a similar reaction

occurred in the gauge section. The apparent penetration depth of the

reaction zone was at least 5 p. This zone should have been removed

during the polishing operation prior to retesting. However, the

grain boundaries may have been damaged to much greater penetration

depths by alloy depletion. Greater material removal than that accom-

plished by repolishing was deemed unwise due to the already small

specimen diameter.

Figure 78 shows some fractographs taken of ceramic-coated LCF

Specimen 25. The fracture appears much more intergranular in nature

than for the baseline specimens.

Crack growth rate in another ceramic-coated specimen, LCF Specimen

21, was also measured by the surface replication technique. Photo-

micrographs of the replicas are shown in Figure 79. The plot of Crack

Length vs Cycles is contained in Figure 80. Extrapolation of the crack

length to zero shows that initiation occurred between 1100 and 1200

cycles. This agrees with the asymmetric load drop-off point, Ni, in

Table 12 of 1150 cycles. Note that the slope of this curve is about

1.5 Vm/cycle. This Is 5.5 times the slope of the two baseline specimens

plotted in Figures 45 and 47. Thus, the crack growth rate was greatly

accelerated in the 11iP rejuvenated specimen.
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a. Low Magnification View of Crack

b. Hi[gh Mangnifcton View of Crack

Figure 74. SDI Micrograiph, Seonday Cracking -LCF Specimen 28
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a. General Crack

LIL
b. Hifgher M~agnIfiCatioiI View~ of Crack

Figure 75. SEN Micrograph, SecondaLry Crack-ing - LF Specimen 28
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25 im

Figure 76. SE~M Secorah qcondary Cracking -LCF Specimen 28
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a. General Area

b. Ihigher Ikionifi catioti of Ro-ac Li on Zone

Figure 77. Micrograph, Coatingj' Rcaction
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a. Fractograph

b. Possible Crack Initiation Area

Figure 78. SEM' Fractograpily - LCF7 Specimen 25
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Figure 79. Micrograpl. of Replicas, Cracks - LCF Specimen 21

,- . . ...
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The uncoated specimens were badly contaminated after HIP processing.

Figure 81 shows the reaction zone for LCF Specimen 26. The apparent re-

action zone is 5-10 p in depth. After HIP processing, alloy depletion

along the grain boundaries to much greater depths has been observed in

IN-713 (54). Thus, even after repolishing, the grain boundaries were

still substantially weakened compared to the baseline. Figure 82

contains SEM photomicrographs of the primary crack in LCF Specimen 16.

This crack had progressed completely around the circumference of the

specimen. No baseline specimen had a complete circumferential crack,

but it was not unusual for the HIP processed specimens (both coated

and bare) to have one. Note that the crack in Figure 82(a) is both

intergranular and transgranular. The role of a fractured blocky

carbide in promoting cracking is graphically shown in Figures 82(b) and (c).

Cracking throughout the gauge length was extensive. Figure 83 shows a

typical intergranular crack located at some distance from the main

crack. The fracture appearance for the uncoated specimens was very

similar to that of the coated specimens.

HIP processing increased the material grain size from 120 Pm to

150 pm. It is known that LCF life is usually sensitive to grain size.

Merrick found an inverse relationship between grain size and fracture

life for two different grain sizes at room temperature and at 10000F (16).

Handbook data at room temperature for three grain sizes also shows an

inverse relationship with fracture life for stress-controlled tests (43).

When this data is plotted, it is apparent that the relationship follows

a Hall-Petch dependency:

Nf 1 (18)
V7

.g~s.

LL4
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I Our1nI

a. Surface Contamination, Area 1

b. Surface Contamination, Area 2

Figure 81. Microraph, Surface Oxidation - LCF Specimen 26



155

I7I

Lii
a. Main Crack

Il.

b. Magnification of Center Portion of Crack

Figure 82. SI',N Nlcrographs, Main Crack - LCF Specimen 16
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Fi gure 83. 51MMi crogrnplu , Secondary Cracking -LCF Spvcfmclln 16
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where Nf is the cycles to failure, and g.s. is the grain size. Thus,

the effect of increased grain size from the rejuvenation processing on

the cycles to failure can be estimated:

g.s. 
1

N =N x 1 (19)Lf 2 f I gs

Using Equation 18, a decrease in cycles to failure of 12% can be estimated

to be due to the grain size changes alone.

iii. Mechanisms

Considering the data presented in Tables 12 and 13, the fatigue

behavior for the HIP'd specimens (both coated and uncoated) and the

vapor-honed specimens is similar. But the mechanisms of crack nucleation

and growth are most likely not the same. Recall that the previous

section demonstrated that the critical step for crack initiation in the

baseline specimens was the decohering of a grain boundary carbide.

Clearly, vapor honing, even with repolishing, can decohere or fracture

carbides. This not only would greatly sherten the initiation time, but

would provide many crack initiation sites. Thus, once crack growth

began, it would progress very rapidly due to microcrack linkup. This

is what was observed for the vapor-honed specimens,

The ceramic coating reacts with the matrix during HIP processing.

Even though optical microscopy showed that the reaction depth was such

that it should be removed by repolishlng, localized contamination along

the grain boundaries and existing persistent slip bands can be sub-

stantlally greater. This would promote the early intergranular

failure as was observed, This investigation is Inconclusive, however,



159

In differentiating between the damage due to vapor honing and the damage

due to contamination by the ceramic coating.

The uncoated specimens had contaminated grain boundaries which

were relatively weak. Thus, the carbides readily decohered and crack

propagation was fairly rapid.

B. Results of Thermal Treatments

i. Presentation of Data

The results of seven thermally rejuvenated specimens are contained

in Table 14. A comparison of this data with the baseline data (Table 9)

and the HIP rejuvenated data (Table 12) reveals that some rejuvenation defi-

nitely occurred as a result of the thermal treatment. The plots of Stress

Range vs Cycles are contained in Figures 84-90. Note that LCF Specimen 13

was heat treated in a poor vacuum and, as a result, the surface was badly

oxidized. It was tested without repolishing. The remaining specimens,

except for LCF Specimen 54, were all repolished after thermal treatment.

An investigation was made to determine the effect of repolishing

alone on enhancing the fatigue properties. A summary of the data is

contained in Table 15. The plots of Stress Range vs Cycles are

shown in Figures 91 and 92. These data are essentially no different

than the baseline properties. Also, since LCF Specimen 54 was not

repolished after the thermal treatment and yet was clearly rejuvenated,

it can be concluded that repolishing alone does not recover LCF damage

for the conditions studied In this inveStigation.

Table 14 indicates that complete recovery of LCF damage was not

accomplished. But, it was previously shown that after 800 cycles,
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blocky carbides in the grain boundary began to decohere (Figure 51), and

extrusions at persistent slip bands occurred (Figure 50). This is not

the type of damage that thermal treatment can remove.

SEM photomicrographs of the gauge section of the the:mally rejuven-

ated specimens after Nf revealed extensive cracking and decohering of

* inclusions. A typical example is shown in Fig. 93 from LCF Specimen 42.

- I 0
LCF Specimen 31 was damaged in LCF at 500 F at a total strain

range of 0.75% (stabilized stress range was 191 ksi). The gauge

section was cut in two. Foils were made from one half for TEM

investigation. The other half was given the thermal rejuvenation

treatment, and the foils were prepared for TD investigation. Figure 94

shows a network of dislocations beginning to form after 800 cycles.

Figure 95,after the thermal treatment, shows that most of the

dislocations have been annealed out.

The previous results were for a single rejuvenation treatment.

In an attempt to determine the effect of multiple rejuvenations,

LCF Specimen 41 was subjected to multiple blocks of 803 cycl of

LCF damage plus thermal rejuvenation. The plot of Stress Range vs

Cycles is contained in Figure 96. Table 16 summarizes the LCF data.

Note that the thermal rejuvenation treatments seemed to have

forestalled the onset of crack initiation as determined by the

asymmetric load dropoff, but once the dropoff occurred, the crack

progressed very rapidly. The surface of this specimen was examined

in the SDI after the second block of 803 cycles (i.e., after 1606 cycles)

and after failure. Figure 97 shows photomicrographs taken after 1606

cycles. Figure 97(a) shows tile development of persistent slip bands
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a. General Appearance of Cracking

NV

b . Decolu' red Inc,1 usi ns :mid Crack ing,

Figurc 91. SUMI Mi crograph , Cr-ackjug -it I nclwtiow icx-FU Specimcn 4-2
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1501m

a. General Appearance of Cracking

b. Decohered Inclusion

Figure 97. SfM Micrograph, Surface Cracking after 1606 Cycles -

LCF Specimen 41

6 4J
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c. Possible Cracked Grain Boundary
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and the effect of polishing a group of carbides. Figure 97(b) shows a

blocky grain boundary carbide in the process of decohering. Figure 97

(c) shows a grain boundary beginning to crack or form a ledge. Figure

98 are photomicrographs taken after failure. Figure 98(a) shows exten-

sive deformation and cracking in a region near the principle crack.

Figure 98(b) is a typical area located at some distance from the main

crack. The grain boundary cracking and persistent slip bands are

readily apparent. Note that the total life for LCF Specimen 41 was

:1 the same as could be expected for a baseline specimen. Thus, no

overall rejuvenation was accomplished although the onset of gross

microcracking may have been significantly retarded.

ii. Mechanisms

The rejuvenation effect of the thermal treatment was primarily due

to the recovery of dislocations in the persistent slip bands and the

deformation zone along the grain boundary. The fact that dislocation

recovery can occur at elevated temperatures is well established, and

several mechanisms have been postulated (55,56,57). Thus, after

thermal rejuvenation and during subsequent testing, the planar disloca-

tion arrays must re-form the persistent slip bands and the deformation

zone along the grain boundary must be re-established. Also, the 'y' pre-

cipitates which were sheared and possibly disordered are restored to their

original distribution and morphology (65). The result is that the

processes which lead to the decohering of the blocky grain boundary

carbides are retarded, However, the decohering itself is not repaired

by thermal treatment. Nor are the voids healed on the interior

of a persistent slip band which developed intrusions and extrusions.
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a. Surface Deformation Near Crack

b. General Cracking

Figuire 98. SDI Micrograph, Cracking after Failure -LCF Specimen 41
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Also, the rejuvenation process acts to disperse slip throughout the

gauge section, leading to a greater number of decohering carbides.

Thus, when microcracks begin to propagate, they readily link up, leading

to an accelerated crack growth rate. If the grain boundaries are

simultaneously weakened during the thermal rejuvenation processing,

such as by contamination from a poor vacuum, crack growth is accelerated

even more.

C. Conclusions

Table 17 summarizes the cycles to crack initiation as a function

of the processing, and Table 18 similarly summarizes the cycles to

failure. It is evident that the data for the repolishing treatment

alone belongs to the same population as the baseline data. The vapor-

honed plus repolished data indicates crack initiation at about 400 cycles

earlier than the baseline data, and less than half the total lifetime to

failure. The HIP samples did not show any rejuvenation of LCF properties.

The uncoated HIP specimens performed slightly worse than the coated HIP

specimens. Crack initiation for the HIP samples (with 800 cycles of

pre-HIP damage) occurred at about the same point as for the baseline

specimens. But failure occurred 1300-1500 cycles earlier than the

baseline data. Also, the data indicates that failure occurred within

about 1600 cycles after HIP processing regardless of the level of

initial damage (Table 12). The conclusion is that vapor honing and HIP

processing damaged the surface of the test specimens. Vapor honing caused

fracturing and decohering of blocky grain boundary carbides. Ceramic-

* I coated plus HIP specimens not only had the deleterious effects of the

vapor-honing induced damage, but also contamination due to reaction
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between the ceramic coating and the superalloy. The uncoated HIP

specimens were badly contaminated from impure argon in the HIP unit.

The thermally rejuvenated specimens definitely showed some

rejuvenation. Those specimens damaged to 800 cycles before rejuvenation

increased their initiation time by about 450 cycles and their total

lifetime by about 630 cycles on the average (but note the high standard

deviation in Table 18). The specimen predamaged 400 cycles before

rejuvenation increased its initiation time by 400 cycles, but no

increase in total lifetime was obtained. The experience with multiple

rejuvenation (Table 16) indicates that damage accumulation in the form

4 of decohering carbides, which are not affected by thermal treatments,

leads to eventual very rapid crack extensions.



Chapter 4

SUMMARY

The mechanisms of crack initiation and growth in strain-controlled

low cycle fatigue (LCF) damage were determined for the iron-nickel

superalloy, Incoloy 901. Testing was done in air at a temperature of

5000F (2600C) and total strain range of 0.75%. The effect of hot

isostatic pressing (HIP) and thermal treatment in reducing LCF damage

was investigated.

The LCF specimens were manufactured using a low stress grinding

method to maintain surface quality. Specimens were hand polished

along the axial direction through 4/0 emery paper. Prior to testing,

all specimens were given a standard solution treatment and double age,

referred to as STA 3A (Table 4), to insure the uniform precipitate mor-

phology and distribution from specimen to specimen. The as-received

grain size was 90 pm. After STA 3A, the grain size was increased to

120 pm, but remained stable after subsequent heating to the solutioning

temperature. The 0.2% offset yield stress at 5000F was 122 ksi.

Initial LCF testing was conducted over the total strain range of

0.70% to 2.44%. The Cyclic Stress-Strain Curve (Figure 24) exhibited

cyclic hardening at the high strain ranges and cyclic softening at the

lower ranges. A log-log plot of Total Strain Range vs Cycles (Figure 26)

exhibits a linear curve with a negative slope.
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Crack initiation in the baseline specimens was due to the

decohering of blocky grain boundary carbides. Pre-crack initiation

damage consisted of planar dislocation arrays forming persistent s]lp

bands and an intense deformation region adjacent to favorably oriented

grain boundaries. The persistent slip bands formed intrusions and

extrusions at a total strain range of 0.75% by 800 cycles (about

60% of crack initiation time). Stage I crack propagation occurred

along the grain boundary or along a favorably oriented persistent

slip band. Substantial Stage II crack propagation occurred, as evidenced

by the formation of fatigue striations. Fractography revealed a mixed

fracture mode, consisting of both intergranular and transgranular

fracture.

The HIP-processed specimens were subjected to a HIP cycle of

2025 °F for one hour and 19750F for two hours at 15 ksi of argon (Figures

10 and 11). Both uncoated and ceramic-coated specimens were HIP'd.

Specimens had pre-HIP LCF damage of 0 cycles, 800 cycles, and 2100 cycles.

The HIP processing increased the grain size by 25%. The specimens were

subjected to STA 3A to restore the original morphology and distribution

of the precipitates. No rejuvenation occurred. In fact, the fatigue

properties were worse than the baseline properties by a substantial

amount. Even correcting for the grain size change utilizing a Hall-

Petch-type equation, it is clear that the HIP processing itself produced

surface-related damage in the microstructure. In fact, the HIP processing

caused more damage than the LCF pre-HIP damage levels.

In the case of the ceramic-coated specimens, damage resulted from at

least two sources: (1) vapor honing the. specimen surface to provide



187

* $a matte iinish for the coating to adhere to, damaged the blocky carbides

by decohering and cracking them; and (2) the ceramic coating reacted with

the superalloy. As a consequence, intergranular cracking was promoted,

and crack growth rates were greater than five times the rate in the

baseline specimens.

* The uncoated HIP specimens were damaged by contamination from

the HIP atmosphere. Preferential formation of oxides and nitrides

along the grain boundaries led to weakening of the boundaries. This

promoted intergranular cracking, accelerated crack growth rates, and

early failures. Overall, there was not much apparent difference

between the behavior of the coated and uncoated specimens, although

the coated ones were slightly superior.

Figure 99 plots the rejuvenation data and the trend line for the

baseline data on a log-log plot of Total Strain Range vs Cycles to

railure.

The thermally rejuvenated specimens were given STA 3A after

800 cycles of damage. As long as the heat treating was done in a

good vacuum so that surface contamination did not occur, partipl

rejuvenation was accomplished. Initiation life was increased by

400 cycles and the failure cycle was increased by 600 cycles.

Complete rejuvenation was not attained because the grain boundary

carbides had already begun to decohere after 800 cycles and persistent

slip bands had formed intrusions and extrusions. When a specimen was

rejuvenated three times after blocks of 803 cycles of damage, it

failed catastrophically due to rapid crack extension, Thus, the

unrecovered microstructural damage can adversely affect the fatigue

life.
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LISTING OF COMPUTER PROGRAMS
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APPENDIX I

SOURCE LISTING OF MODIFIED INSTRON LOW CYCLE FATIGUE
I APPLICATION PROGR~AM APP-900-A3A8

190



191

PAG3E 0001:. I PP I ee

C* LOV CYCLE FATIGUE

e60 APP-917 7-A3A8+IeD2

41 S0l2 *

__" ee3 * C0PYR!G*.IT !NSTP.0 C0RPORATI0,'r
, eel4 * DEC£I4B R 1974

6015 ,
1-6016 * MODIFI-1D BY STEVE LEFFLEP S
1017e] , BOB SC AFPI.<

* 10l9 * 4/13/79

- ee2i

L ___
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PAGE 0003 LOW CYCLE FATIGUE

0039 *

0040 ****** BEGIN SECTION ******
0041
042 003B F98E BEGIN ITBL TABLEI,33

OIC 0468
001D e 021

0043 0M1E F99E ITBL TABLE2, 33
001F 0489

- 0020 0021
0044 0023 F9E ITBL TABLE3,23

0022 04AA
0023 e017

6045 0024 F98sE ITBL TABLE4&33
0025 04CI
e026 e023

0646 0027 F95S INID BUFFID
0028 053S

00OV 0029 F947 FmOV Fe, AUGSTN
002A L06E
002B 0450

6048 002C F947 FnOV F0,DATPX AND DATPY
002D M 6E
002E 0171

@e49 V02F F097 JST *GETSTA
e050 0030 EAIC STX INDEX I
0051 e031 99eO STA INDEX ALSO XB

0172
0052 e032 CB1 AXI '1'
0053 P#33 O! 5B
0054 43 E95D STXB *CU.STP
0055 M35 OFOO SMl.
0056 036 F947 FMOV Fl, FCYCLE

037 045E
0e38 eA3A

0057 0039 FA71 JST INITCY
0058 M03A FgF CRLF
0059 003 F9.9 TYPE MAREA ASK APEA" DIMS.

003C 04F7
0060 003D F93D IFLT FTHICK GET THICKNESS

003E P43C .

0061 003F F93D IFLT MIDTH GET OIDTH
0040 e432

Me02 00A43 9F cF90
0063 0e42 F948 FCMP l.?I DT!{, Fe

0043 043E
0044 006E

0064 0045 2105 JAZ ROUND ER-O ROUND
065 0046 F043 FM PL FTHICK,,FVIDTM,FAREA

0047 043C
0048 043E
0049 P442

6066 M04A F20C JfP CLEAR.!
0067 0e48 F944 R.UD MID FTH I C..(. C 2, FAC: I
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PAGE M02 LOW CYCLE FATIGUE

C023 MO0 REL 0
0024
E25 ****** SSP-LIVIKAGE
0026 *
Q7 0V7V O07 DATA N.IE
0028 POPI 0O'IB DATA EEGI!4
O029 eM02 OD6 DATA PESTPT
C030 0003 ?17A DATA UPDATE
O031 M4 27A DATA FINAL
0032 0005 e26t DATA STAT;A
0033 em6 0269 DATA STAT:B
034 *
OE35 P07 CIDO ANIE TEXT 'APP-9-A3'

0008 DeAD
S09 B910
MA BAD
M00B C!E3

036 0CVC CIE? TEXT IAS+MOD2'
M0D ABCD

M00E CFC4
OOOF B2AO

003? emt ATA TEXT ' LOW CYCLE FATIGUED'
ell AoCC

6012 CFC7
e013 APC3
00.4 D9C3
0e15 CCCs
0016 ACC6
0,17 CIDA
00J8 C9C7
e0019 D5C5
@SIA CeAO
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PAGE 0004 LOV CYCLE FATIGUE

884C 043C
Oe4D 0070
e04E 0426" ..

e68 e04F F943 FMPL FAC;i, FAC: , FAC: 1
0050 0426
e51 0426
0052 0426

0069 0053 F943 FM111. FAC: 1,F: PIFAP.EA
0054 C426
0e55 007A

0056 442
0070 O157 F909 CLEA7 5 I TYPE MSTFLM ASK STRAIN LIMITS

0058 p500
0071 E059 F93D IFLT MAZLIM MAX. LIMIT

005A 0446
0072 005B F93D IFLT MINLIl MIN. LIMIT

005C 0448
@073 005D ElOO LOX XABC

0170
0074 VO5E F944 FDVD MALI.,*ST'JALP,HLI> IT

005F 0446
0060 80B4
0061 I eBE

0075 e962 F944 FDrD MI!JLIM,*STVALPLLVIIT
0063 0448
eP64 8 e4
- 065 PeCO

0076
0077 0066 F90F CRLF
@078 0e67 FV90 TYPE PNi1ES RADOM LIMITS?

0068 9518
@079 0069 F9VB lKB
0080 006A COAC CAI , LEAVE AS IS?
@0 I 006B F- A JMP CLEAR2 YES
00892 06C CeD9 CAI 'Y'
0083 006D F2P2 JMP PNMILT
0084 OV6E 0110 AR ROSTD/ASS'ID 0

085 0e6F 72e1 J3P S+2
0086 'V7 0 035P RDM1LT APP SET RAJD0O,4 FLAG
0087 0071 99r'C STA P . DFLG -

@175

08t9 0072 F9V3 VTCLP IKB TERMINATION CHAR?
00P99 PP73 CPAC CAI ', '
009C F0P74 F201 %1 JP CLEAR2
00|91 P?7 5 F03 JMP VTCLR NO
oe 92**

0093 0076 B2FE CLEAR2 LDA PIDFLG
0094 e77 3105 J AN CLJ 2
0095 e78 F90F CPLF
0096 0e79 F909 TYPE fW.STPS ASK MIN. STRESS

OP7A 05P3
097 OP7B F93D IFLT STRSLM GET STPESS LIMIT

007C 0444
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PAGE 0005 LOWl CYCLE FATIGUE

0098 007 D F9414 CL?.2 FDVD HLIMIT*F32767,HRJGE
007E OeBE
1307F 01274
MP8 e452

0099 0e~1 F9414 MDID LL1MITPF32767,LFNGE
e082 OOCO
0083 o074
00814 04514

0200 e085 F945 FIX KLIMIToHLIM4IT

0086 MOE
0087 OCBE

0101 0088 F945 FIX LL1I4ToLLIMIT
0089 eoICO
008A eoc,4

M32 e0.88 F947 F?40V Fl*MJ
OQ'8C e45E
908D 0459

0103 M0E F947 F40OV FOPxX CALC. MD AFTER
eO8F M0E
0090 e45A

0304 - *GET CYCLE V'S & INCRMD1~mTS
0105 0e91 F9eF CVLF
0306 e092 F9V-9 TYPE NMIIESS

0093 e00CC
0107 @e94 F93D !FLT F~TI I

0095 ePC4
0108 0096 F93D IFLT FIU4 2

- 0097 OVC6
M19 0M9 F93D ILT FNM3

01.13 9D 9AD5 STA XC NEEDED FOR FINAL

011 eA7 B2CA LDA NL 41 SLOPE R0L'TINE
SM 0Al QACA STA NU!.1
0180OA2 9A95 STA DLTLD
011 eA3 8AP9 7 ADD 1300

0122 0OA6 990e STA BRANCH
SIC7

0123 00A7 9ADO STA DATPX
@J24 OeAS 9ADO STA DATPY
02125 M09 9AC3 STA tfDFLG
0326 OOAA F22B JMP RESTRT
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PAG E C006 LOW CYCLE FATIGUE

6128 eOA8 V '0 IN1!TCY L'iT
0129 elAl C350 ARP
0130 OAD 9 AC3 STA XBPT OP. XA
0131 00AE F947 FllOV FICl, MP1'BL

6132 v?st F941 FI4OV F2. CPTBL+2

6:) I3 0034 F94 I FADD F loF2. F3
COBS 645E
2OB6 MO7
TOB7 eVOCA

o134 0028 F94a7 R40V F3, CMPTBL.4
V 60B9 MOA

008A 05SE
0135 COBB DABC IMS DATPX PR.INT FIR.ST CYCLE
6136 OOBC F? I RTN INITCY
61 37
6138

SJ40 OOBO 0000 1 N DVIC DATA 0
6141 GOBE Oe~e HLIMIT PES 2PO
0142 OOCO eC'PG LLIMIT RES 2.0
0143 O0C2 0000 CURSTP B3AC STA"JU14e9

01644 OOC3 OOD9 rVi D4 DATA 'Y'

6145 0CC4 Oe0 FFM I RES 2,e CUT-OFF CYCLE I INC
6246 0006 WO0 FNX!T2 RES 2, 0 INCRE!IET T1-10
6147 EPCq PO000 F*JM3 RES 2.p0 LAST CYCLE
0148 OOCA Me0 F3 PES 210
0149 ec 00C5CE N1MMESS TEXT 'E'ITER 144 1,WMt2pM3: 0'

0000 D4C5
UO0CE D2A0
GOF CECD
S00S BIAC
600] CECD
6602 B2AC
6003 CECD
6604 B3BA
SOD5 COAO
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PAGE 0?07 LOW CYCLE FATIGUE

0151
0152 ****RESTART SECTION ***

0154 eOD6 F93D RESTPT ST~OP
0155 OtCD7 229D LOA PIDFLG R.ANDOM4 LIMITS
0156 0008 2114 JAZ PSTvX NO
0157 000D9 F90F CRLF
0158 OODA F909 TYPE RESETM RESET P.AVDOM SE9Uc-'JCEii 0DB e531
0159 oeDC Fe K
0160 M~D OC48 TAX
0161 OODE COAC CAI ' DO THE SPZIE AS LAST TIME?
0162 M~F F27B JN P Sp:*1S2 YES
0163 POE0 E'IDSX M7
C164 C?'E1 M~E ?.ESET1 CAI 'N' RESET SEOUDICE?
0165 00Z2 F2e2 JN P PSTRTO NO
0166 VE3 C6(q3 LAP 3 YES
0167 eeE4 9B3F STA *!"I1PTR

0169 POE6 F2L06 JMP RSTEX YES.

F171 O5CACA p*
0172 P?E9 F203 J'4P RSTEX
0173 0t'EA FfTS J'l P RSTRTO NO, NEEP !!AITINJG
0174 OE 61SAME2LAM *-

L e17 5 OPEC F(6VB JM'P RESETI
0176
0177 OCDF90F RSTEX CPLI'
C178 OOEE F9 09 TYPE MRATE

OOF0522
0179 0?0F93D IFLT SPRATE

001 44A

0190 VeF2 F9OF CPLF
0181 eO3E27C LDX XABC
0182 OFF4 F944i FD.DSPP.AT ESTV AL P.CLHP.T

0PF5 0441A
FPF6 8M4
COF7 044C

0193 PeFS F9CVF C M F
21S4 eeF9 F913 RATE CLl(RT SET TIM1E VALUEL

0t'FA P44C
0185 0PF9 E274 L DX XABC FORCE INDEX IN XA
e 186 V'zFC 012? 1 XR
e187 ?0FD Fq44 MIVD *LDVALPa FAREA*STRESV

PPFE SPA7
00FF e442
0100 044S

0188 0101 "~44 Ft)VD STRSLrl, STRESUo'STPESS
0102 0444
0103 044E
M14 0272

S189 01P5 F945 FIX STRESSPSTRESS
0106 0272
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PAGE 0e08 LOW CYCLE FATIGUE

91e7 0272
0190 elP9 F912 MODE STPOKE

0191 elA FgeF CRLF
0192 01eB F909 TYPE MEXEC PRINT EXECUTE

cloC 052D
01J93 010D F90F CPLF

0194 01E F9 09 TYPE MHEAD
0.l0F 0553

0.195 e.1l0 F90F CPLF

0.196 ill F951 CLOS
0197 *
0198 0,112 080e SETTBL c1T
9199 0113 DA64 IMS DATPX PRINT ALL TPIGGER CYCLES
0200 .. * STORE C!PRa.1T CYCLE - .ID OF TEST?
0201 J.14 F947 F.40V FCYCLE, FTCYC

01,15 e43A
0116 013F

0202 01.17 F949 FCMP FN3,F0 SEE IF DEFAULT
0118 epC8
01.19 O,6E

0203 !11A 2104 JAZ SETTB8
0204 e.lB F948 FCSP FTCYC, F 3 LAST CYCLE?

0J.C 013F
* CuD 0?C8

0205 OJJE 3'95 JAP INCDV'E
02P6 011F B251 SETT32 LDA XBPT
0207 0120 e50 AP.

02e8 0121 C004 CAI 4
0209 0122 F292 JMP INCTBL
0210 0123 9A4D STA XBPT
0211 e124 F712 RTN SETTBL
0212 0J25 .350 IUCTDL ARP
02J3 OJ26 9A4A STA XBPT
0214 0127 FA19 INCT132 .1ST CYADJ
0215 0128 F947 FMOV FTCYCC.|PTEL

0129 013F
012A 05RA

C216 012B FAIS JST CYADJ
e217 012C F947 FMOV FTCYC, CIPTBL+2

012D 013F
012E 0SC

0218 012F FAII JST CYADJ
6219 e130 F947 F14OV FTCYC, C4PTBL+4

0131 013F
0132 P5FE

0220 0133 F721 PTr SETTBL
0221 0134 0010 IlCD.1E AP.
e222 0135 9A91 STA BPAI CH FINI
0223 e136 F956 EXIT
0224 *
0225 P137 eP00 OLDLD DATA 0
t226 0139 0000 DLTLD DATA 9
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PAGE 009 LOV CYCLE FATIGUE

0227 e139 P0OP DLTSTNJ DATA 0, 0
013A 0000

0228 013B 012C 1307 DATA 300
0229 013C 0000 LOAD2 DATA 0
6230 0.13D0 Oe0 CUPLD DATA 0
0 231 013E 0020 CU STl DATA 0
0232 013F 0000 FTCYC RES 2,0 CYCLE VALUE
0233 ,
6234 * ADJUST CYCLE TP.IGGER VALUE
0235 0141 0800 CYADJ a1T
0236 0142 F94 FC4P FTCYCFNM'l SEE IF INC BY I

0143 e13F
0144 00C4

0237 0145 3085 JAP CiAD2 INC BY MORE
0238 0J46 F941 FADD FI, FTCYC, FTCYC

0147 045E
0J48 013F
0149 .13F

0239 014A F204 JMP CYAD3
0240 014B F941 CYAD2 FADD F'W12,FTCYC,FTCYC INC BY FNfI2

9j4C 00C6
014D 013F
0J4E 013F

0241 014F F7PE CYAD3 RTh CYADJ
0242 .
0243 *

1

Lh
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PAGE e010 LOU CYCLE FATIGUE

0245 *

e246 0150 2218 NI LDA CTN I
0247 0151 2103 JAZ NIX
0248 0152 P219 LDA 11t-14
0249 0153 9616 SUB CU F2ID SAVE POINTS
0250 0154 203I JA'.1 DATI I
e251 0155 F2R6 "I IX IP 1OTI
02S2 0156 B214 DATII LDA tUM. I OF LOAD
0253 0157 $A14 ADD Nt.l
0254 e158 9A13 STA NMUl AJD STPAIN
0255 0159 361C LDA CUPLD
0256 015A F991 GIVE TABLE3

OIS (4AA
0257 e15C F276 J'VP FULLN I
0258 OI5D S61 LDA crJFST. M 51
0259 015E F991 GIVE TABLE3

015F 04AA
0260 016 F2 2- JMP FULLN-I
0261 0161 DP.7 !MS CNTNI
0262 0162 F279 JMP NOT I
0263 P163 0110 FULL' IZA7
0264 0164 9AP4 STA CNTNI SLOPE
0265 0165 F957 CUE SLOPE:,C10C'

0166 0339

0167 C3Eq
0266 e166 F273 JMP NOTI
0267
0268 0169 POPP CNTH11I DATA A CALCULATION

0269 P16A 0190 5E P:< DATA 400 2F% FS
027 0 0I6B IC'C4 ,JI DATA I7
0271 L716C 00 0 N UM DATA 0
0272 L716D 0'_ C ' MDFLG DATA 0

0273 016E 0000A UTE'! P I DATA 0
0274 016F 0900 1T1P2 DATA 0
0275 e170 0171 "<A9C DATA S+1

0276 017 ! 000 X8PT DATA 0 OR XA
0277 0172 V0O IDE'( DATA 0 OR XB
0273 e173 L70 ( XC DATA 0
0279 0V004 VAL PTR ErU :4
02830 0174 0315 0l,1IPT? DATA J I
e281 175 P,.' FNDFLG DATA 0
0282 0176 369 GZT:WIrl DATA P.JDOM

0283 0177 C 0 CJT D A-TA C
0284 0173 00 DATPX DATA 0

0285 0179 000e DAT.
.

DATA 0
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PAGE e0'1 LOW CYCLE FATIGUE

0287

PAUSE
C288 *
0289 * * UPDATE SECTI0.J *****
0290
0291 e7A F91 UPDATE READ LOAD, CUPLD

017B e0OC
017C e1MD

0292 017D F910 READ STR.O(E, CURSTN
017E 0001
017F M13E

0293 0180 246 LDA SP.A CH

0294 0181 30c.I JAP S+2 IF < 0 THE
0295 0192 F15F DONE REOUESTED DONE

296 0M3 3131 JAG 5+2

0297 It F243 JMP UP:
0298 e185 E6C3 LDX V] DEX 1
0299 e186 E648 LDA CUPSTN
03?e e197 95'4 SUB 0 'AL PTP.
0301 0 188J D6 IE CMS BP.E0{

0302 P.189 F202 J'P 5+3
03M3 01-A MO£01 NOP
03V4 01B F95F DONE
0305 01I8C 264E LDA CUPSTl3
0306 P11) D6CD CMS LLI"IT
037 013E F2C6 JMP PEl/UP
0308 013F 900? ?OP
0309 e190 2653 LDA C1TrL D
03)£ 0191 QE5A STA OLDLD
0311 0192 FII R .MP DO'J

0)93 9 0'0
0312 0194 F956 EXIT
033
0314 0195 B61C REVU. LDA DATPY
0315 e196 210A JA! XX3
0316 0197 B651 LDA CUPST.1
0317 0198 BE29 E-"A UTE"IP2
0318 0199 0c04s TAX
0319 019A B65D LDA Ct.PLD
032e 019B BE2D EMA UT1PI
0321 019C F957 CUE PP.IT, 29 00

019D 02F6

019E PB54
0322 e19F 0110 ZAP.
0323 01A0 9E27 STA DAT.

"

0324 PlAI E631 XY3 LDX XADC
0325 01A2 F941 FCMP * Cl PT ", F C CLE

01A3 858A
01A4 C143A

0326 01AS 3180 JAG DT/P0I FILL TAV'LE Y!ILESS C'CLE <
e327 F1A6 5669 LDA CURLD t'ALUE SOUGI1T
0328 VIA7 V00 NOP
F329 P0Ag V0On N0P
0330 01A9 0000 NOP
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PAGE OM12 LOI CYCLE FATIGUE

0331 e1AA B66C LDA CURSTN
0332 M'AP OOT NOP
0333 eIAC Me0 MOP

0334 MIAD 0000 N0P
e335 MiAE FE9C .JST SETTBL
0336 0 lAF F941 DATAOI FADD F1,FCYCLEjFCYCLE

OIBO 045E

OIBI e43A
0112 e43A

0337 0193 B67C LDA 0LDCLD
0333 OlS4 5 E49 ADD N741
0339 e125 9E7D STA DLTLD
0340 e 16 8E7B ADD 130?
0341 0197 9L73 STA LOAD2
0342 1P'S F911 R4P UP

e343 MIBA p645 LDA P IDFLG
0344 OIBB 21 e J A7 ?'JP
0345 eOEC F946 .151 *7GE P. i
8346 OJSD F943 FMPL HM4G2EPN DT4PHLIMIT

OISE e452
OiBF 0456
OICO MOE

0347 OJCI F945 FIX HLIMI THLIMIT
0.1C2 OPSE
OlC3 OOSE

0349 J !C4 0110 F, I PUP ZAP

0349 OIC5 9Ael STA B!.A- CH
e350 elC6 F956 EXIT

e-351
8352 OIC7 0000 BRANCH DATA 0
0353 *
0354 OICS El00 UP: LDX IDEX I

0PBD
0355 OICQ B5'4 LDA @*VALPTP
0356 OICA 961C SUB CURSTJ

0357 elCB D661 CMS BPEN<
135S O1CC F202 JMP S+3

0359 OICD Pr o NOP
0360 PICE F95F DONE
0361 OlCF 1097 LDA HLIMIT

0362 OlDV D612 CmS CUPSTM

0363 0|D F24C JMP P.V'D' W
0364 rJID2 000 NOP
0365 e1D3 r696 LDA CUPLD
0366 VID4 9E9D STA OLDLD
0367 P1D5 F911 RAIP UP

0IDE PPOO

0368 P1D7 F04Q FCIP FCYCLEiFI
PlD 043A

136 01 9 OPi5E
0369 OIDA 31P1 JAN NOT!
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PAGE eP13 LOU Cy'CLE FATIGu'E

0370 01DS F69B JM P M I -PETUPNIS TO NOTI

e371 010C BEfF !IOT1 LDA '1DFLG
0372 O.IDD 2C2ZF Jkl UPEXIT
9373 OIDE 3199 JAG *1D2N D
0374 PIDF E6A2 LDA CUL D AT IST SM4PL PT?
0375 OIEO D6A8 CX S DLTLD
0376 01!! F23B JMP UPEXIT 10O
0377 e 0 I -2 M OP

0378 eIE3 9EAD STA Dt.TLD YES, STOPE DATA
0379 P1!4 26A6 LDA Ct''rri
0380 CIES 9T!AC STA DLTSTN
0381 P1E6 DE79 IMS !4DPFLG
0382 OIE7 F235 jM*P UPEYIT
0383 elES P(6A2 'ID2N D LDA CtZPLD AT 2M D SM PL PT?
e354 VIE9 DEAD CM S LOAD2
e385 @1!A F232 JI P UPEXIT
0386 VlE 1 00 F Hel op
e387 ?IEC 2EAF LDA CUPLD YESA CP-LC. MD

0388 0.IED 9 6P5 SUE OL.TLD
0389 C1!! 9FP6 STA DLTLD
0390 PIEF -2(-r-I LDA CtJSTr
0391 OIF? 96S7 SUB OLTST!-l
e392 VIFI 9Z8 STA VL7STn1
0393 CIF2 F946 FLT DLTLD,14OD

O1F3 0139
O1F4 045C

0394 e1F5 F943 F~t P MOD.- STPESVMOD
eIF6 045C
C1F7 044Z
O1F8 045C

0395 eIF9 F946 FLT DLTSTNv DLTSTN
91FA e139
OIFB e139

0396 OIFC E68C L DX XABC X-IDI
0397 eIFD F943 FM1PL DL T S TNS T V ALP,DL STN

OIP! C,13 1?
01FF 80fl4
e200 e139

0398 e20! F'?OL MIVD MOD, DLTST,,?!IOD
0202 eA5C
02P3 M13'
e204 0/i5C

0399 C205 F943 FMPL tIOD, FII MO,0D
P2P6 045C
027 P466
0208 045C

0400 P2?9 F941 FADD MOD,%X.XX CI1.C. NEVl
02PA 045C
02eB 045A
M2C P45A

0401 02C'D VEI 6 IMS C'l T MODUJLUS
C4P2 CM0 F2P'C J14 P 'KI T EVP.~rY 4TH
04e3 02@F F944 FDVD XX,N,4,?1D CYCL E
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PAGE 0014 LOW CYCLE FATIGUE

02)0 P '45A
02)1 0459
02f2 0274

0404 0213 C704 LAM 4 AVERAGE OVER
0405 0214 9E9D STA ChT 4 CYCLES
0406 0215 F947 FMOV FoXX

02J6 006E
0217 045A

0407 0218 F947 FMOV FA,NN
02J9 0460
021A 0458

0408 £21B 001 XIT ARM RESET FLAG
0409 021C 9EAF STA MDFLG
04J0 021D F956 UPEXIT EXIT
04)1
0412 021E B6A9 REVDt:' LDA FN-DFLG NO STRESS TEST
0413 e21F 31V4 JAN RVDI ITH RANDOM OPTION
04)4 0220 8251 LDA STPESS
04J5 0221 96Z4 SUB CUPLD

04)6 0222 2e'31 JAM $+2
04).7 0223 F95F DONE END OF TEST
0415 0224 86AC RVDN LDA DATPX
e419 0225 2100 JAZ XX2
0420 0226 B6ES LDA CUPLD
0421 e227 9EB9 STA UTt-IPI
0422 0228 B6EA LDA CUPSTN
0423 0229 9Z-A STA UTL.IP2
0424 22A F947 F!OV FCYCLE, FAC: 3

022B 043A
022C 0278

0425 022D F947 FMOV MDFACt4

022E 0274
£22F 02F4

0426 0230 0110 ZAP
0427 0233 9EB9 STA DATPX
0428 0232 DED9 INS DATPY
0429 0233 F946 XX2 FLT CURSTJ, T-MFAV

0234 V13E
10235 0438

0430 0236 F941 FADD TLM PAV, AUGSTN, AUG STM
0237 0438
0238 0450
0239 0450

0433 023A E6CA LD XABC
0432 023B F94,1 FCMP *CMPTBL, FCYCLE

023C 85qA
023D 043A

0433 023E 3190 JAG DATAe2
0434 023F B1C LOA CUPLD

013D

0435 0240 '00' NOP
0436 P241 V0 NOP
0437 0242 0000 NOP

.. .... .. . . . . - - ---.. --. . .. . .. . -w . _
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PAGE 0015 LOW CYCLE FATIGUE

038 0243 B*100 LDA CURSTN
0 13S

LX439 0244 0001 op
0440 e24S e0 op
e441 e246 0022 NoP
0442 0247 B22C LDA MD

04143 2243 770q NO?
0444 e249 O,?2 NOP

0445 024A POPP .20P

9446 P245B 220 LDA MD+ I

0447 e24C C'PV. NoP
0448 024D 9V'O NO P

0. 9449 e242 0000 Nop
0450 e24F F911 DAT A S2 P. IP DOPM1

0252 8eO0
0451 e251 ?110 ZAR

0452 e252 9EE5 STA MDFLG
e453 0253 P6DE LDA PDFLG

0454 2 254 2101 J A_? 4PD.u

9455 0255 FFDF JST *GETMVtI
0456 2256 F943 FMPL L FIN G EA PM DT ' PA LL I IT

e257 e454
9258 e456
2259 coC?

0457 25A F945 FIX LLIMIToLLIHIT

0258 OPCO
: 225C ROCO

9458 025D 035e RMPMW ARP

e459 025E 9EP7 STA BRAICH
0460 225F F956 EXIT

0461
2462 26V F957 FULL CUE '!IX..EP, IC5 FLASH STAT'S I

0261 e26D
0262 e3ED

2463 2263 " 1O APM PEOUEST -A DOIE

9464 P264 9Z9D STA BRANCH IN UPDATE
A465 2265 F956 EXIT

92466
0467 0266 0010 STAT:A ARM REQUEST A D0NE

0468 e267 9EA2 STA BRANCH IN UPDATE

0469 2628 F951 CLOS
C1479 0
0471 e269 DEFI STAT:B IMS DATPX
P472 026A F959 V I .. ( 2

0265 c'2
2473 e26C F951 CLOS
0474 *

0475 C,26D F58 "INKER ?'INK I
026E e !

i 0 2476 026F F9S1 CLOS
0477 *

2478 C27o 2rA3 IN !TC' DATA tIITTCY
0479 0271 E112 SETPTP DATA SETTDL
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PAGE 0 06 LOW CYCLE FATIGUE

0480 e272 OeOO STPESS 7ES 2,0
0481 0274 070'0 74D . PES 2,0
0482 e276 0021 FAC:2 PES 2,
0483 0278 0000e FAC:3 RES 2,0

-1 0484 4

PAUSE
0485 ****** FINAL SECTION ,*,*,*
0486 *
0487 027A 0110 F IJAL ZAR
0488 027B 9EP4 STA BP.ICH
04S9 027C F9F CPLF
0490 027D F90F CRLF
0491 * TYPE TPAILE?
0492 027E F999 TYPE NULL

027F 04E2
0493 0280 F9L79 TYPE NULL

0281 e4E2
0494 0252 e00' NOP
0495 C253 F993 DATE
0496 02? 4 F9eF CRLF
0497 e255 F9e9 TYPE BUFFID

0286 053E
0498 0257 F90F CRLF
0499 0255 F90F CRLF
0500 0289 F90e JST SIAP SAVE CYCLE

039S
0501 029A 0400 LDA 00 DATA IN CASE OF
0502 e25B 33!3 JAG L00 .3 START
0503 e25C FFIC JST *IN'ITCX
05e4 25D E265 LOOP3 L DX X.AC P
OS05 028E F947 FMOV *CIPTBL FAC: I

028F 855A
- 290 0426

0506 0291 F99 2 GET TABLEI
0292 0465

0507 0293 F2A2 JMP r-4PTY
0508 0294 9EIC STA FAC:3 -

0509 e295 F992 GET TABLE4
P296 04CI

0510 0297 F23E JMP EMPTY
0511 0295 9E22 STA FAC:2
0512 e299 F992 GET TABLE4

029A 04CI
05)3 e29B F23A JMP EPTY
0514 e29C 9E25 STA FAC12+1
053s * TAB 2
0516 WDEC F AC: 1,90 CYCLE f
0517 029D F94D WFLT FAC: 3

.029E 04260515 * TAO S

0559 V DOEC F PC: PI , V 0 DtUe
0520 029F F94D VFLT FAC82

02A0 0276
0521 TAB 6

. . .
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PAGE 3617 LOW CYCLE FATIGUE

0522 02A'l FASC JST PRINTV
@523 F2A2 C6AR LAP . "

E524 LXP 31
0525 ?2A3 C4IC LXP 28
0526 e2A4 F90E OTT
e527 e2A5 9PA9 DXR

3528 02A6 3942 JXN. S-2

0529 02A7 F992 GET TABLEI
02A8 e4613

6530 9A9 F22C J' P E1PTY
1531 P2AA 9E32 STA FAC:3
6532 02AB Ft'.2 JST PRI.'TV
C533 {2AC FF3B JST *SETPTP
6534 22AD F620 JMP L00P3

6535 a
9536 02AE 030e P2.PNT alT
6537 e2AF F946 FLT FAC:3,FAC:3

0 2BO e279

02BI e278
3538 62B2 F943 FMPL FAC; 3, ST !ESV, FAC: ,3

V2B3 C278

62B4 P44E
02B5 0278

0539 VDEC FAC.3,R,3 STPESS

e540 296 FQ4D VFLT FACt3
02B7 0278

0541 TAB 6
6542 02BI E23A LDY XABCP
6543 F299 F992 GZT TABLE2

62BA e489
6544 02BB F21A ip EMPTY

0545 e2SC 9A37 STA FAC:4

6546 2 8D F946 FLT FACt 4, FAC: 4
02BE 02F4
02BF e2F4

6547 02C, F943 FMPL FAC:a,*STVALP,FAC.4
02CI ?2F4
02C2 82P4
02C3 02F4

0548 VDEC FAC;4,7,4 STPAIN
e549 02C4 F94D WFLT FACt4

02C5 02F4

0550 TAB 7
0551 F2C F944 FDVD FAC:3,FAC*2,FAC:3

02C7 e27
.

02C8 P276
02C9 C27,-

e552 02CA F943 FIPL FACl3,F1c'P',FAC:3
02CB 2l7"3
62CC P466

02CD V27S
6553 02CE Fe42 FSUB FAC34,AC13,FACt3

12CF e2F4
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PAGE V018 LOW CYCLE FATIGUE

02D6 0278
62D0I 027q

0554 * TDEC FAC;3, ),7 PLASTIC STPAIN
0555 02D2 F94D VtLT FAC:3

02D3 0279
r556 02D4 F90F C.LF
0557 C2D5 F727 RTN. PP.IN TV
0558 *
0559 02D6 F9 F E. PTY CPLF
0560 02D7 F9 ?F CPL F

0561 02DS F9e9 TYPE NLAST
02D9 0575

0562 VDEC FCYCLE,9,0 FINAL CYCLE #
0563 02DA F94D WFLT FCYCLE

02DB e43A
6564 62DC F90F CLF
0565 O2DD F9V9 TYPE !AVGS

02DE e57A
0566 F2DF F944 FDVD AUGST.A, FCYCLE, AUGS.

2Eg t45O
02EI 043A
62E2 0450

6567 02E3 E22F LDX XAOCP
0568 ePE4 F943 F*IPL AUGSTN ,*STIVLP, FAC-3

e2E5 0450
02E6 80'24

02E7 e278
0569 WDEC FAC;,7,4 PEAX STPAIN
0570 62E3 F94D 'FLT FAC:3

6 . 02E9 0271
0571 I 2EA F9PF CPLF
6572 e2EB F9C9 TYPE MSLOPE

02EC e583
6573 WDEC RESI"LT,' I,6 SLOPE
6574 02D F94D WFLT RESULT

02EE 0436
6575 62EF FPAS JST SWAP
0576 P2FP Fe'F CRLF
0577 e2FI FqC'F CFLF
e578 e2F2 F951 CLOS
0579 -* *
e58V 02F3 0171 XAFCP DATA XBPT
0581 2F4 Me0 FACt4 RES 2,0
658 2 *

6583 02F6 9900 PRINIT STA FAC: I
0426

0584 e2F7 Ml31 STX FAC12
6585 e2FI F946 FLT FAC:1,FACil

@2F9 e426
02FA 0426

6586 02FB F946 FLT FAC:2,FAO:2
02FC e276
02FD 6276
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PAGE 0019 LOW CYCLE FATIGUE

0587 02FE F943 FM.=.. FAC:I, STRESV, FAC:I
92FF 0426
93po e44E

0301 e426
0588 0302 E6eF LDX XABCP
0589 0323 F943 FMPL FAC:2.*STVALPFAC:2

0384 0276
0305 8eB4
0306 0276

0590 037 C607 6 LAP 6
0591 0308 9900 STA OUFLEN FIELD LENGTH a 6

05EE
0592 03e9 FAA5 JST CPLF2
0593 * TAB 2
0594 * .WDEC FACt3,9,0 CYCLE i
0595 * OUTPUT CYCLE #
0506 C3eA F947 FO'V F1jOUFLZ / 1.

e30B 0450
030C 05F2

0597 030D F947 FMOV FAC: 3, UFLX
930! 0275

030F 05FO
0598 03.1P F941 FADD FI-4,OUFLXOUFLX ELI:' 13.99

03JI 5FS
9312 OSFM
0313 OSFO

0599 0314 F900 JST OUFLFX
0596

060 0315 FA95 JST SPACE
0601 oUTPUT MODtLUS
0602 03.16 F947 FMOV F1E6,OUFLZ I.E6

9317 05F4
0318 05F2

0693 03)9 F947 MIOV FAC14,OUFLX
03JA 02F4
031B 05FO

9694 031C F9CV JST OUFLFX
0596

0695 031D FASD JST SPACE
9606 . * OUTPUT MAX STRMSS
0607 031E F947 R4OV FAC: 1,OUFLX

031F 0426
0320 95F

0698 0321 F947 FOOV FIOUFLZ / 1.
9322 045E
0323 05F2

9609 0324 F90O JST OUFLFX PRINT NUM
9596

96J 9325 FA5 JST SPACE
0611 a STORE STRlAIN
0612 0326 F947 FMOV FAC:2,OUTMPI

9327 0276
e328 e385
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PAGE 6026 LOV CYCLE FATIGUE

e6J3 . TAB 7
614 0329 FASD JST P.?.JTSB

0615 032A F946 FLT UTEMP 1, FAC: 1
e32B e16-Z-
1032C 04266"16 032D F946 FLT UTE:IP2, FAC- 2

-32E 0 16F

032F 0276

0617 0330 F9L&3 FM4PL FAC: 1, STRESV., FAC= I

0331 0426
e332 e44E
0333 0426

e6J8 e334 -641 LDX XABCP
6619 17335 F943 FMPL FAC: 2, * STVAL P. FAC: 2

0336 0276
0337 8B4
6 338 627/6

062 03 OUTPUT MIN ETRESS
0621 0339 F947 FMOV FAC: i.OUFLX

033A 0426
e33B 05F0

0622 C33C F947 FOV Fl, OUFL? / 1".
033D e45E
033E e5F2

623 e33F F9?0 .JST OUFLFX
0596

6624 0340 FA6A JST SPACE
6625 * OUTPUT MAX STRAIN
0626 0341 F947 F4OV FIL'3,OUFLZ / I.E-3

0342 05F6
0343 05F2

e627 e344 F947 FMO' OUTMPIOUFLX
0345 0385
6346 05FO

6628 0347 F900 JST OUFLFX
6596

06P9 0343 FA62 JST SPACE
6630 oUTPUT MINJ. STPAINJ
0631 e349 F947 F,.OV FIE3*OUFLZ I 1.E-3

C34A P5F6
e 34B 05F2

e632 P34C F947 FMOV FAC:2, OUFLX
034D 0276
634E 05

e633 034F F9 0 JST OUFLFX
0596

6634 P350 FASA JST SPACE
e635 * TAB 7

6636 * OUTPUT FLASTIC STPAI' .4AX .

6637 e351 F947 F4OV FIE.14,OUT'"l / I.E-4
0352 0SF8
0353 e5F2

6638 e354 F947 FtOV OUTMP2,OUFLX

mdhtihEh~mb~~~
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PAGE 0021 LOW CYCLE FATIGUE

0355 038B7
0356 SF0

0639 0357 F901? JST OUFLFX
0596

0640 0358 FAS2 JST SPACE
0641 0359 FA2D !ST P!::.ITSB
0642 * OUTPUT ll!,J PST.AI!
0643 035A F947 FMOV FIE14,OUFLZ / I.E-4

035B e5F8
035C e5F2

0644 035D F947 FMOV OUT.IP2OUFLX
035E 03D7
e35F 05FP

0645 0360 F90e JST OUFLFX
0596

0646 0361 FA49 JST SPACE
0647 0362 FA4C JST CPLF2
0648 e363 F95A DIM 2

0364 0002
0649 0365 F95A DIM I

0366 0001
0650 0367 F951 CLOS
£651 *
0652 *
0653 0368 71300 RJ DOM ENT
0654 0369 5804 DATA :5104 ICA, GET CONSOLE STATUS
0655 036A 9AEB STA !1DT.IP SAVE IT
0656 e369 C6AA LAP tAA IS THIS AN LSI OR PLPHA?
0657 036C 4404 DATA :44V4 OCA
0658 036D 5S04 DATA :5 04 ICA
0659 e36E 3107 JAN) LSI IT'S NJ LSI IF N:ON-ZERO P.ESPON
0660 036F E215 LOX f I EL.SE, IT'S AN PLPHA
e661 0370 IIA9 RPX I
0662 0371 65 3 SIN 2
0663 0372 B213 LDA P,2
0664 0373 O110 ZAP.
0665 0374 19A% DATA : 19AE MPS 15
0666 2375 F2e4 JMP .IDF r
e667 e376 9 110 LSI ZAP

668 e377 E2?E LOX F,12 ASSURE X-PEG !0SITIVE FOR LSI
0669 0378 1960 DATA : 196OPN 1 HP1Y "II

0379 0315
0670 037A 22D3 RNJDFIN LDA V7J DTMP
0671 037B 440/4 DATA :44C4 OCA, RESTORE CO,SOLE STATUS
0672 037C 13AI LRX I
0673 037D 3?01 JXN S+2
*674 037E C403 LXP 3
0675 037F EA'5 STX P !I
0676 P310 EAD5 STX PMIDT71P
P677 03,91 F) 46 FLT P.DTh PIFDTMP

0382 C456
?383 0456

0678 0314 F7IC RTN PAIDO H
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PAGE O022 LOW CYCLE FATIGUE

9679 0395 0003 .1 I DATA 3

0680 0386. OeFD R,32 DATA 253
068! *
0682 03S7 080 P.:MTS9 alT
9683 0338 F944 FDVD FAC: IFAC:4,FAC: I

0389 0426
038A 02F4
038B e426

0684 03.C F943 FIMPL FAC:I,FI00 O, FAC:1
033D 0426
038E 0466
030F 0426

9685 0390 F942 FSUB FAC 2, FAC: I,FAC: !

039 1 0276
0392 0426
0393 0426

0686 . VDEC FAC* 1,9,7 .LASTIC STRAIN
0637 * STORE MAX'. PLASTIC ST-'AIJ

0688 P394 F947 FMOV FAC: 1,0 U.M ,32
9395 e426
0396 317

0689 0397 F710 RTN PRTSB
0690 *
069 I e398 (q.? SVAP c.4T
0692 0399 E29B LDX ACM.3TB S'IAP THZ CONT-ITS OF

0693 Q39A EA97 STX TLMPI CMPT2L & TIPTEL

0694 039B C2.6 AXI 6
0695 P39C EA97 STX TL4P2
e696 039D C7'6 LAM 6

0697 039E 9AB7 STA FIDT.P
0698 P39F E6AC LDX XABCP

9699 e3AO 0 42 LDA @2
6700 03AI BCOe MIA e0

070 01C3A2 9CO2 STA 02
0702 03A3 B33E SLOOP LDA *Tl,4PI
07F3 03A4 S82F MIA *T1>-P

0704 03A5 0 B% C STA *T1iPI
6705 03A6 DAln IMS TEMPI
97P6 03A7 DA3C IMS TEMP2
9707 03.3 DAAD ImS nJ DrTIP
07P8 03A9 F6C6 JP SLOOP

07P9 e3AA F712 RTM SWAP
0.10 PRINT SPACE

0 97 03A3 MO00 SPACE a-JT

0712 F3AC C620 LAP :20
e713 03AD F0PCT OTT
0714 03AZ F7P3 RTN SPACE
07 5 * DO C'LF - NO PARITY BIT
0716 03AF e100 CFLF2 alT
97 17 C3PI C-PD LAP tPD CR

97I 0353 F9 (E OTT .
9719 0302 C60A LAP leA LF

0720 0303 F9eE OTT
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PAGE Oe23 LO CYCLE FATIGUE

0721 3BA F7?5 RTNl CRLF2

16722 e385 eoFF 0.T'i!P I P ES 2,0

1723 03B7 e000 OTJTMP2 RES 2,0
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PAGE 0024 LOV CYCLE FATIGUE

C725
P726 **,,*, CALCULATE SLOPE **.*
0727 - *
0728 3B9 F947 SLOPE: F'0" FO,.P4BP T

S
03BA '6 E
03BB C428

0729 '3BC F047 FMOV FXSIr.
03BD M£E
03SE e42A

0730 033F F947 POV FOYSUM
e3C0 006E
03CI 042C

0731 03C2 F947 FIOV FN, XXSVM
03C3 006E
03C4 e42T

0732 03C5 F947 FMOV F, X'ST!
03C6 Oe6E
03C7 eA3P "

0733 03CS F992 SLOPE! GET TARLE3
03C9 e4llA

0'34 e3CA F229 JMjP LAST
0735 e3CS 9A66 STA TaIPI
0736 e3CC F946 FLT TaIP I, TE4P2

03CD 0432
.-- 03CE 0434

0737 03CF F941 FADD TlP2YSL'MYS!.
13D T 434
03DI 042C
03D2 P42C

0738 03D3 F992 GET TABLE3
03D4 04AA

e739 03D5 F21D JMP LAST.
074e 03D6 OA5B STA TEN 7 I
074! 03D7 F946 FLT TE4PI, T-' P I

03D P432
03D9 P432

0742 03DA F943 FMPL TEP I, TEM P2, T. P2
03DB e432

03DC e434
03DD e434

0743 03D F'94 FADD TE P2,pXYS..,xy.t. S1
03DF 0434
P3P e43ff
03E 0430

0744 03E2 F941 FADD TEMPI,XSM, XSTY4
3E3 0432

03E4 e42A
03E5 0424

0745 03E6 Fq43 FMrPL TE1 P'I, T 1p lo TE. ?I
03E7 0132
03E8 e432
03F9 (432

0746 03EA F941 FADD TE'IPXXSU4,XXSU4
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PAGE 0025 LOU CYCLE FATIGUE

03EB e432
03EC 042E

- OED e42E
0747 03EE F94I FADD FIN!4BrTSN':-I2PTS

03EF 04SE
03FO 0428
03Fl 0423

0748 03F2 F62A JMP SLOPEI
0749 *
e750 03F3 F943 LAST F14PL XSUM,YSUL4,T-4Pl

03F4 e42A
03F5 042C
03F6 0432

0751 03F7 F943 FMPL AI:4BPTSXYStr4,TLM P2

03F8 e421
03F9 0430
03FA 0434

0752 03FB F942 FSUB T1--4P2,TE!P1,T-IP2
03FC e434
03FD 0432

--- 03FE 0434
0753 03FF F943 FM 2:L XSTJMXSU1i.,TE.1Pl

0400 e42A
0401 P42A

. 0402 0432

0754 0403 F943 FMPL NMBPTSoXXS, XXSUM
044 0429
0405 042E
0406 042E

0755 0407 F942 FSUB XXStl,TEIPl,TLMEP
0408 042E
0409 e432
04PA 0432

0756 04eB F944 FDVD TEM PI, TP2RESULT
040C 0432

e40D 0434
04PE 0436

0757 04eF E100 LDX XABCP
02F3

0758 0430 F944 FDVD Fo PESULT, RESULT
0411 P45E
0412 0436
0413 0436

0759 04,14 F943 FMPL RESULT,*L DVALP,PRESttLT
0415 0436
0416 80Ag
0417 e436

0760 e413 F944 FDUD RESULT, *STVALP,P.EStLLT
0419 C436
04JA 8 CD'D
041B 0436

0761 041C F944 FDVD PESULT. FAnEA, RESULT
041D e436
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PAGE 0026 LOW CYCLE FATIGUE

04JE e442
041F e436

0762 0420 F943 FMPL RESULT Fl0e0, RESULT
0421 0436
0422 e466
0423 0436

0763 0424 F951 CLOS

0764 *

PAUSE0765 *

0766 *
0767 0425 e58A ACMPTB DATA CMPTBL
0768 0426 0 0 FAC:! FES 2,0
0769 0428 O[70 ':IBPTS FES 2, e
077e 042A O£'0 XSU>1 RES 2, 0
0771 042C PT00 YSY! RES 2, 0
0772 042E 000 YS'2! ?0S 2, 0
0773 0430 0000 XYS'IN PES 2,91
0774 0432 V0V0'0 TEIP! ?ES 2,
0775 0434 P00' TE"l P2 PES 2,9
0776 0436 200 PTSLrT FES 2,C
0777 0438 rOZO T!' lAl RES 2,0l
0778 43A C000 FCYCLE FES 2j0
0779 V43C 0000 FTHICX RES 2,0
0780 043E 0 V-0, 0 Ft'! DTh. RES 2,0
0781 044 0 0000 UI DT. RES 2, 0
0782 0442 0000 FAPEA ?ES 2,0
0783 0444 e000 STPSL'! ?ES 2,0
0784 0446 V0.0 '1AXL.I M FES 2,0
0785 C445 M00 MI'LI' RES 2,0
0786 044A 0000 SP"'ATS .ES 2, el
0787 e44C 2000 CL"FT PE S 2,q
0788 e44E 0000 ST-ES" FES 2, 0
0789 0450 0000 AUGST1. FES 2,P

079P 071452 7pr0 r qFNGE .ES 2,0
0791 0454 e0V00 LP!lGE PES 2, 0
0792 0456 eC0 N ,IDrP PES 2,V
0793 0453 OPP0 0 "l FES 2,0
0794 £45A C000 XX FES 2,0
e795 P45C 000 :10D RES 2, 0

0796 e45E 4090 Fl DATA :4080,0
045F £'P (

e797 0460 4180 FA DATA :A180, 0
046! 0000

0798 0462 41AP F5 DATA :41A£, 0
0463 0000

0799 P464 4220 FO DATA :4220,0
0465 Prop

0800 0466 457A F100C DATA :457A,0
0467 M000

0801 *
080{2 *
08 03 *
0 80'4 *

t • o2
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PAGE 0027 LOW CYCLE FATIGUE

0805 g00 LOAD EOU 0
0906 0001 STPO'E SOU I
0307 e002 STRAIN: EU 2
808 *

0809 0000 UP EOU 0
0810 8000 DOT. ECU :80e0

) 0821 *

0812 *
e813 0074 F32767 EOU :74
C314 007A F:P EOU ;7A
0815 006E FO EOU :6E
0816 007e F2 ELU :70
0817 0097 GETSTA ECU :97
0 818 *

E819 *
0820 OOAO 1"DVPLP E VU *AP

0821 03B4 S TVALP EQU :B4
0822 *
0823 0469 0000O TA2LEI PES 33, g
e324 0419 qqq? TAMLE2 PES 33, 7
e825 e4AA rPOP TA3LE3 PES 23,0
0826 04CI 00C TABLE4 RES 33o,
0827 *
0828 04E2 00 0 NULL RES 20,0
e829 04F6 cece TEXT '@,

0830 *
0831 e4F7 C4C9 "1AREA TEXT 'DVIS. (THIC:,CVIDTH):: V

O4F8 CDD3

e4F9 AEA0
@4FA A9D4
04FB C8C9
e4FC C3CB
04FD ACD7
04FE C9C4
04FF D4CS
0500 A9BA
0501 BAA.
0502 CPA?

0832 0503 CDC9 MMSTPS TEXT 'MIN. STRESS (,SI): @

0504 CEAT
0505 APD3

0506 D4D2
05P7 C5D3
0505 D3AP
0509 A9CD
050A D3C9

0508 A9!nA
050C AeCV

0833 P50D D3D4 MSTPLM TEXT 'STPAIM LMTS (+,-):: '
05eE D2CI

50'F COCE
05!0 APCC
0511 CDD4
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PAGE 0028 LOW CYCLE FATIGUE

05J2 D3A8
0513 ASAB
6514 ACAD
0515 A913A
0516 BAAO
0517 COA0

e834 0518 D2CI FIjI-.ES TEXT RAIDOM LMTS (Y.N): 9'

05J9 C-C4
05JA CFCD
05JB AeCC
051C CDD4
05JD D3AO
IJE A8D9

051F ACCE
0520 A9BA

0521 AOCO
0835 0522 D3D4 MRATE TEXT 'STRAIN RATE (I/SEC): '

0523 D2CI

0524 C9CE
e525 AeD-
0526 CID4
0527 C5A0
0528 ASB I
0529 AFD3
052A C5C3
052B A9BA
052C AOC?

0836 052D C5DS MEXEC TEXT 'lEECUTE'
052E C5C3
052F D5D4
053e C5Cr

0837 e531 D2C5 PESETM TEXT 'RESET RPADOM NOS. (YN): 0'
0532 D3C5

0533 DIAC
0534 D2C!
0535 CEC4
0536 CFCD
0537 AVCE

6538 CFD3
6539 AEAO
053A A8D9
053B ACCZ
C53C AMBA
053D AOCe

0838 *
6839 053E COCe BUFFID PES 26,tCCQI
0840 *
84I 1 559 C3D9 MHEAD TEXT 'CYCLES MODULUS (+)STRESS(-)"

0559 C3CC
055A C5D3

055B AV'CD
V55C CFC4
055D D5CC
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PAGE 0029 LOU CYCLE FATIGUIE

055E DSD3
65SF APAS
0560 ABA9
6561 D3D4

e562 D2C5
6563 D3D3
0564 ASAD
0565 A9A0

6842 0566 AOAS TEXT ' +)T.DISPL.(-)
e567 ARA9
68 M4AE

0569 C4JC9
056A D3DO
056B CCAE
656C ASP.D
056D A9AZ

6843 056S ASAS TEXT 'C+)PLASTICC-)@'
056F A9DO
65701 CCCI
6571 D3D4
0572 C~c3
6573 MZAD
e574 A9CO

6844 e575 C3D9 MLAST 7EXT -CYCLES= 0'
0576 C3CC
0577 C5D3
6578 BDAO
6579 CPAe0

6845 057A CID6 MAVGS TEXT *AVG PEAK STRAIN= 9'
657B C7AQ!
057C D9'C5
657D CICB
057E ACD3
057F D4D)2
6580 CIC9
0531 CEBD
6582 AVC0

0846 0583 M3CC TISLOPE TEXT ISLOPECPSIzWS
6584 CFDO
6585 C5A9
6596 DOD3
6537 C9A9
0585 PDA01
0?589 CeO

6847 MSA PP"V CIIPTPL FES 6oV
0348 0590 1? 0 e The"PTEL FES 6. e
e349
o0t5o *
03851 * SUIV'Orri'J TO CO:IV:-nT FLOAT TO FIX MOINT.
0852 P59 6 0300 OtTFLFX DIT
08s53
P854 * OtITPt'T FIX MINPT NtL~!ERS
C855 * AT CALL: OUFLE21 - CO'TAINS (PIT) FIELD L'_GT1
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PAG E OE£30 LOW CYCLE FATIGUE

£856 *UFLX - X CF.P.) i TO BE OUTPUT CLOST)
01857 *OUFLE - ?ZCF.P.) %I"~ TO DIVIDE EV~: !=Z/ZCl
£1859 -*

e1359 0507 1256 LDA 0t'PtE M SAVE LL'JGTH
e186?1 059S 9A56 STA OtVFVL2
£1861 £C599 EA53 STX OVSAV.X SAVE X-REG

£1862 059A eO N!op
£163 059B V C 'e op
e864 e59C 220'0 NOP
£1865 e59D 'C'm NO P
£866 £'59S ee NOP
01867 e£59F 0000~ NOR
6868 05A? F94*1 FDUD OUFLX,OLTLZiO'JFtZ Z=X/Z (RIGHT UNITS)

£15A1 e5F0
015A2 05F2
015A3 0'5F2

£1869 e5A4 1OI1e ZAP
£1870 eSA5 9A46 STA OUP< K=O
£871 05A6 C701 LMI I
£872 e5A7 ?P.47 ADDr0 tI7L-12 L=L-1
£873 e 5A' 2015 J AM A PETt'F3
£1874 e5A9 9A45 STA 0OUFLN 2
e87 5
£176 *PRINJT SIGN (+ OP. -
£877
0878 e5AA F949 FM?4 00712. FO SEE IF Z.CL OR >0.,A=-tOP +1

05AB e5F2
£1SAC ?C6CE

£1879 05AD 3Cq JAP 0U2 20
0188P1 QSAE OP4 TAK C SAVE A)
£1881 05AF F942 7502 F~oOUFLZOUFLZ Z=ABSCZ)

£15B? 0C'EE
05BI CSF2
0132 0~5F2

e982 esF33 r,73o TXA (RESTOPE A)
£1883 C5B4 3101 0 U2 4 AN1 S.2
1894 0!5!35 Ceri LAP I A-m laIF Z =e
£885 Ir5S6 r 3 L $ NAX -X=TA

£1386 V5fl7 C22C AXI :2C X=:2C -CA)
09887 e5!3q 1?730 TXA A--X ""OP-

1888 1? B9 F9rZ OTT PRINT 0* OP
£1889 M'5A C6CI LAP I it-I
089e eS2S 9.2F OU I STA 0OUPJ J= 1.
e1891 C513C C7 (11 Ot.LOO P LA'1 I A=-l I
189 2 5BD SA31 ADD 0 UFLM 2 L=L-I
M183 05SE 2r'AA A ..YA' OtUPET RETUFN4
e1894 (P52F 9APF STA 0 VFLN 2
£1895 C5C9 F048 0U3 F C04P OUFLZP F I

esci In5FP
O5C2 C'45E

£896 C5C3 290 Jft OU~r, z1
6897 fSC4 F044 FD'JD OUF12,FU2,0OUTLZ Z.Z/fel

£1SCS 015F2
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VPPAGE 0031 LOW CYCLE FATIGUE

95C6 P4643

09 198 05CI C621 LAP I
6899 3'5C9 9nf.2I ADD OU PJ J=J+1
090 eO SCA 9APO STA OUPJ
091 0SCB F6CS *J-l1P 0U3
e9e2 05CC C6D 0 U3B LAP I
M93 05CD SAl: ADD OUP'(!.<+

£'9e4 05CE 9AID STA OUPX STORE K
*1 9e5 escF 921B SUR OUPJ A-K -J

1906 05D(' 3M 3 JA. 0 u4
e907 .aPRIVT DECIM1AL POINT
09C8 0501 C62E LAP :2E
0909 e502 F9 (! OTT
0910 05D3 F617 Jip OULOOP
0911 05D4 F94~3 OU4 Fm PL OUFLZ,FleOUFL7 Z=Z*10

05D5 05F2-
0506 e464
0507 ('SF2

12 FSD9 F945 FIX OUFLZ,OUFLX X=INTM!)
05D9 ('SF2
e50A ('5F010133 V5D3 F94J6 FLT OUFLX.POUFLX BACK TO F.P.

05DD 05F7'

0914 MED F942 FSUB OUFI2?,OUFLX.Ot'FL7, Z=1('*Z-IINTCe*Z)
eSOF ('SF2
05E0 ('SFO

1915 05E2 F945 FIX OUFLXoOUFLX BACK TO FIX

05E3 05FO

09 J6 0E 5O* PR.INT DIGIT
P9J7 05E5 C63(' LAP :3P'
e9 18 ('5E6 5AD'q ADD OUFLX
e199 1?5E7 F9CZ OTT
0920 e5E8 F62C imp O'JOOP
1921 aPETURN'
I'922 05SE9 E2('3 Ot!PET LOX OUSAUX PESTORE X
e923 e5EA F754 RTM 0OUFL FK
e924 DATA
1925
e926 ('552 ('('( OUrJ DATA I? DI.CI!IAL rPOIJT LOCATOR
IN927 ('5:C 000(l OLUP% DATA (A CI!ARACTER POIJTET'
092s3 ('5D ('('22 0t~'-'( l-DATA 7' XF.EG
P929 PSET5 02'('0 72FL 7'1 DA TA P FIEL.D LEN.
093P' 5SF '('(0'T'2 O AT,~i DiA (q TMP
1931 f'5(x ' O "!-L' PIc 2, V' (F. P.) X
1932 V5F2 ('('(' O'!rL7 FEE 2, r- CF. P) 1:
0933 f1SF4 4A74 ('DE6 DATA :4A74,:24C'(A 3.E6

05F5 24CI(I
0934 ('SF6 3r983 FI'13 DATA 131133P:126F I.E-3

05F7 126F

LI
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PAGE 0032 LOW CYCLE FATIGUE

e935 05FS 39DI FIE!14 DATA :39D',:B7l7 1.E-A

05F9 B717
e 1936 *
e937 END
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PAG'E 0033 LOW CYCLE FATIGUZ

ACH PTS 0'425 AUG STU P450' A ('SEE BEGIN. ((rlB
BRPICH ('1C7 ER!A el 16A BUF~FI ('5E CLEAPI (P057
CLEA?'2 99(76 CLX RT 9144C Cl"P2 OM7 Cr4PTSL ('5RA
ON III ('169 CNT e'177 CF'LF2 ('3AF CUPI.D ('13D
CURSTh1 (13E CtnST? V'C2 CYADJ 0'141 CYAD2 21]42
CYAD3 ('1IF DA'!ATI ('lAP DATA('2 ('2/:F DATN 1 ('156
DATPX e 17S DATPY ('179 DTL TLD 013S DLTST1l P1i&9
DOIN~ q'pe EMPTY V'2D6 FACl M *2 FAC:2 P'276
FAC:3 (27Q FAC:4 012F4 FAREA 0442 FCVCLE ('43A
71I1AL 027 A rim1 (TC4 FM2 (0OC6 FM3 170CE
FTCYC ('13F FTHICXC 043C FULLNS 1 P163 FULL r!26,7
FWlI DTH ('43E F0 06E F 1EM 3 e5F6 F I L.1 4 eSF3
F1E6 2'SF4 F! 045E F10' 0464 F1('('( r466
72 007 F OCA F32767 C074 F/I 0'469'
F5 e'462 F:FPI C7A GE7WVLT 0 176 GETSTA 7197

INITCY eV(A9 1307( 0133 LAST' 173F3 LDVALP "q'A?
LLIM41T VCT( LOAD e ? .1 LOAD2 013C LOO?3 ('2RD
LFINGE e'4 LSI 0'376 M4AFEA C41 7 'lAVC S (157A
M AXLP IM e446 M rF LO ri 16D !lD 0274I M021D (17Z
MEXEC es,2D MHEAD ('55q M4INLIM 0445 MLAST 0575
I4MSTPS r5c3 '100 D C45C M P ATE ?522 MSLOP--V (5cz3
M ST PL9 ('5D .,IAM E ('('7 7111PTS 0'425 !MMMESS ('2CC
I C458 NOT! I IDC :J ML 0'4E2 lliir V 6
NM~I I '6 ol- 1Ix 47155 141 0'1517 OLCLD ('137
OUFLEN~ P 5 E v- JFLP'X (A54 6 Ot'FLNS2 ('EF OT!FLY V!'SF2
OUFL7. ('F2 OtILOOP 0513C OITrPJ (5 OUTIK 'SEC
OUPET 05E9 0 US Atll L75ED OtYTM PI ('3B5 O'TMP2 03E7
out e5rB OU? C524 OU39 ('5CC 0UJ3 ('5c
0134 ('Di rRINlV ('2PE PRIN1T 0'2F6 PF'SB ('3q7
1PPNsDO'l 0361 RTESETM! C53! !RESETI 7e(El FEST'T ('06
RlESULT 26 REV'*" C21E R.EXU ('to5 PM Pt~l vpr)
IMPUP ('IC/ PI1DP'I:J 037A FPNDFLG ('175 RN IDME 5 (5I11!
RMPILT e?7(q RJDM .4 IC3 PN 0 TM P e'456 PM I PT!! P174
P.4 1 '3('s Pn 2 0396 ROIUD ('(43 STEX C220

*RSTPT(' eV(ES " P224 SAIE2 Q7 PIE P SETPTP 0271
SETTEL ('112 SETTB2 C1117 S-L0r~ ('3CS SLOPF: 0'32n
SPACE 03AE1 SPRATE 044/A STAT:A C266 ST'AT:S C2~6q
STRAIN ('('(2 ST?.ESS .7272 ST2RESV 0'44S ST70K E 22171
STFRSLM P444~/ STVALr 00134 SiIAP 23pi SVLOO P 03A3
TABLE] 0":61 TABLEP 0'410 TASLE3 ('/IAA TAFLE/J 94iCI
T4PAV~ V4/3q TEIPI 2'432 TE!4?2 LA434I T!4 FTL T25 9(
UPDATE P 17 A t'IPEX! T Tf! I D UP Pe('2 UP: ('1Cq
UTE MPI 016E TITEM1P2 P167 1 VP-PT~ r V4 111 DTH 0440
VINKEP PD VTCLP. PrC7c^ XAPCP (2P3 XKADC V 17 V
XBPT 0'171 xC ('173 XIT C.2 i3 XSUM1 e4/2A
XXSUM LA42E xx 045SA XX2 0233 XX3 01A!
XYSUI 043e YSU4 042C
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PROGRAM flATA (OUT-UT,TAPEI,TAPE-2,TAP:3,TAPE4, II

I APE5,TA0=E6qINPUT=/7.) C02

c DED133

C THIS PROGRAr4 D-dA.JP0* 3Y E03150

C CAPT R03CRT SZH-AFRIK eof

c EC ~CJ190

AELO.'L2(50),?LST15Z23),PLST2Ci530J ,TITLC6C),.I15;C)I C3IC BD:LTEP (133 0 F, EOPUE DATA
REAL N C0023t

c IFLAG =N3 FOR NO COMPUTErZ DATA L06

c IFLAGI = YES FOR CO :RUTER OATA FP.INT-OUT (DATA ON P. F.) 0 C -3270

c IUNIT IS THE TAD E NU'IJER C08

RCAD 4,IFLAGIJ"JITqIFAG1 C0300
4. FORMAT CIAl,4XPI19,X,AI) rC 031

C 000320
IF CIUrIT.L_. J.OR.IU'4IT.GT. 6) IUN4ITZI 60a333

PRINT 8, LFLA;, jUt1T, 1FLAGS1 D4

a FORMAT C1H1,T2,-FRO'1 JATA I COMPUTER DATA =*gAI, CLO35C

A/T3',#TAPTE Ut1IT IS -,I1 / OC0360

BT494COMPUT:'4 JATA FLA3 IS *,Ai//) CE0370

IF (IFLA,;.NE.IHY) G) ro 5o CD6 3C

C CC 039C

READ UUIITOg) CTITLCJT) ,JT=I.,60) 0C004D0 -

9 FORMAT(60DA±) CE0C41G

C OCO-42C
IIAX=150J DE043C

I =e 0L0440

1 CONTINUE CCJ;50

I=T41 CC 04bC
IF (I.GT.IM4AX) GO TO 1C,20 OC0470

C CCC0.80

R:-AD CIU'4IT,iJ) N(I),Ci),SIGMA1(I),SIGMA2(1),ELONGI(I),EL014GZCI),CLD 9u

lPLSTi CI), 'LST2 CI) CC 05CC"

10 FORMIAT (SCF7.3,IXfl of D Plc

C OU052C

IF(NC(I) .LT.1. 9) GO TO 3 cc0c;3c
IF (EOFC(IUN41T)2, 1 CED54C

3 CONT INUE EC055C.
PU7NT 30 VC356Dj

30 FORMAT CT2,'RZAO TER14INAT--' 5Y ZERO VALUZ') 06057L)

1=1-1 CC 08G
GO TO 40 ECD0-9C

1000 COWI INUZ C0 360 z

I=ImAX oco061c

PRINT 10)1,I CC Ci20

I *DATA PIS 7X~E AR-ZAY DI'iENSIONS,//) 004
GO TO 40

2 CONTI'4UE CC 0[66
PRIMT 31 DCv&7C

31 FORMAT CT' *R!AJ TERIINAT 7 0 13Y FOFO) DoCuso

6.0 CJNTIP4UE ED0?C0
PRINT 16,CTTL(J,JA=1,6:) CVO?11

IS FORMIAT C// T2,03AI, /T2,5OCHI//) 000720

PRINT I I. I .003

4m
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411 FORMAT( / T29*NUIDER OF DATA PTS *,15 000740
it //) 000750

IF (I.EQ.0) STOP 000760
00 20 J=10I 000770
IF (XFLAGI.NE.IHY) GO TO 45 000780
PRINT 21o N(J)PECJ),SIG'1A1(J),SIG41A2(J),ELONGI(J), 000790

lELONG2 (J) ,PLST1 (J) ,PL3T2( J) 000800
21 FORM'AT (T2,F7.D, 3fIX,F7.2), 4I1X,F7.3)) 000810
45 CONTINUE 000820

E (J) =E (J) ' 1. E6 000830
ELONGl(J)=2ELO'4G1(J)*l.E-3 000840
EL0NGZ cJ)=ZLO"JG2(J)*1.E-3 OC0650
PLSTl(J)=3LSTl(J)Il.E-3 000860
PLST2CJ)=PLST2(J)*I.E-3 000870

20 CONTINUE (00880
CALL LCFCI) 000890
GO TO 51 000900

50 CONTINUE C00910
1=0 000920
PRINT 55 000930

55 FORMlAT (// T2,INO COMPUTER DATA*#II 000ilt0
C O0350

* -READ 99TITL 000960
C (00970

PR14T 18, (TITL(JA)*JA=1,50) 600980
CALL LCF1CU 060990

51 CONTINUE c01000
CALL DATA2. 091010
CALL SU'30 L0T(I) COIOzo
STOP 001030
END 0010'.0

C C0050
0C1060

SUBROJTIS4-- LCF(I) 018
COMIMON /A/ N(I50),Ec1520,SIGMAI(150I),SIMA21500),-LONGC150C),CE190
AELO'G2U15C0),PLST1(i5 CI,PLST2( C50),TITLLSC),Rl(1500), 001100
90DELTEP(1530) 001110
COMMON /0/ LPLST,LELST oc 112
REAL LPLST,LELST,N CC1130
DIMrNSIO04 *SIG(1500) 001140
DIM:NSION 3-LTSIG(150')OLT"-L~i50),DELTPL(15CC),D=LTEE(I50D), CC1150

A3ELTSTN(1500) 0C1160
E2jUIVALrNCZE (ECI),DELTSIG(1)) , (ELONG1(1),DELTEL(l)) , 01170

A(E-LONG2d1J,0:ELT'lL(l)) (CPLSTlCl)pOELTLE(l)) , 00118
B(PLST2(±) ,)ELTSTNI1)) 001190

C 6C1200
DATA 'ISIG /1530*11N )I 0121
DATA IFLG /0/ 0C1220

C 60 1230
C EC1240

R2EAD a,EACT,LE-LST,LPL.;T,SFACTOR,OFACTOR,IFLG Ur1250
C 001260
C EACT IS ACTUAL ELACTIC MOIULUS IN E6 PSI 001270
C LEIST IS AN ASSJ4:D ELASTIC EFFECTIVE GAGrE LENGTH (01280
C LPLST IS zFF-^TIV-1 :LA1TIC GAuE LENGTH OC01290
C SCACTOR - 0COPUTER ''-S CORPECTION FACTOR C01300
C OFACTOP - DISPL rOc :E-TIO'l FACTOR, COM9PUTER 001310
C IFIG IS USED TO SOECIrY OATA PRINT-OUT 001320
C FOR PRI'VT-OUT, USE 1 CE1330
c 001340
C C01350

PRINT 23,EAC1 ,LE-LST,L-L3T,SFACTCR,DFACTOR,IFLG 001360
23 FORMAT (T2,FR~C iCF- / T2,*EACT =*,rE12.59, LILST 4, E12.5, 0I1370

V LPLST -- ,I E11.5 / T3o3H***t 001350
Is. SF CTn. z rip.;. nFA1.T0Q m *. F12.5 001 390

5 A4
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k AT3,'COMPUTEzR OATA PRIiIT-OUT FLAG IS *,I1ii OOL400
c C01410

IF (!.EMO) RETURN Co01420
C OC1430

KEACT=EACT'1.E+6 001440
OELTEET=0. 0 OL1450

C 001460
DO 9 J=1I 00140
DELTEET=Oi-LTEET*E (J) 001480

9 CONTINUE OC1490
C ASSU41E MINI-COIPUTER INTERNAL ARITHMETIC Is OK 001500

DELTEET=3:LTE-r/i*(i. o/i. 00) 001510
LELST=EACT/OELTEET oc1l520

C " OC1530
00 10 J=11I OC1540
SIG41A1 J) =SIGlA1 (JI 'SFACTOR 00550
SIGMA2(J)=SI '1A2 (J)*SFACTOR 001560
ELOWG.(J) =ELC>4Gi (J)43FACTOR 001570
ELONG2 (J) :ELO'4G2 (J) 'OFACTOR OC1580

DTSI~SI:1Aifl-IG14(J)001590
D=LTE'(=EL0ONGl(J)-ELOl.2(J) 0C1.600

C ELASTIC STIAIN =SIGHA/Z = UT-UP)/LELST 001610
C CC 1620

PL1=PLST1 (J) 0 1630
PLSTI(J)=7LONIG1(J)-CLj LST'SIGM4AI(J)'1.E+3/EACT) 0C1640
PL2=PLST2 (J) 001650
PLST2(j) :ELONG2( J)- (LZ7LST'SIGMA2CJ)*1.E43/EACT) 00-1660
D7LTPK.zPLSTI J)-PLST2 (J) 001670
IF (O.LTP'(LE.lorE-6) GO TO 11 C01680

12 CONTINUE 001690
0' TTE3=(7TE-OELTPKI /LELST 001700
0D-LTEP(J) = (OELTPK/LPLST) 061710
D-LTSTM=OELTEJ+)ELTEP(J In 0720
RiCJ)=A83 (SIGIAi(j) /SlGMA2(J) 3 001730
GO TO 8 0 1740

11 CONTINUE 0C1750
PLSTI(J)=PLlw'LELST 001760
PLST2CJ) =OL2'LELST M0770
MSIG(J)=IH* 001780
D=ELTPI(=PLST1 IJ)-93LST2(J) oC1790
PPL=OZLTSIF/O-LTEET CclooC
DISP0IF=PPL/DELTEK 001.810
D;!AT IO=OI3P9IF*-:FACTOR'1. E3 001820
PR.INT 101, t(J),DRATIO 001830

101 F0R4AT(T3,*CC; RrCTION FACTOR FOR DIsPLACE'IENTSI N = ' 01840
AF~,.1,3X,-SUGG:ST7D OFACTOR ',F6.4) 001850
IF (O-:LTP<.GT.l.E--6) Go TO L.2 001860
M31GCJ)L:HX 001870
D7LTPK=I.E-5 001880
GU TO 12 oc1.89a

8 CONTINUE OG1900
E (J)=OELTSIF 0011910
ELONGI (J) =DELTE( 001920
ELMIG2(JI =OELTPI( c01i3o
PLST1(J)=]ELT7EO 0i1940
PL5T2(j) :OELTST4 o01950

10 CONTINUE 0 01160
C 0c01970

POT NT 20 , ( TITL ( JA JA 1,31) CE1980
20 FoQMAT(j41,T4,*l4STR)N COMPUT-!RvI T20, EL1990

74Z'ATA F' 0, 31A1 / T23,I.2(114#), 3(l), 062000
xT59, 'RATIO', I T5tu, *9AX STRESS',/ 002D10
ITII,'TOTA0', T2J##PLA3TIC', T30 , VCO
20STRESSO, T'0,94AX', T4.39 'IIN*,T60, 'TO', Tb8, *ELASTICfv 0C2030
3179, 'PLASTIC', T69,'STRAIN* / 0020

. I Tp.*rC.1 rso. 7I11. fF1 Omr.* . 771. #FiAN.'. TIC. f''70f50
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5 *cNG' TLDSRES, 20,60
6 T458, *STprSS, T5cj, IH4 STRESS', T65, 'STRA I N*, 002070
7 T79, fSrRAINf, T69, #RANGE*/, 062380
a TJ0,*(INCHTES)-, T20, '(INCHES)** T30, 002090
9 '(KSI)', T4., '(1(3!)*, T48, &02100
A -(1SI)*, 768, # fPCNT),I T?9p '(PCNT)', T69, '(PCNT)f /) C2110

C 002120
00 30 K=11 002130
DiLTEP(K) =OELTEP(K)*100. GC2L40
DzLTEE(K) :LTE--(K)130. G02150
OExL7STNU() =DELTS3TN 1(K '100. 002160
NT=N(K) C02100

C4 USE TO ELIMINATE PRINTING ((219c
C 002200

IF (IFLG.NE.1) GO TO 99 OC2210
C 002220

*PRINT 2ZNT, 0ELTrEL(1(),0TLTPL(K), CC2230

10:LTSIG(K),SIGMAI(K),3I12(1(),Ri(K),oELTEE(K), 0G224.0I
'13OzLTEP(K) ,OE-LTSTN(K) ,9SIGtK) C02250

22 FORMAT (T2, 15, T11, F6.5, T21, F6.5, T30 , 062260
I F7,2, T40, F5.1, T43, F6.1, T56, F7.3, 002270
3 T56,F5o3,T79,F6.4, Tag, F5.3,T120,Al) C02280

C 002290
93 CONTINUE 0(2300

C 002310
30 CONTINUE 002320

PRINT 40 602330
40 FOP4AT(/// ) 0234.0

PRINT 31,3ELT-fET,LELST 0(2350
31 FORMAT IIMI, 002360

I T *'THE AVE;W.1E MODULUS FOR THIS DATA WAS*,-r12.5,- PSI',C62370
2 / T2,-EFFECTIIE ELASTIC GAGE LENGTH IS -,Z12.5,- INCHES-/) DC 2350
RET URN C0(2390
ENO 0024.00

C CEZ410
0C2..20

C 0(2430
SUBROUT14fE DATAi C024.40
COM4ON /A/ 3AC1200),TITL(60),3B(3000) CC2450
COMMON /^,/ SIG:(70) ,STRT(73) ,STRP(70) ,STRNC(73) ,NaI70) ,KI, CC24'60
707LrELC(7),0DELTPLC(70) CE-2470

INTEGE'R UNITS,OATASTS 002480
RZAL NC C02490

C 0(2500
READ 11tDATASTS 002510

11 FORMIAT(Ii) 002523
C 002530

IF (DATASTS#LEo0) GO TO 50 CC25146
C 0(2550

K(A=V C 02560
00 15 P4=1,OATASTS 002370

C 062580
C FOR CHART OliwCNS IN M14,USE- M OC2590
C FOR CHART OIM:N3IONS IN I'4CHES, USE I 002600
C 002610

R-EAJ 2,U4ITS,FCTRt C02620
2 FORMAT CA1,4X,F5.0) 002630

C 00264.0
PRINT 9,TITL 06~2650

.9 FOR4AT(/ TZ,Ft3(IH;)/ T2,60A1) OC2660
PRINT bJ'4ITF9,PTR &02670

6 FGQMAT C/CZ,*FPJ4 OATAI, UNITS = *#At V/# 002680
AT2,fAJO T14CSF NJMnER Ur CYCLES TO DTA 1*,1XF5.0/l 0(2693
IF (Ut4iTS.EQ.1HI.OR.U'41TS.EQ.IM " O 051 062700
GOn TO sn OC2710
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j51 CONTINUE 002720
c 002730

C CALsIG Is CALIBRATION FACTOR FOR LOA3 SCALE ON H-P CHART C6274.0
C CALDISI IS _:XT7 SOMTTR CALI9 FACTOR 002750
C CALDIS2 IS CAL13RATIDI FACTOR FOR H-P CHART 002760
C S)E:A IS SPECIMEN AREA C62770

READ -,CALSIG,CAILDIS±,CALDIS2,SPECA CC2780
C 002790

PR14T i0,CALSI.G,CALOISI,CALDIS2,SPECA 00MO0
10 FORMAT (// T2,*FRUM DATAI*/ T2,*H-P, CHART LOAD SCALE CALIBRATION OC2310

IIS *9 F7.59 OC2820
2 /-T2,*'EXT=NSOM7ENTEcR ZALT3RATION FACTOR IS 4, F7.5, 002630
4 / 12, *4-P CH4ART OISPLAC7EME4T SCALE CALI3RATION IS -,F7,5, OC2340
5 / 12, 'SPrCIMzN AREA = 4,F7.5 1 002850
PRINT 29,UNITS OC2860

29 FORMAT (T2,* ONITS OESIG IS *,A2/) 002870
'4CALDIS=CALDIS±'CALDIS2 002880

C CC2890
KT=KA .002900

100 CONTINUE 002310
KA=KA.1 002920
IF (KA.GT.70) GO TO 70 O(2330

C OC2940
READ ',NC(iKA),STRT(KA),STRP(KA),SIGC(KA) 002950

C USE -1. TO TFRMINAT;E REA3ING DATA STRING 0 C2960
c PRINT *,NC(KA),STR-T<A),STRPKA),SIGCC(KA) 0C2970

IF(NC(KA).LT.O.3) GO TO 103 002380
NCC(KA) =NC(KA) +FCTR 002990
GO TO 103 CE-3000

70 CONTINUE 003010
PRINT 71 003020

71 FORMAT (!4t) T3,*EXCrEDED ARRAY DIMENSIONS IN DATAI*,3(/)) GG3030
103 CONTINUE L,0 30 40

PRINT 4 &03050
4 FOR-'AT(II T2,#.YCLES*, TIO,'T.DISP*, TIS,*PL.DISP-,T28, 003060

1*STRESSI/) C03070
KA=KA-i 003080
KI=KA 003090
KS=KTGI 0032100

C 003110
D0) 1 J=KS,KI C03120
PRI NT 5,NC (J) ,STRT (J) ,ST R-(J) ,S IGC (J) 003130

5 FO: MAT (T2,F5. 0,TIO,F2.2,T1B,F5.2,T25,F5.2) 003140
I CONTINUE 003150

CALL DATA2 (CALSIG,CALOIS,SPrCA,UNITS,KS) OC3160
15 CON4TINUE 0031.70

C 003160
PRINT 9 C03190
PRINT 21VCTITL(JA),JA=I,3I) 0(3200

21 FORMAT (IrlI,T28,HYSTC:RESIS LOOP-,/ C3210
AT16,-3ATA FOR 0, 31AI/ 003220
OTIF, ,40(1 -141 , 3(/) OC3230
CTIO,*TOTAL*, T2( ,*PLASTIC' ,T3i, 00324.0
0*STRESS*9  T42,*rELASTIC~, T53, 0(3250
F40LASTIC*9 T65,*STRAIN* / 12 003260
F,*CYCLES%, TI,* EL~rN, TZI, *ELONGv 003270
6131, *RA'4GE-', TL.29 OST-RAINOO T53, 6C3280
H&STPAIIJ%, T659*RANrE. , / 110, 003290
I*(IN~lH'S3', T 2 0 fdINcqrCS), T31, (.E3300
J*(KSD#*, T4.2, *(PCNT)*, T53,'(PCNT)*, G03310
KT65, *(PC14TI' 1) 003320

C 003330
00 28 MC=19KI OC3340
NT=NC(MC) 0(3350
PRIN4T 22,N4TDELTELC(M),DLTPLC(MC,SIGC(MC)o , 03360

A~1~'4C..,TP(M.T~4l~lC) -003370
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22 VORMAT (12, IT1,F6.5,T2,F6.5,T30,F7.2,T42,F5.3 003380
AT53,F6.4,T65,F5.3) CL3390

28 C:NT r4UE CE3400
PRINT 2? 003410

2? FORMAT (IHI) OC3420
C OC3430

R:=-T U RN C03440
50 CONTINUE 003450

PRINT 7 OC3460
? FORMAT (/ T2,'NO HYSTERESIS LOOP DATA* ,fC03470

KI=C CCC3480
RET URN C03490
ENO 6035300

C 0&3510
C03520

C 0G353D
SUBROUTIq4E OATA2(CALSICtLOISSPECA,UNITS,KS) 003540
COMM!ON /0/ SIG,^(7C) 3STRT(70) ,STRP(7C) ,STRNC(70) ,NC(70) ,KI CC3550

A,OELTE=L3(7C),J;ELTPLC(70) 0C3560
COM40N /I/ LP,tLE 003570
INTEGER UNITS 003580
REAL NC 0C3590

*C LE IS EFF-ELAST GAGE LGT'4tLP IS PL EFF GAGE LENGTH, 003600
REAL LE,LP 003610

C 003620
SIG( CqCCAL, A,F) =C/F*CAL*5J0./A CL 36030
E (C,CAL,F) =C/F*CAL 0(3640
STNE C(UTOT ,UPL,E-) =(UTJT-UPL)/EE 003650
STNP (UPL, jP) :UPL/EP G03660

C 0(3670
PR~INT 8,L=E,LP,CALSIG,3ALOIS OC3680

a FORMAT (T2,' L:E,LP,CALSIG,CALOIS ARE *,4F9o5, /)003690
PRINT 6 OC3100

6 FORMAT (3(/)g T2,*CYCLF3*, Tg,*=ELAST STt4*, T22, -PL STRN-, (03710
1 7359 *TOT STR4-,rTI,-ST-rSS , T57,*TJT OISPL* ,T70,-PL OISPL- I) (3720

IF (UNITS.-EQ.1-1I) FA3TO:=.00 003730
IF (UNITS.EQ.1H1) FA3TOR=2.54 E(3740

C 003750
00 5 K=KSq(I 003760
SIGC(K)=SIG(SIGC(K) ,CALSIG,SPECA,FACTOR)1.*E-3 0(3770
UT=:E(STRT('(),0ALr)IS,F-lCTOR) -. 03780
UP=E(STkP(IK),CAL3IS,FACTOR) C03790
STNrL=STli(UTUqLE)*1.E2 003800
ST NmPL=STNP(UP,LP) 'i.E2 003810

* STPNr(KQ=ST4:L+STNPL 0(3820
C STORE ELAS & PLAST STRAIN 003830

STRT (K)=STNEL 003540
STRP do =STNPL (03850
DELTELC(K) =UT ((3860
0D=LTPLC (K) UP 003870
UT:UT*I.E3 0(3380
Up=UP' I *E3 £03390
PRIN4T 7,N4CCK),STRTCK),STRZPC,0,STRNC(IO),SIGC(K),UT,UP 003900

7 FORMAT (TZ,F5.0,T9,F4.3,T22F,3 ,T35,F5.3, T48,F5.1,T57, EG3310
1 F4.2,T70,F..3) 0(3920

5 CONTINUE 003930
RETURN £03340
END CC3950

C CC 3960
003970

C CE3380
SUSRO'JTINr SUIPLOT(I) CC 3990
COMM~ON /A/ N (1531),DE..TSIG (1500) ,X(15-0) ,YC150) ,OELTE-L(15C0)t E C4000
AD:-L'PL(l15)3) ,)FLT--ECI-,)ZI,UELTSTN(15JC) ,TITL(b0) , 004010
DRI(153C)f, 1LPrP( .,00I 004020
rin'4~ ~ T~7)sQ(0.T0~n.T~~7,'c~)K f43
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4AqfELTEL^.(?0)9JELTPLC(70) 004050

R:EAL N,U(53), 4C 645

RjAL XA(73) ,YA(70) 004060

0I'IrNSIO*4 IPA<(50),MPLOT(10) 064070
LOGICAL b4YPLOTvCO:IPLOT,OUALPT 004.080

Ac C 093o
PRINT 10,I,KI 004100

10 F3R,4AT (lt1//T2,*FROM SJ930LOT I NO. OF COr1PUT-ER DATA PTS IS *,C04.110

AL:, / T17,*
4 0. OF HYSTERZSIS LOOP DATA PTS IS 15* I/) 004120

CALL COM1PRS 004130
C 004140

COMPLOT2. . 004150
HYPLOT=.T. 004160

-4 UALPT=.F. OC4100

IF (I.L-:.3) CO'PLOT.F. OV4180

IF (KI.L=E.O) -IYPLOT=.F. 004190

IF (HYPLM.oAN.COI1PL3T) O'JALPT=.T. 0C4200
c0 OC4210

PR.INT 6, COMPLOT,HYPLOT,DUALPT CE4220

6 FORMAT (/ *COMPLOT ~,L3, 5X, *pHYPLOT =,LJ/, 0C4230

AT3,*DUALPT = *PL3 /3C04240

c 604250

IF C.NOT.COMPLOT.AND..NOT.HYPLOT) RETURN C(426C

c 0 C4270

LN2=1 0C4260

IF (OUALPT) LN2=2 004290

C EC4300

C DEFINE MESSAG LTR HEIGHT & 9LNKi SIZE &04310

HT0. 1' 004320

C ASSJMES 15 PLOTTE) CHARACTERS 004330

C &C4340

XLNGTH=15. 'HT+2.*HT 0 .'4350

YLNGTH=2.*HT GE4360

XORGIN41. 0 OC4370

YOPGIN1. 0 C04360

C ESTABLISH4 LENGTHS FOR 'LAN9(ING C04390

XF=YORG14+XLNGTH OC4400

YFzYORGI*I4YLNGTH 004410

C ESTABLISH 4;ESSAG PRINT POSITIONS 004420

XD=XORGI'44HT*2. OC4430

Y0=YORGI1444T/2. 004440

C 06 4450

C 0(4460

C FOR PLOTS 1-10 USE Y 004470

C OC4480

READ 1, (4PLOT(L),L=1,103 0(4490

1 FORMAT(1JA1) 004500

C 00O4510

PRINT 9, (MPLOT(L)pLIt,10) 004520

9 FOPMAT (TZ, *MPLOT IS 3 I CAIIX) /)E04530

C 004540

C ASSUMES 15 CHARACTERS + S 004550

ENCODE C1692t,u) (TITLC(L,KL=1,15) OC4560

20 FORMAT (i5Al, -S") C04570

C OC4580

C YMIN2,YMAX2 -STRESS RAuIGE- FOR PLOT 2 0(4590

C Y97TJ3,YMAX3 STRAIN RAG FOR PLOT 3 OC4600

C Y(1144',YMAX. - STR SS 'A:4 FOR PLOT 4 004610

C YMIN5,YM.AX5 -STD7SS -AN57 FOR PLOT 5 0(4G20

C XMAXI - DEFINED MAX NUME3ER OF CYCLES FOR 2NU PLOT GROUP 0(4630
004640

R--AD *oYMIN2,YPJC2,YMAX2 004650
RcFA0 *rY*4lNJYlPIC3,YmAX3 0(4660

READ * ,Y~lN4 #YI4C-,Y4AX4 0(4670

READ *,YMIN>9YI'4C-,Y4AX5 004660

R;Afl *.%%oar..xt~Cric 04
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RZ-AD ',XINc1,iMAX2 DC 4700
C CC'.710

PRINT 8,YITN2',YIN4C2,Y'IAX2, Y~lIN3,YINC3,YMAX3,YM4IN.,YIN34,YMAX, CL4720
AYMI 45, YPCr5, Y 44x 5 , X: O'GN, X CYCLT, XINJC 1, XMAX2 0 47,30

6 FORMAT (/T3,#YMIlJ2,YVlU-2,YMAX2 = ,3F10.2/ GOC4740

CT3,-YAIN!,YlN;S,YMA'K5 =,43FID.2/ 0(1.770
ET3,*X5ORG'49XCYLE = ,2F12.2/ CC'4780
OT3,*XINCI,XtAX2 = *g2FI0.21) OC4.790

C 004600
JTEST=0 C04810
Do $07 JRS=1910 OC4820
IF (MPLOT(JRS).EQ.IHY) JTST:1 OC4830
JTEST=JTEST*JTST 044

607 CONTINUE-- 004959
IF CJTEST.EQ.0) GO TO 1001 CL4560
CALL SGNPL(-I) 004870
Do 1000 'INDrX:1,2 0C4880
IF (MINOE-X.EQ.1.ANJ.COMPL0T) GO TO 400 004890
IF (MjN34)XE. ~1. AND.. 40T.CGO.1PLOT) GO TO 410 O40
IF (MIN!)EX.'-Q.2.A!10.CO)'PL0T) GO TO 405 004910
IF (MI-NOzX.EQ.2.AN...'JOT.COMPLOT) GO TO 4.05 OC4920

400l CONTINUE OC4930
C FIND XMAX LL4.940

XMAX=N (1) 0 C4950
00 30 4=2,1 00 4960
IF (N(M).GT.X1'AX) XMAX=NCM) OC4970

30 CONTINUE GE4980
X 1A X X MA X/100. OC-4390
I X'AX: XMAX 005000
X4AX=(IXMAX,1) '100. 005010
IF (OUALPT) GO TO 402 005020
GO TO 401 005030

&02 CONTINUE 005040
D3 32 4=1,KI 005050
IF (NC('1)*GT. XMAX) XHAX=NC(M) 00 5060

32 CONTINUE 005070
XMAX=X!IAX/130. CES380
IXMAXzXMAX 005C090
XMAX=C IX1AX+1) '100. 005100
GD TO 401 005110

C O05120
41E CONTINUE 005130

C FIND NC-MAX 005140
X MAX:NC(1M 665150
Do 31 M=2,IKI £05160
IF (NC(M).GT.XMAX) XiAXNCCM) C+05170

31 CONTIN~UE 005180
X4AX=XlAX/100. C65190
IXMAX=XMAK 0(5200
XH1AX=d1X'AX,1) '100. C05210
GO TO 401 005220

C DE5230
405 CONTINUE 0(:5240
415 CONTINUE 0 C 250

Xi4AX=XMAX2 005260
GO TO k01 005270

C OC5280
4401 CONTIN4UE OL5290

PRINT 3, MIND7EX,X9AX 005300
3 FORMAT (T2,'MINJEX= *t l3, '.X,'XAX *pF7.1 'O 05310

C 0(5320
IF (MPLOT(MIN.rX5-.Nr.lMYI GO TO 502 005330

501 CONTINUE 005340
- oS350
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C PLOT S-MAX/S-4IN VS CYCLES PLOT 01 ~CE360

C CC 5380
IF (9NOT.COMPLOT) GO TO 120 ELS39C
PRINT 7,1 CCS400

7 FORMAT(///* SUBPLOT *//vT294 I *,15/) 005410
C 0O 10 J=191 CL542Z0
C PRINT 1,J, N(J), RlCJ) CEC5430
Cl FOR4AT (TZ, *J f,15p3X,* N= 4pF7.1,3X,* R1= ,PF5.3) OC544.0
CID CONTINUE a SE545
c 6C 460

XLtH=7.0 0C5470
YLTH=5.0 0 05480
Xitl=3. a 035490

XINC=500. 050
YINC=.1651
Y.11J. 4 005520
YMAX1. 3 005530

C ELIM OUT OF RANGE PTS 005540
IT=C 005550
00 210 !J=1I ct 5560
IF (RldIJ).LT.Y4TN.OR.R.I(IJ).GT.YMAX) GO TO 211 CC5570
IF (NUIJ).LT.XMIN.OR.'J(IJ)oGT.XMIAX) GO TO 211 005580

- -. IT=IT+i C5590
X (ITI=N(IJ) OC5600
Y (IT)=RI (IJ) 0&5610
60 TO 210 00-5620

211 CONTINUE G05630
210 CONTINUE 00 5640

c (.05650
CALL SASALF(-STANDARD") CL56E.0
CALL MIXAL.F tIViSTRUCTION") Oc5670
CALL rMX3ALF 9 , IN) 0,r5680
CALL TITL -t!H 9-1,"yLSS,10,"ATIO (H2.)-S)(LH.5)IAXCLXHX) TO OZ5o90

1li42.)S)(LH.5)MI'JCLXHX)'-,* .Jn't XLTH ,YLTH) C[5700
CALL HEAJIN ('*ATIO OF CH2.)*SJ CLH.5IMAX(LKIIX) TO (H2.)vS(L.5)M11N005710

1(LXHX)I**, 100,3,2) 0E572C
CALL HEAJIN ("VER~SUS 3YCLE-:S3,9 .100, 3,2) 005730
CALL 9LN~(1(XORGIN,XF,YORGIlN,YF,+1) EC-5740
CALL INTAXS 005750
CALL FRAME -- CC5760
CALL GRAF(XMIN,XINC,X1IAX,YMIN,YINC,Y1AX) £0&5770
CALL SCL3!CC.-5) 005780
CALL CUP.V.7 (X,Y,IT,-1) 0E5790
CALL RESE7TV'SLN~l) 605800
CALL HEIGH4T (HuT) C05810
CALL .ESSAG(U,130,XO,YO) 605820
CALL ENO3L(MI'JO-X*5-4) 005830
CALL RESrET V'HEIGHT-) 05840

C C05850
C 00560.
502 CONTIN4UE 0C5370

IF (MPLOT(IuINDEX*5-3)sNEolHY) GO TO 503 (.05580
C EL5890
C (05900
C PLOT STRTSS RANGE VS CYCLFS PLOT 02 005910

CSS513S~$S333SS3S3SS~3$S35SS33SSSS5 05920
C CL5930
C 01) 11 J=II 005i40
C PRINT 2, J, N(JhO0ELTSIG(J) 065950
C2 F0RAT(T29*J= *,I5,3X#*N *,F?.193X,*OELTSIG= *0 F6.1) GL5360
Cli CONTINUE 005970

C 005380
XL~ieL7,0 CE990
YL-04=4,.....................--. . .. 006300
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TINZYINC2 006020

V4AX=Y'1AX2 606330

XMINO * 0 EC6040

XINCz500. 006350

IF (HLNOEXoEQ.1) XINC:XINCI' 006060

C ~006070'
IF (.NOT.COMPLOT) ,O TO 120 OV06090

IF (0D LTSIG(IJ).LT.Y4IN.OR*. LTSIG(IJ).GT.YMAX) GO TO 221 006110

IF (N(IJ).LT.XMIN.OR.!4CIJ).GT.XMAX) GO TO 221 GC6120

IT-IT.1 006130

X(IT)=N(IJ) 006140

Y(IT)=DELTSIGCIJ) CE6150

221 CToNU 2206160
221 CONTINUE 006180

C 006190

120 CONTINUE .006200

IF (.N4OT.t4YPLOT) GO To 227 006210

JT=O 006220

00 225 IJ=1,KI 006230

IF (SIGC(IJ).LT.Y?41N.OP.SIGC(IJ).GT.YMAX) GO TO 226 006240

IF (NC(IJ).LT.X41IN.O:Z.NC(IJ).GT.XMAX) GO TO 226 CC6250

JT=JT.1. . C6260

XA(JT) =NC(IJ) 0C6270

YA(JT)=SIGC CIJ) C06280

GO TO 225 006290

226 CONTINUE C06300

225 CONTINUE EC6310

227 CONTINUE 0C6320

C 006330

C 006340

CALL SCLpIc(1.0) CE6350

CALL RZEST *'IXALFS-) DE6360

CALL BASALF(-STANDARO-7 MC370

CALL TITLi(lH ,-11 -CYCLES3,t 100p -STRESS RANGE (KSI)$*' O006380

1 100,XLT(, YLTH) 006390

CALL HEA)I4J ("STRESS RANGF VS CYCLES$*, -1009391) 0064.00

CALL !3LN<1(XORGIN,XF,YORGIN,YF,+l) C06410

CALL BLN<2j.*35,,. Z5,1.95,2.65,+1) - 006420

CALL INTAXS EC6430

CALL FRA4E CE6440
CALLGRA (XININCXMA~YMIt~rCYAX)006450

CALL SCLoIc(c.5) 066
IF (COMPLOT) CALL CURVE CXY,IT,-1) 006470
IF (HYPLOT) CALL CURVEXA,YAJT,-1) 0C6480

CALL RES=ET(-8LNKl") Ca6490

CALL RESzT (-LNK(2-) C66500

CALL HEIGHT (HT) C 06510

CALL 4E3SAG(U,100,xOYO) 006520

CALL SCL'-IC(I.00) OC6530

IF (COP1PLOT) CALL LINTS(CO94PUTER Gz_4ERATrEO DATA$-,IPAK,1) 0E6540

IF (HYPLOT) CALL LINZ3 ('IYSTERMSS LOOP OATA$",IPA(,LN2) 006550

CALL LEG14(IPA<,LN2,I.0,29Q) 00 6560
CALL ENDO0LMI4JEX5-3) 006570

CALL RESrET ("HEIGHT-) C(6580

C 066590
503 CONTINUE 006600

IF (MPLOT(INOEX5-2).NE.lHY) GO TO 504 0E6610

C 006620

C 0C6630

C PLOT STRAIN PAN~r VS CYCLES PLOT 03 006640

cCSSS!SSSSSS3iS!3SSSSS!SS 0E6660

C_. nfl 12 Jut.T - .. .- 00670
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C PRIN4T 3, J,N(J),OELTSTN(J) OC6680
C3 F~jDAAT(T2**J= *vI5s3XN2 #,F?.lp3X9*OELTST$ *,F6.'.) M0690
C12 CONTINUE 006700

XLYH=7.0 0(6720
YLTH=5. 0 006730
YnIN=YMIN3 VC6740
YINC=YINC3 &L6150
Y.IAX=YMAX3 0(6760
X'41N=0a. 0 &C6770
XINC=500. 00b780

c &E-:CJ)06500

IF.*O.OPO)GO TO 1303081

13 OTINU 006320
0C23I~j CE6530

IF t(-STN(IJ.LT.YIN.O.T-LNC(I Ji.G.MAX A GO T O36 1 CC6840
IF CN(J).LT.XMIN.OIP.NClj.T.MAX) GO TO 236 ot6580

Y(T) =DSTN it) 006700
GO TO 230 006590

236 CONTINUE 000
236 CONTINUE 09700
237 CONTINUE 0&6920

C 0060
CAL SCL~oPCI) GOT 30C6949

00L 235LE IJI 1~CES 10 TANRNG PRETr 007980
IF iSTJXLTN, YLT.YI.R3RCrN).YA)G O26O67

26CONTINUE NNXNCEAXYiNICNX C0710
25CONTINUEC(.5 00710

I3 F COTIUET CALCUV (,,T,1 07

CALL RSLTI(1LN() W7
CALL TITLET ("I*H9(V) CES- 0#-TRI AG P- CN)- 0072080

CALL HEIN (-STANRtG SCCESt -0,3 0072100
CALL FESAGU12,OO c07220
CALL SLNIC(XINF,IFl 80720
IAL (COIPLTX ALLN(OPT~GEEA~ AAPK1 007240

IF (COPLOT) CALL L14ZE C$YTP-LIS OP)T~,P~ 007250
CIL (HYPLOT) CIALt42,1.0,Z.0) ,-I 007160
CALL RENOPI (-!I'4Ol-) 007270
CALL RESET ("3LIGH) 0(7200

04CANLNU 0(PI710)W30
IF (COMPLOT) CALL L1)N.INY)PUiL G TO~r 505$vIAl 00-7240

C 007320

.1 PfLOT ryPInnfFfl qTqrsr. aw~e wt cyrir% Pinly 91. 407114
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236

C~ I~4~1 007380

XLTN7.0l 01.7360
YLTH=5.0 CC73?0

YINC=YINC. 807390
Y'4AX=YMAX1. * 067400
XNIN=0.0 6074.10
XINC=500. 0C7420
IF (MINDrEK.EQ.I) XINC=XINCI 0074.30

C 60?7140
IF*(oNOT9COt4PLOT) GO TO 140 007450
1T0e C 7460
00 24a0 IJ1,i 0071.70
IF (OE-LTSIGCIJ).LT.YMINJ.OR.DEcLTSIG(IJ)sGTYIAX )GO TO 24.1 C071.80
IF (N(IJ).LT.X4rN.OR.41(IJ).GT.XMAX) GO TO 241 0071.90

i~iIT=ITil 007500
I (IT)=N(IJ) 067510
Y(IT)=DELTSIGCIJ) I 07520
GO TO 21.0 -007530

241 CONTINUE 007540
24.0 CONTINUE 667550
14E0 CONTINUE £07560

C 007570
IF (,NOT*HYPLOT) GO TO 21.7 007580
I T: 6 07590
DO 24.5 1J1,gKI 0C7600
IF (SIGC(IJ).LT.YMIN.I3R.SIGCCIJ).GT.YMAX) GO TO 24.6 0C7610
IF (NC(IJ).LT.XIIN.OR.NZ;(IJ).GT.XMAX) GO TO 21.6 007620
JT=JT+l 007530
XA(JT3 :N^ (IJ) 00761.0
VA(JT) =Si.C(IJ) 007650
GO TO 21.5 0t)7660

24.6 CONTINIUE 0 C7670
24.5 CONTINUE OC7680
24.7 CONTINUE 007690

C 007700
CALL SCLPIC(I.0) 01.7?10
CALL TITLE(IH ,-I, -CYCLESSV% 100, -STRESS RANGE (KSI)$, 007c720

1 160,XLTH, YLTH) 007730
CALL i1EAOIN (*STRESS :RAJG VS CYM ZSSI, -1C&9391) 0C7740
CALL FRAIE 0(7750
CALL 3L4Kl(XORGINXF,.30 ,.60 9+1) 067760
CALL 9LNI(2(C.6 , 3.9C,*2.90 ,1.6te1) 007770
CALL ItITAXS HM778
CALL GRAF (XMIN,XINC,XMAX,YlIIN,YINC,YMAX) 007790
CALL GRII) (5,S) 0c7so0
CALL SCLOIC(C.5) 007810
IF (COMPLOT) CALL CURVE (XY9IT,-l) 007820
IF (HYPLOT) CALL CURV-:(XA,YA,JT,-i) 007830
CALL RESETV'SLN'i 00781.0
CALL RrSrT '3LN2-) C1076501
CALL HEIG-IT (H4T) 007860
CALL MESSAG(U,1009XOt.381 067670
CALL SCLOIC(11C) cw7sec
IF (COMPLat) CALL LINrSVCO'1PUT7R GENERATED OATAS",IPAK,1) 067590
IF (NYPLOTI CALL LINJES (HYSTERESIS LOOP DATA$*'fIPAK9LN2) 067900
CALL LEG'JD9 (IPAK,LN2,.o5,.95) 607910
CALL ENOPL (MIl4MX*5-1) (67920
CALL RES:T ("HEGT ct 7930

t OC791.0
C GC7350
505 CONTINUE &07960

IF (MPLOT(P1NEX*51.Nr.1*IY) GO TO 99 007370
C 007960
C POOT STRF-S PANr.F V4% Lflr. CYrIFS PL nT 01) 0679q*
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YHIN:YM145 018M2
Y4AX=YMAX5 0C6030
YLTH=5. G68040
XLI N:? 008050
TSTFP=TI~IC5 60
X'4N=O. 0 008070
IF (I(YMI45YLTHYINC5).LT.Y4AX5) YSTE-P=tYMAX5-Yt1IN5)/YLTH Co8080

C 008090
IF (*NOT.COMPLOT) GO TO 150 Ge6100

* IT 't 00811
DO 250 IJ:1,I 008120
IF (DELTSIG(IJ).LT.Y'1IN.O:Z.OELTStG(IJ).GT.YMAX) GO TO 251 608130
IF (N(IJ).LT.X4IN.Ok.4C1J).GTXIAX) GO TO 251 006140
ITSIT,1 008150
X (IT)=N(IJ) 068160
V (IT)OE-LTSIG( IJ) 008170

J1 GO TO 250 OC8180
251 CONTINUE 608190
250 CONTINUE 008200

IF (IT*El.0) GO TO 263 608210
156 CONTINUE 008220

C 008230
IF (*NOT.IHYPLOT) GO TO 257 008240
JTzO CE8250
00 255 TJ:1,gC! Ct82Z60
IF (SIGC(IJ).LT.Y'MIN.)R.SIGC(IJ).GT.YMAX) GO TO 256 008270
IF (NC(IJ).LT.X41ZN.OR.NCC(IJ).GT.XMAX) GO TO 256 608280
JTCJT~i 006290
XA(JTI=NC CIJ) 008300
VA(JT) :SIGC(IJ) 008310
GO TO 255 005320

256 CONTINUE 008330
255 CONTIN4UE OC8340

IF (JTsTEQ*O) GO TO 260 0E6350
257 CONTINUE CC 8360

C GE08370
PRINT 28O,YMI4,YMiAX,YLTH,XLTH,YSTEP OC 6360

280 FORMAT (T2 -~YNIN5,YMAX5,YLT~4vXLTHvYSTEP z *,5F?.1 if) COM39
C CE8400

CALL tIIXALF (-LICSTO-) 00 8410
CALL TITLE (-STRESS iANGTZ VS L(OG) CYCLES$S, -100, C08;620

- 2 XLTI4,YLTHI 0084.40
CALL YINTAX 008450

ICALL FRA4IE 005 460
CALL qLNC(XRlNvXF,YORGIN,YF,+1) EC8170
XINC5=XLTH/XCY:LE 008480
PRINT 2S1,X5ORG4,XINJC5,Y,1IN,YSTEP 00.8490

251 FORMiAT (T2,'X50RGNl,XI:JC,-:YMIN,9YSTEP *t4F?.1/) 008500
C CC8510o

CALL XLOG(X50R!XIt4j7,ymIN,YSTEP) 00O52
CALL SCLDIC(0.5) EE6530
IF (COMPLOT) CALL CURVE (XY,IT,-1) C08540
IF (HYPLOT) CALL C'j~VxCXAtYAJT,-1) 008550
CALL RES=_T(**LNK(1) 008560

*CALL HEIG4T (HT 008570
CALL PIE3SAG(U,100,XQYO 9086580
CALL SCLPIC(1.0) OC8590
IF (COMPLJT) OALL LIN:Sv:*OIPUTER GE47RATED DATAS"YTPAK,1) 008600
If (NYPLIT) CALL LIN:S (**1YSTLRLSIS LOOP OA7A--,I9PA(,LN2) OC86L0
CALL LEG1d) (IPAKLN2,1.92sl 006620
CALL ENDP. (MNEX*51 CC6630

C0C86b40
rflTn qQ. fA5
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*1?6t CONTINUE G50'6' 0
PRIN4T 26'.,IT,JT 668610

26'6 FIRMAT (T3, 31-** - 40 DATA PTS WITH RAN4GE OF PLOT 5*/ ocab6o
AT-*goIr z *Iz~t Ixt -,JT 15.') 0C8690

C 6(18700 .
19 CONTINUE 008710

C 608120
CS5~!S~SS1!!S31SSJiS~!!!~SSSS3!5S1$SSS 05730

1010 COPNTI1UE GC67'.0
CALL OONTPL 666750

lOCI CONT V4UE 006760
RTTURN C08710
END GjaT80
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