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FOREWORD

This applied research report describes an investigation of procedures neces-
sary to develop a fracture control program for a fuel pump impeller component
to be operated in cryogenic environments. The investigation was conducted by
the Lockheed-California Company at the Rye Canyon Research ILaboratory from 17
June 1974 through 5 August 1976 in fulfillment of National Aeronautics and
Space Administration Contract NAS3-18896.

The contract was originally funded on 17 June 1974 to include only Tasks I
through IV, described in the Introduction. As a result of technical progress,
additional funding was granted on 12 May 1975 to conduct Tasks V through VII.
Throughout the program, the work was sponsored by the NASA-Tewis Research
Center, Cleveland, Chio, under the constructive management and leadership of

Mr. G, T. Smith and Mr. J. A. Misencik.

\

The program was succesgsfully performed by the Fatigue and Fracture Mechanics
Laboratory of the Iockheed-California Company. Throughout the program, the
Iockheed engineering project leader was Dr. J. T. Ryder. Major portions of
the work were conducted in exemplary manner by three subcontractors: The
Iadish Company, Cudahy, Wisconsin; the Convair Division of General Dynamics

Corporation; the Solar Division of Tnternational Harvester.

The engineering project leader acknowledges the major contributions of several
individuals. TForemost among these is Dr. G. E. Bowie whose contributions were
so large as to have been invaluable. They are often referenced throughout
this report. Dr. Bowie's help, knowledge and encouragement are gratefully
acknowledged by the project leader. The many technical discussions with this
colleague are warmly remembered as is the guidance of Mr. W. E. Krupp, Group
leader of the Fatigue and Fracture Mechanics Laboratory and the technical sup-
port of Mr. D. E. Pettit. Kind appreciation is extended to Mr. R. E. Ashcraft
for his skill in detailed design of the high-pressure hydraulic precrack unit
used in this project. The significant contribution of the author's long-time

colleague, Dr. A. F. Grandt, of the United States Air Force, Air Force Materials
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Laboratory, Wright-Patterson AFB, Chio is pleasantly acknowledged because the

quality of this report would have been greatly impaired without his assistance.

The author is pleased to thank Mr. Wm. D. Bauman and Dr. K. R. Kondas, NAVSEC,
Washington, D. C. for finding the time to critique the manuscript. Special
thanks is extended to Ms. H. Bozarth for typing and preparing the manuscript
for print. Finally the efforts of the several technicians who worked on this

project, especially those of Mr. F. M. Pickel, are gratefully acknowledged.

Several individuals of the various subcontractors are singled out for apprecia-
tion. They are: Mr. A. F. Hayes and Mr. A. J. VasqQuez of Ladish for exact-
ing production of the forgings and for materiezl characterization; Mr. W. E.
Witzell of Convair for the generation of mechanical property data; Mr. L.

Whittler of Solar for accomplishing the spin pit work with meticulous care.

More than a decade ago, a team of applied mechanics and materials engineers
at the Turbine Division, Boeing Airplane Company, Seattle, Washington, per-
formed studies on low cycle fatigue of impellers. The work was led by J.
Brunso, with contributions by K. Meisl, R. Schedin, R. Bergstrom, H. Moreen,
C. Lewis, R. Varanasi and others. Elements of the present study, such as
unflawed disk burst speed prediction, parallel sided disk spin arbor design,
and elastic-plastic stress analysis methods were influenced strongly by their
work. The present study was performed to a large extent from a fracture
mechanics rather than low cycle fatigue viewpoint. Yet a practice of causing
bore yield prior to final impeller machining,developed by J. Brunso and his
colleagues through experience, proved to be a major recommendation of the
present fracture mechanics study. This report is respectfully dedicated to

the farsighted work of the above individuals.
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SUMMARY

The program described in this report was directed towards providing material
characterization data, tensile and fracture toughness data, as well as crack
propagation data necessary to establish the salient characteristics of a
Ti-5A1-2.5Sn extra-low-interstitial (ELI) alloy fuel pump impeller to be used
in a cryogenic service environment. A major objective was to correlate crack
propagation data from conventional laboratory coupons with data from a parallel
sided rotating disk used to model rotor stresses. Based on this correlation,
the overall objentives were to determine allowable initial defect sizes, to
define nondestructive inspection requirements, and to suggest a proof spin

test procedure capable of assuring the design operating life of the bore re-

gion of a highly stressed rotor operating in a cryogenic environment.

Tensile and static fracture toughness properties in different parent forging
orientations were obtained at room temperature in laboratory air and at -253°C
(-423°F) in liquid hydrogen. Additional variables studied in the fatigue

crack growth testing were load ratio and frequency effects. Static test re-
sults showed a large increase in yield and ultimate tensile strength at -253°C
(—h23°F),compared to room temperature, as well as a reduction in fracture tough-
ness properties. Fatigue crack growth behavior was independent of coupon
orientation or of frequency, but depended on load ratio and, at high stress

intensity levels, on temperature.

Parallel sided disk fatigue crack growth and burst phenomena were studied in
a room temperature spin pit test phase of the program. Traditional burst
speed predictions were found to be satisfactory for unflawed disks. Provided
that flaws in pre-cracked disks were sufficiently small, the prediction of
burst speed on the basis of laboratory coupon fracture data was also found to
be satisfactory. Fatigue crack propagation behavior observed for rotating
disks was similar morphologically to that for laboratory coupons tested at

the same stress intensity levels.




Analysis and correlation of the laboratory and spin pit results led to four
major design recommendations when bore regions of fuel pump impellers to be
operated in cryogenic environments are to be relativelyv highly stressed (ratio

of hoop stress to yield stress at the bore O >0.5). These recom-

Bmax /Uys
mendations are: 1) a proof cycle to assure rotor design life cannot be
conducted at room temperature without bore region plasticity; 2) similarly,

a proof cycle at -253°C (-423°F) cannot be conducted without bore region
plasticity; 3) potential claims that establishment of a NDI flaw screening
program can assure rotor design life should be regarded with caution; U4) the
most promising procedure to assure rotor design life is to develop and verify
the concept of a proof cycle which will induce in the rotor appropriate post-

proof cycle residual stress distributions.

Further conclusions based on the results of this program are: 1) establish
that the maximum rotor bore stress of interest is or is not greater than

0.5 Oue’ 2) if O max
NDI flaw screening program (preferably ultrasonic) for flaws greater than 2,54
mm (0.1 in.); 3) if O 6 max

adequacy of a proof test cycle which upon unloading induces compressive

<0.5 cys’ assure design life by establishing a reliable
> 0.5 cysy verify by experiment and analysis the
residual bore stresses; L) if Tgmax > 0D O s and' Conclusion 3 is found .
to be unworkable or unacceptable, then an extensive low cycle fatigue analysis

and experiment program should be initiated in order to assure rotor design

life by means of an extremely conservative approach.
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1.0 INTRODUCTION

1.1 Program Objectives

The recent development of reusuable upper stage spacecraft high pressure
rocket éngines for such applications as the space shuttle and space tug repre-
sents a significant extension of previous propulsion component design. The
reuseable nature of such components has necessitated careful consideration of
procedures for insuring design life. The development of adequate procedures
is severely influenced by the fact that these high pressure components must
be of small size and weight which can only be achieved by employing high

tip speed turbines and accepting the concomitant highly stressed impeller

and turbine disks. The problem is aggravated for fuel pump impellers because
the high stresses exist in rotor disks operated in the low temperatures of

liquid hydrogen or oxygen.

At such high stresses and in the cryogenic environments of interest, titanium
alloys such as Ti-5A1-2.5Sn(ELI) are used because of their low density and
high strength. However, also due to the high stresses, rotor disks can be
extremely sensitive to small initial defects. This problem is intensified

by the reduction of an alloy's fracture toughness at cryogenic temperatures[1l].

In order to adequately assure the design life of fuel pump disks subjected to the
severe load and environment state described above, two primary analysis pro-
cedures are of imterest: 1) low cycle fatigue and 2) fracture mechanics of
fatigue crack growth. Only the latter procedure was considered in this pro-
gram. In theory, fracture mechanics can be used to determine the critical
defect size, ac,which can cause premature disk failure as well as ascertaining
the maximum initial flaw size allowable, ass for a required design life.

Based on these flaw sizes and combined with crack growth data, inspection
procedures or a proof cycle or both can be specified in principle to ensure

that initial flaws are less than &y and thus design life assured.



The program described in this report was directed towards providing material
characterization data, tensile and fracture toughness data, as well as crack
propagation data necessary to establish the salient characteristics of
Ti-5A1-2.58n(ELI) alloy to be used in a fuel pump impeller in a cryogenic
environment. A major objective was to correlate crack propagation data

from conventional laboratory coupons with data from a parallel sided rotating
disk used to model the rotor stresses. " Based on this correlation, the overall
objective was determination of allowable initial defect sizes, definition of
non-destructive inspection requirements, and the design of a proof spin test
capable of assuring the design operating life of the bore region of a highly

stressed impeller rotor operating in a cryogenic environment.

1.2 Program OQutline

Primary program flow features of the investigation are outlined in Fig. 1.

The initial step was development and production of forgings and fabrication

of test coupons and disks. Two lots of one heat were used in accordance with
program support schedules. Tasks I, II and IIT established material, mechanical,
static fracture toughness, and cyclic crack growth properties at the two temper-
atures (room temperature and -253°C) to be investigated. The results of these

tasks were analyzed and correlated in Task IV.

Rotating disks were fabricated in Task V and tested in Task VI. Correlation
of disk and laboratory coupon data was conducted in Task VII as was analysis
of the proof spin test concept. The analysis results, material, load history
and environmental considerations and fracture control concepts were combined

to perform the design of the spin proof test, as illustrated in Fig. 2.

The results of Task VII provided the important link between the more conven-
tional laboratory data and the proof spin test designed for the fuel pump

rotor component. The final task of the program was delineation of the de-

sign recommendations based on the data and analysis and specific recommendations
for procedures to be used to assure the structural integrity of a fuel pump

impeller for use at cryogenic temperatures.




TASK I.

FORGING PRODUCTION, TEST
SPECIMEN PREPARATION AND
MECHANICAL PROPERTIES
EVALUATION

TASK Il

STATIC FRACTURE TOUGHNESS

TESTS

TASK 111

DETERMINATION OF CYCLIC
CRACK PROPAGATION
PROPERTIES

l

TASK 1V.

DATA ANALYSIS, FRACTOGRAPHY
AND CORRELATION OF RESULTS

TASK V.

FABRICATION OF ROTATIONAL
TEST SPECIMENS

»

'

TASK VI.

ROTATIONAL CRACK
PROPAGATION TESTS

'

TASK VIL.

ANALYSIS AND CORRELATION
OF DATA, DESIGN OF PROOF
SPIN TEST

'

TASK VIIl. CONCLUSIONS AND
RECOMMENDATIONS

Figure l.- Program Flow Chart
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The pancake forgings were produced and all tensile, fracture toughness, and
fatigue crack growth test coupons were machined at the Ladish Company, Cudahy,
Wisconsin. Tensile, fracture toughness, and fatigue crack growth testing

was conducted by the Convair Division of General Dynamics Corporation, San
Diego, California, except for a few specialized tests conducted at the
Iockheed-California Company's Rye Canyon Research Ilaboratory. Disks were

spun at the Solar Division of International Harvestor Company, San Diego,

California.
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2.0 PROGRAM OVERVIEW

This program emphasized the delineation of the fracture control criteria
necessary for design of a liquid hydrogen rotor component proof test and
reduction of the incidence of service failure., This section presents a
discussion of the material selection, program test matrix, general test

procedures, and rotational specimen test procedures.

2.1 Material Selection Background

The Ti-5A1-2.5Sn(ELI) alloy was chosen by the NASA program administrator for
this study. The alloy was selected gpecifically for use at cryogenic temper-
atures. This alloy is essentially an all-alpha phase alloy with excellent
weldability. Presence of small beta stabilizer content (Fe and Mn) as an im-
purity can be detrimental to extreme low-temperature properties. The beta
content in the alloy is therefore kept small and causes enough beta stabiliz-
ation to be seen metallographically in the standard grade, but is not visible
metallographically in the extra low interstitial (ELI) grade. This alloy is

a non-heat treatable material and the ELI grade has somewhat lower properties
than the standard grade [1, 2]. The microstructure at room temperature is
essentially all-alpha with traces of beta phase from the residual iron content

in the sponge. The alpha will have two forms: equiaxed or acicular.

The equiaxed structure is produced by mechanical working and annealing at
temperatures in the alpha phase field while the acicular structure results

from cooling from the beta phase field, i.e,, at temperatures above the beta
transus, approximately 1050°C (1920°F). Rapid cooling will produce a sharp,
martensitic structure and slow cooling will produce a coarser, rounded acicular
alpha grain structure. Holding in the beta field will also cause beta grain
coarsening, and heating in the beta field, with no subsequent working in

the alpha field lowers the ductility of the alloy.



Detrimental presence of ordered phases in the Ti-5A1-2.58Sn alloy is usually

minimal [3]. The hexagonal close packed ordered compound Ti_Al phase in

3
titanium-aluminum alloys has virtually no solid solubility range, has a closed
maximum at about 875°C, and on either side of the compound all (¢ + Ti3Al)
two-phase fields exist. Some lowering of fracture toughness and stress cor-

rosion resistance (KIscc) has been attributed to Ti3Al in other alloys [L4].

Several investigations have reported on the effect of impurities and temper-
ature on Ti-5A1-2.5Sn tensile properties. A Convair study (5] indicated that
tensile properties are drastically reduced at -253°C (-423°F) by high iron and
oxygen levels. Work at Convair and elsewhere [6] also indicated that the
ultimate and tensile strengths of this titanium alloy are approximately doubled

at -253°C (-L423°F) as compared to room temperature properties.

Hydrogen reaction with titanium alloys has been rather extensively investi-
gated (See Reference [ 7] for one summary). The summary report [ 7] indicates
that Ti-5A1-2.58n has a high tolerance of, but readily reacts with, hydrogen.
Normally, hydrogen embrittlement is not observed for this alloy when hydrogen
concentrations are less than 250 ppm. A NASA Manned Spacedraft Center supported
study indicated hydrogen can react with Ti-5A1-2.5Sn at room temperature and
hydrogen embrittling can occur under certain conditions [8). Another study [9]
showed that very little reaction occurred in high pressure (1.72 MPa (250 psig))
hydrogen gas environment over a two-month storage period at temperatures of

-73°C (-100°F).

2.2 Program Test Matrix

2.2.1 Material Characterization
The Ladish Company, Cudahy, Wisconsin, prepared twenty (20) press-forged pan-

cake disks from a first billet of material and twelve (12) from a second lot.
Each pancake was approximately 457 mm (18 in.) in diameter and 76 mm (3 in.)
thick. Specimens were drawn from sections of the first 18 pancakes for
tensile, fracture toughness and fatigue crack propagation behavior character-
ization. From the remaining pancakes of lot 1 and those of lot 2, disks for
the spin pit investigation were manufactured as well as a few coupons for

tensile, fracture toughness and fatigue crack propagation characterization.

o



The Ti-5A1-2.5Sn (ELI) material was completely characterized as follows:

1. Complete chemical analysis on the two lots of titanium used.

2. Cleanliness rating (according to the appropriate AMS specification)
on the first lot of titanium used.

3. Two forging model studies, one for the pancake forging and one for
a rectilinear rotor forging.

L. Texture results (pole figures) at the mid-radius, center position
of the number one pancake forging.

5. Typical grain size determinations on the first, ninth, sixteenth
and eighteenth pancakes.

6. Typical macrostructural and microstructural photographs of the RS
plane (cut along the pancake diameter) of the first, ninth, and
sixteenth pancake forgings. Microstructural photographs taken at

the mid-radius, center of the pancakes and in three planes.

Fach pancake was also characterized as follows:

1. TForging dimensions for each pancake (thickness, bulge and flat
dimensions).

2. Hardness survey (BHN) of the top of each pancake forging consisting
of three readings 120° apart at mid-radius. In addition, readings
were taken on the tensile, fracture toughness, and fatigue crack

growth coupons.

Grain size was determined in accordance with ASTM Standard E112-63, and macro-
grain size was determined and rated in accordance with AMS 2380. The macro-
and micro-structures and grain flow or orientation were fully described in
three grain directions for the mechanical property test forging to assure

consistency and uwniformity of structures and grain flow throughout the lot.



2.2.2 Specimen Fabrication

Layout drawings for the pancake forgings are presented in Figs. 3 thru 7.

For tensile, fracture toughness, and fatigue crack propagation coupons, speci-
men locations and orientations and the specimen code stamped on each specimen
are shown on the appropriate layout drawing. The code indicated the pancake
(numbered 1 through 32) from which the specimen was machined, the orientation
of the specimen (tensile - C, R, or S; compact tension, CR, RC, SR, RS, SC,
CS) and the specimen number. The purpose of this code was to allow for com-
completely cross indexed traceability of the specimen coupons to the layout

drawings and the pancake microstructure.

The specimens were machined by the Liadish Company. Tensile specimen geometry
is shown in Fig. 8 and the compact specimen (WOL) geometry is shown in Fig. 9.
Sufficient specimens were machined to allow for losses during testing.

Specimens were distributed among the pancakes as follows:
1. 76 tensile specimens from 16 pancakes

(a) L tensile specimens from each of Pancakes No. 1 thru 15

and 29; all specimens oriented circumferentially.

(b) 12 tensile specimens for Pancake No. 16, 4 each circum-

ferential, radial and thickness.

2. 138 compact (WOL) specimens from 17 pancakes: 48 circumferential
(26 CR, 22 CS), 45 radial (23 RC, 22 RS) and 45 thickness (23
SR, 22 SC).

(a) 8 WOL from Pancakes No. 1 through 11 (2 CR, 2 RC, 2 SR, 2 SC).
(b) 10 WOL from Pancakes No. 12 and 13 (10 RS)

(¢) 11 WOL from Pancakes No. 1k and 15 (11 CS)

(d) 6 WOL from Pancake No. 16 (2 CR, 2 RS, 1 RC, 1 SR)

(e) 2 WOL from Pancake No. 29 (2 CR)

3. Ten rotating disk coupons from Pancakes 19 thru 28.
Pancake 18 was used to replace three WOL coupons and one tensile coupon be-

cause of damage during machining or presence of forging cracks.

10
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Figure 3.- Specimen Layout Drawing for Pancakes 1 through 11
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NOTE: 1. DASHED LINES INDICATE SAW CUTS

2. THE FIRST NUMBER OF THE SPECIMEN
CODE REFERS TO THE NUMBER OF THE

PANCAKE FORGING
3. ALL ANGLES ARE IN DEGREES

Figure U4.- Specimen Layout Drawing for Pancakes 12 and 13
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NOTE: 1. DASHED LINES INDICATE SAW CUTS

2. THE FIRST NUMBER OF THE SPECIMEN
CODE REFERS TO THE NUMBER OF THE
PANCAKE FORGINGS

3. ALL ANGLES ARE IN DEGREES

Figure 6. - Specimen Iayout Drawing for Pancake 16
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Rotating disk coupons were first machined to the configuration shown schemat-
ically in Fig. 10 and photographically in Fig. 11. The number of holes (1 or
2) and the A and B dimensions were individually determined for each disk,
based upon the particular test for which that disk was intended. Table 1
lists the A and B dimensions for each disk. After precracking one of the
holes, disks were final machined to the configuration shown in Fig. 12 except

that disks 19, 27, and 28 did not have notches.

2.2.3 Mechanical Properties Test Matrix

Tenslle Tests - Tensile properties (Ftu’ 0.2% Fty’ percent elongation, percent

reduction in area) were determined in the circumferential, radial and thick-

ness directions at room temperature and at -253°C (-423°F). Table 2 lists

the tensile tests conducted.

Static Fracture Toughness Tests - Static fracture toughness properties were

determined for the Ti-5A1-2.5Sn(ELI) pancake forgings at room temperature and
at -253°C (-423°F). Duplicate specimens were tested at each condition. Speci-
mens were of the WOL geometry shown in Fig. 9, with a thickness of 19 mm

(.75 in.). Tests were conducted from specimens machined in three orientations;
hoop, radial, and thickness. Specimens were machined such that: for the hoop
direction, toughness was obtained for cracks in both the radial and thickness
directions; for the radial direction, toughness was obtained for cracks in
both the hoop and thickness directions; for the thickness direction, the
toughness was obtained for cracks in both the hoop and radial directions.

The fracture toughness tests conducted are shown in Table 3.

Crack Propagation Tests - Specimen geometry was identical to that used for
the static fracture toughness tests (Fig. 9). The fatigue crack growth

characteristics of this alloy were investigated using compact (WOL) specimens

oriented in the hoop, radial, and thickness directions relative to the pan-

cake forgings. Specimen orientations and respective crack propagation

18
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Figure 11.- Photograph of Disk Ready for Precracking
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TABIE 1

LIST OF NUMBER AND LOCATION OF

ROTATING DISK PRECRACK STARTER HOLES

Hole Iocation, Slot Iocatioﬂ;
Disk No. of Precrack Position A, Position B,
No. Starter Holes mm (in.) mm (in.)
19 1 8.51 (0.335) 12.4 (0.49)
20 2 21.21 (0.835) 25.1 (0.99)
21 2 21.21 (0.835) 25.1 (0.99)
22 2 28.83 (1.135) 32.8 (1.29)
23 2 28.83 (1.135) 32.8 (1.29)
2L 2 28.83 (1.135) 32.8 (1.29)
25 2 23.75 (0.935) 27.7 (1.09)
26 0 0 0
27 1 | 8.51 (0.335) 12.4 (0.49)
.8 1 ? 8.51 (0.335) 12.4 (0.49)
" ;
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TABLE 2

MECHANICAL PROPERTY TESTS-TENSILE

Test Directionm

Circumferential ()
. c
Radial (R)

Thickness (8)°

Test Temperature
°c(°F)

22(72)
-253(-423)
22(72)
-253(-k23)
22(172)
-253(-L23)

Number of Tests

68.

W W

II’\)[\)T\)T\)

Total Tests 76

I
J

a. Two coupons each from Pancakes 1-16 and 4 from Pancake 29,

Coupon 16T7-8 was damaged during machining due to a forging crack

and replaced with 18T-8,

b, Two coupons each from Pancakes 1-16,

c. All radial and thickness direction coupons were from Pancake 16.

23



. . . b
Specimen Direction

TABLE 3

STATIC FRACTURE TOUGHNESS TESTS™

Test Temperature
°c(°F)

Circumferential
(CR & CS)
(CR & CS)

Radial
(RC & RS)
(RC & RS)

Thickness
(SR & SC)
(SR & SC)

22(72)
-253(-k23)

22(72)
-253(-k23)

22(72)
-253(-k23)

Total'Tests

Number of Tests

a. Precracked - W

OL Specimens

b. C - Circumferential Direction

R - Radial Dir

ection

S - Short Transverse or Thickness Direction

Crack plane is normal to direction of first letter with

propagation in direction of second letter.

c. One CR direction fatigue crack propagation coupon from Pancake 29

was used to obtain K

2L

Q

for the second lot of material.




directions were identical to the combinations used for the static fracture

toughness tests.

minimum load _
maximum load
(10, 0.1 Hz) were investigated. The test matrix was designed on the assump-

Two stress ranges, R = + 0.05 and+0.5, and two frequencies

tion that for the 0.1 Hz tests, at least a one order of magnitude increase

in crack propagation rates would occur as compared to 10 Hz data. However,

no such increase was noted in early tests and therefore many of the 0.1 Hz

tests were deleted. A sinusoidal loading waveform was used throughout the

test program. Tests at 22°C (72°F) were conducted in laboratory air (~40% R.H.)
while tests at -253°C (-423°F) were conducted in liquid hydrogen (LHE).
Duplicate specimens were tested at each condition. The original cyclic crack

growth test program is shown in Table L.

Rotating Disk Tests - The rotational disk test program consisted of ten disks

distributed over the test matrix shown in Table 5. Three types of tests were
conducted: burst, fatigue crack growth, and proof spin. Tests 1 to L4 were
designed to determine the effect of flaw length on burst speed. Initial flaws
from 1.52 mm (0.06 in.) to 37.3 mm (1.47 in.) were chosen to insure that burst
speeds would occur after onset of bore yielding for two disks and before onset
of bore yielding for the other two disks. Test 5 was a burst test using an
unflawed disk so that test results could be compared with traditional turbo-
machinery experience. The results of the burst tests were compared to pre-
dictions based on linear elastic fracture mechanics and to the laboratory

coupon data.

Tests 6, 7, and 8 were designed as rotating disk fatigue crack growth rate
studies at various starting crack lengths. Disk and WOL coupon crack growth
rate data were compared. Tests 9 and 10 were designed as evaluation of the

proof test concept.

2.3 General Test Procedure

2.3.1 Tensile Test Procedures

A total of 72 tensile tests were conducted by Convair, half at room temperature

25



TABLE L4

CYCLIC CRACK GROWTH TESTS™

t
I Number

b Test
! Specimen Temperature Stress Range Cyclic Rate of
Direction °c(°r) (+0.05, +0.5) (10, 0.1 Hz) Tests
iCircumferential
|
| (CR & CS) 22(72) 2 2 18¢
(CR & CS) -253(-L423) 2 2 16 |
Radial !
(RC & RS) 22(72) 2 2 16 !
(RC & RS) -253(-k23) 2 16
Thickness {
(SC & SR) 22(72) 2 16 %
|
(SC & SR) -253(-k23) 2 _16 ,
Total Tests 98 i
— i | |

a. Precracked WOL Specimens

b. C - Circumferential Direction

R - Radial Direction

S - Short or Thickness Direction

Crack plane is normal to direction of the first letter with

propagation in direction of second letter.

c. Two of the coupons were from Pancake 29 to check uniformity of the

crack propagation behavior of the second lot of material compared to

the first lot.




TABLE 5

ROTATING DISK TEST MATRIX

Test No.

O O 9 O V1 Ww o+

-
o

- o

Type of Test

Burst

Burst

Burst

Burst

Burst

Crack Growth
Crack Growth
Crack Growth
Proof Spin

Proof Spin'

Disk No.,

19
21
ol
27
26
23
25
28
20
22

27



and half at -253°C (-423°F). Tests were performed in Instron and Tinius-Olsen
tensile test machines using Class B-1 extensometers for measuring the strain.

Stress-strain curves were obtained for all tests as well as:ultimate strength,
F, ; yield strength, 0.2% F

tu ty;
area, % RA; and apparent elastic modulus, E

percent elongation, %e; percent reduction in
e All testing was conducted
according to ASTM E8 requirements. Four tensile tests of coupons from Pancake
29 were conducted at the Lockheed-California Company similar to the Convair
tests and also according to ASTM E8 requirements, but in a Baldwin 0.267 MN

(60,000 1b.) Universal test machine.

Tests at -253°C (-423°F) were conducted in liquid hydrogen cryostats installed
in the Convair tensile test machines. Extensometers used with liquid hydrogen
testing consisted of rod-in-tube extensions that transmitted the strain from the
specimen test section to a transducer located outside of the liquid hydrogen
cryostat. The output of the transducer was transmitted to the drum recorder

of the test machine in a conventional manner. Machine controls and readout

equipment for the LH, tests were located in another room completely isolated

from the area in whii% LH2 was used, so that accidental arcing from electrical
equipment could not pose a safety problem. The LH2 was transferred from a
storage tank outside of the test building via a double-walled, evacuated pipe
to the cryostat on the test frame and then vented to the atmosphere. The test

facility was subjected to continual monitoring for the presence of H, gas

2
during any H2 test. Figure 13 shows a cryostat installed in a static tensile

test machine.

One batch of the round tensile specimens were improperly machined in the
threaded grip area. In those cases where the threads were oversize, the
specimens were remachined by Convair until they could be mated with existing
load clevises. In some cases, the threads were undersize to the extent that
they could not be successfully tested. After one test specimen failed in the
thread area, an additional set of clevises was fabricated by Convair and the

testing continued in a normal manner.

ro
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2.2.2 Fracture Toughness Test Procedures

A total of 24 compact specimens from material Lot 1 were tested at Convair,
In addition, one of the two coupons from Pancake 29, material Lot 2, was tested
at Lockheed-California Company. The tensile test equipment discussed in the

previous section was used for static fracture toughness tests.

A1l fracture toughness specimens tested at Convair were precracked at room
temperature in Baldwin SF-1N fatigue machines using a three-step fatigue
loading sequence. All cyclic precracking was performed using a stress ratio,
R, of 0.1 at a constant frequency of 30 Hz. The maximum loads were used in

the following order:

(1) 15.6 kN (3500 1bs)
(2) 12.3 kN (3000 1bs)
(3) 4L kv (1000 1bs)

The final load was equivalent to a stress intensity less than 60% of the
expected KIQ value. Specimens were instrumented with an ASTM E399 type crack
opening displacement (COD) gage and a monotonic tensile load applied to produce
failure. The resulting load-displacement curves were analyzed to determine
plane strain fracture toughness values, If any of the KIc validity criteria
were not met, appropriate KQ values and residual strength ratios were calculated

for each specimen per ASTM E399-7h4 requirements.

The following requirements of ASTM Standard E399 were met:

(1) The length of the fatigue crack was not less than %, of the
length "a" and was not less than 1,27 mm (0,05 in.).

(2) The ratio of the maximum stress intensity to the Modulus of

Elasticity was less than 0.010 mml/2 (0.002 in.l/z).

K 1/2

ﬁi < 0.010 mm (.002 in.l/g)

(3) The maximum fatigue stress intensity (Kf) did not exceed 60
percent of the conditional static stress intemnsity factor

determined in the subsequent tests.




2.3.3 Compliance Calibration Procedures

Compliance calibration of three samples was obtained at room temperature in
laboratory air and one sample at -253°C (-423°F) in LH,. Coupon 11SC-1,
tested at room temperature, and coupon 7CR-2, tested at -253°C (-423°F) were
used for calibration at Convair. Coupons 11CR-2 and 11RC-2 were tested at
Iockheed-California Company at room temperature. The data were analyzed such
that the results could be used to interpret the compliance data obtained from
the fatigue crack propagation tests as well as to obtain an experimental
compliance calibration. The primary purpose of the experimental compliance
calibration was to determine if the compliance calibration of the material

changed as a function of temperature.

The analytical and experimental basis of the compliance analysis procedure
employed is described in detail in a Iockheed-California Company report,
[10]. In essence, normalized compliance, CEB, was derived from experimental
data as a three parameter function of a/W. This function was then used to
determine crack length during subsequent fatigue crack propagation testing.

In addition, CEB was used to evaluate the term C, in the equation for stress

3
intensity for this WOL geometry [11]:
P/a
K = 7 a C3 (1)
a d(CEB) 1/2

(2)

where

3

Q
Il
n| -
—
=
Q
[\
=

This result was then compared to an analytically derived boundary value collo-

cation expression for C. which, for this geometry, is given as (12]:

3

Cy = 30.96(a/W) - 195.8(a/w)2 (3)
+73o.6(a/w)3- 1186.3(a/w)u
+754 .6 (a /W)’

Calculated values of CEB were obtained from best fits of an equation originally

suggested by Dr. G. E. Bowie and reduced to practice by Ryder (10]:
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CEB = Exp {Exp[f(a/w)]} - Exp (1) (L)
where flafW) = e + (v - e)[- In(1 - a/w)]l/k (5)
where k, e, and v are numerical parameters.

From Equation (4), experimentally based CEB was then known as a function of
a/M. Equation (4) can be inverted to obtain a/W as a function of CEB such

that a/W can be directly obtained from a compliance measurement.

k
a/WM =1 - Exp(-z) (6)
where z, the reduced variate, is given by:
z = In(ln (CEB + Exp (1))) - e (7)
v - e

For the specimens tested at the ILockheed-California Company, the compliance
measurement was the average of five readings taken at each a/W value. Com-
pliance curve readings were made approximately every 1.3 mm (0.050 in.).

For coupon 7CR-2, compliance readings were taken at irregular intervals to

check if the compliance curve was a function of temperature.

2.3.4 Fatigue Crack Propagation Test Procedures

Precracking of fatigue crack propagation specimens was accomplished in the
same manner as for static fracture toughness specimens. Testing was performed
in such a manner as to provide a reasonable spread of data when plotted as
cyclic crack growth (da/dN) versus the applied stress intensity range

(AK). Generally, an attempt was made to obtain 20 data points for each

specimen.

Tests, as discussed in detail in Section 2.2, were conducted at R = 0.05 and
0.5, F = 10 and 0.1 Hz, and at room temperature (RT) and -253°C (-423°F).
Tests at room temperature were conducted in laboratory air using a closed loop

electrohydraulic testing machine; Fig. 14 shows a typical room temperature

w
ro
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- Fatigue Crack Growth Coupon Being
Tested in Iaboratory Air

Figure 1.




test. Coupons were tested at -253°C (-423°F) in a Tatnal servo-controlled
test system equipped with a liquid hydrogen cryostat containing a clear plastic

window, see Fig. 15.

An attempt was made to initiate crack growth at a rate of 5 X lO.9 m/cycle
(2 X 1077

than the previous one (ascending order). Initially, marker bands were

in./cycle). Ioads were applied in three steps with each load larger

induced in the specimens for the purpose of enhancing post test fractography.
However, the data reduction technique was adequate such that accurate growth

readings were produced without the marker bands so they were discontinued.

Crack length of coupons tested at room temperature was measured optically on
both sides of the room temperature coupons. The two surface measurements
were averaged. For tests in IH2, optical readings could be taken on only
one side, but this was not a critical omission because the crack front re-
mained symmetrical throughout the tests as shown by post-test observation of

the fracture surface.

A check of the crack length was obtained from COD data by expressing a/w as a
function of CEB, using Equation (4), and comparing the results to those
obtained optically. The optical crack length measurements, after adjustment
for crack bowing, agreed closely to compliance based measurements (see
Appendix). An adjustment length of 1.27 mm (0.050 in.) was added to each

average optical surface crack length measurement to account for the bow in

subsurface crack extension. This was justified by post-test observation of
coupon fracture surfaces which showed that the crack length based upon the

two surface readings and three subsurface measurements (1/4, 1/2, 3/4 thickness)
was 1.01-1.52 mm (0.040-0.060 in.) longer than the average of the two surface
measurements. The adjustment length of 1.27 mm (0.050 in.) was a good average
value; the effect on AK due to a 1.01 mm (0.040 in.) or 1.52 mm (0.060 in.)

adjustment was less than 1% while the effect on da/dN was zero.
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Crack growth rate, da/dN, was defined simply as the change in crack length,
Aa, divided by the change in cycles, AN, where Aa was based on the optical

Measurement. Stress intensity was calculated using Equations (1), (2), and

().

Data analysis was performed employing Calac computer programs using as input the
measured crack length versus cycles data, the specimen geometry, loading con-
ditions and the appropriate stress intensity expression. The computer analysis
computed incremental crack growth rates, da/dN, and the stress intensity para-
meters at the average crack length in the specific crack length interval. A
tabulation of the results was printed out and a plot of da/dN versus the alter-
nating stress intensity factor, AK, printed. The tabulated data of all tests

is presented in Appendix A, along with computer plots showing the data for each
specimen plotted separately, but with the scatter bands for all data obtained

at the same test condition.

All fatigue crack propagation data discussed in subsequent sections is pre-
sented in a graphical format. Plotted data are shown along with & curve fit
scatter bands. The crack growth data taken at one test condition was combined
and empirically fit using the following expression developed by Sandifer and
Bowie [13]; after the well-known form of the Gumbel double exponential distri-
bution [14]

da/dN = Exp {u - In|[- m(l-AK/Kd)]/a}-l (8)

Where o and u are constants for a particular data set and Kﬁ’ also a constant

for a particular data set, is the Khax value at fracture of a crack growth

coupon.

Equation (8) is based on several related investigations [15, 16, 17] at Lockheed-
California Company into curve fitting algorithms which were inspired by Dr. G. E.
Bowie and reduced to practice by the author of this report. Essentially the

relation is of the form:




Y =bX +a (9)
where Y = 1In [-In(1 - AK/Ka)] (10)
X = <« [In(da/dN-1) -u) (11)
and @ = -b (12)
u = -a/b (13)

As a matter of laboratory practice, input data and calculations were perform-
ed in U.S. customary units. Results were converted to SI units for presenta-
tion purposes after curve fitting parameters were computed. In the computer
routines, regression plane calculations were made of the sample correlation
coefficient (Ry), standard deviation (0), and sum of squared deviations in the
Y-direction (Dg). In general, for a given set of (da/dN, AK) data, a value of
K. was selected in the range of the largest value of AK in the data set by

d
maximizing the sample correlation coefficient, Ro' Computation for a given

value of Kﬁ amounted to straightforward linear regression analysis. TFor
completeness, one should be aware that Equation (8) has the advantage that the
stress intensity at which the crack growth rate rapidly decreases, th’ is
determined by the data rather than arbitrarily chosen. For the final value

of Kd selected, the threshold stress intensity can be extrapolated as [13]:

Ken = K {1 - Bol-Bxp(an) 1} (14)

The determination of th was not of significant importance in this program

because of the low cycle lives anticipated.

In keeping with practice established when crack growth data trends were ap-
proximated by means of hand drawn curves, the stress intensity range at the
transition from slow to fast growth (AKSf) [15, 16] was determined by calculat-
ing the AK value at the minimum value of the risk function (r) which is defined
as:

d In(da/an) 1 d(da/dN
r= dA(Ka/ ):da/d_N J—EA%L (15)
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The stress intensity range parameter, Ast’ is effectively the highest AK at
which a crack can be said to be in slow propagation. Beyond AKgf, no usable
fatigue crack life remains except in a low cycle fatigue case, due to high
growth rates. The advantage of calculating Ast is in precisely defining
the AK value above which the life of the component is in the low cycle

fatigue regime.

In this study, K, was found by Ro optimization for the room temperature, RT, R

d
= 0.05, F = 10 Hz test condition. The same Kﬁ was used for the RT, R = 0.05,
F = 0.1 Hz because of convenience. This practice made no plotable difference
in the curve fits. At room temperature, R = 0.5, F = 10 and 0.1 Hz test
conditions, Kﬁ was chosen by:
l1-5
K = (——=—7)K (16)
d 1- 0. d
R = 0.5 2 R = 0.05

in the hope the choice would be conservative. At -253°C (-423°F) for R = 0.05
data, K, was chosen as 65.9 MPa /M (60.0 ksi /in.) which is approximately equal
to (1 - R)KIC' For R = 0.5 data at -253°C, K, was found by means of Equation (16).

d
Based on Equation (8), a median crack growth curve was defined as that
corresponding to the o and u values found by linear regression. The 2o limit
scatter bands were found by substituting u = -(e¢ *+ 20)/b into Equation (8).
A curve suggested by Bowie [18] as a useful design curve to give a conservative
life estimate was defined by substituting u = -(a - ¢)/b into Equation (8)
which resulted in a left side lo scatter band curve. Figure 16 shows the 2o

scatter bands, median curve and suggested design curve.

2.4 Rotational Specimen Test Procedures

2.4.1 Stress Analysis

Stress intensity analysis of the parallel sided disks was based on a linear

superposition/weight function method [19 - 23] using unflawed disk stresses
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as per Timoshenko [24]. The method is described in detail in Reference [ 25]
where an application is shown to a rotating disk. A correction was

used to allow for the finite diameter. The analysis for this particular
disk was kindly performed by Dr. A. F. Grandt, Jr. [20] and resulted in two

equivalent non-dimensionalized expressions for stress intensity:

_ L2 .2 _
K, = feu® R, JTa for v = 0.31 (17)
Ro/Ri =2
where £ = f(a/R;)
and a = crack length measured from edge of disk
Ri = 1inner radius of disk after final machining
o outer radius of disk after final machining
p = mass density
w = angular velocity
or K = gl[(3+v)p 0" R Jia]
for any Vv
g = g (a/R;)

The functions f and g (see Figs. 17 and 18) were obtained numerically for
specific a/Ri values and graphically plotted for one and two equal radius
cracks [26]. The crack length, a, given in Figs. 17 and 18 was equal to the

B dimension of Figs. 10 or 12 (Section 2.2.3) plus the length of the fatigue
precrack. Figure 18 shows that the function g agreed closely to the results
of Bueckner and Giaever [27]. Equation (17) was used in this investigation.

A polynomial expression for f, useful for calculating KI in disk life analysis
and found to be a good approximation for the analytically derived values of

single radial crack cruve shown in Fig. 17, was found to be given by:

£ = 22.7818-23.7312(&/Ri)+ 18.8u87(a/Ri)2
-6.7494(a/R,)3 + 0.87477(a/R,)" (19)

Lo
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For this program, KI was calculated using a single radial crack even though
most disks had two notches of equal length in opposite directions. This
assumption was made because only one of the notches had a fatigue precrack

and this crack was long enough that the crack length, a, was much longer than
the un-precracked notch. In addition, the disk was assumed to be less sensi-
tive to the blunt un-precracked notch. Finally, the function f(a/Ri) was used
in the range O = a/Ri < 2.8 even though the most reliable range is up to

a/Ri = 1.0 [26]. The validity of these assumptions will be discussed in

Section 5.

2.h.2 Prediction of Burst Speed

To allow for possible correlation between the results of this program's
investigation of precracked rotating disk behavior to any other research
work using "unflawed" disks, an unnotched disk was used in one of the burst
tests. The predicted burst speed for this disk was calculated from the

equation:

Nurst = M1 ro.9 Q’ultﬁjeavg)]l/g (20)

The temrm Nl is any speed below Nburst and Ceavg is the average tangential stress.
Equation (20) is based on collective experience in the rotating disk tech-
nology field [28]. The stress, T9avg’ was found by using the elastic stress
analysis for rotating disks by Timoshenko [24]. The predicted burst speed

based on Fquation (20) was compared to that obtained from an equation due to
Robinson [29]. He assumed that burst occurs when the nominal average tangen-
tial stress equals the tensile strength of the material. For a uniformly

thick disk, o would be found by the following equation.

ult




where p is the density, mb is the angular velocity at burst, Ri is the inter-
nal radius, and R0 is the external radius. Plastic deformation analysis of
rotating disks has also been used to predict burst speed. Such analyses are
based on the Tresca yield criteria and associated flow rule or on the Hencky

[ 30] deformation theory of plasticity. Predictions of burst speed based or
the Hencky theory are usually somewhat higher than those based on Equation (20)
or 21 [31]. See Reference [31] for a more complete discussion of these

equations.

2.4.3 Test Procedures

After disks were machined to the configuration of Fig. 10, one hole was pre-
cracked using a high pressure hydraulic precrack unit. This machine was designed
at Lockheed-California Company based on a general approach by Clark and Aschini
[32]. The precrack unit is schematically shown in Fig. 19. Alternating pres-
sures from 20.7 to 517 MPa (3000 to 50,000 psi) at up to 5 Hz could be gener-
ated by the precracking unit. The precracking system consisted of low and
high pressure hydraulic units. Referring to Fig. 19, the low pressure system
operated by pumping oil from a 0.028 m3 (5 gallon) reservoir into an accumu-
lator until a pressure of 20.7 MPa (3000 psi)was reached. The low pressure
valve was closed which cut off the reservoir and maintained 20.7 MPa (3000 psi)
in the low pressure system through the high pressure intensifier check valve
and into the lower manifold. Operation of the hydraulic actuator moved the
piston of the high pressure intensifier and increased the pressure in the

disk to the level desired. The actuator was operated in the stroke control
mode while the high pressures were monitored using a pressure transducer.
System operation was closed loop since the pressure readout was fed back to
limit the stroke such that the desired pressure limits were maintained. Any

over or under pressure resulted in system shutdown.

A disk to be precracked was placed between two high strength steel manifolds,
see Fig. 20, which were fitted with metallic "0" ring seals and with protru-

sions for centering of the disk. The manifold and disk assembly was kept in
contact with a hand-operated screw jack which was loaded to about 133 kN (30 kips).
The possibility that near surface residual stressed induced by the preload

by
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could effect growth of the crack during subsequent spin pit cycling was
eliminated by the fact that disks were ~ 38 mm (1.5 in.) thick during pre-
cracking and were machined down to 25.4 mm (1.0 in.) thickness prior to

rotational induced loading.

In this program, disks were precracked at 34.5 to 206.8 MPa (5000 to 30,000
psi) or 34.5 to 275.8 MPa (5000 to 40,000 psi) at 2-3 Hz. These pressures
resulted in maximum stress intensities at the notch root of approximately
27.5 to 38.5 MPa Jﬁ (25 to 35 ksi JEHT),depending on the maximum pressure,
and a minimum stress intensity of approximately 4.4 MPa ,fAin. (4.0 ksi ,fin.).

These maximum stress intensities were well below those induced by the rotational

stresses during spin pit testing.

Testing was conducted at the Solar Division of International Harvester Company.
The spin pit (see Fig. 21) was capable of reaching 120,000 rpm and used a

high pressure air system to spin the shaft. For burst tests, shaft speed was
simply ihcreased until burst occurred. The duration of a burst test was ap-
proximately 2 to 5 minutes. For fatigue crack growth tests, the air speed
drive automatically shut-off at the maximum desired speed; a hand operated
brake was applied until the lower speed was reached at which point the brake
was released and the air speed driver reactivated. This semi-automatic system
resulted in the wave shape shown in Fig. 22 and in a cycle time of approxim-

ately 0.75 min. Test cycles were automatically counted.

Figure 23 shows the hole and notch before precracking of disk 19 while Fig. 2L
shows the final surface precrack of disk 19 prior to final machining. The
outer indented ring seen in Figs. 23 and 24 sas caused by the pressure of
the hydraulic sealer ring. In the case of disk 19, the crack grew until the
seal was reached at which time system pressure loss occurred. Fig. 25 shows

a precrack for disk 28 which was terminated prior to reaching the seal.

Figures 26 and 27 show the spin shaft and arbor assembly used to rotate the

disks in the spin pit while Fig. 28 is a schematic of a disk on the assembly.

b7




Figure 21. - Spin Pit and Associated Control Equipment
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Figure 23. Precrack Hole and Notch of Disk 19

Figure 24. - Surface Crack of Disk 19 After Fatigue Precracking
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Figure 25.- Surface Crack of Disk 28 After Fatigue Precracking
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Figure 27B. - Spin Arbor and Associated Parts
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The top end of the shaft was placed through the set of spin pit bushings and
held in place by a small steel pin. The spin arbor was held on by a steel

pin through the arbor and shaft. No balancing of the disks or arbor assembly
was found necessary because the restricted machining tolerances for the disks

eliminated the possibility of any imbalance to a non-detrimental level.

Throughout the test, the spin shaft was lubricated with oil which slowly
flowed past the shaft and into the spin pit. This resulted in oil flowing
onto the spin arbor and disk assembly which, of course, spun the oil off

due to the high revolution speeds. During testing, disk temperature increased
to the temperature range of 55° to 70°C (130° to 160°F). TIf failure of the
spin shaft occurred prior to disk burst, damage to the disk was prevented by
wood and bakelite restraining blocks around the spin arbor as shown schemati-
cally in Fig. 29 . Containment of the disk pieces after burst was achieved

by both wood and lead alloy liners, see Fig. 30.

The specific crack growth testing procedure varied for each disk. Prior to
testing, the initial crack length from the bore was estimated, the stress in-

tensity range ratio was chosen as R = 0.5, and test speeds calculated from

N =w% (22)

where w was calculated from Equation (17) using the specific minimum and
maximum K values chosen. Rotating crack growth tests were cycled, without
hold time, between the minimum and maximum speeds at a frequency of approxi-
mately 1 cycle/min. No hold time was used because laboratory coupon tests
indicated no effect of frequency. If a disk did not fail during fatigue crack

growth testing, then a burst test was conducted.

Fatigue crack growth tests were periodically stopped and the disk removed.
Crack length was measured on both sides using micrometer calibers and a 10X
lens. Surface crack readings were estimated to be * 0.127 mm (.005 in.).
After bursting of the disk, the subsurface crack lengths were measured. The

crack length used for calculating crack growth rate was an average of the
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two surface and three subsurface crack measurements. Crack growth rate was
defined as the change in crack length divided by the number of cycles between
readings. Stress intensity was calculated using Equation (17) and the

average crack length within the test interval.
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3.0 MATERTAL CHARACTERIZATION

3.1 Material Fabrication

Two lots of Ti-5A1-2.5Sn(ELI) were purchased from the Rocketdyne Division of
Rockwell International. Both lots were from RMI Heat No. 891389 and were
purchased to the ELI requirements of AMSLO2LB as well as appropriate Rocket-
dyne specifications. Iot 1 was a 3567 N (802 lbs) billet, 1090 mm (43 in.)
long and 305 mm (12 in.) in diameter while Iot 2 was a 2002 N (450 1bs) billet,
610 mm (24 in.) long and 305 mm (12 in.) in diameter.

Chemical analysis results of the two lots of material is shown in Table 6.

As can be seen in this table, both lots of material met both specifications.
An element not listed in Table 6 is yttrium. Conversations with Rocketdyne
personnel confirmed that this RMI Heat of Ti-5A1-2.5Sn(ELI) was one of
numerous heats of titanium produced by RMI to which yttrium was added during
the melt. Yttrium in small amounts and finely distributed can be used to reduce
grain size and improve the forgeability of titanium and other alloys [33].

An analysis [34] of available data [35,36,37] on the effect of yttrium on

the mechanical properties of titanium alloys indicated for Ti-6A1-L4LV somewhat
lower longitudinal and short transverse tensile properties and a decrease in
resistance to stress corrosion cracking. For Ti-6A1-2.5Sn, the addition of
yttrium appeared to result in a reduction of Kc by 13.2 to 22 MPa Jﬁ (12 to

20 ksi JIHT)[3M]. These reductions in mechanical properties were apparently
due to both the addition and poor segregation of the yttrium [3h-371. The
amount of segregation of yttrium in this alloy is unknown and thus the effects
on properties is also unknown. Future users of this alloy must consider this

potential problem.
The starting stock material of Lot 1 was cut into two pieces labeled 1-Top

and 2-Bottom. These two pieces received Ladish Iot No. H4-2046 and H4-2180
while Iot 2 of the starting stock material received Ladish Iot No. H5-834.
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All three pieces were drawn down to 152 mm (6 in.) diameter billets after
which 152 mm (6 in.) long pieces were cut off for the pancake forgings. The
Iot 1 billet yielded approximately 3025 N (680 1bs) of material after draw
down while Lot 2 yielded approximately 1846 N (415 1bs) after draw down.

Forging reductions, to a total of 50%, were started above the beta transus
temperature, Tg s determined to be 1010°C (1850°F) and finished in the alpha
field. The billets were upset twice during forging. Forgings were annealed
at 788 # 14°C (1450°F + 25°F) for two hours and furnace cooled. The 152 mm
(6 in.) diameter billets after draw down were found acceptable to level 30
according to Figure 3 of AMS Specification 2380. Sonic testing per AMS 2631
showed no apparent defects or flaws. The aluminum rating was met. While no
specific AMS specification for microcleanliness is known to exist for this
material, Iadish examination of the forged microstructure showed the material
to be apparently free of microstructural segregation, porosity, or material

nonuniformities.

From Lot 1, 10 pancakes from each piece were produced numbered 1 to 20 from

the top down; the first 10 from piece 1-Top. Lot 2 produced 12 pancakes
numbered 21 to 32. Pancakes 1 to 18 were forged on November 10, 1974, while
pancakes 19 to 32 were forged on November 7, 1975. Finished pancake weight

wa.s approximately 151 N (34 1bs). Pancake 11 was slightly underweight and

had to be machined carefully while pancakes 15 and 18 were discovered by sonic
inspection to have small center cracks. During machining, pancake 16 was

also discovered to have a small crack at the location of the two tensile blanks.

Table 7 gives the finished dimensions of each forged pancake while Fig. 31

shows a typical finished pancake.

Figures 32, 33, and 34 show macrostructures of pancakes 1, 9, and 16 taken
from a diametrical cut. Grain size appeared to be uniform. The photomacro-
graphs showed that their macroetch grain size was acceptable per Figure 15 of
the AMS 2380 Specification. The etchant used was Krolls: 10% nitric and 8%

hydrofloric acid in water. Some indication of grain flow was evident, but
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this did not become pronounced until the higher serial numbered pancakes,

numbers 15 through 18, as shown for number 16 in Fig. 3.

Ti-5A1-2.55n is potentially susceptible to a flow problem during forging
caused by extreme friction between the die and material, called die lock,
which can result in cracked forgings. Since Tb for these material lots was
lower than that usually observed (Tb usually is = 1032°C (1890°F)), pancakes
were forged at a lower temperature to remain below Ib. This lower forging
temperature would result in greater resistance to flow and thus enhanced sus-
ceptibility to die lock. Usually thin cone-shaped lines observed in macro-
graphs of forging grain flaws, such as those evident in Fig. 34, are an indi-
cation of some extent of die lock. Cracks which were found in pancake forgings
15, 16, and 18 were probably associated with this more pronounced flow pattern

indicative of die lock.

The possibility of the occurance of die lock was anticipated especially after
determination of this materials low TB, 1010°C (1850°F). Therefore, during

the forging operation, each pancake was upset twice and more than one forging

hit applied. This procedure reduced the total amount of reduction for each
hit thus reducing the amount of flow per hit and hopefully minimizing the
possibility of die lock and subsequent cracking. Unfortunately, cracking
still occurred. The flow pattern evident in Fig. 34 was difficult to explain
because such a phenomenon is normally associated with insufficient heating of
the die. Therefore, this flow pattern would normally be more prcnounced early
in a forging series, and become less obvious later as the die temperature

increased. This explanation was apparently inadequate in this case.

Because forging of pancakes 19 to 32 was conducted much later than pancakes
1 to 18, more extensive upset operations were considered for these pancakes.
However, to prevent possible material changes due to a change in forging

practice, pancakes 19 to 32 were forged in the same manner as pancakes 1 to
18. No cracks were found in the pancakes used in the spin pit test program,

pancakes 19 to 29, which came from lot 2.




Even though a complete understanding of the causes of the cracking was not
achieved, the above discussion indicates the possible causes. In any case, a
potential problem appears to exist for any production run of rotors made from
this material. The problem appears to be primarily one of a possibly greater
loss of components during forging than is normally acceptable as well as the

necessity of careful post-forging NDI inspection for forging flaws.

Table 8 lists the hardness results for the top surface of each pancake. All
hardness readings were Brinell taken using a standard 2.942 kN (3000 kg) load
and the standard 10 mm diameter steel ball. The entries in Table 8 are the
Brinell hardness diameter (BHD). All pancake surface readings were taken at
small polished areas. Brinell hardness was obtained because titanium

sticks to the diamond tip used in Rockwell C hardness testing often resulting
in false readings. In addition, although not a serious problem for Ti-5A1-2.5Sn
which is an all alpha alloy, Brinell hardness is an average over a large area
as opposed to the small diamond tip of Rockwell C testing which would detect
differences in the two phases of titanium platelets, alpha and beta, which is
not always desirable. Téble 8 shows that the BHN of pancakes 19 to 32 was
slightly lower than for pancakes 1 to 18.

A two-dimensional forging model study was conducted to compare flow character-
istics of the pancakes during forging to that expected for the rotor forgings.
The purpose of this study was to aid in establishing that the material charac-
teristics of the pancakes due to the reduction steps during forging were
similar to those to be expected in the bore region of the rotor. Figure 35
shows a schematic of a typical finished pancake forging while Fig. 36 shows a
similar sketch of the rotor forging. Results of the forging model studies

are shown in Figs. 37 and 38. As can be seen in these two figures, the pancake
forging flow pattern was similar only to the flow pattern of the largest

diameter of the rotor forging.

Two texture examinations (pole figures) were performed on pancake number 1,

one at mid-radius, center position and one at 90° from the initial position,
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TABLE 8
HARDNESS SURVEY RESULTS FOR TOP SURFACE Ti-5A1-2.5Sn(ELI) PANCAKES

Serial Brinell Diameter,a
No., Hardness, BHD, mm
1 3.70° 3.70 3.70
2 2.70 3.70 3.70
3 .70 3.70 3.70
L 3.70 .70 3.70
5 3.70 3.70 3.70
6 3.70 3.70 3.70
7 2.70 3.70 2.70
8 3.70 3.70 3.70
9 32.70 3.70 3.70
10 3.70 2.70 3470
11 3.70 3.70 3.70
12 2.70 3.70 3.70
13 2.70 3.70 3.70
1k 3.70 3.70 3.70
15 3.70 3.70 3.70
16 2.70 3.70 3.70
17 3.70 3.70 3.70
18 3.70 3.70 3.70
19 3.60 3.60 3.70
20 3.60 3.60 3.70
21 3.60 3.70 3.60
22 3.70 3.60 3.65
23 3.70 3.70 3.60
oL 3,60 3.60 3.60
25 3.60 3.70 3.70
26 3.60 3.60 3.60
27 3.60 3.60 3.70
28 3.60 3.60 3.70
29 3.60 3.65 3.70
30 3.55 3.60 3.70
31 3.60 3.70 3.70
32 3.60 3.65 3.70

a. Readings taken at mid-radius, 120 degrees apart.
b. Brinell hardness diameter of 3.70 converts to 269 BHN.
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Figure 37.-Photoelastic Study of Rotor Forging

75



76

Reduction 50%

Figure 38. -Photoelastic Study of Pancake Forging




but at one-quarter radius from the pancake center. Both examinations showed
no evidence of preferred orientation. This result helped confirm the forging
model study results. Essentially, the mid-section of the pancake forgings
are "dead" areas, but as indicated in Fig. 37, this should be similar to the
center of the rotor forgings where the bore is located, the region of primary

importance in this program.

Figures 39 through 42 show three micrographs for pancakes 1, 9, 16, and 18,
taken from the same RS plane cut along the pancake diameter as the macrographs
of Figs. 32 to 34. Although the staundard does not actually apply to titanium
alloys, ASTM Recommended Practice E112-63 was used to estimate the average
grain size for the microstructures. Pancake No. 1 exhibited an estimated
average grain size of 6 at 100X while pancakes number 9, 16, and 18 exhibited
a grain size of 7 at 100X. A comparison of Figs. 39 through 42 indicated that
the microstructure in all four pancakes was similar. However, there appeared
to be a somewhat more oriented grain flow in pancakes number 9, 16, and 18

than in number 1 as well as more secondary particle segregation.

Hardness readings were taken of tensile, fracture toughness, and fatigue

crack propagation test coupons. Hardness readings taken on tensile specimens
are shown in Table 9 while those for each fracture toughness or fatigue crack
crowth specimen are shown in Table 10. The hardness survey results of Tables
8,9, and 10 varied over a small range, from 3.60 BHD (285 BHN) to 3.90 BHD

(241 BHN). According to approximate tensile ultimate tables and Rockwell C
conversion tables these results convert to tensile ultimates from 800 to 896
MPa (116 to 130 ksi) and R, values from 30 to 23. Hardness results for tensile
coupons varied from 2.70 to 3.80 BHD which converts to 827 to 862 MPa, (120 to
125 ksi) tensile ultimate which appears to compare reasonably well to tensile
results at room temperature, presented in detail below, where tensile ultimates

varied from 800 to 841 MPa (112 to 116 ksi).

3.2 Tensile Properties

Tables 11 and 12 list tensile test results. All coupons from pancakes number

1 through 15 were in the circumferential direction and used for checking

7




78

AXIAL VIEW OF THE RADIAL
CIRCUMFERENTIAL PLANE

CIRCUMFERENTIAL VIEW OF
AXIAL RADIAL PLANE

RADIAL VIEW OF THE AXIAL
CIRCUMFERENTIAL PLANE

Figure 39. - Microstructures (100X) from the Mid-Radius, Mid-Height
Position of Pancake No. 1 in the Annealed Condition,
Krolls Etchant




AXIAL VIEW OF THE RADIAL
CIRCUMFERENTIAL PLANE

CIRCUMFERENTIAL VIEW OF
AXIAL RADIAL PLANE

RADIAL VIEW OF THE AXIAL
CIRCUMFERENTIAL PLANE

Figure 40. -Microstructure (100X) from the Mid-Radius, Mid-Height Position of
Pancake No. 9 in the Annealed Condition, Kroll's Etchant
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AXIAL VIEW OF THE RADIAL
CIRCUMFERENTIAL PLANE

CIRCUMFERENTIAL VIEW OF
AXIAL RADIAL PLANE

RADIAL VIEW OF THE AXIAL
CIRCUMFERENTIAL PLANE

Figure 41.-Microstructure (100X) from the Mid-Radius, Mid-Height Position
of Pancake No. 16 in the Annealed Condition, Kroll's Etchant
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AXIAL VIEW OF THE RADIAL
CIRCUMFERENTIAL PLANE

CIRCUMFERENTIAL VIEW OF
AXIAL RADIAL PLANE

RADIAL VIEW OF THE AXIAL
CIRCUMFERENTIAL PLANE

Figure 42. -Microstructure (100X) from the Mid-Radius, Mid-Height Position of
Pancake No. 18 in the Annealed Condition, Kroll's Etchant
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TABIE 9
HARDNESS RESULTS FOR TENSILE COUPONS

Brinell Hardness Brinell Hardness

Serial Coupon Diameter, Number,

No. No. BHD, mm BHD
1 T1 3.80 255
T2 3.80 255

T3 3.80 255

T4 3.80 255

2 T1 3.70 269
T2 3.70 269

T3 3.70 269

Th 3.70 269

3 Tl 3.70 269
T2 3.80 255

T3 3.80 255

T4 3.80 255

L T1 3.70 269
T2 3.70 269

T3 3.70 269

T4 3.70 269

5 T1 3.70 269
T2 3.70 269

T3 3.70 269

T4 3.70 269

6 T1 3.70 269
T2 3.70 269

T3 3.70 269

T4 3.70 269

7 T1 3.80 255
T2 3.80 255

T3 3.80 255

T4 3.80 255

8 T1 3.70 269
T2 3.70 269

T3 3.70 269

Th 3.70 269

12 T1 3.70 269
T2 3.70 269

T3 3.70 269

Tl 3.70 269

1L T1 3.70 269
T2 3.75 262

T3 3.80 255

T4 3.80 255
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HARDNESS RESULTS FOR

TABLE 10

COMPACT SPECIMENS

Brinell Brinell Brinell Brinell-
Hardness Hardness Hardness Hardness
Serial Coupon Diameter, Number, Serial Coupon Diameter, Number,
No. No. BHD, mm BHIN No. No. BHD, mm BHN
1 CR1 3.70 269 6 CR1 3.70 269
CR2 3.70 269 CR2 3.70 269
RC1 3.70 269 RC1 3.70 269
RC2 3.70 269 RC2 3.70 269
SR1 3.70 269 SR1 3.80 255
SR2 3.70 269 SR2 3.70 269
SC1 3.70 269 Scl 3.70 269
sc2 3.70 269 SC2 3.70 269
2 CRL 3.70 269 7 CR1 3.90 2h1
CR2 3.65 277 CR2 3.70 269
RC1 3.70 269 RC1 3.80 255
RC2 3.70 269 RC2 3.70 269
SR1 3.80 255 SR1- 3.70 269
SR2 3.70 269 SR2 3.80 255
Sc1 3.70 269 Sc1 3.80 255
sce 3.70 269 sc2 3.60 285
3 CR1 3.80 255 8 CR1 3.70 269
CR2 3.70 269 CR2 3.70 269
RC1 3.70 269 RC1 3.80 255
RC2 3.70 269 RC2 3.70 269
SR1 3.70 269 SR1 3.70 269
SR2 3.70 269 SR2 3.70 269
SCl 3.70 269 SCl 3.70 269
sSce 3.70 269 sce 3.70 269
L CR1 3.70 269 9 CR1 3.70 269
CR2 3.70 269 CR2 3.70 269
RC1l 3.70 269 RC1 3.70 269
RC2 3.70 269 RC2 3.70 269
SR1 3.70 269 SR1 3.70 269
SR2 3.75 262 SR2 3.70 269
scl 3.70 269 Scl 3.75 262
sc2 3.70 269 sc2 3.70 269
5 CR1 3.70 269 10 CR1 3.70 269
CR2 3.70 269 CR2 3.75 262
RC1 3.70 269 RC1 3.70 269
RC2 3.70 269 RC2 3.70 269
SR1 3.70 269 SR1 3.80 255
SR2 3.70 269 SR2 3.80 255
SCl 3.80 255 scl 3.70 269
sc2 3.65 278 sc2 3.70 269
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TABLE 10. (Concluded)
Brinell Brinell Brinell Brinell
Hardness Hardness Hardness Hardness
Serial Coupon Diameter, Number, Serial | Coupon | Diameter, Number,
No. No. BHD, mm BHN No. No. BHD, mm BHN
11 CR1 3.65 277 14 csl 3.80 255
CR2 3.70 269 cs2 3.75 262
RC1 3.70 269 Cs3 3.70 269
RC2 3.65 277 csh 3.75 262
SR1 3.70 269 CS5 3.80 255
SR2 3.65 277 cs6 3.70 269
scl 3.70 269 Cs7 3.80 255
sc2 3.70 269 cs8 3.70 269
12 RS1 3.70 269 gg?o %:;g ggg
B 3.79 269 csll 3.80 255
RS3 3.70 269
RSh 3.70 269 15 csl 3.80 255
RS5 3.70 269 cse 3.70 269
RSE 3.70 269 cs3 3.65 277
RS7 3.75 262 csh 3.75 262
RS8 3.80 255 Cs5 3.75 262
RS9 3.70 269 cs6 3.75 262
RS10 3.70 269 csT7 3.65 277
13 RS1 3.70 269 gzg g:gg ggi
RS2 3.79 269 cs10 3.80 255
RS3 3.70 269 cs1l 3.80 255
RSk 3.70 269 :
RS5 3.70 269 16 CR1 3.70 269
RS6 3.70 269 CR2 3.70 269
RS7 3.70 269 RC1 3.70 269
RS8 3.70 269 RS1 3.70 269
RS9 3.70 269 RS2 3.70 269
RS10 3.70 269 SR1 3.70 269
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tensile properties of these pancakes. The four tensile coupons from these
pancakes were from a small chordal section, shown in Figs. 3 through 6,

and numbered 1 through 4 from the top surface. Tensile coupons Tl and T3
from each pancake were tested at room temperature while coupons T2 and T4
were tested at -253°C (-423°F). This procedure allowed for some comparison
between surface and interior properties in addition to ascertaining the effect

of temperature.

Table 11 lists the tensile results and test averages for coupons tested at
room temperature and Table 12 for those tested at -253°C (-423°F). Included
in the tables are the minimum properties from two standards, AMSLO24B (dated

1 November 1969) and the more stringent Rocketdyne standard, RBO170-152

(dated 8 October 1973). In addition, results of three other studies are

given for comparison. The work by Nachtigall [ 38] was conducted using 16.13
mm (0.635 in.) diameter coupons, that by Sullivan [39] was for coupons from
2.54 mm (0.1 in.) sheet while that by Stone, et al, [1] was for 25.4 mm (1 in.)
thick plate. Stone, et al, [1] compared air cooled and furnace cooled tensile

properties and found no significant difference.

Tables 11 and 12 clearly showed that tensile properties varied little from
pancake to pancake. All minimum specifications except for the apparent
tensile modulus at room temperature were exceeded and results compared quite
favorably to results of other investigations. At both room temperature and
—25300(—h230F), tensile results of surface coupons slightly exceeded those of
subsurface specimens. Encouragingly, percent elongation essentially did not
change with decreased temperature while percent RA was still quite good at

-253% (-L23°F).

3.3 Fracture Toughness Properties

Table 13 lists the results of the 25 fracture toughness tests conducted using
coupons from pancakes 1-18, and 29. All coupons tested at -253°C (-423°F)
met all of the plane strain criteria of ASTM E399-7L4 while all coupons tested

at room temperature failed to meet the criteria.
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A review of the -25300(-M23OF) results showed a dependence of K, on direction.
Samples in which the crack was aligned in the thickness direction (RS, CS) had
the highest toughness. This apparent dependence of KIc on orientation existed
in spite of the fact that no crystallographic texture was observed as
discussed in Section 3.1. Sample 29CR-2 from Lot 2 material was used primarily
as a fatigue crack propagation test specimen, but was pulled as a fracture
toughness specimen when the a/w reached the required ASTM E399-T4 length.

The result of this test is also shown in Table 13 and indicates that the

pancakes used for the rotating disks had the same toughness as pancakes 1 to

18,

Fracture toughness properties of Ti-5A1-2.5Sn(ELI) alloy are known to vary
with temperature consistent with these results. Values of 49.5 MPa Jﬁ

(45 ksi +/in.) at -253°C (-423°F) have been reported [ 40! for ELI grade and
49.5 to 66 MPa J/m (45 to 60 ksi 4/in.) [39] for thin sheet material. Other
data has indicated a wide range of fracture toughness values depending on
microstructure and specimen orientation [L41]. Stone, et al [1] found that
although fracture toughness properties at room temperature were similar for
air and furnace cooled plate, at -253°C (-423°F), the toughness of the air-
cooled material greatly exceeded that of the furnace-cooled material; 89 as
compared to 73 MPa «/m (81 to 66.1 ksi 4fin.). This result suggests that in
the future, Ti-5A1-2.5Sn(ELI) should possibly be air cooled, not furnace

cooled as is the more typical practice.

3.4 Compliance Calibration Results

The purpose of compliance calibration was to determine: 1) if the normally
used expression for the C3 [12] used in determining stress intensity, given

as Equation (3) , is adequate for this material; 2) if the compliance behavior
was a function of temperature; 3) an expression for crack length, or relative
crack length, a/w, as a function of normalized compliance, CEB. The last
purpose is a check on the optically based a/w discussed previously in

Section 2.3.L4.

ol




Tables 14 to 16 list the calculated normalized compliance results for coupons
11CR-2, 11RC-2 and 11SC-1, obtained by fitting Equation (4) to the experi-
mental data, compared to measured values. For the data from these three
coupons, R correlations were in excess of 0.9993 as indicated in the tables.
Because all three of these coupons were tested at room temperature and their
geometries were identical, the three data sets were combined to obtain the
normalized compliance calibration fit, averaged for orientation, for a large
data set. Results are listed in Table 17 along with the parameters used in
Equation (4) k,e,v. The compliance data in all of these tables is corrected
to the load line.

Using Equation (4) and the appropriate k, e, and v values for the combined
room temperature data set (see Table 17), the compliance derivative was calcu-

lated and used in Equation (2) to evaluate C. experimentally. Tabulated re-

sults are listed in Table 18. In Fig. L3 thg percent differences, listed in
Table 18, between the polynomial based C3w’ Equation (3), and experimentally
‘based C3e’ Equations (2)‘and (4) are shown graphically. Table 18 and Fig. 43
show that the absolute percent difference between C3W and C3e was less than
2.2 percent for 0.33 <a/w .- 0.65 which confirmed the validity of Equation (3)
over this region of a/w and affirmatively answered the first purpose of this
compliance calibration study. For a/ > 0.65 deviation between C3w and C3e
become large. Although most coupons used for fatigue crack propagation
testing and all of those used for fracture toughness testing were used at

afw < 0.653, Equations (2) and (4) and the associated k, e, and v parameters
for this combined data set were used in Equation (1) calculated stress inten-

sity because a few coupons need a/w ratios up to 0.76.

To determine if compliance was a function of temperature, WOL coupon 7CR-2
was used to periodically record compliance at several crack lengths while

the coupon was at -253°C (-423°F). Additionally, compliance at two of these
crack lengths was also recorded with the coupon at room temperature. Table

19 lists the results of this investigation of temperature effect on compliance

using coupon TCR-2. The table shows the optically based a/w ratios, corrected
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EXPERIMENTAL COMPLIANCE CALIBRATION RESUITS BASED ON

TABIE 14

EQUATION (3) FOR COUPON 11CR-2 TESTED AT ROOM TEMPERATURE

a a/w is based on optical measurements and is uncorrected

for crack bow

b CEB is corrected to the load line

R > 0.9994
[ Measured
Crack® Measuredb Calculatedb
Length/Midth Normalized Normalized
Ratio, Compliance, Compliance, Percent
Index a/w CEB CEB Deviation
1 0.304 17.70 18.25 3.15
2 0.335 22.89 22.13 -3.32
3 0.360 25.81 25.60 -0.82
b 0.385 29.83 29.46 -1.23
5 0.411 34.12 33.83 -0.86
6 0.436 38.32 38.61 0.78
7 0.461 43.82 L4 .07 0.56
8 0.486 50.13 50.05 -0.16
9 0.511 55.42 56.76 2.42
10 0.536 6l4.33 64.30 -0.03
11 0.560 72.49 72.80 0.45
12 0.585 80.75 82.46 2.12
13 0.610 93.80 93.48 -0.3k4
1k 0.636 108.99 106.31 -2.46
Average Absolute
Percent Deviation = 1.34




TABLE 15

EXPERIMENTAL COMPLIANCE CALIBRATION RESULTS BASED ON

EQUATION (3) FOR COUPON 11RC-2 TESTED AT ROOM TEMPERATURE

R > 0.9994
Measureg b )
Crack Measured Calculated
Iength/Width Normalized Normalized
Ratio, Compliance, Compliance, Percent
Index a/w CEB CEB Deviation
1 0.304 16.19 17.81 9.96
2 0.329 20.18 20.12 -0.40
3 0.354 22.98 22.69 -1.28
L 0.378 26.52 25.60 -3.49
5 0.40ok4 29.6L 28.89 -2.55
6 0.429 33.29 32.63 -1.98
7 0.454 37.36 36.89 -1.2k4
8 0.479 Lo.8h4 41.81 -2.41
9 0.504 50.30 47.51 -5.55
10 0.528 55.48 54.15 -2.40
11 0.553 63.41 61.93 -2.34
12 0.578 71.79 71.18 -0.85
13 0.603 81.92 82.26 0.42
1h 0.628 96.20 95.67 -0.55
15 0.653 109.79 112.02 2.03
16 0.678 128.83 132.41 2.78
17 0.702 149.59 158.16 5.73
18 0.727 177.88 191.31 7.54%
19 0.752 225.27 234.73 4.20
20 0.778 288.70 295.04 2.20
21 0.802 373.30 378.00 1.26
22 0.827 L93.72 496.06 0.48
23 0.852 682 .66 679.82 -0.42
2l 0.877 967.28 984.78 | 1.81
25 0.902 1728.99 154%.33 i -10.68
Average Absolute
Percent Deviation = 2.98

a a/W is based on optical measurements and is uncorrected for crack bow

b CEB is corrected to the load line
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EXPERIMENTAL COMPLIANCE CALIBRATION RESULTS BASED ON

TABIE 16

EQUATION (3) FOR COUPON 11 SC-1 TESTED AT ROOM TEMPERATURE

R > 0.9993
i Measured T
Cracka Measuredb Calculatedb
Length/Width Normalized Normalized

Ratio, Compliance, Compliance, Percent

Index a/w CEB CEB Deviation
1 0.329 19.69 19.78 0.45
2 0.333 19.80 20.17 1.85
3 0.336 20.00 20.49 2.45
4 0.338 19.79 20.66 4.37
5 0.348 21.41 21.69 1.31
6 0.365 2k.10 23.50 -2.46
7 0.380 26.08 25.24 -3.20
8 0.400 29.27 27.72 -5.30
9 0.k425 32.61 31.39 -3.76
10 0.500 46.20 45.51 -1.49
11 0.599 75.60 77.72 2.81
12 0.704 148.59 155.01 4.32
13 0.804 346.15 374.00 8.05
14 0.856 770.61 708.71 -8.03

Average Absolute

Percent Deviation = 3.56

a a/w is based on optical measurements and is uncorrected for crack bow

b CEB is corrected to the load line.
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EXPERIMENTAL COMPLIANCE CALIBRATION RESULTS BASED ON
EQUATION (3) FOR COUPONS 11CR-2, 11RC-2, AND 11SC-1

TABIE 17

TESTED AT ROOM TEMPERATURE

R > 0.998
k = 7.8417398876059
e = -2.0891721165336
v = 1.5020268401739
Measured
Cracka Measuredb Calculatedb
Length /Width Normalized Normalized
Ratio, Compliance, Compliance, Percent
Index a/w CEB CEB Deviation |
1 0.334 18.33 18.21 -0.63
2 0.334 16.76 18.26 8.97
3 0.359 20.22 20.7Y4 2.55
L 0.359 20.77 20.79 0.09
5 0.363 20.31 21.17 4.23
6 0.365 23.56 21.45 -8.96
7 0.366 20.50 21.56 5.15
8 0.368 20.28 21.72 7.11
9 0.377 21.91 22.81 4.09
10 0.384 23.58 23.63 0.21
11 0.390 26.46 2L.36 -7.93
12 0.395 2L .60 2Lk.99 1.60
13 0.409 27.12 26.81 -1.12
1L 0.410 26.56 26.96 1.52
15 0.415 30.48 27.64 -9.32
16 0.430 29.74 29.74 0.00
17 0.434 30.23 30.39 0.55
18 0.440 34.77 31.44 -9.58
19 0.455 33.04 33.89 2.58
20 0.459 33.86 34 .46 1.79
21 0.465 38.94 35.65 -8.45
22 0.484 37.90 39.09 3.15
23 0.Lk91 Ll 3 L0.55 -8.73
2L 0.508 43.38 L4. 4o 2.33
25 0.516 50.73 46.07 -9.19
26 0.530 46.51 49.63 6.71
o7 0.533 50.84 50.47 -0.73
28 0.541 56 .00 52.43 -6.37
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TABIE 17. (Concluded)
Measured b b
Crack Measured Calculated
Length/Width Normalized Normalized
Ratio, Compliance, Compliance, Percent
Index a/w CEB CEB Deviation
29 0.558 56 .00 57.52 2.73
30 0.566 64.90 59.80 -7.86
31 0.583 63.91 65.75 2.88
32 0.590 73.04 68.42 -6.33
33 0.598 71.89 71.34 -0.76
3 0.615 81.27 78.57 -3.33
35 0.623 81.97 82.02 0.06
36 0.629 75.69 8L4.84 12.08
37 0.6L40 94.30 90.62 -3.90
38 0.653 9.19 97.54 1.4
39 0.666 109.46 105.47 -3.64
4O 0.673 109.72 110.02 0.27
L1 0.698 128.67 128.61 0.02
Lo 0.734 148,02 164.35 11.03
L3 0.737 150.20 168.33 12.07
Ll 0.762 178.47 201.95 13.16
L5 0.787 225.84 245.69 8.79
L6 0.812 289.30 305.29 5.53
L7 0.832 373.20 368.04 -1.38
48 0.833 34k4.35 370.95 7.72
L9 0.857 493.34 L7h .66 -3.79
50 0.886 765 .84 681.39 -11.03
51 0.887 676.61 683.22 0.98
52 0.911 966.98 987.44 2.12
53 0.936 1727.70 1582.19 -8.42
Average Absolute
Percent Deviation = U4.81

a af is based on optical measurements and is corrected for the crack bow

b CEB is corrected to the load line
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TABLE 18

COMPARISON OF COMPLIANCE DERIVATIVE CALIBRATIONS BASED ON

EQUATION (3) AND EXPERIMENTAL DATA OF CQUPONS

11CR-2, 11RC-2 AND 11SC-1

S —

Measured b !
Cracka Calculated Experimentalc
Length/Width Compliance Compliance

Ratio, Calibration, Calibration, Percent

Index a/w C C Deviation

e 3w e

1 0.3338 4.090 4.003 -2.17
2 0.3343 4.098 4.011 -2.17
3 0.3587 L.473 4.386 -1.99
L 0.3592 4481 4. 394 -1.98
5 0.3627 4.538 L.4s51 -1.95
6 0.3652 4.578 L. ho2 -1.93
7 0.3662 4.594 4.508 -1.92
8 0.3677 4.619 L.533 -1.90
9 0.3772 L.777 4 .692 -1.80
10 0.3841 . L .894 4.812 -1.70
11 0.3901 4.997 4.918 -1.62
12 0.3951 5.085 5.008 -1.53
13 0.4090 5.335 5.268 -1.28
14 0.4101 5.356 5.289 -1.26
15 0.4150 5.447 5.385 -1.15
16 0.4295 5.723 5.677 -0.82
17 0.4338 5.808 5.767 -0.71
18 0.4405 5.942 5.910 -0.54
19 0.455Y 6.251 6.243 -0.13
20 0.4587 6.322 6.319 -0.04
21 0.4654 6.468 6.478 0.15
22 0.4836 6.886 6.931 0.65
23 0.4908 7.061 7.121 0.84
ol 0.5085 7.516 7.613 1.27
25 0.5157 7.714 7.824 1.41
26 0.5301 8.133 8.269 1.64
27 0.5333 8.232 8.372 1.68
28 0.5406 8.463 8.613 1.75
29 0.5582 9.066 9.231 1.79
30 0.5655 9.337 9.504 1.75
31 0.5831 10.052 10.205 1.50
32 0.5904 10.376 10.515 1.32
33 0.5980 10.733 10.852 1.09
34 0.6153 11.627 11.673 0.39

-~
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TABIE 18. (Concluded)

Measured b
Cracka Calculated Experimentalc
Length/Width Compliance Compliance
Ratio, Calibration, Calibration, Percent
Index a/w C C Deviation
3w 3e
35 0.6229 12.060 12.060 0.00
36 0.6288 12.41Y4 12.373 -0.33
37 0.6402 13.147 13.009 -1.06
38 0.6527 14.032 13.760 -1.98
39 0.6657 15.052 14.607 -3.05
4o 0.6726 15.639 15.086 -3.66
41 0.6975 18.051 17.018 -6.07
Lo 0.7339 22.569 20.561 -9.77
43 0.7373 23.062 20.947 -10.10
Lb 0.7622 27.095 24,142 -12.23
45 0.7871 31.97h4 28.153 -13.57
L6 0.8124 37.949 33.418 -13.56
L7 0.8323 43.480 38.769 -12.15
48 0.8331 43.719 39.012 -12.06
49 0.8567 51.405 47.521 -8.18
50 0.8864 63.006 63.645 1.00
51 0.8866 63.092 63.784 1.08
52 0.911k4 74.685 86.204 13.36
53 0.9363 88.310 127. 444 30.71
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a/w is based on optical measurements and is corrected for the crack bow

C. results calculated using Equation (3) which is derived from a fit

3

to boundary value collacation results [ 12]

C. results based on experimental evaluation of Equation (2) employing

Equation (4) and k, e, and v from Table 17
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TABLE 19

COMPARISON OF REILATIVE CRACK LENGTH BASED ON OPTICAL READINGS
AND ON COMPLIANCE MEASUREMENTS AT -253°C (L23°F)

Coupon 7 CR-2

P e

104

Measured Crack Length/Width
a/w

Calculation a Calculation
Based on Calculation Based on Compliance

Optical Based on Compliance Data at
Measurement Data at -253°C (-L423°F) Room Temperature

0.432 0.435 0.431

0.4h7 0.463 -

0.462 0.468 N

0.507 0.497 0.500

0.537 0.528 -

0.557 0.561 -

0.622 0.600 -

— i

a Calculation made by assuming no effect of temperature on
compliance except for change in apparent modulus in CEB

calculation




after fracture for crack bowing, compared to a/w based upon the normalized

compliance readings corrected to the load line of the coupon.

The crack lengths based on normalized compliance shown in Table 19 were deter-
mined by using Equation (6), the apparent elastic modulus obtained at -253°C
(-423°F), and the k, e, and v values of the combined room temperature compli-
ance data set. This procedure assumed that compliance at -253°C (-423°F) would
be unchanged compared to that obtained at room temperature. If the assumption
was correct, close agreement between optical and compliance based a/w should
have resulted. This assumption was supported by the excellent agreement
between optical and compliance based a/w data observed for all crack propa-
gation coupons tested at room temperature (see Appendix). Table 19 clearly
shows the excellent agreement between optical and compliance based a/w
calculations regardless of the temperature at which the compliance calibration
was conducted. In summary, calculation of a/w using low temperature based
compliance data and k, e, v parameters obtained from toom temperature based
compliance data is correct provided the correction for apparent modulus due

to temperature is taken into account. Compliance calibration and the
associated calculation of a/w was not affected by low temperature except for

allowance of a modulus change.

To obtain calculated values of a/w for each crack growth coupon, the associated
compliance data for comparison to the a/w data (corrected for the crack bow)
obtained optically, Equation (6) was used along with k, e, v parameters based
on normalized compliance data measured at the crack mouth. These k, e, v,
values are given in Table 20. By using these k, e, and v values, a/w was cal-
culated from Equation (6) using the data taken directly from the load versus
COD curves, since all clip gages were at the crack mouth. As mentioned pre-
viously, comparison between optical and compliance based a/w calculations was
excellent as can be observed by careful scrutiny of the data in the Appendix

to this report.
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TABIE 20

PARAMETERS USED IN EQUATION (6) FOR CALCULATING
COMPLIANCE BASED a/w RATIOS FOR CRACK GROWTH COUPONS

Parameter Numerical Value
k 2.1840630491827
< 0.71927792637216
v 1.6103577859161
L




L.0 FATIGUE CRACK PROPAGATION RESULTS

The experimental variables studied were: orientation, stress range ratio
(0.05, 0.5), frequency (10 Hz, 0.1 Hz) and environment (room temperature lab-
oratory air and -253°C liquid hydrogen). The results of these tests are sum-
marized in this section. Summary figures only are presented since data for

each individual specimen is presented in the Appendix.

Throughout the fatigue crack growth tests, crack length was measured optically
as well as with a compliance gage. A comparison of a/w based upon the optical
and COD measurements is given in the Appendix for most coupons tested at room
temperature. The difference between optical and COD measurements was less
than + 8 percent for all of the crack length measurements for all of the
coupons compared. The difference was always greatest for the smaller a/w
ratios. The vast majority of the differences for all of the data points

compared was less than * 4 percent.

b1 Orientation Effects

The effects of specimen orientation within the pancake forgings on the fatigue
crack propagation behavior of Ti-5A1-2.5Sn(ELI) at room temperature are shown
in Figs. U4 to L47. Careful study of this data using the individual plots of
Appendix A showed no significant effect of coupon orientation on the fatigue
crack growth behavior. Coupons 2CR-1 and 2RC-1 were not included because no

crack growth data was recorded for these two coupons.

Variation in growth rates within a coupon were often as large as the variation
from one orientation to another. The curves shown in Figs. 4L to L7 are the
2 scatter bands discussed in Section 2.3.4; extrapolations are indicated by
dashed lines. When the location of the data for each individual specimen was
compared to the 2 band for all data (see Appendix), then for Fig. Ll the

CS and RS orientation data were found to be more in the lower half of the data
band. However, for Figs. 45 to 47 the same trend for CS and RS data was not
discernable. Differences in propagation rates for cracks growing in the R

or C direction were not observed.
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Data scatter within any specimen was generally small except for specimens from
disk 9, see Fig. 46. For this disk, data scatter was greater than that

for specimens from other disks. No valid reason for this has been discerned.

Figures 48 to 50 show the effects of orientation on fatigue crack growth be-
havior at -253°C (-423°F). Study of this data again showed no detectable
orientation effect. Figure 51 is included for reference since only one specimen

was tested at R = 0.5, F = 0.1 Hz at -253°C (-L423°F).

4.2 Frequency Effects

The effect of frequency on fatigue crack growth rate is shown in Figs. 52 to
55 for room temperature data and in Figs. 56 to 59 for -253°C (-423°F) data.
Figs. 52, 5L, 56 and 58 compare the results using 20 bands while Figs. 53, 55,
57 and 59 compare them using the 1o band suggested design curves.

The data clearly showed that no effect of frequency was observed at R = 0.05 at
either room temperature of -253°C (-4P3°F). Curve shapes and thresholds were
essentially identical, see Figs. 52, 53, 56 and 57. The same lack of a frequency
effect was also true at R = 0.5 although at room temperature, Figs. 54 and 55
curve shapes were not identical, although this could be an artifact of the man-

ner in which the data was extrapolated.

4.3 Effect of Range Ratio

Figures 60 to 67 show the effect of load ratio, R, on the fatigue crack growth
behavior or this allow. At both temperatures and both frequencies, the data
at R = 0.5 was shifted to left or higher growth rates which can be easily

seen in the Figures. The amount of the data shift was about the same for each
temperature. This result was consistent with other fatigue crack growth
studies (see for example Reference [L42]) and was expected. The only other
observation was that except under 10 Hz conditions at room temperature, data
at R = 0.5 appeared to have somewhat less scatter, hence tighter 2o data
scatter bands, than the R = 0.05 data.
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at F = 10 and 0.1 Hz, R = 0.05, Room Temperature
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(ELI) at F = 10 and 0.1 Hz, R = 0.5, Room Temperature
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at F = 10 Hz, R = 0.05 and 0.5, -253°C (-423°F)
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at F = 0.1 Hz, R = 0.05 and 0.5, -253°C (-423°F)




L.L Effect of Temperature

The effect of temperature at R = 0.05 is shown in Figs. 68 to 71 and at R =
0.5 in Figs. 72 to 75. At both R ratios, the extent of scatter was essen-
tially the same at each temperature and frequency combination. In addition,
there was no temperature effect at lower AK levels below AK = 4k MPa /m,

(LO ksi 4/in.) at R = 0.05 and below 33 MPa +/m (30 ksi 4in.) at R = 0.5. At
higher AK levels, -253°C (-L423°F) crack growth rates were faster than room
temperature rates only because of the lower fracture toughness at -253°C
(-423°F).

4.5 Effect of Iot to Lot Variation

As discussed in detail in the material characterization Section 3.2, some of
the material used for the rotational disks was from Iot 2 material (pancakes
21 - 28), but of the same heat as coupons from pancakes 1 to 18 and disks
from pancakes 19 and 20 which were from Lot 1 material. To investigate pos-
sible differences in fatigue crack growth behavior between the two lots,
tests of two CR direction coupons from pancake 29 were conducted at Calac

at R = 0.05, F = 10 Hz, at room temperature. Results are shown in Fig. 76

and compared to previous results in Fig. 77.

Test results for specimens 29CR-1 and 29CR-2, Lot 2, produced crack growth
rate data with small scatter. Growth rates were somewhat faster than the
data from Iot 1. The Iot 2 data fell in the left half of the 2g scatter
bands of the Iot 1 data, see Fig. 77. The results of this study give an in-
dication of the extent of the effect of forging parts at different times.

4.6 Summary of Results

This alloy had a remarkable lack of sensitivity to the various test conditions.
No effect of frequency was found at any combination of R ratio or temperature.
A load ratio effect was observed, but was manifested only by a small shift to
higher rates of the R = 0.5 Hz data. No effect of temperature was found at
low AK levels and at high AK levels the effect was dominated by the particular
toughness value at that temperature.
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(ELI) at Room Temperature and -253°C (-423°F), R = 0.05, F = 10 Hz
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Table 21 shows the K, values which were used in Equations (8) and (14) to
calculate the threshold stress intensity values and 20 scatter band curves

for the fatigue crack growth data. Also shown in the table are the risk
function, r, (see Equation (15)), and corresponding stress intensity range

for slow to fast growth transition, AKSf in crack propagation rate. The
constants o and w varied for each data set. The values of o were in the range
of -0.37 to -0.51 while W varied between 2 and 7. DNotice in Table 21 that the

ratio of Ast/Kﬁ did not vary significantly for the different test conditions.

L.7 Prediction of Life Analysis

A primary reason for collecting fatigue crack propagation data was to obtain the
data necessary to perform a life prediction analysis for a rotating component.
To accomplish this, the accuracy of the life prediction analysis procedure must
be confirmed. Essentially the procedure consists of integrating the functional
expression for da/dN (Equation 8) from the initial crack length, a;s to the

final crack length, a_., to obtain the predicted life in cycles.

£
The life analysis computer program, previously developed at Calac (15 - 17]
used in this study integrated da/dN by employing Simpson's rule [43] of inte-
gration. The program incrementally integrated over small Aa intervals so that
the AK change remained small and summed the total number of cycles for each
increment to obtain the predicted life. For WOL coupons, stress intensity

was calculated using Equations (1) and (2). For rotating disks, K was calcu-

lated using Equation (17).

The best test for any such procedure is to check if the a versus N data of
a WOL coupon can be duplicated by integration of the da/dN curve fit to this
data. In general, small load steps could easily be accounted for in the
program, providing that the step in Khax was not severe, approximately a
factor of 2.5 or less, such that overload effects on crack growth did not
occur. The accuracy of the resulting life prediction for a WOL specimen was
dependent upon how closely the expression for da/dN, Equation (8), approx-

imated the original data.
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In this investigation, expressions for da/dN were developed based on the

data collected for all coupons tested at each test condition. Table 22
shows the life prediction results versus the actual test results for WOL
coupons 29CR-1 and 29CR-2 tested at room temperature, R = 0.05, f = 10 Hz.

For these coupons, the &, u values needed in Equation (8) were chosen as those

which represented the data for just these two coupons.

In Table 22, the predicted life, based on the median curve, should be closest
to N, and in fact, N was 12.8% higher than N, for 29CR-1 and 8.4% lower than
NA for 29CR-2. Although these are good fits, they would have been closer if
the @ and & values for each specimen had been used rather than the constants
for the combined data set. The suggested design predicted lives were both
conservative as expected; the predicted lives being 13% and 34% lower than

NA for coupons 29CR-1 and 29CR-2, respectively.

For a case where ¢ and p are based on the results for a large number of
coupons, values of NM would be much higher than NA for some coupons and
lower for others. Therefore, as an alternative, the predicted life based
on the 1y scatter band, suggested design curve was compared to NA for all
coupons tested by Convair at room temperature, R = 0.05, f = 10 Hz. The
values of ND would be expected to be approximately equal to or less than
NA for all coupons if the suggested design curve is a good, conservative

predicted life approach. Results are shown in Table 23.

The predicted life, Nb, results of Table 23, based on the design curve,
were lower than the actual life, NA for 7 of the 10 coupons and less than
10% higher for the other three coupons. This result confirmed the distri-
bution of lives expected for a data set of a large number of coupons.
Except for coupons 12RS-2 and 13RS-2, the conservativeness in life pre-
diction was not unreasonable. For the two RS direction coupons, NA was
significatntly longer than N_ because these coupons had an apparently sig-

D
nificantly higher threshold value than the other coupons.
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TABIE 22

COMPARISON BETWEEN PREDICTED AND ACTUAL

FATIGUE LIVES

FOR WOL COUPONS 29CR-1, 29CR-2

Actual Predicted Predicted
Specimen Life, Life-Median, Curve Iife-Design Curve,
No. NA’ Cycles NM, Cycles ND, Cycles
29CR-1 43,399 48,842 37,394
a
29CR-2 181,000 165,785 118,232

a Actual life shown is number of cycles between a = 18.1 mm (0.712 in.)

and failure.
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TABLE 23

COMPARISON BETWEEN PREDICTED AND ACTUAL FATIGUE LIVES FOR
WOL COUPONS TESTED AT ROOM TEMPERATURE, R = 0.05, f = 10 Hz

Actual Predicted
Specimen Life, Life Design Curve

No. NA’ Cycles ND, Cycles
7CR-1 155,403 169,772
TRC-1 154,950 155,367
2SR-1 275,819 169,969
7SR-1 159,203 103,830
2sCc-1 125,650 132,899
7SC-1 154,200 142,749
12Rs-2% 373,321 41,560
13RS-2 332,750 43,326
14¢s-2 16,630 11,763
15Cs-2 19,636 11,705

% Integrated from a = 20.5 mm (0.808 in.) to failure




The results given in Tables 22 and 23 confirm the expected accuracy of the

analysis method for life prediction. In subsequent sections of this report,

the procedure will be applied to life prediction for rotating components.
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5.0 ROTATIONAL DISK STUDY RESULTS

This section describes the results of the rotational disk spin pit study.
Specific subsections describe burst, fatigue crack growth, and proof tests.

Results are compared to laboratory WOL coupon data.

Prior to testing all disks (surface finish polished to 16rms or better)
were visually inspected for surface crack length. Measured surface crack
lengths were consistently underestimated due to the tight nature of the
cracks and, presumably, the typical "smearing" of titanium which occurred
during machining. Cracks in disks 19, 27, and 28, which contained no
notches, were virtually impossible to be seen even under a 60x microscope.
Eddy current inspection easily revealed the location of the cracks in these
three, but, of course,gave no information as to crack length. Some disks

were inspected using various dye penetrants,not harmful to titanium, which

revealed no cracks.

After the first test cycle of a disk used for fatigue crack growth, cracks
were easily observed since they had permanently opened and the crack tip

was marked by a surface dimple. This result coupled with the limited visual
inspection study prior to test, indicated that inspection of rotor components
for cracks prior to service will be extremely difficult. The problem is
compounded by the fact that in service the main flaws of concern will be
axially oriented surface or imbedded flaws. Penetrants which etch the sur-
face may be useful to reveal the surface flaws, but the question of damage

to the component by the etchant could then be a problem. Alternatively,
ultrasonic inspection could be used to inspect for flaws, but an extremely
careful, precise, and expensive calibration of flaws in the actual rotor part
would have to be undertaken. Even then flaws less than 1.27 mm (0.050 in.)
would be nearly impossible to detect in any consistent, reliable fashion. This

point will be discussed further in Section 6.
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5.1 Burst Tests

Five of the ten disks were specifically used for determining burst speed as
a function of crack length. Although the other five disks were used for
crack growth or proof test studies, each of them either failed during testing

or were burst after testing to provide burst speed data from all ten disks.

Burst test procedure, except for failures during the crack growth studies,
was simply to slowly increase the speed of the disk until burst. Total
test time to burst varied from 2 to 5 minutes depending on the burst speed
obtained. Table 24 lists the results of all the burst tests in order of

increasing crack length.

The first three burst tests listed contained short enough cracks that yield-
ing began at the bore and progressed radially outwards prior to burst. Seven
of the ten tests resulted in fracture of the disks, however, in disks 26,

27 and 21 extensive diametrical growth of the disks due to plastic growth of
the bore (disks 26 and 27) or plastic hinge at a notch (disk 21) resulted
in rotational instability and subsequent failure of the spin shaft. These
tests were classified as burst tests with a burst speed equivalent to the
speed at which shaft failure occurred. This classification was made
because of the flat topped stress-strain response of the material similar
to an elastic - perfectly plastic behavior and because burst is essentially
caused by excessive plastic deformation [31]. Therefore, in situations
where spin up was slow enough, deformation of the disk prior to burst was
large enough to cause instability. The speed at which this occurred was

undoubtedly close to the fracture burst speed [L41].

Disk 26 contained no precrack and was presumed to be flaw free. The disk
was originally spun up to 79,890 rpm before discontinuance of the test due
to incipient shaft instability. The shaft was replaced when instability was
found to be due to an undersized shaft. The disk was rerun to burst but
large deformation caused instability and subsequent shaft failure at 99,540

rpm. Post test examination revealed that the bore diameter had grown from
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25.4 mm (1.000 in.) to 26.16 mm (1.030 in.) and to 26.03 mm (1.025 in.)
perpendicular to the 26.16 mm (1.030 in.) measurement. Maximum outer diameter
growth was from 127.02 mm (5.001 in.) to 127.28 mm (5.011 in.). This large
permanent deformation made further testing impossible and the burst speed

was defined as occurring at 99,540 rpm. This result was compared to the
predicted hnurst speed based on Equation 18 of 95,680 rpm, and that based on
Equation (21) due to Robinson [29] , of 100,703 rpm. The agreement between

the test result and predicted burst speeds can be seen to have been excellent.

Unnotched disk 27 was spun to determine the effect of a small flaw, 1.47 mm
(0.058 in.), wholly immersed in a plastic stress field, on burst speed. Figure
78 shows the shape of the fracture surface and the short flaw. Visible in
Fig. 78 is the precrack region and the extent of crack growth which occurred
during the burst test as well as the machine cut needed to pull the fracture
surface open after test. Failure was due to rotational instability after

126 sec elapsed time at 96,480 rpm.

The effect on burst speed due to a longer crack, 13.85 mm (0.545 in.), imbedded
in a plastic field was investigated using disk 19. This unnotched disk
fractured in two places with one fracture zone containing the precracked flaw,
see Fig. 79. The plane containing the flaw failed in a mode similar to the
brittle fracture failure of KIQ tests, see Fig. 80, while the other plane was
a large ductile tear failure mode. The burst speed of 84,240 rpm was signi-

ficantly lower than that for disks 28 and 27, as expected.

Disk 20 was spun to burst after being used for crack growth measurements.
The disk contained symmetrical notches with a fatigue precrack at the end of
one notch. For burst calculations, the disk was analyzed as a single flaw
of length 21.41 mm (0.843 in.). Post test examination revealed that the
unprecracked notch had initiated a fatigue crack during spin pit cycling of
1.42 mm (0.056 in.) average length. Failure of the disk occurred along a
diametrical line containing the two notches. Failure zones appeared as KIQ
type brittle fractures except for the somewhat large shear lips. The burst
speed of 69,290 rpm was slightly above the 68,805 rpm speed necessary
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Figure 78. - Fracture Surface of Disk 27
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Figure 79.- Disk 19 After Burst Test
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OVERLOAD REGION
DURING BURST OF DISK PRECRACK REGION

Figure 80. - Fracture Surface of Disk 19
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for the onset of bore yielding based on the material's average yield strength.
This means that failure possibly occurred with a small amount of plastic flow

near the bore.

Disk 21 was spun to 66,850 before shaft failure due to excessive bore growth.
The shaft was replaced and the disk spun to 65,350 rpm before removal due to
instability again caused by bore growth. A third spin to 66,490 rpm failed to
burst the disk and further testing was discontinued. Burst speed was defined
as 66,850 rpm. Figure 81 shows the fracture surface of disk 21. The crack

growth which occurred during each spin up is clearly visible.

Figure 82, a macro-photograph of disk 21 after test, clearly shows the
notches, opened straight precrack and the dimpled plastic zone which occurred
during test. Figures 83 to 86 show close-up details of the crack tip region.
The shape of the plastic zone is clearly visible in these figures. Notice
that the crack grew through the large plastic zone and then turned down the

inside of one side of the plastic zone. For disk 21, K__ was calculated as

IQ
108.1 MPa Jm (98.4 ksi +in.).

Disk 28 burst after 355 cycles at 64,300 rpm, 700 rpm below the maximum

speed during the previous fatigue cycling. Failure crack length was 32.0 mm
(1.26 in.) and KIQ was calculated as 104.4 MPa vm (95.0 ksi +in.). Failure
occurred before onset of bore yielding. Typical large shear lips were
observed on the fracture surface. Disk 25 was spun to burst after surviving
400 fatigue cycles between 38,900 and 55,000 rpm. Burst speed was 59,320 rpm;
crack length was found to be 34.98 mm (1.377in.) and K. calculated as 90.1

MPa i (82.0 ksi +fAin.).

IQ

Disk 24 was burst without prior fatigue cycling. Figure 87 shows the typical
damage inflicted on disk 24 caused by the burst while Fig. 88 shows the
excellent preservation of the fracture surface despite the violence of burst.
Disk 22 was intended as a proof test but the crack was longer than anticipated
and burst occurred on the first cycle. Disk 23 burst after 42 fatigue cycles.

The burst rpm and calculated KIQ values for the above tests are tabulated in
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Figure 81. - Fracture Surface of Disk 21
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Figure 82. -Top Surface of Disk 21 After
Being Spun to 66,850 rpm
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Figure 83. - Crack Tip on Top Surface of Disk 21 After Test
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Figure 8U4.- Crack Tip on Top Surface of Disk 21 After Test

162



Figure 86. - Crack Tip on Bottom Surface of Disk 21 After Test
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Figure 87. - One Half of Disk 24 After Burst
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Figure 88. -Fracture Surface of Disk 2L
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Table 24, All three of these disks failed prior to the onset of bore yield-
ing since burst speeds were well below 68,804 rpm.

In summary, Table 24 clearly shows that for all ten disks, burst speed
decreased as crack length increased. The large drop in burst speed between
disk 19 and disk 20 was due partially to the increase in crack length and
partially to differences between disks with and without a plastically yielded

bore.

The six disks in which no bore yield occurred had an average KIQ of 87.8

MPa. ,/m (79.9 ksi 4/in.) compared to the average of 87.5 MPa vm (79.7 ksi Jin.)
for the room temperature laboratory data for the six orientations of the WOL
coupons. The two CR direction toughness samples average 90.7 MPa Jm

(82.6 ksi 4/in.) while the range of all toughness samples was 78.3 to

96.9 MPa /m (66.0 to 98.4 ksi +/in.). All of the results and comparisons are
shown in Table 2L,

The toughness results for the disks did not, at first, appear to correlate
well with the WOL laboratory data. In the CR direction, three WOL toughness
coupons from three different pancakes were tested, see Section 3.3, and their
KIQ values ranged from 89.8 to 92.7 MPa ,/m (81.7 to 84.4 ksi ,/in.). However,
the disks which burst before the onset of bore yielding had KIQ values from
72.5 to 108.1 MPa ,m (66.1 to 98.L4 ksi #/in.). In addition, Table 2L clearly
shows that the disks with longer crack lengths at burst had lower KIQ values.
However, disks 25 and 24 had virtually the same crack lengths at failure,

but quite disparate KIQ values. Discussion of the explanation of these
differences will be delayed until the end of this section after rotationally

induced fatigue crack growth results have been reviewed.

5.2 Crack Growth Tests

Three disks (23, 25 and 28) were used to study the fatigue crack growth prop-
erties of this alloy in a rotational stress field. Test speeds were chosen
such that significant crack growth would occur within the 40O cycle design
life time. All testing wasvdone at an R ratio of 0.5 and at a frequency of

approximately 1 cycle/min.
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Disk 23 had an initial crack length of 35.38mm (1.393 in.) and was cycled
between 37,500 rpm and 53,000 rpm. The disk burst after 42 cycles at a final
crack length of 39.24 mm(1.545 in.). The change in crack length was 3.86 mm
(0.152 in.), equivalent to an average crack growth rate of 9.1 x 1077 m/cycle
(3.6 x 1073 in./cycle), at an average AK of 36.4 MPa \/m (66.2 ksi/in.).

Disk 25 was cycled between the speeds of 38,400 and 55,000 rpm. Table 25
shows the results of the crack growth testing. Note that AK and Khax varied
only by a small amount throughout the crack growth testing. Normally, as a
crack extends, crack growth rate tends to increase; however, for disk 25 the
rate decreased. This result was attributed to the large plastic stress field
generated during the first cycle of loading relative to the small plastic

zone size after precracking.

This data suggested that possibly on the first fatigue cycle a large amount
of crack growth occurred, essentially a tear, and was followed by subsequent
decrease in the growth rate due to propagation of the crack through the large
plastic zone. Support for this effect of the disk cycle history was found
on the fracture surfaces of both disks 23 and 25, but was seen most clearly
on disk 25 due to better post-burst preservation of the fracture surface, see
Fig. 89. This figure shows a large tear immediately after the precrack of
approximately 1 mm (0.040 in.) length followed by the region of crack growth.

Note that the tear region was essentially not visible on the disk surface.

The fatigue crack growth results of Disk 28 are shown in Table 26. 1In this
test, the disk failed after 355 cycles of testing between 46,000 and 65,000
rpm. Crack growth rates were faster than for those for disk 25 which cor-
relates with the higher AK of disk 28. Only a small retardation in crack
growth rate was observed after the first growth measurement. However, obser-
vation of the fracture surface revealed the same tear phenomenon as disks 23
and 25, see Fig. 90. This tear would have been visible on the surface if the
test had been stopped after the first cycle. A greater retardation in growth
rates would most likely have been observed if crack readings had been taken

after 75 and 150 cycles as planned.
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TABLE 25

FATIGUE CRACK GROWTH RESULTS FOR DISK 25

Nmin = 38,900 rpm
o 55,000 rpm
f =~ 1 cycle/min.
Stress
A Ccrack Crack M;xé SZFESS Intensity,
V%' iﬁc Growth Rate, nKen el Range,
eng Crack Growth Aa/AN, max ? K,
aAvg Cycles Increment m/cycle MPaAfﬁ MPaAfE
mm (in.) N Aa, mm (in.)| (in./cycle) | (ksi J/In.) | (ksi J/in.)
28.24k (1.112) 0 s
2.87 (.113) (f'gl " 18-3) 75.0 (68.3) | 37.6 (34.2)
31.12 (1.225) 75 -5
350 (L138) | (3737 X 10-I| 76.6 (69.7) | 38.2 (34.8)
3k.52 (1.359) | 325 ) 6
0.46 (.018) | (57} % To-by | 77.2 (70.3) | 38.7 (35.2)
34,98 (1.377) | koo
Avg. Values -5
Over the Total| 400 | 6.73 (.265) (%'28 x ig-u) 75.9 (69.1) | 37.9 (34.5)
Aa Increment ‘
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Crack length at burst =

34.98 mm (1.377 in.)

Burst speed = 59,320 rpm
K. = 90.1 MPa v/m (82.0 ksi +/in.)

IQ
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Figure 89. - Fracture Surface of Disk 25

169



TABLE 26

FATIGUE CRACK GROWTH RESULTS FOR DISK 28

Noin = 46,000 rpm
Noox = 65,000 rpm

f ~ 1 cycle/min.

Max. Stress | . Svress
Crack e €S8 | Intensity,
Avg. Crack Growth Rate HObEnsL Gy Range,
Length, Crack Growth pa /AN max AK
aAvg Cycles Increment m/cycle MPa,JE MPaJE
mm (in.) N pa, mm (in.) | (in./cycle) (ksi J/in.) | (ksi J/in.)
13.06 (0.614) 0 -5
4.3 x 10
8.48 (.33k4) (1.7 x 10°3) 87.7(79.8) | 43.7(39.8)
21.54 (0.8L48) 200 s
4.1 x 10
4.0k (.159) (1.6 x 10-3) 96.9(88.2) | 48.5(Lk.1)
25.58 (1.007) 300 -l
1.2 x 10
6.43 (.253) | ()6 4 1073)| 103 (93.9) [ 51.5(k6.9)
32.00 (1.260) 355
Avg. Values 5.3 x 10-5
Over the Total 355 18.95 (.Tu46) (2:i N 10-3) 95.7(87.1) | 47.8(43.5)

Aa Increment
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Crack length at burst = 32.00 mm (1.260 in.)
Burst speed = 64,300 rpm

Kiqg =

104 MPa W/m (95.0 ksi /in.)
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Figure 90. - Fracture Surface of Disk 28
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Disk 22 was planned to be used for investigating the proof test concept.
However, failure of the disk during spin up to the proof rpm, due to a longer
crack than that anticipated, precluded use of this disk. Therefore, only

disk 20 was available for proof testing.

Disk 20 was spun to a proof speed of 60,200 rpm for one cycle and returned to
zero. This speed was sufficient to proof the disk for any crack length great-
er than 27.9 mm (1.1 in.); a nominal KIQ of 87.8 MPa/m (80 ksi 4in.) was used
for this calculation. After the proof spin, the disk was cycled between
40,000 and 56,500 rpm for 400 cycles without failure. After cycling, the

disk was spun to burst. Since no failure occurred prior to 400 cycles, the
proof test concept was successfully proven in that flaws above 27.9mm (1.1 in.
were screened which did insure a life of 40O cycles. At the stresses develop-
ed during cycling, growth would probably have continued for about another 300
cycles. Table 27 shows the results of the crack growth study.

Table 27 shows that as with disks 25 and 28, the fatigue crack propagation
rate decreased for the second and third readings and increased on the fourth
reading. Also, like disks 23, 25, and 28 the crack on disk 20 extended during
the first cycle, in this case the proof cycle, see Fig.91l. The large initial
crack extension and associated plastic zone caused the observed crack growth

rate pattern.

The fatigue crack growth data points obtained under rotational cycling con-
ditions are plotted in Fig. .92 along with the 2c scatter bands for the 10 Hz.

R = 0.5, room temperature, WOL data. The rotational crack growth data can be
seen to be somewhat higher than the extrapolated data from the WOL coupons.

The shape of the fatigue crack growth rate curve for the disks, see Fig. 92,

is quite different than the WOL data curve and is difficult to explain with-
out further investigation. DNotice in this figure that all of this low cycle
fatigue data was at or above Ast (36.3 MPa /m (33 ksi ,fin.)) for the R = 0.5
room temperature WOL data as defined in Section 2.3.4. The low cycles to
failure of these crack growth disks was entirely consistent with the definition

of the risk function, r, and associated AKgf definition.
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PROOF AND FATIGUE CRACK GROWTH TEST RESULTS FOR DISK 20

TABLE 27

Original Crack Length = 18.24 mm (0.718 in.)

One proof cycle up to 60,200 rpm applied
with no apparent surface crack growth.

Noin = 46,000 rpm
Noox = 56,500 rpm
f = 1 cycle/min
Stress
Crack SS8Xs St?ess Intensity
Avg. Crack Intensity,
Leneth Growth Rate, K Range,
g Crack Growth Aa/AN max AK
SAvg 2ycles | Increment m/cycle MPa m MPa i
mm (in.) N ba, mm (in.) | (in./cycle) (ksi vin.) | (ksi #in.)
18.24 (.718) 0 P
1.37 (.054) ézé * 18-1;) 68.1 (62.0) | 34.1 (31.0)
19.61 (.772) 150 6
0.584(.023) (Zf x ig-u) 69.9 (63.6) |34.9 (31.8)
20.19 (.795) 225 -6
0. 406(.016) (Z:f x }8-u) 70.1 (63.8) |35.0 (31.9)
20.60 (.811) 300 6
0.813(.032) (212 * ig-h) 70.4 (64.1) |35.2 (32.0)
21.41 (.8L43) 400
Over the Totel | 00 |3.18 (.125) | 79 % 107, 69.7 (63.1) |34.8 (31.7)
’ ) (3.1 x 10 ) ’ ’ - ’
Aa Increment =

Crack length at burst = 21.

Burst speed = 69,290 rpm

KIQ

107 MPa /m (97.4 ksi +/in.)

41 mm (0.843 in.)
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Figure 9l.- Fracture Surface of Disk 20
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Although there may be other unconsidered causes of the shape of the crack
growth curve indicated in Fig. 89, three immediate possibilities are suggested
as explanation: 1) the extrapolation of the WOL data curve above ~ 5 x 10~
m/cycle (2 x 10'“ in./cycle) was incorrect and unconservative, 2) the first
crack growth reading for each disk is incorrect due to initial uncertainty
of the crack location, and 3) the initial cycle of rotationally induced load-
ing caused a jump in crack length followed by retardation due to the large
induced plastic zone. If the first possibility was true, the growth rates
observed for the disks would correlate better, but the unusual curve shape

of the data would be left to explain. The second possibility is eliminated
by the fact that the original crack length before rotational loading was
known accurately after fracture of the disk. The first crack length measured
after the initial number of load cycles was as accurately known as subsequent
measurements. The third possible cause of the rotationally induced crack

growth curve appears the most likely explanation when combined with the first

possibility.
5.2 Discussion

The possibility of an error in extrapolation of the R = 0.5, room temperature
data was evaluated by testing coupon 5CR-2 at Calac in a room temperature,
laboratory air environment at F = 1 Hz. The results of this test are shown
in Fig. 93 where the data is compared to the previously obtained 20 scatter
bands for the R = 0.5, £ = 10 Hz, room temperature WOL data. Figure 93
clearly showed that the fatigue crack growth rates for coupon 5CR-2 above
10-6m/cycle laid to the right of the previously extrapolated curve. Notice
that the first data point is significantly high after which the rate quickly
decreased to the same rate as the previous WOL data. Subsequent fatigue
crack growth rates started to follow the same curve as previous WOL data
before deviating from the extrapolated curve. Thus, the results for 5CR-2
had some characteristics of the spin pit data as well as the prior WOL data.
The results confirmed that the previously extrapolated curve was in error.
Fatigue crack growth data for specimen 5CR-2 also deviated from previous WOL

date in that the K &t fracture was ~110 MPa Jm (100 ksi +/in.) which was
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approximately 20% greater than the average KIQ for this orientation, 90.1
MPa «/m (82.0 ksi #/in.). This result is not unusual for titanium alloys [42]
and indicates the often encountered difficulty of rationalizaing the relation-

ship between K__ ., or KIc’ and Kmax at fracture which occurs during fatigue

IQ
cycling. Although KIc may be a useful number for comparing materials, the
maximum stress intensity at fracture of a crack growth coupon may be a more

meaningful number from a design viewpoint.

Figure 94 shows a view of the fracture surface of coupon 5CR-2. This fracture
surface was similar to those observed for all of the other WOL coupons except
that a small, but significant tear of the coupon was observed. This tear
appeared to have occurred during the first cycle of applied load after pre-

cracking.

Specimen 5CR-2 had a short initial crack length and failed at an a/w ratio of
less than 0.6 eliminating the possibility that the data was influenced by a
coupon end effect. The rate of increase in AK with Aa was similar for both the
disk and coupon 5CR-2. In addition, comparison of the Khax of the sample to
the proposed ASTM criteria [44| for maximum allowable K ax 25 @ function of a/w
showed that the data of Fig. 93 met this criteria up to a AK of 53 MPa Jﬁ
which included all but the last two data points. Essentially this criteria
restricts the nominal stress in the uncracked ligament to be less than Cys
Based on this criteria, all four data points of disk 20 and the first two

data points for disk 28 meet the restriction. Note in Fig. 92 that the data
for disk 20 is similar to that for disk 23 and 25 which did not meet the
proposed nominal stress criteria. Based on this discussion, the conclusion
was made that the difference between the spin pit fatigue crack growth data

and laboratory WOL coupon data probably could not be explained as being due

to a difference in end effect; in the manner in which AK increased with Aa

or to a difference in the amount of specimen plasticity.

The differences between the spin pit and WOL fatigue crack growth data may lie
in the following explanation. The disks were precracked at approximately a Khax
of less than 33 MPa /m (30 ksi ,/in.) and at a R ratio of approximately 0.15.
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During the first cycle of the rotational testing, disks were subjected to a
K oy in the range of 68 to 87 MPa ¥/m (62 to 79 ksi .fin.). This large K ox
resulted in large plastic zones visible on the disk surfaces after the first

cycle and was associated with first cycle tearing as previously discussed.

Subsequent to such a change in Kmax’ termed overload, crack growth rates often
decrease [42, L45-49]; a result observed for the three easily analyzed disks;
20, 25, and 28. Similar to these disks, the only data point for disk 23
appears to be high. However, for this disk, failure occurred after 42 cycles
at a KIQ of 72.6 MPa J/m (66.1 ksi +/in.). Therefore, the high growth rate of
disk 23 may simply have been due to the fact that the disk had a low KIQ’ due
to a high a/R ratio and to material variations, and that crack growth test-
ing was started near this KIQ value. Recall that for all data, recorded
measurements are average values and thus, like for disk 23, growth rates for
cycles 40 to 42 may have been an order of magnitude, or more, faster than for

cycles 10 to 12.

To investigate the effect on da/dN of the large change in AK and Kﬁax compared
to the precrack values, WOL coupons 8CR-2 and 10CR-2 were fatigue cycled at R =
0.5 and at room temperature with an initial X _ of 78.2 MPa ,/m (71.1 ksi ,/in.)
and 81.6 MPa ,/m (74.2 ksi ,/in.) respectively, similar to the disks. In ad-
dition, the specimens were tested at a frequency of 0.0167 Hz (1 cycle/min)
to simulate the spin pit cycling rate and thus check for amny possible fre-

quency effects.

The test results for 8CR-2 and 10CR-2 are compared to the 1 Hz data for 5CR-2
in Fig. 95. The crack growth rate curves for these two coupons can be seen
to be similar to that for 5CR-2 which was tested at 1 Hz and at a lower start-
ing K of 60.6 MPa v/m (55.3 ksi #/in.). The first fatigue crack growth rate
recorded for these two coupons was high after which the growth rate decreased
and then increased. The KIQ values at failure were similar for all three
coupons. However, the curves were not identical, the growth rates for 8CR-2
being greater than those for 10CR-2 which were greater than for 5CR-2 between

~ 42 and 53 MPA J/m (~ 46 and 58 ksi 4/in.).
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Figure 96 shows the data for 5CR-2, 8CR-2, and 10CR-2 as well as that for all
of the other WOL coupons tested at R = 0.5, room temperature. The lines shown
are curves which approximate the median crack growth history of all of the
coupons under discussion. Except for the first data point, the data for 5CR-2
was a continuation of the data previously obtained at lower AK levels. This
figure shows that the only significant difference between the previous data
and that for these three coupons was the initial high growth rates. The dif-
ferences in crack growth rates amoung the coupons above ~ 42 MPa ./m (38 ksi

Jin.) appear to have been due to coupon-to-coupon scatter.

Fatigue crack growth data from the disks are plotted in Fig. 97 together with
the curve lines for 5CR, 8CR-2,and 10CR-2. The curves for the three WOL
coupons showed a good correlation to the spin pit data. Thus, one can con-
clude that the WOL specimens properly and comnletely modeled the spin pit
data. This conclusion is supported by Figs. 94, 98, and 99 which show the
fracture surfaces of coupons 5CR-2, 8CR-2, and 10CR-2, respectively. Similar
to all four disks used for fatigue crack growth studies, an initial first
cycle tear occurred in these coupons followed by more stable crack growth
and subsequent fracture. These fracture surfaces were identical to those

observed on the disks, Figs. 89-91.

In summary, one can conclude that the fatigue crack growth behavior observed
for the disks was exactly duplicated by the WOL coupons tested at high start-
ing Khax levels. The reason for the shape of the crack growth curve for the
disks, see Fig. 97, was understandable. During the first cycle, large sub-
surface crack growth occurred without observable surface growth and accompanied
by a large plastic zone visible as surface dimpling. During subsequent cycles,
the crack propagated, with the surface growth retarded at first, but quickly
catching up so that a more uniform, less bowed crack front was achieved. As
crack growth continued, the crack bowed more until fracture. This physical
response of the disks resulted in an initially high crack growth rate which
decreased over ~ 2.5mm (0.1 in.) after which the crack grew in a more uniform

manner until fracture.
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Although the fatigue crack growth data and fracture surfaces of the disks were
exactly duplicated by a simple test using a WOL coupon, the problem of choos-
ing an appropriate 1life prediction curve remained. A simple curve fit to the
data could have been chosen, but the model would have been clumsy at best due
to the unusual curve shape of the actual data for the disks and those for the
coupons. Therefore, an engineering design approach was taken in that a growth
of 1.5 mm (0.060 in.) was assumed on the first cycle and subsequent growth
rates were assumed to follow the conservatively chosen 20 left bound scatter
band curve shown in Fig. 13. Normally, the suggested lo life band would have
been used as discussed in Section L4.7. However, for simplicity the life
prediction analysis routine assumed that Kd was a constant which was not

true as the WOL coupons showed. A more complex analysis for this high growth
rate data would have taken the variation in Kd into account. The resulting
1o band would be essentially equivalent to the 20 band based on the present
analysis. Tear regions were approximately 1.10 to 1.65 mm (0.045 to 0.065 in.)

and 1.52 mm (0.060 in.) was chosen as a conservative compromise.

The results of the analysis are shown in Table 28. The predicted number of
cycles for disk 20 was low because this disk was first subjected to a proof
cycle overload and subsequent cycles had a lower maximum speed. This resulted
in an expected retardation in growth rate which is commonly observed [42, U45-
49). The results of this life analysis together with the data plotted in Fig.
97 clearly showed that good correlation was found between crack growth data
obtained from the disks and from the WOL coupons. A similar good correlation
was found by Coles, Johnson and Papp [ 50] between crack growth data obtained
from surface-flawed tensile bars and that from large bore diameter rotating
disks of Inconel 718. As previously mentioned in Section 5.1, KlQ values in
this program did not appear to correlate as well as the crack data. This is
shown by disk 23 whose cycle life could be adequately predicted, see Table 28,

but whose early failure at an apparently low K_. value was not anticipated.

Iq

A reasonable hypothesis for explaining the early failure of disk 23 can be
made with the aid of Fig. 100 which shows KIQ values, 104.4 - 108.1 MPa VGT
(95.0-98.4 ksi ,/in.), correlated well with those from WOL coupons 5, 8 and
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10CR-2: 106.2-112.6 MPa ,Jm (96.6-102.5 ksi ,fin.). However, observed fatigue
crack growth rates for disks whose KIQ values varied from 107 to 7i4.l4 MPa JE
(97.4 to 67.7 ksi ,/in.) all correlated with WOL coupons 5, 8, and 10CR-2.

The conclusion was that at all a/Ri values, the fracture mechanics assumption

(that cracks in different geometries, but with the same K. will respond the

I
same), held for fatigue crack growth but not for fracture.

The reason for the change in KIQ values appears to have been stress rupture.
The stress field perpendicular to the crack propagation direction is quite
different for the disk as compared to the WOL coupon. This made little differ-
ence for correlating crack growth data, as expected. Burst of a disk, however,
occured essentially when the net section stress ahead of the flaw equals the
yield strength as discussed in Section 3. Therefore, if cracks are short
enough , KIQ will be reached before the net section stress equals Oys, but if
the crack is long enough, net section stress will occur and the disk will
‘burst before KIQ is reached. This stress rupture condition for this disk
geometry was at an a/Ri of approximately 2.6 to 2.8. A specific example was
disk 23 which grew at a rate correlatable to the WOL coupons, but failed at

a reduced KIQ value due to stress rupture.

From a practical design point, this condition is probably not of great impor-
tance since long flaws are not encountered. Therefore, in Section 6 on

Prediction of Disk Life, the da/dN curve for R = 0.5 was chosen as the left
hand 20 scatter band and Kd from the data of Fig. 96 and for R = 0.05 data
the left hand 20 scatter band curve and Kd from Fig. L4 were chosen. The Kd
value for R = 0.05 data, 95.8 MPa ,/u (87.2 ksi ,/in.) was somewhat conservative

compared to the R = 0.5 or disk KIQ value. These K, values will be reasonably

da
reliable since in Section 6 all crack lengths chosen will be less than an

a/R; of 2.6. The initial tear of 1.0-1.5 mm (0.04-0.060 in.) will be taken

into account.
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A final problem remained in choosing appropriate curves for the -25300(-M230F)
data to be used in the life prediction analysis of Section 6. The effects of
a -25300 Hz environment on the spin pit results must be considered. Large
variations in KIQ do not have to be accounted for because the disk thickness
exceeded that necessary for constraint by a factor of approximately four.
Disks would also have remained elastic up to burst for all cracks longer than
0.91 mm (0.072 in.) equivalent to burst speeds up to 91,295 rpm. Thus, short
cracks could have been grown in high stress fields without onset of bore
plasticity. Therefore, for use in analysis of life prediction procedures,
Section 6, the left hand 20 scatter band curves shown in Figs. 48 and 50
respectively, were chosen for the -25300 (—h23OF) crack growth data. The

Kd values associated with these curves should be conservative since they are
equal to the fracture toughness KIC values. No effect of frequency was
assumed. The chosen design curves were somewhat arbitrarily chosen, but
hopefully are conservative since they reflect the observations of the room
temperature and -253°% (-h23OF) data. Figures 101 and 102 show the differences
between the curves chosen for the room temperature data and that for the
-25300 (-h23OF) data. The question of the amount of crack tear to account

for on the first cycle at -253°C (-423°F) will be discussed in Section 6.

The correlation between the WOL and rotating disk data supported the validity
of the stress analysis assumptions made for the disks in Section 2.L4.1.

These assumptions were: 1) only one crack, even though many disks had two
notches, because of the longer length of this crack and associated sharp
crack tip; 2) the geometry term in Equation (17), f(a/Ri) is valid up to

a/Ri = 2.8 provided that net section plastic flow has not accurred. Cor-
relation of the fatigue crack growth data supported both of these assumptions.
The rotating disk burst test data also supported the two assumptions and, as
was shown in Fig. 100, conclusively supported the lack of a large plestic

flow condition associated with assumption 2.
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6.0 PREDICTION OF DISK LIFE

6.1 Fracture Control Concepts

Fracture mechanics concepts assume flaws, discontinuities, inadvertent damage,
corrosion pits, etc., are unavoidable in structural applications. These
natural defects may nucleate cracks that grow due to application of static or
cyclic stresses. After the growing crack attains a critical size, rapid and

uncontrollable crack propagation results.

Traditional design criteria assume the fracture strength to be greater than
the yield strength, usually equal to the ultimate strength and preceded by
extensive plastic deformation. Based on this assumption, past experience can
be used to determine safety factors that keep working loads below fracture
loads. This is acceptable for ductile materials and most structures, since
the size of flaw which reduces the fracture strength to less than the yield
strength is readily detectable. However, the failure best described by
fracture mechanics occurs at stresses below the elastic limit in brittle
materials that fail after small amounts of plastic deformation or in ductile
materials that are embrittled by environment, temperature, strain rate,
triaxial stress or alternating stresses. In these instances, the flaw size
which reduces the fracture strength below the yield strength is not easily

detectable.

A detailed analysis of premature failures revealed that flaws or cracks
existed in many parts prior to failure [51]. These defects may be present in
mill products, may be imparted during processing, or may be imparted in
service. In addition, there is a finite probability that defects will not be
detected by post-fabrication or in-service inspection [52]. The effect that
these defects have on the life of a flawed structure can often be estimated

through application of fracture mechanics and fatigue crack growth concepts.
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The application of fatigue crack growth knowledge to estimate service life

of flawed components involves a sequence of operations as indicated in Table
29. Step 1 is establishment of the initial flaw size. Step 2 indicates that
the failure criterion must be established which then leads to a definition of
the critical flaw size. The examples shown in Step 2 are applicable for
setting the critical flaw size at either a critical plane strain fracture
condition or a critical plane stress fracture condition. If a failure
criterion other than that of complete fracture is used, the calculation is
affected (for example, the failure criterion could be defined as the first

flaw that can be detected in a given level of field inspection).

In Step 3, the cycles required to grow from the initial flow size as s to the
critical (or inspectable) flaw size are determined as indicated. Basically,
the calculation simply involves tracing the growth as a crack length versus
cycles curve from ay to a, as shown. If basic information on the fatigue
crack growth behavior is available, the calculation is accomplished by

using an equation which relates da/dN to Kmax or AK. The output from the

calculation is either allowable operating stress level or life.

Once the flaw growth analysis has been completed, the inspection requirements
can be established. The flaw detection level required by the flaw growth
analysis may be too stringent for the type of NDI specified. Table 30 presents
flaw detectability limits for some common NDI methods. These results were
obtained under laboratory conditions, with some surface flaw locations known
before the test. Flaw detection limits for production parts have been esti-
mated to be twice the levels shown, and flaw detection limits for structure
during maintenance inspections estimated to be three times the levels shown [ 53,
54]. Detection of 3 mm(0.120 in.) surface flaws by penetrant inspection
should be routine. However, 3 mm(0.120 in.) long embedded flaws, especially
those with small volume, will be difficult to detect, even by ultrasonic

techniques.

6.2 Proof Test Concepts

If the required initial flaw dimensions for component life are such that
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veliable detection is not possible within the state-of-the-art of NDI, or if
100 percent reliability is required where NDI cannot be conducted,a proof test
philosophy must be considered [567]. Proof testing is one method of detecting
and eliminating small flaws which has found wide-spread use in assuring

adequate life for spacecraft pressure vessels [57,58].

The first step in this method requires construction of a plot of flaw size
versus estimated life, as shown in Fig. 103. If Nf is the desired design life
in cycles, the initial flaw size must be < a; so that any crack-like defects
will not grow to critical dimensions during the required design life. The
absence of flaws larger than a; can be guaranteed by application of a
stress (OOP)’ since flaws of that size would produce failure during the proof

cycle, Fig. 10k.

6.3 Rotor Design Life Analysis Procedures

The above described life and proof test analysis procedures were used to
establish the general procedures that should be used to ensure the design
life of a rotor component. Because of the short life requirements, high
stress fields and difficulties of inspection of a rotor, the proof test
concept is considered the most likely to ensure rotor life. Therefore, the
following procedure for ensuring rotor design life against bore failure by

proof spinning is suggested:

(1) Establish desired life in cycles, Npp e
(2) Obtain tensile properties, fracture toughness, and

crack propagation data.

(3) Define rotor operating conditions (particularly,

predicted cycle history).
(4) Define rotor stress distribution.

(5) Based on Steps 1 to U4, calculate maximum allowable
crack length, a,s for the conditions of a surface flaw
such that burst will not occur (assumes surface flaw
crack propagation properties are the same as through

crack).
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a; = INITIAL FLAW SIZE
ac= CRITICAL FLAW SIZE

FLAW SIZE

LIFE, CYCLES

Figure 103. - Relationship Between Flaw Size and Estimated Life
for an Assumed Maximum Operating Stress

K,c CURVE
A
W
o
-
]
o
2 . opg = PROOF STRESS
= °PR oop = OPERATING STRESS
=
3
=

%op
Aa
ic 3
FLAW SIZE

Figure 104. - Estaplishment of Minimum Flaw Size by Proof Testing
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(6) Baged on Steps 1 to i, calculate maximum allowable
initial crack length to ensure rotor design life (this
step must be performed for different a/2c ratios if a

surface flaw is assumed),

(7) Establish proof spin tect needed to screen a; deter-

mined in Step 6.

(8) Develop plots of rotor life, N, versus a; (for differ-

ent a/2c ratios if a surface flaw is assumed).

(9) Develop plots of proof stress, Sp, versus a, (for

different a/2c ratios if a surface flaw is assumed).

(10) Check to ensure rotor proof speed, Nb is less than rotor

burst speed Nb, for maximum allowable flaw size, a .

6.4 Example of Rotor Design Life Analysis Procedure

Because the exact local bore stress distribution is not known for the liquid
hydrogen rotor, an example of applying the life analysis procedure will be
discussed using a parallel-sided thin disk. The disk will be assumed to be
geometrically the same as those tested in this program. Critical flaw loca~
tion will be assumed at the bore and crack shape as a through thickness
crack propagating in the radial direction. The life analysis procedure will

be described using each of the steps listed in Section 6.3.

Step 1. Design life will be assumed to be minimum of LOO cycles.

Step 2. Tensile, fracture toughness, and crack propagation properties have
been previously determined at room temperature and -253% (-423°F) in
LH2, at two R ratios and various frequencies. Laboratory coupon

results were compared to spin pit results (see Section 5).

Step 3. Rotor operating conditions are defined as -253°¢(-423°F) in liquid
hydrogen. Cycles will be assumed to be applied at irregular inter-
vals and with various hold times up to a few minutes duration. No
crack growth will be assumed to occur during shutdown and load ratio

will be assumed as R = 0.05. Based on the data collected in Step 2,
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Step L.

Step 5.

Step 6.

202

frequency and hold time affects will be ignored as a variable.
The fatigue crack growth curves of Section 5.3, Figs. 98 and 99,

will be used in the life analysis.

Since this example is for a parallel sided thin disk, the appropriate
Timoshenko L24] stress distribution described in Section 2 will be
used. Since the rotor is a low cycle life component, the maximum
bore stress at -253°C(-423°F) must be high otherwise the life would
be much longer thar OO cycles. Therefore, based on the limited
literature data [59] , a maximum operating bore stress equivalent to
0.9 times the St will be assumed for this example. This results
in an assumed maximum bore stress at -25300(-h23OF) of 1310 MPa

(190 ksi).

The assumed operating cycle representing a reasonable simplification
of the disk cycle can now be described as: a sinusoidal wave of
frequency 1 cycle/minute, R ratio of 0.05, maximum stress of 1310 MPa
(190 ksi) and minimum stress of 58.6 MPa (8.5 ksi) equivalent to
engine idle. This corresponds to a rotor speed variation between

88,983 rpm and 15,863 rpm.

To calculate the critical crack length, a,> at failure, Equation (17)

must be used in the form:

2
£ Jla = K/pu Ri2 (23)
where f is defined as before and K is chosen as

K, = 65.9 Mpa Jm (60 ksi Ain.).

Solving Equation (23) by trial and error resulted in an a, of
0.775 mm (0.0305 in.).

The maximum allowable initial flaw size, as s is calculated by inte-
grating the da/dN vs. AK curve of Fig. 101 using the appropriate
stress intensity analysis for the disk., The integration is started
at a low enough a; value such that the calculated life to a, is
equal to or greater than the design 1ife. Calculation of life was

conducted similar to that previously described in Section 4.7 for WOL



the disk was used. The initial crack length was found by an iterative
procedure to be 0.057 mm (0.0022 in.) for the minimum design life of
40O cycles. To allow for a reasonable factor of safety, say 3, design

life would be 1200 cycles and a, becomes 0.019 mm (0.00076 in.).

Table 31 shows the effect of different maximum speed levels on a;
for an N of 400 cycles and a safe life of 1200 cycles, Ne; -
Comparing the ay values of Table 31 with the flaw detectability
limits of Table 30, maximum operating speeds of 60,000 rpm or higher
preclude reliable detection of a; for N I and of 70,000 rpm or

S
higher for N__. This conclusion helps justify the proof test concept.

However, theDgalidity of the concept can be questioned by the fact
that for speeds above 70,000 rpm, a; is equal to or smaller than
the grain size. The effect of a proof test on such small flaws is
unknown. This is especially true as to the possibility and extent
of a first cycle tear. Such a tear would decrease the initial flaws

listed in Table 31, since this effect was not taken into account.

Step 7. The proof spin needed to assure the design 1life of this example rotor
must now be established based upon the a, determined in Step 6.
The easiest type of proof test would be a room temperature proof spin.
At room temperature, the onset of plastic flow at the bore would
occur above 68,800 rpm. At this speed, the shortest crack which
could be proofed would be 19.94 mm (0.785 in.) assuming a maximum
KIQ of 104.4 MPa ~m (95 ksi +fin.) for the disk at room temperature.
Clearly, a flaw of this size precludes a room temperature proof for
the ai flaws listed in Table 31 for speeds greater than 50,000 rpm
unless the bore of the disk is allowed to yield. However, such yield-
ing would introduce a dimensional change in the rotor disk, a

usually unacceptable practice.

Therefore, to proof cycle this example disk and thus guarantee no
flaws 2 ass @ cryogenic proof cycle must be employed. At —25300
(-h23oF) onset of bore plastic flow does not occur until a speed of
91,295 rpm is reached. At this speed, using a KQ of 66 MPa /m

(60 ksi /in.), a flaw of 0.691 mm (0.0272 in.) or greater would cause
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TABLE 31

EFFECT OF MAXIMUM ROTOR DESIGN OPERATING SPEED ON
INITIAL AND CRITICAL CRACK LENGTHS

Test Conditions: R = 0.05
-253°¢(-423°F)

Maximum Maximum Initial Crack Critical Crack
Speed Tangential Bore Length, ;s Length, a,s
N ax? Stress, GTmax, mm(in. ) mn (in.)

rpm MPa. (ksi) Cycle Life Cycle Life
400 1200 Loo
Vo, Nor,
90,000 13Lo  (19L.k) 0.0508 0.0178 0.7366
(0.0020) | (0.0007) (0.0290)
88,983 1310 (190.0) 0.0559 0.0198 0.7747
(0.0022) | (0.00078) (0.0305)
80,000 1059 (153.6) 0.1ko2 0.0432 1.285
(0.0056) | (0.0017) (0.0506)
70,000 810.8(117.6) 0.4572 0.1448 2.705
(0.018) (0.0057) (0.1065)
60,000 595.7(86.4) 3.150 0.9017 11.07
(0.124) | (0.0355) (0.436)
50,000 413.7(60.0) 25.4 15.75 37.29
(1.0) (0.620) (1.468)
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burst. Thus, to insure the minimum 400 cycle design life, a cryogenic
proof cycle would be inadequate for maximum service speeds greater than
67,000 rpm or for a more conservative 1200 cycles, speeds greater than
61,000 rpm. These speeds correspond to maximum service bore tangential
stresses of 742.6 MPa (107.7 ksi) and 615.7 MPa (89.3 ksi), respectively.
These limits on the applicability of a proof cycle test will be reduced
to even lower speeds 1f crack growth can occur during the proof cycle
since the crack length after proof could be larger than that calculated

based on the proof speed.

The primary conclusion for this example based on this analysis is that

to insure a safe life of 1200 cycles for speeds greater than 61,000 rpm
(maximum tangential bore stresses greater than 615.7 MPa (89.3 ksi)),

the example disk cannot be proof cycled at room temperature or at cryo-
genic temperatures without plastically deforming the disk. The reasons
for the inadequacy of the proof cycle at these two temperatures elimin-
ates a proof cycle at any other temperature. Non-destructive examination
of the disk prior to service will also not be adequately reliable for the
same speed ranges. Interestingly, the minimum inspectable flaw size of
0.889 mm (0.035 in.) is extremely close to the minimum flaw size that can
be guaranteed by a proof cycle (0.691 mm (0.0272 in.)) provided no crack
growth occurs during the proof cycle. Finally, Table 31 indicates that
periodic inspection of disks cycled at maximum speeds above 70,000 rpm is

valueless because of the small ac values.

For disks cycled at maximum speeds below 60,000 rpm, either a cryogenic
proof cycle or adequate inspection techniques could be used to insure
life. However, at these low speeds, maximum tangential bore stresses

are so low compared to cys that typical machining, forging, or other such
defects are unlikely to be large enough to be of concern. In essence, at
maximum operating speeds and stresses of nommal concern in small disk ser-~
vice design (> 60,000 rpm, >~ 690 MPa (100 ksi)), the life of this example
disk cannot be ensured by either proof cycling or NDI techniques. At lower
speeds, initial defects of normal size (~1.27 to 2.54 mm (0.050 to 0.10
in.)) are so short compared to a, that disk life is in the th to 107

cycle range and proof testing is irrelevant and only simple NDI of concern.
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The situation below 60,000 rpm is a stress and rpm range not usually of

concern to small rotor design.

A1l of the above discussion pertained only to a load ratio of 0.05.
Table 32 compares the effect on a; and ac of cycling the example disk
at R = 0.5 instead of 0.05. Essentially, at R = 0.5, a, is slightly
longer than at R = 0.05, but a, is significantly shorter. Thus, Aa for
the same life is considerably shorter at R = 0.5 than at R = 0.05.
Based on Table 32 the conclusions described as to the inadequacy of a

proof cycle or NDI at rotor speeds above 60,000 rpm remained the same.

A procedure suggested by Bowie [60] for insuring the design life of this
example disk against failure due to a bore crack would be to perform a
room temperature proof cycle prior to final machining at a speed in
excess of the speed required for the onset of bore yielding. This proof
cycle would result in a compressive residual stress field at the bore.
If the compressive residual stress field was large enough, the maximum
tangential bore stresses during subsequent cycling at -253°C would be
reduced to a level such that the minimum initial flaw size needed to
insure design life would be of an inspectable size. Alternatively, a
test program could be conducted to determine the flaw size screened by

a proof speed which causes plastic flow at the bore. In either case,
final machining of the disk would have to be performed after the proof
cycle. Of major concern in such an approach would be prevention of com-
pressive yield during the proof cycle and the assumption that the disk
would not show evidence of work softening or hardening during post-proof

service cycles.

Applying the theory of elastic perfectly-plastic disks and assuming a
Tresca yield criteria, Fig. 105 shows the tangential and radial stresses
during a proof cycle at room temperature at 90,000 rpm. The stress dis-
tributions of TFig. 105 and the three following figures were calculated
using the procedure of Bowie [61]. Figure 106 shows post-proof residual
stresses. After the proof cycle, assume that the disk was subjected to
the same load cycle discussed in Step 4. Figure 107 shows tangential and
radial stress at -253°C at the assumed speed of 88,983 rpm without a

prior proof cycle. Stresses after the above described proof cycle are
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shown in Fig. 108. 'he stress distribution during service can be seen
in Fig. 108 to be greatly changed by the proof cycle. Any crack growth
analysis would have to take this new stress field into account during
calculation of an expression for stress intensity. The reduced bore
stresses of Fig. 108 due to the proof cycle are low enough that quite
possibly the minimum ay has reached a size that can be reliably

inspected.

During the proof cycle discussed above for the example disk, an
unnotched spin test specimen would experience a hoop stress virtually
equal to the nominal yield stress from the 12.7 mm (0.5 in.) radius
bore outward to a radius of 37.4 mm (1.458 in.). Therefore, extreme
importance is given to determining whether present fracture mechanics
test techniques applied to disks are suitable for prediction of the
amenability of the disk material to initial flaw screening in a
nominal stress field at the yield condition. The key question is:
given a reasonable critical flaw size at the bore of the spin test
specimen, does the disk material have sufficient fracture toughness
in a uniform stress field at the yield condition such that rapid
crack propagation would not occur during the proof cycle?

Step 8,

9 & 10. Since a proof speed could not be found for the example service
disk at sveeds of normal interest, the application of these steps

will be ignored.

6.5 Applications to Practical Rotor Design

Practical disk geometry is normally of variable thickness. This fact is the
primary difference which affects bore stresses between disks designed

for service and the example parallel sided disk discussed in Section 6.k.
Thickness variations can drastically change the radial and tangential

stress distribution. In normal practice, bore stresses are reduced because
disk thickness decreases from the bore to the rim, The only effect of a

different bore to rim stress distribution on the concepts presented in
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Sections 6.1 to 6.4 is that a new stress intensity analysis must be under-
taken for a variable thickness disk. If the superposition analysis method of
Grandt [25] is used, the result would be unique for each disk geometry. In

general, such an analysis is not a particularly formidable task.

The stress intensity calculation for a service disk would also be affected by
the fact that the flaws of interest are surface cracks or imbedded flaws.
Stress intensity analyses of some validity have been conducted for such flaws
[62-65]. They would, of course, have to be used when applying the concepbs

discussed in Sections 6.1 to 6.4 to a service rotor.

Despite the necessity of a new stress intensity expression for a variable
thickness disk, the conclusions of Section 6.4 remain the same for a disk

designed for the -253°C (-L23°F) liquid hydrogen environment. These conclu-

/

sions are: (1) for maximum service bore stresses of normal interest (o Oys

> 0.5), design life cannot be adequately insured by: (a) a proof cyclzazt
room temperature, {b) a proof cycle at 253°C; (c) NDI, unless flaws less
than ~ 0.9 mm (0.035 in.) can be detected with better than 95% reliability
and 90% confidence; (2) a room temperature proof cycle at the proper speed
in excess of that necessary to insure the onset of bore plasticity may be

adequate to insure design life; (3) if o is < 0.5 then a proof cycle

max/cys
is probably not needed to insure design life and a simple NDI detection of

flaws 2.54 mm (0.1 in.) or larger would be adequate.

There have been rotor designs in which allowable initial flaw sizes were of a
size such that they could be reliably found by inspection or could be proofed
by a proof cycle [63-65]. However, these were specific cases of large diam-
eter turbine generator rotors where for the stress levels normally encountered
a; was fairly large (> 7.6 nm (0.3 in.)). Such a situation was shown in
Section 6.4 not to be the case for the small rotors designed for cryogenic

service environment considered in this program.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Based on the results of this program, several major conclusions have been
drawm. Conclusions pertaining to concepts of proof cycling and NDI for flaw
screening apply specifically to the bore region of relatively small diameter
rotors for cryogenics applications. However, with proper concern for operat-
ing environment differences, the procedures and results on which the
conclusions are based are pertinent to much larger disks and other operating

environments. The conclusions are:

o Consistent homogeneous forgings were made from the
Ti-5A1-2.58n(ELI) alloy. The major problem of future concern

is prevention of die-lock and associated cracking.
!
o] Tensile and fracture toughness properties were excellent,

met all specifications and were consistent with data avail-

able in the literature.

o The experimental compliance calibration results of the WOL
geometry was unchanged at -253°C (-423°F) when compared to the
results at room temperature.

o At room temperature and at -253°C (-423°F) in liquid hydrogen,
no discernable effect of frequency or coupon orientation
within the pancakes on fatigue crack propagation behavior was

observed.

o] An increase in load ratio, R, increased fatigue crack growth

rates.

) Fatigue crack growth rates at -253% (-h23OF) were similar to
room temperature growth rates at low AK levels, but faster at

high AK levels due to the decrease in fracture toughness.
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o} Results of burst tests of rotating disks were consistent for
unflawed and flawed disks. Toughness values for disks with
intermediate crack lengths and which remained elastic until
failure correlated closely to WOL coupon data. Disks with
long cracks failed due to stress rupture with lower KIQ
values than WOL coupons.

o Fatigue crack growth data for rotating disks closely matched
data for WOL coupons provided they were tested at similar

initial K levels.
max

o The fatigue cycle life of rotating disks could be predicted
from WOL data only by accounting for the large initial crack
growth rate caused by the first cycle of load. This initial
high growth rate was caused by a large tear on the first cycle
of load and occurred on each disk used for crack growth study
and on all three WOL coupons used to simulate the disk data.

o A proof cycle, if successfully applied, can retard subsequent
growth due to the large plastic zone induced and in spite of

the associated tear in crack length.

o The probability of a tear during proof or first service load
cycle is extremely high at room temperature and must be
assumed to occur with equal probability at -253°¢ (-423°F).

This problem in itself may preclude any elastic proof cycle.

o Rotor disks of the type considered in this program, designed
for use at cryogenic temperatures, and operating at stresses
normally encountered (omax/cryS > 0.5) cannot be proof cycled
without plasticity at room temperature and still adequately
insure design life. Such disks also cannot be advantageously

proof cycled without plasticity at cryogenic temperatures.

o The reasons for failure of the proof cycle concept are:
(1) minimum flaw size determined by the proof cycle is likely
to be greater than that needed to insure life; (2) high

probability of crack tear during proof.
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¢ Guarantee of design life by NDI flaw screening is probably
inadequate.
0 The apparent failure of NDI to insure design life is due to

the probability that the minimum reliably detectable flaw

size 1s greater than that needed to insure design life.

0 The only type of proof cycle which may be adequate to insure
design life is one in which compressive residual stresses at
the bore are induced after the cycle. Such a proof cycle
would have to be followed by final machining of the disk due
to dimensional changes during the proof cycle. This plastic
proof cycle would have to be adequately examined to insure

validity.

7.2 Recommendations

Based on the conclusions of Section 7.1, the following recommendations are
offered for rotors of the type considered in this program and designed for

use at cryogenic temperatures.

o] Reliably determine that the maximum bore stress, emax’ of the
rotor of interest is or is not in excess of 0.5 Gys'
0 If o is < 0.5 0., adequate assurance of design life
max ys

should be made by instituting NDI screening for flaws.
Flaws of concern will be in excess of 0.1 in. and probably

much larger.

0 If O max is > 0.5 Gys’ adequate assurance of design life
should be attempted by commencing a program to intensively
study the plastic proof cycle concept. Such a study should
be both analytical and experimental and carefully consider
the effects of such a proof cycle on possible changes in
rotor design concepts. If this study is not undertaken,
then assurance of design life can only be attempted by being
based on an extremely conservative low cycle fatigue analysis

founded on a large statistically adequate data base.
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APPENDIX

The fatigue crack propagation data developed during the course of this program
using WOL coupons is presented in the following sections. The data is pre-
sented in tabular as well as graphical form for each test coupon. Hopefully
this will permit ready use of the data in subsequent investigations. Test
methods, data reduction procedures, and coupon identification codes were

presented in preceding sections of this report.

Data is presented in the following sections in the order listed below:

Section Al RT, R = 0.05, £ = 10 Hz
Section A2 RT, R = 0.05, f = 0.1 Hz
Section A3 RT, R = 0.5, £ = 10 Hz

Section AL RT, R = 0.5, £ = 0.1 Hz
Section A5 RT, R = 0.5, £ = 1 Hz & 0.0167
Section A6 -253°C, R = 0.05, £ = 10 Hz
Section A7 -253°C, R = 0.05, f = 0.1 Hz
Section A8 -253°C, R = 0.5, £ = 10 Hz
Section A9 -253°C, R = 0.5, £ = 0.1 Hz

A complete listing of test conditions is shown at the top of each data sheet
and at the bottom of each figure. For all coupons, data listed is based on
optical crack length readings, but is followed by a listing comparing optical
to compliance results. The crack bow correction listed just above each data
tabulation refers to the extent of crack length added to the average of the
optically based measurement to account for the bow in the crack front. Details
of the reasons for and extent of this correction are discussed in Section

2.3.4 of the text of this report. The 2¢ scatter bands shown on the figures
are those for the entire data set tested at the conditions listed on the bottom

of the figure.
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Except for Coupon 7CR-2, the room temperature apparent modulus of elasticity
was used to calculate the normalized compliance term for comparing compliance
based a/w calculations to optical based a/w measurements. This room tem-
perature E value was used because all compliance measurements were taken at

room temperature except for coupon 7CR-2.
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SECTION Al

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at room temperature, at a range ratio

of 0.05, and at a frequency of 10 Hz,
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SECTION A2

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at room temperature, at a range ratio

of 0.05, and at a frequency 6f 0.1 Hz.
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SECTION A3

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at room temperature, at a range ratio

of 0.5, and at a frequency of 10 Hz.

293



AK. STRESS INTENSITY RAN
ch. 40.

BE. KSIVIN.

L L 1 i [ th. [ L L 1IZIIC}\-
1O~ ;
I 4
J
7
VA -3
/ -F‘H]
/
{g-s A
y . 4
7 £ L
o y, 7 _*-’
d 717 1075
|8 ] / ~N
< /é -
£1- L8/ 3
L i L
o 72— 17 o
x IIEI n o
z 707 HO=E
Q / o
= o r
M0 J” y ta
hV4 - hV4
Qo [ 4 ]
[a o F [o
o o
= / +107y
= =
- =
0 &
= =
© ©
5 3
° 1073
107
ik
1D-|U

(WOL )} SPEC 4CR-1

29L

TI-SAL-2.SSNCELI )

=1 40. b0 . 5%
AC. STRESS INTENSITY RANRE. MPQ

RT

iog.
LABR AIR R=.3 F=10 HZ



£02+1 99°0E (G141 6E¢6R (GI+1 6E+62 00+n 64°41 094ccy
TTTREeg2 T Ccegg 7 7 COeCE — ~TO:0ZZVY— UOOSY ~0gOs  OZav -
LGlel B6Ee62 LTTeT LEe82 (6001 9pes2 O0sh SLeLT1 O94s2g
c9sne cCey2 CCect 00+ 19€ 0003 G10e T8F*
2hlel 10062 (601 9842 (80+T T9e/2 0O0e¢h LoLT 09%s1g
984€2 12992 ER*02 LVee2S 002+1T  g20e CEGe
Ve (€92  £9CeY OTsf2 (901 Oleg2 OO0+4 6Lost 092408
TTTTelegd T T 28062 19491 FESEDN 00Z:Y  0g0% w0G s —
L60+T 9842 LH0e1 €592 (40e1 £6e92 O00ew grosl 09Cegs
Cesee EE* 42 00s0¢c 00s0g27 009 Ogles  292° o
9041 OT*/2 (107 EQeG2  (T10¢7 gpeG2 00k 6L¢¢l CYheoy
gcele g9ece L9491 EErEn 009 010 LA
. .. . - L50¢1 SRe92_ £L00°1 8GeGR2_ L00*Y PGeG2_ N0+w GLeLY_CY90sLL
LS0+1 G8e92 001 §GeG2 £D0el gGeGZ O4sg 21061 G9geyy
cgssl 9561 COe01 00sag2 000s¢ 0gOs 29¢L° .
. £29+1 6092 (96° (£0+4G2 [96¢ 9Geh2 O4ef 2TeGl 09geny
GL491) 24egl cLeE} C2reHE 0004 GgCe L6E°T
€l6°  69°%2 (26° GSSeEZ_(16° 62eF2_0QweE 20eG1_C9seny
TTTTTEZ9STT T T TI2eLT T D0 T9erée €036 Gale [XALN i ’ -
L26°¢ GGeE2 (06 40sE2 [*H* 1GeT2 Oheg 21egT 099e¢cy
(Ren] LI ) ¢ 0Cs¢ TVFAS 000+ GO+ 688 )
’ 268°¢ 99422 (48 TGeT2 (E£¥e 92412 O4se 2T¢G1 092°+79
cEonl (L6t 00¢g 00+,21 0004 020 ®0G e
. 849+ Sle22 l3ge 10e12 [THe G/e02 Ow*€ 21+GL O9R*9S
TOE8eET T T 92061 TTTTUCEeg TTTTTTOINGST T DG0SE T 2EDY . g2ee
6E8¢ 2E*T2 L18* GLe02Z 29L¢ GCE*61 OwneE 21+G1 09%e1g
6£8e 2€+12 L18¢ GLe02 29L* GE+€T Ogze2 10%21 O09yelc
§9+C} Lty €02 6% 1g 000¢31 220¢ 1450
418 SLe02_ £L£0 wLe6Y  (SL* €26l Oye2 10421 09370
T wgeCl c2*11 ~ ~ €02 nm.oo.ltl oom.m;l.m:o..-. T Fater oo TmTrTm T -
2LLe 1961 LEL* 2L981 (OL* 96eLT Qrs2 10421 09602
1446 L9+01 T6s1 6hegy 09g242 9400 1811
G2, E%¢RT 00ze FLeLT 1G9*  4Ge9l 0zs2 17¢21 00Cs :
Gieenl Clesl, 370A0 ¥3d 000T X HWINI WK HINI WW _ HINI Wi _HONI W SdlI¥ _ A 0091 X .
e 1S) % Ydh “wi ¥ILWTTT TN T T wa T uvay 2v ty o hl
» v193C oI =gNyN M1ON3T HION3IT
3eny» NC / va $37243 p ol 2] »IVHD H1DNTY H1ON 37 $37242
ALISN3UN] 3lvy NI Nt JoynIAY NIVYD »IVy) avsl 18
SSAyis wirGEY MIVYD 39NVH) IONYKD 031234482 2 3cts 1 3qa1s WO XY ¥ ICANN
T TTTTT T T T T (*NT 0G0° YWW 0721 . NEI 193502 v68 »JvNd T
. (*ND Gage YWW 026481 = {9ISRINYDINL N3n1D3aS
(*N] €00¢2 JWW 97905 » (MYHLTIM N3A1D3dS
0s0% = (7HIADNIN 3N (531
0G®* - (M)611Vvy 39N\YY
R TSINVISNGD 1INant
944 7€0 9NV 20!t ZH 01ed Gtey HIV 9YT eley ([I1IINSG*2-YG=14 T2d424*I3dS (TgM) _
- c- T T e T HY YD G YNdeQVYETONIJdANeIBEAIMN e

295



£99¢ ENge €LLv*%0T 09%°£8

"G AN 9hGar¥g Cone29
L8Ge 0¢Ge 2L9¢+06 CInete
£cGe BGGe AcTessy LERS
_ o . REGe  __ BeGe .. l9geegy . C9Ge*s¢ .
i o ot T ’ 2cGe €FGe gOOFeLL 09neqe
02Ge CELYY TL649€L U9yl
L0Ge Elge €981°69 095euy
22N GQhe 092619 C9geiy
G4 €94 €559+ 09%+59
. e e 1Ghe Gahge __ (BEPe"S . 09gel9 .
T T ) Gane GEwe "(GE622S 095496
2001 X
232 N
3sva 3sve $3134)
. e L JINVIGWAD . AYIILda . IINVIINED 49 R
T T “ / uvgy HINGN »37¥D  M3TWAN

(1Sd 90+3002°LY )vdW £0+306G°81T = (3)sNNJgw J1iSvy13
SINYLSNGD 1NdNI

9L17E0 BNy 2OIST T T T T IH OTed TGOy ETY @YY iy TTITIINGS 2e¥SeTd 1ey3%993d45 (oM)

296



AK. S5TRESS INTENSITY RANBE. KSIVIN
ch. 4a. hd.

a0. oo
L. | ] | | } | | ] I |
10+ 7
I 4
J i
]1
/ 1073
/
1= A
v F
p
o ¢ —4“
g 4 +1075
Q a 4 ~
E”]-u 'y z
E J 4 nl' I’ L',‘_'l,
o =W tr
e 4 =/ : y o
x g -85x
= J A / +107"%
g =7 3
By gr—i L/ 5
o 2 X
= 5 %
o ) § 7 x
u I 7 B
L o +10
1 T}
- / -
ci0-8 : &«
z 2
R O
~ 7;
3 +107"8
10
L4pg~®
-10
tQ 80. 100.

{WOL ) SPEC QCR-1

cd

TI-5AL-2.55NCELT )

Y b0
AK. STRESS INTENSITY RANGE. MPavm

RT

LAB ARIR PR=.5 F=10 HZ

297



26lel R2°0E 2#1°1 1052 2417 10e€2 0004 gLoLl 0QGTesg
£6062 cCeg2 00+09 00e4251T  00g* (Y 29 .
2977 TCeg2 2TTel 42482 211el 42482 000w gzoLl 0G9esG
Gleee vce92 00eCg 00e¢2c02 00ge OO 910°1
- . . - . 2211 0G+82 2,0°¢1 £2e/2 2£00% £2e(2 00sw groLY 0OSlesg
ggege LLv92 COsce 00+ge9 000¢2  0OgOe 0r2*1
2L0eT E2¢£2 2201 96462 220¢1 9geG2 O00sw 5ot CSlegs
see i GHoE2 (991 E€E*E2Y 00g*T gane GE9*
(%0l 6Ge92 200¢T Gheg2 266¢ 02462 00+ gre4l Cgosrg
ELsCe LT4X-t 2Ge 11 g0sgge 00cel g10s 18€«
o . 2€0e1 12992 286° #Ge42 286  4gem2  00e4 /oyl CGEe?g
t2Cé g2r22 0008 00805 0600+T 030+ 80gs
210617 OzeG2Z 296° E£6042 296° Eheh2 O0eh gLefl Oggolg
9661 Lo*12  0OC°gt 00°*I8¢ _ 0002 0g0¢ _ 29¢°
. cege  hgen2 2EEe  (94E2 266+  [9e€Z 00+h gL°Ll OGEegn
——— . - . L e e 2968 __96N2__CEEY__[99E2__2E6Y_ [9+E2 _Onsf 2Tegl __OcEecs
68461 94yt (911 EE*9g2 000+¢ GgQe €88
L96e G0en2 206° 16422 268* 99422 Oneg 21sG1 Cgeeon
2454 92091 g8¢9 . E9ensl  000e¢y  g20s  £69° _ . . -
616+ 9E°F2 2LP* CTe22 (98¢ 20422 Oneg 21¢gl Cgre2em
L0l L1491 8849 E9ensl 000s# 830+ €69°*
. - N . I a8  99°22 2wk gEel2  24Be geel2 Oeeg 210Gl OGeegs
824w} 696t 00+¢§ 00%.27 000¢a  020° g0Ge
L8 G122 2€8°* E£1+12 218* 79402 O4sg 21°Gl 0Sgesne
t6e€l g2+63 60¢% 16*E0T _  00G*S  220¢  1/G* . L L . .
648e  RGeT12 (08° 0502 264°* 21+02 O#nep 2Tegl 0QGRe92
19sg1 9641 EE'SY L9*112 00s*?  210° LIE
LEBe 9712 264°* 21402 28L¢ 99+¢l Onep 2Tecl 0Qcgey?
T BEIET teoat 9tg L0 9€7 00geg &10°¢ 18€E"
228e¢  BReG2 PLL* 1961 2LL* 1961 Onec 2T1egT 0GGra2
T1e€T Taent c0egl T8e€gy  0G0¢T  020¢  gNge A : e i : .
208s (E°02 2GL* OTegl 2SL* OTs6l Onsg 2161 00geg2
. L 208e  ££e02 2G4 OTeEl  25L% OTe61 D0zs2 1021 0OCgeg2
B 3 41+ SRR & £ & S € £ F- AT Y1 000*etT Og0e 29¢L°
CLLY 1961 22L* HE*BT 22L% #E*RT 0¢*2 13°21 00g*NnT
6446 9,°0% BE*2 84009 005401 S20°¢ CE9® _ i -
LoLe  LE*PT  LE9* OfLell LE9% OLeLV 0f+2 10+21 0O00Ce
Geeen] Sseh 37040 ¥34 000% X HINI WW HINI  WW HIND W, HINT by SdlId __ Ny 0001 X
X IS X vdW N ¥IL3W NG va yvev 2v Ty d N
» ¥193C Sudlu *GNYN HiONTIT HIONTT
3chyn NO 7 vQ S3WAY____ wIVE)_ __ ¥Ivy) L _ HION3IM _. HioN3 §31724) .
AdISn3INT Alvy NI NI 3ovH3AY biol 2%0e] ¥Ivy) avgn 49
SS3niS HAM@ED NIVYHI 3pNYMD JoNVYH) Q3123yn0) e 3eis 1 3qis WOK XYW y334NN
{*NI 0G0« JWH 0g2¢1 = NATL193y™AD %GE »IY%)
(*NI #hse JWW BNE*BT = (8)SSINMDI=L N3IWI33dS
oo _ . ANl OT0*2_ dWW HGOeIG = (MIMLOIW NINIDILS
T ’ . ) T T T 0¢0t = (ZHIAINZNDINS 1S53
0S* . (H)G14VE 30NV

9L4 €0 9NY £0:ST

TR YYD T NSy QYT NTID

I Oted Sowy NIV _BY] 0l0Y

$1SINVASNGD LNdN]

298



2941 ETe/€ 2Th*T 98eGE 2Tnel 9pecE 004 groyl Ogle2g

aTo2n Ceron 0CeO#n 00+910% 000y 040 9101
eZhel 2T+9g 2(E*1 SReyNE 2(E'T Goowg 00en 5/9¢1 DOglelg
Y2 8¢ 6E*Tn C0s0CTY 00s04g2 00gs 0gCo 0z2et
- .- - —= N 2LE*T GReng 22F°1 RGeEE 22E*T gcefe 004 gzeszl  2Gaed9
EGNE 46 LE QQe«0¢ C0e0¢21 0001} 0g0e [oF2-2 21
22€+1 AGOFE  2/2¢T T1Ee2F 2,21 Ire?€ 0O0eh gLsfl Scaegg
CO«Ceg GE*2E 0Ce0QC2 00+0g0g 00ge 00T Cagez
2221 w0eTE 2LV [£e62 2LV*T (%62 00sh grotT JGlegg
281+9¢ (%62 0Ce0¢ 00eg9y 0007 Qg0 9L
T - . o e e e 26Te1 #2206 2aT131 T0WE2 enisi T0+€2 OO0sw 6L%41 Octesg ™
Seaapn] Coney, 37340 N3d 0001 X MONI WW HINI Wi MINI W HINI bW sdi» NX  00CT X
X ISy X YdW A ¥313W NQ va yvAv i av 1y ] N
> YiM32C guCIW =~GNVYN HLONIT TFLINER
LN 2 NC 7 vQ CERPLY] MOVYHD _WOYN) HLONT H10M3T $37242
TTTTTTUUUALISNIUNT T T T T T 3wy NT N 30VNIAY MIVH) AJY NI avg? 46
SS3M4S HAMGXD NIVYHD JONYMI 3JONVHI Q31394M0D 2 3o0ls ¥ 3qlIs WNWREX YR CEEPLIN

2 vy 9L¢*€E0 HNY £0:G1 . . IH Otsd  Geey HIY @Y7 sley  ([13)INSGe2e1VGell  Teyd6°23dS (6%)

299



"9G. 8GGe 8G2%e5q 0S8Te4S

; e .. 618 l2Ge _ Olekedy . Og3ese
o T o T Glige glgs 9002+ 1¢ ogeeac
10g. E0Gs L2ES L9 o6e* 15
LLne ERb e %0659 Dceo g
9Che Tine goEtecg - CGLe3e
EGhe LG4 062%eng 05Ee 7w
~ . EFme hhoe clnaelg Cgee2€
o I EFye HEW e T19ce2g 0Cs " wE
LThe E2ne EELTAETY Céweg?
214 9lns 2E6Ce9n Cceeyr2 _
Ti4e 604 E6L7Cy CGCene
Othe 66E* C999e¢5n cogee2
T H6ES  MREe GRG0y 00ge2t i
6LE® 2LE" 281TeCy 00Ce
2001 x
. [ZEP) N
3sve 3Isve CERPIY]
e IONYIgWed AYI14de _  39NVINgLYD 18 e
M /7 uvay H100Ww ¥Jvxyd ¥3AWN

t1sd _90+3002+41 )vdw £0¢306G°8TT o  (3)SnIndaw 2145¥13

SINVISNGD LMaNnt
9L, °€0 9NY EOLST ° Tt mt e T IH 0ted Geel THIV BYN T eledT (T93)NSGIZeVG]Ll  [a¥36933d4S (5.

300



2
=3

40. bO.
I I 1 !

20.
l

AK. STRESS INTENSITY RANBE. KSIVIN

mqmwu\.zm‘ukmm HiMOHT xucmu.%:mﬁhcu\zb

\mv
]

-~

B
-
-~

i
[

i
- 0 =
Nl i
| |

dl
|
1

L1p-

10a.

e o I
R . T.LRB AIR R=.5 F=10 HZ

hi.

o/

40.

STRESS INTENSITY RANGE.

TI-5AL-2.53N(ELI )

£0.

7
/

/ L= £
| /

M.

o

1g-

In
I

O

‘I-.

a
O
373A07 W 3168 HIMOHSI AJHHI 3NAI1H4 NP

10+
1a-7

/op

109

(WOL 13PEC 4RC-{

I D-ﬂ'l

301



104e7 D9ece E4E*Y TTenF O9EST #gewE O0eh G£°fT1 002+7€1
92sGE Y.*8E 00+ s¢g 09+£9€2 00041 w0 egEe2
o . . £0€e1 12%€€  T1G2+1 RLeTE_ #92¢1 1T¢2€  00+4 Lol 003eg21
89 0g L9°EE 00+€g 02:94ET  000+T €g0e CLE
#G2+T 9941 002+1 gheOg g02e1 T7e0g 00s4 gLzl 0020221
gleg2 €6°0¢€ 00*En  02+260F  000*T _ £o0e ___ 260°T ) o o
V1200 ££+0E 9GTs1 GEeg2 (91e1 w9eg2 00eh gros1 002es21
gne9e 0t1+¢2 0062 09+9€¢ 0001 20 LELS
— e U . . @glel _#0:0p /21%1 £9s82 Selsl 1geu2  00su 62421 0020521
Ogese Oge¢2 00ege 08e5g9 000e1  £20¢ 989
GGTeT GE*62 6601 TEeL2 21Tl p2ep2 00en gLezT IC2s¢21
Ces22 9t1+62 Ote02 _ *S+01g  000+g  TOTe_ £652_ : N o i o
- SSOeT 09092 266+ 02452 8T10+T ggeGz 00eh groLT 0C2eCat
R L. . . 6601 0pe92 2g6* 02:62 910+1 gpec2 Ouer 21051 CIze021%
cga(il £2+61 Ce'g 90¢9z2 000¢c  #40¢ CETeT
O10¢T (£9¢G2 £G6°* T2+h2 896° gGewg O4ef 210Gl 0C2eg1Y
#Ge91 glegl 02+¢ gge2al 000§ 9E0e bl B - .
nL6° SL*w2 GlE* 42e€2 HEEY 32Le£2 Ouog 2Legl CO20011
Cc8eS1 LEvLt 0E*9 204091 C00*S  2€0° 008
En6s G6E2 640 £Fe22 (0€¢ 40s£2_ Onef 2161 0020¢cTY
TTETeST “Cqégf G9eE TL+*26 000+07 9¢0¢ L26°
906 EQ*F2 19%s (Re12 2G8* 40e12 O4ef 21067 CC2eC5
194ED cEont aleg £6°0gTl  002¢52 21%  EH2'F n . o . . R
o - LeLs wLv61 869¢ ELeL1 95L% 02egl Ohee 2TsG1 C00e0y
o LLLs L2063 269% ELSLY 95L°  02+63 _SGe2 4ECIl  CCOeQL
Telee "~ Tteo0f 26 (€ E2 000+%0g 940° 9191
IFLe  LG*BT G999 gRe9T LgYe 0feLT GGe2 4EeTl 00CeC2
988 LTATS 26* E€%°€2  000+02 @10 0L
elee OT+8T 49g9* /9491 199s g7e91 GG+2 #Se1l Q00+
Gowen] Glesy 31AD_¥3d 0007 _x _ WINI Wi HINI Wi HINT Wy HIONT ol SalX_  AN¥_ 0071 X
TTTTUXTISH T X vaW T T O] PETE NG va yvay 2y Tv d N
> vi9:C E¥I W *EN\YN HLONIT HL9NIT
3Ny NG 7 YQ §3134A9 M¥IVND NIV H1ON T LTGIER] S37JA2
ALISNILNT 3lvy NI NI ADvNIAY MIVN)) MIVNd avagn 48
sS3uis HiIMEHD NIVNI 39NYHD 3ONYHD (EFRERRT b] 2 3els 1 301s WEA XYY yEawrN
- (*NT 0CO* MWW 0z2°1 = NETI93H D “GE wIvE)
(*NI L%¢e YWH T£6°8T = (8)SSINMIIRL NIalJ3aS
i i AN ®00%2 WKW 206005 % (w)u]IM N3LI33eS .
T 0s071 = (ZHIATNINS3ud 153
) 0S* . (¥)ellvy I98Vy
tSINYISNGD LNaN]
944 "E0_9NY %0151 In OI8d  Gesd MIV AYT*L*M  (1II)NSGe2eq¥Eell T=240°23dS{0%)
- ) T TorotT TTTTTTTTTTTTT T e T H Y O N d e 0V ETeNIdOYITodIN e

302



I L o 669 669 2G97sf31 . JC2eCEy A
- 1G9 2cqe JEIIRTT A 002421
GIge 929 gIn2e12% 2C2ec3y
109 _ GCge 60gce 0T CSC2egz2tr
T 16G. O6ge GIL#~+101 052531
LLGe LG 2(nCezg C03egat
942G 92g¢ VL EY) 02021
alge - w0Ge (555°CL Gl2+511
(9 95 a e glgweEg
) 2L _Time _6S1megg
T T/ Ghhe 2Gne CSELeES
Tine BOE E99L°Sn
~ : E6E" G9f » GrGGe 2y
i 6LES 9GF s €GhTeCH
......... ” TTTTEIY -
3sve asva 54704)
IINVINaWED WIIlde oMYINEWrD 49
N M/ ¥Yav UiNgw XIYED  53an"N

{15d 904300241 vdik £0+3065°RTT =  (3)SNINQow IJT1SYI3

SINVISNGD 1NdN]
9L.'€0 onv %03&1 74 OT=3 Geey NIV @VI*Led ([13)NGS*2=1vGe]L Tean*)34S(0v)

303



AK. STRESS INTENSITY RANGE. KSIVIN.
0. 4d. b0

. . {00.
L L ] I | L | I | [ ]
10 7
T
ll
/
/ 107
//
105 7 ]
y o 7
Vd I[ w
wl |
| [ / __L]
> / / +10™5
5 / /, R
=
E‘”]-b = p
,E; t 7 E
. /
E 7‘ g/ -+10 E
Q Q
2 ME.T / 2
¥1[]'7 x v
| ] o
: | g
4 l -
w I ¢ +1 0"
= f =
- -
z10-s v
o o
5 3
o T107 %
10"
L10®
-10
1[] 20 4o hO. ad. 100.

M. STRESS INTENSITY RANBE. MPaVm
(WOL )} SPEC QRC-1 TI-5AL-2.55NCELI) R T LAB RIR R=.3 F=10 HZ

30L



LENST 9P¢L2  ([40°T G992 L4%0*1 £Ge92 00¢h gLoLT QGascg
L6e12 LARX TS (992 €€ L9 00gst  O40e 910¢1 ) } ) o L
) ’ . - LG0T GRe92  L00¢T PGeG2  L00e¢f pgeg3a 00w grell 0GTeyS
g0s12 1tsg2 0007 00+ ng2 00092 020 f0Nge
LEDT #FeQ2 [BE* (NeG2 [R6* (0+S2 00+h greL1l  0GTeCS
LY X314 9422 EEET [S8EE GO0ge3 0200 R®ige
L1007 EReCZ  [96° 9Geh2 [96% 9Ges2 Q0sh grell 0CHIEG
28461 age12 REG1 LL*06E  00gel 020 p0Ge
L66* CE*SZ (h6* GCOeh2 [H6* GOen2 00°+% gL*LV 0cce2g
vgebl G212 00s02 004805 0003 020 eNGe
LL6°  CRe®2_ L2E°*  CGIEZ LP6Y GGeEZ  00sw _gLsL) _Coeelc
TTT 6987 “hge 03 TOigT 004 1€ 000+  OgC+ 9.7 T i B
Lr6e  SO*t2  (06* 40eE2 (PR £Ge22 00+h gLoLl CCegh
LhEe SCoa2 L06e w0eE2 [R¥e £Ge22 Oneg 2161 0OCEegn
29461 SE*91 00s¢g 0021 000¢g  &510° 18F°
R . . CEGY L9°F2_ (RR* €G22 ((B* 92°22 Oy+€ 2Vs5)_0OGRe9n__
TTTREenl T T 9091 T 0Ge T 050061 000e4  Cg0s 29.°
2C6e  16°22 L9pe 20022 (£¥' 92412 O4sg 2Tegl Jcre3s
fheni 166t €9°¢g RBe 241 000 ¢ €30 LG R
GLR®  NE*PZ  LER* 92+412 2238* gRe02 Oheg 21+61 0Gee2g
9Tent 9cegt 21s¢ LE*EL 000 A (ol LIE"
— —— . . . - o L98e 2022 L19*_SLe02_ L18* _G/002 Onef 271Gl _CGEC4NE. ___
SBeE ) 8261 £9°+9 EE*691 000°¢ 020° 80ge
Le8e  1Ge12  LEL* %2002 LEL* 4202 Oheg 21eST DGE*TE
19+€1 SE*nT 00+g 00s¢21 00cs*g 210 Lige
hEBe  02°12 [9L°* €661 2ZRL* 99+6T On*E 2151 0Ogueng
9EET 8941 911 E€*9¢g2 COge L10° iy
L1Be CLe02__2LL* 19+61 29L* c£e61  Oweg 201061 OCFez2
T KTIET Theehl LGE 12408 00gs2  O10° LI
L08e 0602 (G(* E2+61 (SL* EP2+61 Cwneg 21961 JGG*w2
1ge21 8lent G0¢g1 1B ERY 0g0et 00 f0ge i L
) T LRLs B6*6T  24L* CReRT T 2L+ gGeRY  Oeeg 2leGl COgege
LPLe 6661  2nge  c9e81 2ELe 6GefT O£+ 10e21 O0gegz
- T-YY Le*0T 772601 7 T &Regw ~  DOGCET GF0e T T GEgV o o
29Ls GF*6T LY V28T 0L o9gefT Ogez 10421 00geny
1296 19401 nie2 Eneng 00g+01 €20 a2L5°
6L wL*RT 269  wGeLl  [99s  GhelT  Dge2 1521 COJe
Green] Corawy 37040 ¥3d 0001 X MONI WW HINI WW_ HIND Wi HOND Wl SdIX NX__ Q0CT X
TTT X ISX X vdk T TN ¥3ILIN NG g~ T oyvav T 2v 147 d4 N
» ¥143C GuIIW *GNYN HIONTT H1ON3T
JcAve NQ 7/ va $310A2 NIv¥d bie) 2 0] 19037 HIPN3T FERPIS
ALTISNIANT 3ivy NI NI 30vu3AY Lol F%] Iy gvan P
SSIuis HIMGHD NIVHD 39NYHD J9NVKD) 131334297 2 3cis 1 3918 WEW XYy ERPLIN
TremmoTTTTT oo mm T e o . T (*RT 0c0s™ 19 W Oz2¢1 ~ 8 KHEITHIZNAD3 s8R vav9y” —
(*N] Gn/Le JWW EE6°BT o (8)SSINYIIYL N3IWIIIdS
teN] G00«2 IWW £2640G ® (vinlalv NIW[I354S
0°QT = (7)) A" anTIng 1S3
nGe = (M)1614ve 308V
tSINVISNGD 1TanT
9L47€0 9NV 803G ZH Olmd Gesy NIV BYY o1y (ITIINSG*2e¥Gell TelN¥6°33dS (T8

T O & WHYHOENdTVYETENITIIGE TITOIN

L

305



LOFsT DZs€E  £G2°T E£6¢TE £G2*T €6+1€ 004 6/%LT GG9ecy
___CLe0E_ _ SYEE ____EE‘€E 00ge1 060« B _ e
LG2+1 E6°1E (02°1 99.0F (02°1 99«0E CO*% 6L°LT CGl*#»9
9E48¢ 91e1E L9°92 COgeT (040
L1221 16°0€ (911 %982 [O1°1 #geR2 00+4 ELoLT CG9*29
2L+92 LE*62 00«0g 000+71 Og0¢
(RTeT GUC0E  [LF1°T RPeR2 LETST goer2 00¢k 62041 0G9e19
___§9s¢ §7¢82 _ CO+0n 00g+ 020 e =
L9T+1 #9062 LTTe1 (€82 L1Te1 fpeR2 O00ss 6LsL1 CGlel9
"9en2 £Ce L2 0Cs02 00ge*y  OgOe
LETeT BReR2  (£80¢T 19442 (3041 19e£2 00+4 gLoLT _CE9°€S
Ceeee %0092 0004 00g+ 020
LTTeT LE*RZ (901 0142 (901 01+£2 O00°*# 6L¢¢T 0Glecs
... 8622 G2¢62 ___ 000 00g¢ 020 o
L60eT 99042 (40T £Ge92 (90e1 gCe92 OO0k GLo4l 0S9eqg
Gesan] Goaey 37042 ¥3d N00T X MWONI HINT WW HONI Wit . _HINI NW . SdIY NX occt x
X ISy X Vdk N1 NG yvey 2v 1v d N
¥ VIEC &GE2IW H1ONTT)
o ZeNys $37242 : _¥Jv¥d Hi9N 37 H1eNT7 $37042
ALISNIUNI Jlvy NI NI ICYNIAY Nl 1) MIVuI aval 46
SS3xuils ELIMGNY MIOVED 39NYMD JONYHD 031034487 ¢ 3q1s T 3q1s WOWI XYW 33CaNN
2 3ecvd 9L €0 HNY BOSET — T T IR0 Tevey MV @V oLl (T3INSGe2eiVGail  TeoH S (g%

TeJu6%33dS (0w /%
2]



£°Ge LPg 1196 eny Octleyg
1ng+ Lige FE2COLY 0Glece
Cohe LNGe cETCecy 0Gy*€g
2o9%e  LAwe  9/9Es19 Cgee2g B
o T T T T e Loy 568509 Occelg
9GH 2ehe 1486 05E Leeegy
Chye 4ok OF6F*2C CGFege
BEH Ncye Tgrwesly T Ggeeas T
€20 ¢ 6Ehe C267sn4e Oct * &g
Glhe 2Ene c2PCegy Ceeong
. OTae cene QL2 :H tcecete
A 20he LAY 02EZeny [MXX°F]
TOne Lihe #R{Cosy Cgges2
66E+ 204 TOTgcein T Cggend T
L6E E6F» IFQleEs oCreg2
68 Cegs clgsels CCGeC Y
6LE" 69¢ T2¢1e¢00 Gl
2001 X
- TTeyy” T NTT ~
3sye 3isva $37JA)
3INYIdWED IVILida 2INVIawRD 49
M/ dyay MiNgK »Jwvxd PRI

{15d 9043002°¢1  )vdw £0+3065°91T = (3)8n"NJaK I14SvI1

9L47EC 9Ny BOIST

SINVISNGD 1Nd\]

ZH OTed Seey NIV OV 0Ly (1131NSS*22vSeld4  TeD46°33dS (g™

307



AK. STRESS INTENSITY RANBE. KSIVIN

hd. &0 . 100.
L [ 1 1 [ ] I 1 | | 1
10+ 7
J
ll
7 10°%
’
105 -
7 4
yd 4
V4 ll
A
7 107

\\
S
S

10-=

N

N
g

H H op [ @
N

Oh 3| N

.FATIGUE CRACK GROWTH RATE.IN./CYCLE

da/dN.FATIGUE CRACK GROWTH RATE.m /CYCLE

107 =}
=
rf”ﬁ' ] 1 p-
102
;%
~N
1073
10
10*®
10~ 100..

(WOLISPEC 45R-1

308

20, 4g. b0, %
AK. STRESS INTENSITY RANGBE. MPQ

TI-SAL-2.59NCELI) R T.LAB AIR R=.5 F=10 HZ



i N . . . . .. ET10eT_€£0G2 €£00+1 8heG2 EZ6¢ _ 44e€2 00eh gLost 00Gege
19461 LTAR ¢! 0002 00+80g Q00T ~ 0200 g0ge
E66% 2262 E96* 9nen2 EZ6* 4neEZ 004 g¢oyT 00geZg
(LTS 2€* 12 004'0% 00¢452 ooo*y  oOg0°* »G2
€86 LE*42 B46* 80442 8Tlee 26482 Q004 gretl COgetg
L0163 96402 Ccge2t Oseste 002'%  gt10¢ 18g*
) o - . . 896¢ _€G*42 g26°* (S+E2 §06¢ 9O0s€2 O0s4 grest 0OCgeCy o
9948% 0ge02 62%¢ L2112 ¢ 00402  L10¢ YT
0Gge #7292 EOg* %632 8EBe 1ge22 00e® 6LeLV 0CEeLL
Oces #1442 €£06* %6+22 86H* 18e22 Oase 2legl 00gegy
wEsGH 98¢91 €8¢0% Lregee C00¢e 20+ Gaege
B B . . . . s .. 816 _2E*€2 €£88* €422 €GBt _£9eT2 Oneg 2Tegl 00geny
LLemy T O EZe9Y CSe9 01°69% 000*y 920 0g99¢ ’
268 9922 [GB* (Le12 (2¥¢ 10+12 O4eg 2151 00ge0L
9EsH Y LL%5Y Ogeg 2696 000s¢g 610 €9y
€480 LT+22 EE®* 9Tel2 EI8e G9s02 Oneg 219Gl 006+59
[ XX 34 LIRE-3 0Q+¢ 02+9¢ 000*s G10¢ TRE®
» L o = o _.B8G8e 6£+12_ €18 69402 EOYe One02 Oneg 2Tegl 00g°C9
TTELeET T 604Gt T T 29+§ L8241 000y 220 TLG¢
GEge 22+12 €08c 0#e02 89L¢ 1Gegl OQunef 2Tegl 00ge9g
L1 A 9944t 00sg 00e¢2v 000¢g §20¢ SE9*
Otge 6G+02 89L* 15463 E£GL* ETegT Onsg 27451 00ge 1S
_ . . . _.018s 6Ge02 g9Le TGe6T £GLe Elegl_ Oge2 10627 Q08016
T 9geCH SE* LY alet 9y *g82 000°¢1T ET0e elEe
6L (2402 EG(* ETe6] E9Ls (BeRT 0fsZ 1027 0J6*Ce
L8946 G801 691 Cyge2H 00g*04 €90 EGLeT
62+ 2581 (99 %6s91 169¢ GGeLl 0ze2 1021 0CO»
_geseng Geeep 37740 ¥3d . D0OT X__MONI W HMONT HOND W HOND Wl SdI¥ N» 000% X
X 18x X Ydh N1 Y¥3L3IN NG vg - wvay 2v 113 d N
» vin3g oNdIu *gNYN HiIEON3Y MiONTT
IcAvy NG 7 YO $3704A) »IvHI NIVYI H1ON39 HiION3Y CERDPI]
ALISNILNG 3Ilvy NI N 39vy3IAY NIV Ivy) aven 19
5S3yis HiMENHO NIVND 3ONYHD JONYHD 03123uN8D 2 3¢ts Y 3g1s WRIXYR y3oWNN
L . - - - s == o s TTUeNT 0S0¢ T )WW 0z2°1 . NBILJ3d¥82 »ER »JvHD -
(ON] Gule WKW GT6°8T @ (8)SSINNDIML NIWID3dS
] (*NI %002 IWW 206¢0G » (MIMLGI™ N3WII3dS
0¢01 = (ZH)ADNIND3H4 1S3L
0S* . {¥)8)1vy 39Ny

$SINYLISNGD iNnent
94:787 BNRY 6011

. Nxououm.-mmnimiq.»-&:JM..zmm.Nt.;mo:. u-RM*.qum~4®x~
* e WYHNDOHDde(QVYOTeNIJdOe IOQINM oo

309



§0G» S0ge 80489 0CgER

LEN 96he 06,1459 00ge 28
T : 8Ehe Teus 2L194€9 0Cse 18
€L Egne 99(L*6S 00gsCq
85%e "we 61E6°5S 006 4L
T 2Ghe 7T T ggee T tlg9eng T T 00geer T
Tone Shee £680+2g 0Ce+0L
EZ4s 8240 9942080 00g+C9
’ T T 6Tas Line L2650 4H 0C¢e9s
000T X
T T T e - - oo s g3 T N T
3svg dsvg $3124)
. .. AINVINeWed IYI1lde  IINVIIWED .49
C h M /7 uvgy HINGW NIY¥I  wIEWNN

{18d 904300241 )VdW £0+3065°81T o (3)SAINJgW J1iSYI3

SINVISNGD 4NaNI
9L478Y ONY 603FT T T T T T T T 7T 7H OTed TgesH MV gvTlelel  ([IINSE2a"TvGelL TeldSeed3dS{IgM)

310



AX. STRESS INTENSITY RANGE. KSIVIN
20. 40 bl . AD. oo.
l | 1 | | | | 1 1 | |
10 3
y 4
y 4
J
ll Y B
I | '}
/f
105 - =
Z——F
[87] II L—I'J
-l _q.Ll
o 717 T107%
N ala VY :
5/4 =
E1g-e O =
L —7 w
& ar/ ya o
o . o
T 1 4n-5x
= /o |2 71 107
o
] -7 L)
xil] o1y x
| i ]
O [«
3 7 3
t:u,g /[ +10 %
- —
ci1Q-e ; =
) =z
3 3
-7
o +1078
10-%
4108
- 1
10-a a0 ) B Al ToD.

AK. STRESS INTFNSITY RANGE. MPav™

(WOL } SPEC-Q5R-1

TI-SAL-2.55NCELT ]

R.T.

LAB RIR R=.3 F=10 HZ

311



ELT*T 6£°62 E21°Y 2982 E21°T 2582 00+ gLLT 0S9°g9
LYZL Y 81,2 00¢09 00425t 0Qg* 0g0e 29¢L°
Entel €062 EE0°T 9LeL2 €6U¢T 992 000y §L9L3 OGToE9
f9see "6462 0Qe0¢ 0029¢ 000t 0c0¢ 29,
) o . o L o ... ETTeT £2e82 _£90°1 00+/2 €90°1 0002 O00¢y g£(? OGTe29 _
T T 9Cega T Tezee2 00409 00%%261 " 000°1  090¢ nag'i
€c0eT 62992 EO00CT 8heg2 €007 gasG2 OO0sy gLo¢Y Oglety
28402 (8422 00+01 00s452 000¢2  020¢ g0ge
EE0sT %2+92 EBE® L6en2 ER6* (642 O0sy gLofT 0Oglegs
T1€e02 tge2e 059y 0540671 00002 §10¢ 19F°
_ 8T0¢7 98+G2 EL6* _TLe92 €96¢  9nen2 00y greLl  0gteys
To6Ze6% T TCget2 T OGe21 7T OgSLIE T 0002 T 6200 T T ge9e
€66° 2252 €G56* 12442 EE60 0Ls£2 00en /943 Oglecs
glsgl 0012 EEET L9°8EE 00gstT  020¢ g0g*
EL6* VLew2 EE6* OLe€2 €Tbe GT0€2 0Qey gLeLT 0Ogoees
8ge8l 2ns02 18¢g L9%¢Ln1 00gee  g20° SE9*
. . ~ . o e . . . .__ 846 80ex2 EO0E6*_ %6422 €68 _89+22 00+ gLoLt Ogeege
8n6s BOewZ EOG* #6022 €68¢ 8922 Oneg 27e51 Cgeeen
geEeGt 0g*91 00.g 00e (21 000+*¢  &10» 19¢
EE6* OL*€2 €68 9922 €£8B% (1922 Oneg 21eG1 OGgegy
€810} 9E+9} S8 sar222 000  &g0» £98°
. . — . . - o ___B68e _ 18+22 EGE* (912 €98 Tnel2 Qyeg 2Tegl Ogee2n
6201 ~ 0gegt SLE G24G6 000sg ~ 0g0¢ 2oL
898¢ €0+22 E€8* 97112 ¢€08s 04002 Opsg 21e5T Ogeeae
SReET g2+st (99 €E*691 000*g 020°  gog*
848e 45012 ETQe G9402 EBLY 68¢6T Opeg 21sgT Oggele
GGIES 68°4% 0Qe9 oneegl 0052  GtO¢ 19€°
. R o e e __FEEBe_ 9112 _€6L* #1402 ELL*_ £9+67 Oneg 2Tegl Oggeg2
I1E4ET 29441 6%°E 09°88 00Ese ~ g10¢ 18€°
918s  BL+02 ELL* E€9+67 E9L* gEs6l Oaep 2TegT 0GGew2
£0sg1 2E'41 c0s63 1BeERY 0g0stT  0g0¢ 80ge
86Le (2°02 E€9L* QEe6T EEL® 29¢81 Oneg 21061 00geg2
. . . o ___BeLe (2402 €9L* _eEegV_ EEL* 29°81 0fe2 10427 O0O0geE2 _
80sCH L0173 26°1 88y 000s€7 520° GE9®
ELL* €9°61 EEL* 2981 ETL% TTe8l 0fge2 310+21 0CGe01
086 L2001 ale2 [X2X 1S 00g*0t €20 2¢s°
0GLe 90egl 80L¢ REeLT E€69¢ 09e¢¢1 0ge2 1021 00Ce
__ Sseepnd Glaay 3710A0 ¥3d ___ 00071 X__HONI W HONI  WW _ MONI W HONI  wW SdIX NX Q00T X
X IS» X VdW N ¥313W NQ vQ ayvay 2v 1y d N
» vivig SudIu *gNYN OIS HiONT
eNYY NG /7 YQ $372A) %IvHd MNIVYI HION3Y HiONIT $312A)
ALISN3IN] 3ivy NI NI 3IpvVH3AY bo) 7] VNI avel 490
sSsIyis HiMGHD NIVND JoNvHD IoNYHI (ETSENIT-L] 2 3q1s ¥ 391s WRWIXYR 4389WAN
T T rmrrm e e T - "TUeN] 0504 JHW 0z2¢1 NBIL133yHE) %68 »Ivw) T
(ON] S%Le JWW B2648T o (QISSINNIIHL NIWID3dS
{*NI 0102 )WW %g0e1G o (MIHIJIM NIW1J3dS
0'0T o (IHIAIN3ND IS 1S3L
0G¢ . (¥)811vy 3ONVN
- T oot T - TUTTTT T T T T T T T T T 4G UNVASNGD dngNY T T
944787 9nY 60111 ZM OTed Sosy N[V 8BV sj0y .—JU.umm.~.4<m.~» tey56923dS (gM)
L ]

L ]

WYY¥YD O0HdeOVYOQTeNIdOeIDQOI

312



1942€ LI-Ax-14
62+¢Ct 62°€EE
e28¢2 20s1¢
(1092 9L%92
Geeon| [AX 1IN
x 1Sy RELL
» ¥i93C
Jenye
ALISA3UNT
sS3rdS

00e0g 00+0z21

0009 00en2gt

00e+g2 00*SEY

Q0e¢Ow 00+910%
37242 ¥34

Nl ¥313uW

e¥J1IW CgNYN
NO / YO

Hivgu9 NIVMD
9L4787 9Nv 60211

000y
00ge
0002
000+
000t X
NO
§37043

N1
J9NYHI

EqEel 1T1onE €62¢7 #8+42€ E£62°1 ape2e D0ep gLoLT Oglegg
0g0e 0za*y
EE247 4Re2€ Fa2¢1 LGeTE €MCT £geTE€ 00y gre(l Cyuleyg
0g0e 29,
E92+7 §0¢2€ €12°¢1 19408 El2¢% 1ge0c OOsw gL0LT 0G9°99
0gO* oL2%
ET2¢1 1940E EQTeV #Geg2 E9Tel nGgeg2 OO0en gLosT 0G9en9
0400 910t
TTOELVeY 62062 E2FeF 2Geg2 E2TeT1 2Geg2 00sn gLesl Osore9

HONI Wh HINT Wl HINDL Wl HIND Wl SdIX  N¥ 0007 X
va yYRY 2y Tv d N
H1ON3T HiONTT
oYYy el 2-%0) Hipa3? Hinn3 §31242
NI 3ov¥any WIVYD b AL avel 38
3ONYMD Q31234482 2 13qls ¥ 3q1s WA XY ¥3aunN

M O3md Geay ¥Iy BYT Ll (IN3INSE24VSefl T4456°33dS (gM)

313



L2

ony

106G 90ge
6R/N LI
LLwe ke
(X1 X] 2Lne
GEne "9he

B Geus Lone
2Tne CEH®
T0ne 229
L6Es  wlae
S6E LOuo
46E L6E*
(9E GRE*
28E. ELE
3svg 3asvg

JONYIgWRD Yd11id0
M /7 ¥VYRY

601113

(154 9043002443

I™ 0384 gesy ylv BYY

[FEL.]

2506249
2L8Dv 09
2699409
§16Geg
g2aPel

€90, 8w
pealegy
69000y
_026TeEn
#8E6Cy
gheLely
TENN Ty
988G+ Q¢

€30

JONY 148D
MANGW XJVY¥)

Ivdi_E0¢3065*8TT ¢ (3)SAINQGW D145V

0ctesS
0gtece
0cSeES
CGE*Gn
OcErgy
OcE*2n
Ccerne
Oce* 1E
0c3e+82
05Ge#2
O0Clcege
0CseQt
000+

0001 x
N
$3704)
48
Y3IGWNN

SINYISNGD LNuN}

(173INSG 20 VG ]y

145692305 (6Y)

314



AK. 5TRESS INTENSITY RHNEEIi KSIVIN®

2q. 40 . 80 . i DG
L L | | | 1 | ] | I
1+ 7
¥ 2
J
-
/ "7"‘“-_1-3
7]
1g-= 4
7 ra
y 4 ll w
o yi 0
i~ / J 1075
. AW, :
§1D‘b / £ ~
1DV 4 m
— - -
T %’ <
8]
I 4 -8
= / 107
[} - fos ]
2 / 2
¥1D-7 = = ¥
E . — &
[ 4 ] o
u il _hu
w I i[ +10 §
= af =
e10-=e &
= =
e 3
5 1073
R Q
10"
Aqp-*
-0
10 100.

[WOL ) SPEC 12R5-7 TI-S5AL-2.SSNCELT]

20. 40 b 9%
AK. STRESS INTENSITY RHNEE"[ MPO

LAR AIR R=.5 F=10 HZ

315



Oh0e1 2ne92 066* GleGZ 066°* GT1eG2 004 gLoL1 012ec9t
68161 9g¢12 22¢¢L #heERT 000¢¢ S90¢  159°% . i B ) B
GL6* 9Le42 COEE* 29:F2 026% (E9€2 O0sn GLeLT 0O12°9(1
(L8l £9¢02 008 C2'e02 005¢2 020+ EnGe
) GG6e 9242 0l6° 11e£2 006¢ 9822 00¢h 6L OIL*ELT
TTTTER3V T TR0 02 0049 Te+€6e 6052 020+ EDER
GE6Y C/LeF2 NGE* 19422 098¢ Gre22 0004 EL%4T GT2°1L1
CReLl 95+61 0Ceg 000227 000*4%  020° NG . A
SI6e #Zer2 0LP* 01+22 Q98s 40e72 00eh gLoLT D12%£91
ceesl 506t 199 EE*69T 000¢€ 020+ PG
I G6Be EL°22  0GRe  6GeT12  On¥e #€e12  00s4 6o/l 212%491
T Tee97 26%81 00¢g 00+ 21 000sg  G20¢ CE9*
078+ Otez2 Cege 80e12 O18¢ (GeC2 OO0e4 gLeLT 0129667
6€+91 1Cegl GheE 65°(8  00geS  020* _ g0ge L .
0G8e 6G+12 O00Re Zge02 00Ws 2EeC2 00w GLeLl Slwescy
8091 (9L 65°2 0g*59 09g¢g  O10¢ %52
. . e . Onge  wFe12 06(°* (002 0Q6L*  (0C2 004 6(°L) _CEG*Fa]
On@e  HEeT2 06L* (L0002 0hL* (002 Omec 21051 0GCegal
FLE] A SeoHt 91T  ES*62 _ 002eLt 0200 gnge o
028+ FERe02 CLL* GGe6T OLL* 9Go6T Oheg 27031 Coreaet
CIsE} Chent 111 22°82 000°+87 020¢ NG
- - e 00ge 2F°02 0GL* G061 06L* gQR*61 Owef 21°ST  CGeewl]
T Tedeeil SCenT 0% LYAF] 000¢61 020° enge
Orls TRl OEL* HGeRT OELY 4Ge®T O#er 21egl 0GEecs
1521 (VAT 9L EE*6T __ 000*€2 BI0e _ _cone _ . e e e e e - e - R R
29L* [F*61 CSTL* 9181 OTL* EO0*®T Oneg 21061 0OGE*3L
cee2t 15*€t 96° anen2 000°€1 €£10° RIE*
0GLes _SO°6T  00L*  BLeLY  ONLS  grefT Oheg 31e5] SGEegC
TTYe23V7 TTCE e 9% LEEKY 0g/*92 &S10° TeE",
SEL*  L9°3T 069* EGeLT 089 (2e¢(1 Owneg 21061 009e3g
E60TY 1tet 0ce2 080G 000G _ 010° LT e .
) T T G2 TneQl  CR9* (24T G799 2041 Oweg 3151 (Cge¢2
G2l 1491 099 241 0£9* 2nefl  OLe2 lus2t 0C9es2
TR T g2+l T L0y TTTTTELR 000*»7 &10° T8E"
OTL* FEO0*RT 099% ©L+9T 009+ gzs0] 0fe2 1021 J79°F]
€146 €0*0t 01+t 1082 009'€1 G10° 1RE" A 3 ) o
G699 GA¢/LT 0G9* 1G+9T O0O%9* 92«97 0/s3 [le21 0OCe
L LLY Gesspy  3TIJAD ¥3d 000%T_X_ HWINI  WW HINT 1 HONT  wWiy  HOND ey SdI¥  NY Q621 X
- X 1S» X Vdh N ¥3i13m NG vaQ Ay 2v 1y d N
> 193¢ grdiu SONYN Hi9NTD HACNTY
LI NO /7 VG _US3IVAD L dIVED O ¥IYND HIONTY O MIONIT $312349
ALISNIINI 3ivy NI NI 3IoyNIAY #IVeD %Ivy3d aval 38
§S3ylS FAMQEY MIVYNI 3ONYHD IONYND Q3177%ung" 2 3cls T 391s WRAIYYW H3TANN
- s/ (*NT 0S50° WK 07201 . NATLI3M=0) 6% »OvH
(ON] nge YW #9681 = (8)SSINNITHL NIW1I3dS
A e e e e ASNT 20002 MWW TGReQG 2 (MIMLIM A3WIZAS
0*0T = (7HIADNIN 39 1S3L
0S* . O GIivy 3CAVY
” TSINVISNGD LNgN]
9L4"4%0 ONV 1INy ZH Ofed Seey NIV QY] *1*M  (1IIINSGe2=¥Gal) £=SM21°24dS (71g%)
- T T e THY U D AN de OV O TANITE eI AT N e

316



SOEsT /9°4E 021 EGEE OTEST £2eFE 00en 6L%LT Dg2%€61

317

"§eEE 61e/E Ceel9 gEed Gl 0G0eg 690 1601
ONEel ¢NeFgE  0/2°1 9242F OF2%1 42+1E OCew GL*LT CwZe9gl
CleZE 8C €€ 9Geg2 9,0 0ge 0gds2 090 G - -
T — TTTT T Tt ¢ T T2 T 06t T 003 T v w OE T ORTT LEeE€S O0ew GLViT T TIIVEET
€50G¢e £2992 fyeC2 (12625 000+9 g2Te cLleg
GTTe% 2rer2 0L0°1 142 090¢1 28+02 00w 6£°L1 0124761
§Ge22 Igewe FEgT L98EE 000¢ [+ ol0e?
Sr0¢1 UgeL2 Q€T 97492 0207 76062 0O0+w (%40 Cf2v/8l
9g s 12 LY2E2 0gey1 0Genny 000s2  gg0e 68U
- - - T T o e V%Dl 260G TgEs  cTsg2 066% gieca 0Oe 6947 013+cay
Gesen] Coeey, 372340 ¥3d 000% X WONI Wb HINT (8] HOM] Hil HINT (3] Sdly N coot X
X §s» X Ydh 1 ¥3L3W NO va NYRY 2v 147 d N
> iz §221N “GNYN HiON3T HicNIT
3CAVE NC 7 YO $31049 AIVHD ¥IYND H19N3Y MITN3TY $370A2
TTTTOALISNIIND T T T T T3l T NI NT 30YEIrY WIS 12 %) avel 49
SS3eiS HIvEXD MIV¥) 3ONYKHD ELIYE (o] 031224480 2 3als 1 3qls WRW X Wiy ¥3annN

g2 3cvd YL4¥4C ONY TTi41 7T IH O%sd Geey MIV BYT) spey  (IMIINSGePeWGaly [=SE210334S [IaM)



200G 616 Gl1/%€9 Cleecat

Tihe L% 9LLT 58S 0t1e49¢:
194 JLD Ghl7e9G Q1L
nGhe L9he t2nceng 0120141
- . Iuhs Lehe  9EQTees  QT2el9T
oo GChe Lane [90Fe0g G1zew3t
Lehe SEwe hHECeEH 0r3eccy
glwe G2k 125z%4% Cirerct
2The Cone GTEC ey CGeegnt
9TH e Olhe 0665+ 0¢E*3ET
o = . EOPCe OT#He SHECe T H . Ocgeslr
Tt T Tt Tt "(Ee Okg s 0”2 etk Jecezh
gCE loge ®CLASE LEEv 2L
ccge SLE £L67+9E gk res
) CCEs (9L TTaCeSE 2CGe 7€
L1 cuge 0E9TecE 27922
N R . @%wEs _ GGEY __ puOsexE  O39%ET __
T T T T T T T T T nEE Lag® G2l EE 2¢O
00eY X
€30 N
3sve 3sye $3734)
S e 3ONYITAWED | . AYIILAO __ FONVINGNED . 4@
M/ NYQY HANGW MIVHID  ¥3IAWNN

{15d 90+3002248 }ydi €0+3065°RTT1 & (31en7ndgn JILSY13

SINVISAGD LNan!
941740 BNV TRy T TTTTT T TTTTTTTTT Tzl OtadT Geay M1V @YY VIO T (1A9)INSGedavGell  £eS821053dS (Ew)

318



. - ¥ ’ o
. m m.,_u.ﬂu\ NI“31Hd __.“__._.zomm . Jalof. M| .mu_._m_m._.mn_ ZU\JU » M
84 - O - - ) O o
- -~ < - - —g— - )
.
o

] B n
h
- o
Wu o«

. E_J
R oF
i o
- \
b8 o

z E:
(34 &
> 1
- [l XV
- =
L T TN n=
.mmm_.l 1/./ N i
z // // +Z
(L] 1111 o r.rl T.l_._
_ tne
mm N 1_m 7[ —n.ﬂ:_.—
= // 19 |3 N =

—._Ju.l._ ] | [Ty)
c—.—._ . 3 a - .m o~
b 11/ e o Kc_._
J c Ji= o
i
"1 7 F & ? T 5 "
J13Ad, W °31H8 HIMONS XJ8N8J 3N9I1144 «.zU\OU ~ =

319



E1TeT L2*R2 LLO*T 9E¢£2 64%0°1 4902 O00++ GLLT O10e221
4ge2e Ctisg2 C9s¢ 48Ene 00g*2 4209 01ge B L ol o o
T . ” o T T TTTER00T 999£2 64001 99493 T 63041 w1492 T 00w g0l OTCeElT
gLele €6°€2 0049% 0ne90 0052  O40e 970°1
670¢T #9092 £00¢1 F9sG2 6¥6* 212 004 L0241 OTCe/IY
T EGIDZTT  §gé2Z T U0DYT T U0Wace  000Ty T OR0e 910°%Y
6N0s1 £9°G2 €96 19442 GH6* OT+42 00sw §L°LT OICeFIT
Cgegt Enel2 L9113 €€ 962 000°*g  GEQe 68%° ~ 3 ] . .
) o o T w6 hL*w2 626° 094E2 616% 4re£2 00sk gLoLl GI0eOTY
£G9081 9€*02 0Ceg 02+g02 000*g  O#0e 970°7
#E€EGe  2L°F2  €9Be (0422 668* EReZZ O00en grofLl TilLecOY
TTTEQNIV EEsEY T 2T PAZLE-1-1 SR o o1 L1 SR T3] 206"
BEBe 29422 GH4Re wGe12 ghH¥e 9GeT12 ODew gLeL) 0Dl2+sg
cTe Ll 6L°81 Tleg 96°8¢ 098¢  210° gnNE®
) o o TTTTT T 7T 9pge” 26022 TwegY T Bletd Tged T teecie TOCG*m gLy 0SE‘cs T T
9P8e 25422 %ER* 8112 eFBe IpeT2 Oweg 21¢G1 OcEecg
T L2k} F9e51 0ge2 LX) 000¢7 @10+ Ghee
698+ (022 €18 09402 618* 0pe02 Onse 2157 DIGEeRR
LTI 1€egT L9+2 €L%49 00ge¢ 020 gnge ) o o L
- - - 699 "9Ge12 T66LY €2903 T 66LeT 62002 T Dner 21051 JG9ely
GGeES (L2 2¢ 4642 \YAL Y] 00G+g  G20° CEQ
428 E602 4/f% 99461 4/L* 99¢El Onep 21ecl Ccsegy
L1 %) HWEont 0Cs€ 02+9¢ 000¢g  g10+ 1R€*
608+ GGe02 664* 82«61 654 82¢61 O4eg 212€T CCE* L9
cgel €241 0ce2 0S*€9 000+*8  020° P0G ) i _
’ ) ’ - - ) 69l #0°N2  EEL* LLeRT 6FLY [L+PT Onef 214581 GCGE*6S
gGe21 28 ¢l 92°1 g8+ 1 00g*e2 0g0e 29¢Le
6GLs B2*61 60L¢ 10487 60L° T0¢°1 Onsg 2161 0GeeGE
-1 ST iS¢ 2168 082 010° »G2* i
6hLs  CO*61 669 GLsLT 6699 GusLT Omnef 21061 009e2g
0102y CE*EL 00+2 0¥e0g 000*g 010+ .52
: o 6F L LL*PT™ 689 OGelT 689+ 0oyl O4eg 2TecT CCoez2 -~
6ELe  [L*RT  699* 0GelT £59¢ 0GefT] 0Oge2 1021 QJC9es2
TEGE TRHSQTTTTTTITLY T TR TR V00T " OTOF " 4G2"
67Le 2G°B1 6(9° &SZe¢¢l 6L9° GPeLT Oge2 1Ce21 00gegl
EnvE GeeCt LY 8981 009s¢t Ot0. *G20
6TLe 9291 699 66297 699% Ep+91 O0ze2 1027 COCe
Soren] Censey, 37JA3 ¥3d 0007 X HANI WW, HIND  WuW HINT W HINT i Sal¥  NX 0201 X
TTTTYTISY T x vdw TNT T ¥ITIW [T I— v Nyavy "~ 2V v “a TN
» v113¢ [*}- R0 “GNVYN HiIfON3 HL"NI
ELINTY NG /7 YQ $39949 NIVYI NIWMT TTGIER! . HIONTY S3470A7
ALISNIINI vy NI NI T 3AnvM3AY bl ) R} »IvN) avgl FL]
SS3nuis MAMQND MIVHD IONYH) A9NYHD Q31238482 2 Jots 1 3018 WhlXvw =guny
T*NT 050+ TWW 0Z2°% . NBTIDINND ¥AE wive)
[ON] LhLe YW 6£681 = {9)SSINNIIHL NINIDIdS
{*N] 0002 )WW 00R*0S = (MIM1A1% N3N]23dS .
- -t T 001 e (79)AININT x4 LS3L T
nge . (2)G1Lve IONVYY
- - - TSINVISNGD 1flaNT
9Ly '%0 ONY TTtet ZH OT=d S*ey  HIV AYY *Lf°H  (1T3INSGe2=vGelLl (=SHUET*IILE (g™
TS AT HYUHDONDdSeOVYOIENITIEeTOUIM e T T

320



#EECT PROFE  £82°T #Le02€_ 6L2°T gre7E 0O GLoL1 Obgse21

321

ShecdE 99+c¢ 05429 0Ge£951 noge 0gCs oLzt
w0201 T92E GE2*T (4e1E G22°¢T 27¢1E 00+4 §L*L1 (E6*921
L9 ER%2E _EEYEE___ L9°948 002¢3__ 040¢ 910y — - o
’ n+2eT C9*TE €ET*T GweOE 6R1*T 02¢CE 004 .41 CEL*/2T
19e(¢ nErCE (9°1n EE*HSOT 002 0gO* (AR
. #6T*1 EECCE _6#1°T PT062 EELI*T £6+°2 00w §L°41 0ECe927
29sc2 €182 00402 00805 0002  0#0° 910y
#CTel 1Fe62 60T*T ¢1e82 660*T €942 COew 6¢%¢T OFGen2l
___l0eae €E92 __ (@91 GZUElM 026*2___140° 100}
ETVeT £23°92 (LL0°Y SEoL2 64%0*1 #9+92 O0O0ek 6L°L1 CiNepat
Senen] Goual 37340 ¥3d 000T X HWONI W HINT W HIN WW HINI (KX SgI¥ N Q00T ¥
x 15> X VYdW N ¥3L3W NG vQ yyev eV v d N
> Y173C §201W =YNVN HLIONIY HLON3Y
KIANZ] NG 7 v $37JA2 NIVHD WIYNT Hi9NI9 HioNTS $3724A3
- TTALISNAUNT sivy NI NT IOVHIAY ERITS) LRI ) aven PE)
€S3uLsS HL%gHT XIVHD FONYHD IgNVYHI (31394563 ¢ 3als T 3gi1s WhW I X CEDTIAN

2 3tvd 9£4740 OAY TTewt 777 T TTTTTUTTTT T gi Oted Gewd T ¥IVTEYT VLT TI93INSGe2e G0l £eSHET*T3dS (T0%)



§a9ge LLce GH9F g JEGe+21
EH*Ge 9cGe 2ilnely J1Ce2t
L2G» hege 166G Q1c€1y
215 %2Gs These L T12e1t
EENe #ngGe 6L9¢ %9 0IseETT
Qvhe Ary k2019 1 eCTT
, T TTTTTTTITTT T T gGee T T T fems (s01sas T gpheent
Tohe Ghhe whyLe [ PR EARSS
L24 Ehne HEETony
THIE hEhe wEghesy -
LA LrEEN wECCony
HOE AL X CHInoLy
) ehE e LI XY CaEF el
CoF» hEE e CiQcely
CWE 6LE° G952y
6LE» hLE® GLalelin
LLE 69F ¢ G6QCe( €
L9E Hage GLLTSE
T . ¢9€ 6CE * GglassLE
ot ¥
o T Ci b TN
Isve iSye S$2734)
2INY I AdgWgD I lda ER 2Rl e ] 44
) ’ M / Yvay HLMOW »3v82  Z3vary

L4740 DAY TT241

(1Sd 90+2002¢41 IvdW £0+376G°TT &  (I)SNINIA~ 214SvT3

SINVISNGD 4NanNd

7H OTed Gomy HIV @Y olexy (17)VgGe2evCeall [LaSHET*374C 76V

322



AK. STRESS INTENSITY RANBE. KSIVIN

o, 0. bO. a0. 100.
L I ) ] I ] I ! 1 }
10+ =
7
7 —107®
//
105 Z
1’/ 1; L
Ld |
— / O
o 717 1075
g / ~
=z
1o bt 3
= T o
o o
o [( o
z ik +107%E
o o] o
2 / :
a7 B v
i #n 7 x
E 7 o
| 5} !. 1 -bu
=1 / +10™y
= E
— -
E10-8 2
o o
~ ~
3 +1073
10
107
1[]-1[1

[WOL )} SPEC 45C-1

TI-5AL--2.55NCELT )

cO. 4f. bl . 5%5
M. STREST INTENSITY RANBE. MPQ

P T

ioo.
LAR RIR R=.5 F=10 HZ

323



RB9Tel (962 EZTeT 2Ge82 ETTe1 £2¢82 004 64947 CC9eg
t1gene n6*92 CSeLE 05°+256 000°*T  8EO0* _ FES6° )
OFTeTl T/e02 ®(NeT PEo(Z E€90e1 1GeL2 004 6LsLY 0CGes
22+€2 150¢2 05*2¢ 05¢G29 000*t  2g0* cane
86001 6ReL2 FHOs1 €492 €£60¢7 G7492 00¢h gLoLT  00geg
TTTTgVe22 T gEeRT 2632 50295 02T 820 669
0£0eT ET¢/2 ®10¢T 98e¢G2 €207 9£eG2 O00e4 gLoLT 00me2
Easle LI-1X 3] TTe11 . 22292  00geT _ 020+ _  RNGe . — . _ e .
0ghe1 B9+92 FOCsT paeG2 BG6* GEeG2 00¢4 gfeygl 0Cge
£60C2 COeg2 £8¢02 L1625 009 210 L1Er
e L. .. BEQeT LE*Y2 E£66% _ 22+G2  £96* LEe42 004 6L2L]  0NCe
OF0e¢1 (Tea2 pLg* &ReHZ EBE* ([Eoh2 Onsg 20+6T GEgeay
Tl Cgegt L1'6 €8+2¢€¢e 000+  (20°  g695° = _ i o
ENDeT BheG2Z Ew6* GEIEZ E96* Ghea2 Oneg 2Tegl gyjecy
EE'9T LIAFAS 00°0% 00*4ge 000%n 0#Q 91071
N . - €96 94es2 €16 £le€2 EI6¢  glef2 QOnep 21ecl gugelys
T 2mest (XX} 066 09+%22 000G  GaOe FaToY
816+ <TE*F2Z EQYR* E4022 €GB /9s12 Oneg 21051 go9e5g
a9ent €C*91 0Cey 08eL/T  000°S Ge0e 68Re N L . . I .. .
€87 €422 EhEe Tael2 £2¥e 05002 Nasg 210Gl gR9* 19
E2n] £9°G1 0ge2 0g*e9 0004 010° 4Gae
€¢8e  (1°22 EFP* 9112 EIHe G9:02 O4sc 2T1eG1 gageg
TTGEYET LY AT} [olo X7 09%107 000°*S  020° P0G
€cBe  £9°12 FOR* O0#e02 EO08* 0#eC2 O#4eg 21°G1 GB9e2c
C T T 7T T T EgRe T 190127 EORe 0#s02 E08e  0ne02 O7+2 1031 goge3c
2¢eCt BL0TT glse €808 000+11 GgOe 685"
818 ®/eNZ ERL* 6Rs6T  EGL® ETSET  0Ze2 1021 GRYe s
T deait g21t” ITLA? RE*LE 00s*62 #40° eTTet
wLLe 9961 OEL*  wGeRT  BTL®  #2s8T 0fe2 1021 G8L¢11
€L6 Cre01 cGe2 9949  Ggse*I1 Og0e 29¢L L. B N e e
fnle  UE*RT  Q0L® 9/LeL1 8RYS guell 0fe+2 1021 GOCe
Gewen] Sresk 37140 ¥3d_ 0001 X MWINI Wh HIONT W HINT W HIND 1w SdI¥ _ANY  0CCT X
TTTX s> X vak NI T 7T TH3TER NG va yvay 2v v d N
» ¥i13C 6221w =“GNYN HIENTY HLONTT
Jenve NG 7/ YQ $31J4A) NIVHD ¥V u H10N 39 HINNTT $3104D
ALISANZLIN] 3ivy NI NI Inym3INyY IV VYT avea 48
SS3yLS miMEND NIYNMD 3ONYMI IONYHI [(EFSEEET D) 2 Jals 1 3318 WANIXYW ¥3aanN
{*N1 0G0° YWW 0221 . NBILIIy¥62 v69 »3Iv»)
(ONT 8w/e JWW 266°+R]T » (8)SS3IMNYI4L N3a123aS
. . __ NI g0O°¢ JHW 978405 ® (MIMIOI% N34]I3de
Tt T 0°01 = (ZHIAININUING 157}
0Ge . (M) alivy 30\vy
SSINYLISNGD 1NdaNT
941740 o0y 21391 H Olsd Goay MY BYT el*¥ (]I3INSG*2evS=1L_ _Tedchsny “y__
T T T om o mer e T® e WY HNYDT m_..m.mum|< -} n. %uﬂN.d.&n.u!ufEu..um:w ...f._.---H-,ll.u 2345 0a%)

324



GG EQCe £L91s4g CCgeg
6CGe Hhags IEYAKYE ] QCaen
- AR gegs 2491t 3 CCgef
253 hEGS glgceyy Clue?
FlCe hege Tloteiy 0Cge
ETGe Qg Ti9te1y Cl0
19Ge *1Ge NFECFeLy GPGey
Dehe 10Ge 220ceng GRGeCy
wine Tuse [33 2ty &) [X-TTR Y
2CHhe REhe Ganserg GEsea9
LEw e Thune w276 1G GR9* 19
T o oo oT T T : EHe CIXY 1€1Ce1g 5854/
23C"1 X
R —g3y ——— g S
isve dsye S313A2
~ 3INVIdWAD YILide . FINVITGASD 36 .
- ) v o/ uYiay wInan x3YND EESTLIN

(1Sd 9043002°LT )vdW £O+306G°PTIT & (3SNNCaw 2[31SvI3

FLy*HC 9NY 2193 -

SINVLSNGD 1NdN]

IH OT®4 Gedy  MIY AYY olfy  (IT3IINSGe2=VGalL Tedshe33dS (%) ~

325



AK. STRESS INTENSITY RANGE. KSIVIN.
cO, 40 b0

, X . 100
L I 1 1 | 1 ] ! ] I |
10+ 7
v 4
y |
7
/
/ 10
/
10 v, -
y o 4
7 £ Lt
w ju |
| I (K
g / / —1-—1 D-*E
| |3 / ~
< / :
€10+ y ag / Z
L p
o o Z — yd o=
7 17
il 7o 30 -
= ; +10 (=
o o
'E-E' 7 ] / EI:
a 1 7 y
L [}
o F (o
ox 18 (=3
= { +1 0™
= / L
- -
10 o
z 2
e ke,
~ #B
'g '*"'1 D O
10"
+10®
-10
10 cld. 4a. 100.

AK. STRESS INTENSITY RFINEE. HPO
TWOL ) SPEC QSC~-1 TI-SAL-2.55NC(ELI) R.T LAB RIR R=.5 F=10 HZ

326



327

GLI*T LR%€2 9211 09482 927141 N9e02 00sh 5441 CI1e1s
L TX-T} 16°¢2 00°¢gY 00e18€ 000+t G10s 1PF e . i
1971 6%°62 OSTI*T GE+82 90Tl gneRZ 00sh gL¢T O1Teny
OLewg LARY2 G061 TReEQH 0G0 1 020 P0G
L L . - - I97e3 BEP2 9901 §GeL2 96UsT 4942 00¢% gref] 097469
TTTT99sge” T COe92 T 28 IE §1¢808 007+7 cgOs €8g*
90TeT 60¢P2 OGL*T 2R+92 QGUST 202092 00sh greyl I964¢9
C9s22 hgoNe £9°G1 88*96E 0091  g20¢ CEg* i
TP0*T 94022 9g0e1 1£492 9201 9092 00eh 521 0968099
gLete €€°ER geent 98¢ 29€ 06¢*1  G20¢ GE9*
~ o o e 9c0sT 28992 9In*T 1952 966+ 0c°S2 J0sn gre¢l 0GI19+w9
TTTE9eCET T T T g2 XA 20°62€ 098¢*E 0G0 0221
90041 SG*°G2 996°* hGeh2 Q9u6s ENer2 0New grosT1 OGLeN9
90071 GG*G2 996* wGeh2 GH6e £0en2 O4ef 21egT OCze39
CLe9t cE'Ql Oceat 0gestE COg9+s 1 020 fNge
—— - ——. ———— e . 9P6® M0*G2 €60 (L0ED 9E6* _ (L+€2__O4ef 21sGT__Oglesc
€291 CE-LFAS 6C*6 16+0g2 002%2 020+ POGs
996°* HGehZ GTEe  [2F2 916% (2eF2 Oheg 216l 0G6*95
74221 €€ LY cE*YL 9L098}Y 004 g G20s  cF9*
Tvge 0BeF2 96P*  9£422 938s 0ce?2 Nusg 2lesl Oggecg
12451 1497 [LLFA ESeCC2 008*€ 0gQ» 29¢L°
_ . —— . o R 1160 #7182 99P* (De22 9GRe 4/e12 Oheg 218G1 OS/e¢w
89l ET*91 R9°g 2Evanl O0h*w G20 GE9*
9Rfe  0G*22 9ER* £2+17 9r§e £2012 Oneg 2legl Jccoce
Eleag £EGegl EL*h ®le021 COoney gg0e 6R8* . . -
1GBe 29012 96L* 22¢N2 979+ (#eNZ Cheg 27ec] 2560y
GIEY 1061 00«8 02+€02 00Ge2 020 wnGe
. ] o VF8e TV 12 9640 22.02  99L° _9we61__Opsg 21sgl QS
A T-LI A Coeat’ L8 18222 0gge*e  galv CE9
908 LH*02 99L° 9neET1 9uL* GgePT Onep 21sgl  0Cyepg
nge2y 12447 0Ce*» c9*107 000*s  0z0s LY ) 3
9L 96kl Oh/e GEIRT T 9L+ 4heFl Chep 2Tegl 2092
X _ e 9oL 9661 9L GHeBT  92Le 4491 Cye2 [Ce21 003442
TTTOECe0t T 20611 T T T Fael 62¢9€ DOO*wT 020+ phge
99Lc  9ET  92L* 48T 90Le Fge Tl 0f*2 TU2T GCCGeeTl
L6 LYRvh agel 69°9 _ 009*cr &20°¢ GE9 R = R -
Fnse €927 969°* PIeLT 939  nefT 0fs2 [Je¢2} JCCe
Geeeng Coemh 237JAD ¥3d 0001 X HDNI WH HIN] bW HINT Wy HINI Vi SdI¥ N> 06Nt x
X 1Sy Tx owdk o RTTTTTT u3TIW NG va ¥vay 2v Tv d N
¥ v113C exI1IuW =&NYN H1ONTT HLIFNTT
ELIN2Y NG 7 ¥Q .. STWAD . ovEd _ ¥IvH) . _HL9NIN __ HIONTY CERDIS]
ALISNGINT N1 N1 IrvrIrY HIV¥D YIVND avan 43
€S3u4S MiMgND NDYYHD JONYH) IgNYHD 0312144082 2 3Cls v 3g1s WeRIXYR BRI alN
- (N1 050° VWA 0721 = NGI112T 2D wgn ¥3v>¥)
(*M] Ewge TWW 288°+f1 = (QISCINYIIML NIN]D24S
i o o o L (NI 4002 IWA 206005 = (¥IHL]% N3] 2dS
001 o (Z4)AONINT 30 1S3
06 . (2)e]lyy 38\VYy
PSINVISNGD 1NdaNT
on.;o ony KASAA 2+ OTmd Gowy MV AV ejey  (173) zmm.m-4<m.: Te3S6¢234S (gv)
o h o |f.||ll.lll|1\|zdmd By d»TVE e NITIdR I QI



TSE*T PEHE 9627 26426 9NE*T LT+£E 00+4 gL0LV Clzowg

g14EE 9heg9E 0Cegy 00¢g067  COgs 090 »2G6°1
T T - . T - 162¢1 6L°2E 9EC*V GESTE 99e°T GNeTE 00+ 6L L5 OIG°EL
LE*CE LECEE GL*EN Ge*1111  00ge GEOe €ERe
9621 DEe1E 902¢1 €940€_ 90241 £a¢0E 00e4 g£4LYV  OTlegr
ceene Ctste COegey CO*g4ll  000¢t gale Eatel B ’
11201 9L+CE  99T1°T 29%62 9GV*T 9re€2 0004 gLoLT Oiledy
cHe92 LCeg2 [o]eXX-14 QUsgRY 000+ GeQs €88 °*
— ) T v T GL19T7{5v62 921°T T9eq2 921+ 0694k2 00+h 6L%4F OCiieig
Green] Goumy, 37740 ¥3d 0001 X MONI Wi HONT HONT W HONI kW SdI¥  NY 0001 ¥
X IS» X Vdh N1 H343uW NG va yvay 2v 1v d N ’
» ¥L3C¢ 821N *gNYN HIONTT HLONAT
ELINTY NO 7 ¥vQ $392A ¥IVYHY »IVNO H19NTT HLONTT §3704A3
TTTTTTTTALISNIIND T T T T 3lvy TNt N1 TTYovEaAyY WIVEI ERLA') avas FE
SS3uis Hivgr9 XIVYND JONVH) AONVYHD Q31234407 2 3Jg1s 1 3g1s WA XY 43RWNN
e 3ovd 9L 7THO BNV 2141 T o ) T OZH Otwd Geey HIV AV sledy (INFINSGe2aVGell TeI36%3345 (6%)

328



329

. . } ] U . 019 . P9 EhE>¢ 271 Jlleey
£6Ge LIV-T] 122%¢¢0T Ott1eas
BLGe LG 1le/eC3 A AR Y]
€95 6LG¢ EL1F448 01t+7,
ECGe 695 Cr0recy J9L &5
OngGe 2CG 1E06+ 29 09€+¢9
. [ 4 - LT -1 -1 SN 2-2 oL Y4 R L IAET _

£1Ge L2Ge EINte{y¢ Cl9sw9
OShe 2nge GRCEeng Ce/*99
£ cGue [92%¢¢ 9St*€gc
LN gone SETFe9 0gevse
Gohe OLne 2EEC LS Cgerec
_ ; . . OGhe GGhe CaGleng CTLeen
’ ) LSHe chue 6CHTe1G Ceeven
6The GPhe 2G3F v Ln C2EvLE
Elde Sine NLG2e 9y Jcmrce
[ X 20ne GO FTony CCusop
GoE e 26F . EPLVeCH Clusye

Z29E e 41 A 6GT1Ce 3n . JCosecy N

T o T o B - V1 1) OLE Lig*vés J7Ce
[ JCLTX
a32 N
I8ve ISve EERPIS]
_ . o S L N _ . ONVIGWED | IVIIL4E . IONVIdAR)D 48 .

M/ MYQV H1Ngy »IVND EEERTaAN

(1Sd_9C+30023°*£LY )IYdW £0+306S5°%TT a_ t3)SNNGQ~ Jldsv3

SINVAISNGD LN¢N]

9L17%0 SNy 2141 - T TT T T 7w 0%ed TGeay Tuly AT o8 T (1T3)NeGe2IVGes  Te56433dS (g



10~

10

10-®

107

AK. STRESS INTENSITY RANBE. KSIVIN
¢l 40. bD aa

0O
a

da/dN.FRTIGUE CRACK GROWTH RATE.m /CYCLE

10+

c
o

+107

1[]-1[]

[WOL 1SPEC 14C5-7

330

0
TRESS INTENSITY RANGE.
I-S5AL-2 SSNCELI)

1o

dN. FHTIEUE‘. CRACK ERDNT'?I' RATE. IN. /EY%LE

da/

L1pg-

R T LAB AIR R=.5 F=10 HZ



CEneTl LE*QE  99E°*T OLe4E H6E*T TGeGE 00e4 goLT 00Neg2e

clegE cg*ly Q0e2€1 Oye+EgEE Coge 990+ 9Lyl
99E*T OfevE  #0F*1 2V+6€E P2EeT g£/eF€ 004 grogl QACgeeze
T ETeEE T TgEr9E T UCe0T 00¢0zaT 00Ge Y S.0° NG T T 6L0Ld  vVollhc
TE62eT €L¢28 %22+1 ENe1E  8G2+1 gEelE O0es gLoLT 00defzr
Ghege LES2E L9¢4E €45+088 00ge1 250+ 12Et o )
’ - - 7 T 6E20T LweTE P91sT [9e62  OTZel gyeCE D0eh gL*43 COLel2c o
92 /< 9€%62 00sGe 00eGe9 000Gy LEO fG6e

10241 2G°0E G211 (GeR2_ 9/1+1 26e€2 00+4 sl 200eC2c

IC2+1 2G+0E G2T*T (GeRZ RLIT 26¢62 Onec 2
L9481 1ce02 88¢L n<e002 000¢CE (E2*  £NO°*9 A .
696+ 1Ge42 24Fe EEsTZ BR6* 01+c2 Onef 2

1+G1 00ZeTze

Tegl 30Cerga

Coegy 2E*9T EE*T LY*EE 000+0g 040 9101
. .S5@6* 64*E2 2(pe cle22 819+ (Ore22 Oscg 2Tecl 3CCeZ92
T 9T T 3teg T glel Téead 000+0¢  Ggls 9/8°
069 29°+22 O0gR* POeT2 1GRs 2912 O4eg 2TeGl 00 elcd
4Coni X RT-3¢ ERERS 90s0¢ 000+Ceg  9¢0¢ 2ng*
GCGRs 212 16L* 60402 618+ CRe02 O#eg 21061 COCe0C2
92E) FA-1X 2 49 LE'9T 000¢0g gg0°* [ AR
] LELs %2002 ¢4t (6081 LWL £Ee®1  Ohec 21sGL  JUCeDIT
TTESe2T T ERCET T T86% 7T TTHEeW2T COO0CDET 0€0°  6%LY -
L9l 6h¢6T 60L¢ TD¢8T 92L% 44eP1 Oheg 2TeGT OCNere
B T L9l e%e6T 60L* 1081 92Ls #eeST GGeZ wgEell 00Ceng
416 c0e01 £9° Lie12 000¢0g g20° CEQ®
ShLs  9Regl gGEoe cqeyl 069¢ EGesl  GGe2 wECI]  0Q00eCg
< BE8 LB% ~ T 9TE T T TETeRT 00004 ZD06 T T TYYE T ) o Tt Tt T
9FLe 69°8B1  (89% GheLl G89s One/tl 6Ge2 4ETT TO00eCT
€8 E LL6 GOy £9°+92 000+07 030 {92°*
G2l Ehc8T €790 6DeyT  §L9% 22¢4T GGe2 wEelT  GOCe
Geean] Crasy 39340 ¥3d 0001 X MINI WW HINI WW HINI W HIN] W SdlY AY 00N% X
it G §:37 X VdW TR HILIW ™ NQ 7T wG T T T owvew T TRy T Ty T T N
» ¥i13¢ sudlu =GNYN MiPNTT H1ON3T
3envy NG 7 Ya $372A3 NIVHD »IVHD HLOr 39 H1ON3T $31012 i
ALISNIINI 3ivy NI i M ELAAELY ] ¥IYH) ¥Jvy) aran 48
€S3y4S HMLMEED MNIVYI JONYHD 3ONVYHD Q3133400 2 3als T 318 WhwlCYh FERWEIV
e e T e TTTUINTT0E0Y T W Oz2el T ® T O RFITHINNR) v69 39wy T T T T
tonN] GwLe JWW LT0s6T » (8)SSINNT UL \N3IRID34S
{*N] OT0e2 JWW wGDel5 = (MIH1T]v \N3ALID3dS
c 001 o (ZHIADNIND 3ng 453G
nge . (d)Glivy InNWY
i - tSINVISNGY 1AGNT
941790 DAY 2T1INY ZH OVed Geey NIV AvIeled  (ITIINSGe2eVGa]y _L®SINT12334S(15M)
- WY YD O YD NYE8TeNIIdEe IDTIM s : )

331



R veLe 2rLe 6587 €12 J0zee2e

6£9¢ 0vge 208« 231 A0gen2e

GE9e 249 CTLRe (21 dCcecar

§19¢ 919 6°67CT] gcrceyee

€6G REG 1127201 L00e2r

66 Oshe 820°+99 Locene?

o X e €Ghe _ Doye 00ELeng . QCZen3p

4 X X1 Etne €00F st CQCenES

6EThe Gehe £9Q%elh COCeNI)>

»6E" LOE® 2LG0e 2w d0cem1t

aege evg e 9ZHele 205¢7%

GLE 69 QLESCE CCCeCg

. J _ .. Oces 99¢ge 62EQs 3 . oloTol Rk SN

GYE» T9g 1629L8 OC(e

2001 ¥
<32 N

asva 3svya $37249

R L __3DNYIEWBD AVITLdg . I Igaad Q.
M/ wyay HIPEN »J¥ad 834NN

(ISd 90+3002441  IvdW £0+306G*9TT ¢ (31SATNIQW J14SYI3

SINYLASNGD LNdNT
92140 gAY 2TehT T T TUTTTTT TS T 9y Dled T Geay NIV gyleley (IT3INSG*2evGals  £253%1434g5( g%y

332



M. 5TRESS INTENSITY RANBE. KSIVIN®
ch. 4da. bl

. all 100.
L i 1 L | 1 I I | )
10 =.
—~+
7
ll —1 D—s
/
10 A
y A S— 3
1, LI (8]
i -
g v7- +H0g
> £
£ 7 / <
=z
E1Q-» / EF;J —
ul y 4 L
E II, 8 Il §
V'
x | 4 -5T
= / 107
o o
g Y 2
~7 y
%51 U 1 ' '5_(,
o 1— o
& — &
-h
= 10"y
E" [ m —
o -
c10-8 o
= 2
0 ©
~ 73
5 Lygs
10
L1p0-®
-i0
1 D 100.

20

40 b a0.
AK. STRESS INTENSITY RANBE. MPovm
[WOL )SPEC 15C5-7 TI-5AL-2 SSNCELI}

R TLAB RIR R=.5 F=10 HZ

333



Elhel 68+GE 9EEsT EGeEE OgEel TEeCE 00en grozT 0022ecop
Cae9E 90404 g8°T11  €9¢7e82 00gs 0g0* €L2+2 o o
T ETET 29¢FE N92+1 00e2€ (9241 §992€ 00sy groLl O0ne29¢
294Ce G9*EE EE*gE LI9ELE 0042 20 LEE 2
T€2+T 82¢1E F9lel #Geg2 002¢T 94eNE 00sn gL0L1 200CHe
T a6ag2 T Tt legd 00+ 42 09+609 000+.g 02t w80°F
TITeT E20°82 2G0T 24492 T.0¢7 02+¢L2 00+ greLT CO0Cecge
nGege LLon Caeg g2+802 000+g 1400 14003 B .
. - - Bl TTO0/00% 61022 TRE 26042 0901 26492 00ew 5re¢1 00Csnce
€9eCe CLe22 06°L 99002 000°0% 6.0 LN0ee
B R 166+ B10G2 8BBe 95422 GSR6¢ £2+C2 00e% gL°L] GCOCeCHE
* 166¢ BI1+G2 RBEs 9Ge22 GE6° ([2+G2 Oheg 2TeG1 QCNeNnp
26451 Ccoyt gle2 26925 000¢0g £90¢ _ gBGeT ~ _ .| o o R o
626 09sF2 419 §9402 446° BE*E2 Cheg 2TegT 000eCle
2Ces1 Cce9t RE h9e22 000+0g 20+ £L9° .
206e 26422 66L¢ 62402 93he I0sF2 Onsg 2Tscl 0D0De0g2
BVZ-IY 1 S T-TY -3 4 Ue* 9422 C00+09 #g0°* LT — T
Bage GGel2 264¢ OTegl GnHs 9uel2 Opeg 201egt 00CsR2y
€9€l Coegt 13-4 6E* %1 00040g (10 2EN
- . - T 7 lEge 2lslz fNgre ©0e6T ETVe G9e02 Opeg gTegl 00CeNgl
EEsE} €9yl EL* €981 000¢0g 220° [3-1-1J
6082 9G*02 4HE/L* #9487 GRL®  hge6T Oneg 2191 0Q0Ne0gY
TTTL6eZT T TR e R T T as TTTWLE0Z 00008 %g0e 229 ¢ ]
GRLe w6061 2T, 80487 8GL* GPegl Oaeg 2161 OCNe0gY
0ge21 LTATA 29 L8°G1 000+09 (g0* 2s6* . o
Lnle 66°RT E89* GEeLT 2TLe QORT O#4sg 2l1egl COGeOL
Lols 66°%1 ER9e GES/LT 214+ 90eRl GGe2 4Eell 000e0y
TTTE0eE T T €606 T LS T T BESHT 0000 [10e HXD - °-
0£se GG*'RT 4z9¢  2TofT (89 Ghefl GGeZ #E¢TT 00Ce70
"G 8 286 1. "L 00004 2100 LIE"
’ BlLe #2981 £99* #6491 6990 gEe9T GGeZ 4Esll  COQe
Geeon] Goeny 3TJAD M3d 0001 X HONI Wi HINIT W HINI Wid HINT WW SdIY NY Coot ¥
TTTTX ISy X vaW 777 NI 77 TW3IEW NG “vao. HYRY A Tv T N
% Y193¢ 601K *“gNYN NiON3D HIONTY
3enve NG 7 Y@ $3920A) NIVHD NIVHD HLON3N H1lON3T EERPIS
ALISNGLND 3lvy [ Nl ) Jovn3ay NIV IV avegl Py
SS3uis MIMQHD HOVYyD JONYMI IONYHI aILI3Ng) e 3cls T 3qgls WK XYW P kN
- /= T/ . [*NY 0G0° THW 0z2°+7 ¥ NeTTI3Mr 897 %88 ¥y xn)
[*N] Ewn/le® JWW G981 = (91SSINnIInl N3IAIDI8S
(¢N] %002 YWW 206408 * (MILTI% N2ZW]J3eS
. ) Q+0T = (7H)IAININI3M S [(STL
0G* . (216]1lvy I9Nvy
$SINVISNGD 1Nen]
9L: 740 ONY 21141 IH OTed Goed NHIV gyTeley (IT3INSGe2-YGe]ll [£eSIGT*DI3dS(Rv)
- o T eTH YYD O HdeQVETeNTIdTeIDHDAIM e - T -

33k



335

. 10Ls Ehye 0lgsengl 00zes 3¢
§G9es  099s  gTITezel _ 0Dat29¢
o T T T T 7T gnas G199 ERELLIY CCleC9f
165 §6G* (CFaesy COCegcr
025 nESe DEG* ey CCQeree
TTEGw Shwe wSL7 29 ALYy
HGhe hhe (13- Ik R 51 conetie
o L%he _ Ogne CEE**EG _OnZenen
T T T oo LThe Fins LECTe Ly QCrecoa
Elwe Slne £L0F 34 0CO* T8}
96K LA LELTecH LA D |
26E CFE" ECT1Fe29 CllenE1
BLE ELE" 102€°6E 00%7¢
. e ELE. ... .89Fes  /121egg _ 00Ceny o
o T TooTTTTTo T o mmrrn T T e Fags QCE e gn2ceLE coe:.
0020 X
@33 N
3Jova 3Isva $37342
. . N 3ONY1dWa) IVI1lda FINVIVdWRD L R
N wm s Hyay WM YIYYH) e3z3ny

(1Sd 90+3002¢4LY )vdW £0+306G°R1T »  (3)SANCG™ IILSYII

SINYLSNGD LNan]

9L1THC DAY ATITAT " T T T Ty gm0 e 3 TG e T RIY GYVIIIeS  (113INEG e TaqvEetl £+53519334S(18M)



SECTION AL

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at room temperature, at a range ratio

of 0.5, and at a frequency of 0.1 Hz.
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SECTION A5

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at room temperature, at a range ratio

of 0.5, and at a frequency of 1 Hz and 0.0167.
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SECTION A6

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at -253°C, at a range ratio of 0.05,
and at a frequency of 10 Hz.
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SECTION A7

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at -253°C, at a range ratio of 0.05,
and at a frequency of 0.1 Hz.
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SECTION A8

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at -253°C, at a range ratio of 0.5,
and at a frequency of 10 Hz.
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SECTION A9

This section of the Appendix includes all fatigue crack growth data
obtained from WOL coupons tested at -253°C, at a range ratio of 0.5,
and at a frequency of 0.1 Hz.
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