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FOREWORD

This report describes the work performed by the Boeing Aerospace Company from

July 1971 to February 1975, under Contract NAS 5-14380. The work was
administered by Mr, James R, Faddoul of the NASA Lewis Research Center,
Structural Composites Industries (SCl), acting in the capacity of an associate
contractor, was primarily responsible for the design, analysis and fabrication of
aluminum and Inconel lined composite tanks and the fabrication of related laboratory
specimens. Ardé Inc. participated in the program as a subcontractor, supplying

a design analysis for a cryoformed stainless steel lined composite tank and related
laboratory specimens, Boeing, having overall program responsibility, conducted the
experimental portion and performed the data analysis which resulted in the work

presented herein,

Boeing personnel who conducted the investigation include J. N. Masters, project
supervisor and W, D_ Bixler, technical leader. Specimen testing support was
provided by A. A, Ottlyk and H. Clden, and the technical illustration and art
work was done by G. Beuhler, SCI personnel who contributed to the investigation
include R. E. Londes, program supervisor cnd E. E. Morris, Vice-President. Arde

personnel who contributed to the investigation include A. Cozewith and D. Gleich.

The information contoined in this report is also released as Boeing Document

D180-18850-1,
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SUMMARY

This experimental program was undertaken to establish a fracture control method
for composite tanks with load sharing liners, The tanks under consideration here
have metallic liners which are filoment overwrapped. After fabrication the tanks
are subjected to a pressure cycle (cclled sizing) which plastically deforms the liner,
Subsequent pressurization of the tank stresses the metallic iiner from residual com-
pression t- tension while the filoment overwrap material is stressed from residual
tension to tension, The tanks are generally designed so that the metullic liner
carries about 1/2 the membrane load at maximum operating pressure.

The establishment of a fracture control method for these tanks is bosed on the

premise that the plastic sizing cycle acts as an effective proof test of the metallic
liner, screening out all flaws larger than a critical size. In doing so, flaw growth
potential is available to allow cyclic operation at pressure levels less than the

sizing pressure, To that end, tests were conducted with specimens made of candi-
date liner materials containing precracked semi-elliptical surface flaws. The type

of specimens utilized were (1) flat uniaxial specimens, (2) spherical cap specimens,
(3) glass filament overwrapped cylinders, and (4) all-metal cylinders made of 2219-T62
aluminum, Inconel X750 STA and cryoformed 301 stainless steel. Base metal and
weld metal tests were conducted. The tests were divided into two areas: Those deal-
ing with (1) static fracture (what size flaw is screened by the sizing cycle) and (2)
cyclic life (at what rate did flaws grow when subjected to the operating environment
after experiencing a sizing cycle). The variabies investigated in the static fracture
testing included temperature, material thickness, flaw depth, flaw shape, and stress
field. In the cyclic life testing the variables were temperature, material thickness,
flaw depth, flaw shape, sizing stress level, minimum and maximum operating stress

level, and stress field,

The uniaxial static fracture testing demonstrated that the failure stress of surface
flawed specimens is related to flaw size by the equation 0= ault - AA™ (o/Q);



where the parameter A is material strength related and the parameter m is
cor.tant, The relationship is valid above a stress of 0.90 O v and there is a
limiting moterial thickness (t ) above which valve the failure Ioc: is defined

by the obove equation with t =t o where t = 0.6 (KE/O’ ) Equal biaxial
static fracture testing also demonstrated that the relationship above described the
failure loci and was the same for the uniaxial tests of Inconel and 301 stainless
steel materials. Only the aluminum material exhibited a stress field dependency,
where the failure stress in a biaxial stress field was higher than that developed

in a uniaxial stress field. The failure relationship was still described by the above
equation, but the values of A and m took on different values than those developed
in a uniaxial stress field, This difference between the uniaxial and biaxial static
fracture results decreased as the specimen thickness increased. The failure of over-
wrapped tanks could be described by the uniaxial static fracture results for Inconel
and 301 stainless liners and by equal biaxial static fracture results for the aluminum
liners. The reason for this biaxial dependency of static fracture results in aluminum
and not in Incone! or 301 stainless steel is unknown, Stable crack growth can
occur during sizing, but it was shown that if an overwrapped tank successfully passes
the sizing cycle without leaking or failing, the subsequent cyclic operation at a
reduced pressure can be assured with a relatively high confidence level by assuming
that the final crack size existing after the sizing cycle is equal to the critical

flaw size based on initial flaw size static fracture data,

The cyclic life testing demonstrated that the crack growth rates for the liner materials
tested at a omin/ omox (R) ratio of zero in a uniaxial stress field can be adequately
described by the equation da/dN = CK:nx where C ond n are empirically
defined parameters, Stress level, flaw size and flaw shape parameters are accounted
for in the calculation of stress intensity (K). The crack growth rates were found

to increase for negative R ratios compared to data developed ot R = 0 and the

same maximum cyclic stress level (omax)' This effect of R ratio, both positive

ond negative, could be accounted for in the crack growth rate equation presented
above by the inclusion of the parometer B such that da/dN = CBK"';X . The



valve of B was found to be dependent upon the material, thickness, maximum
stress level and R ratio. Uniaxial cyclic crack growth rates which incorporate
negative R ratio effects correlated extremely well with those developed from
overwrapped tanks that were cyclic tested. It was concluded from the testing
accomplished that the service life of overwrapped tanks could be determined using
crack growth rate data developed in a uniaxial stress field and stress ronge of the

liner under investigation,

An applications section describing how to use the data developed on the program
is presented along with a life analysis for parametric studies.



1.0 INTRODUCTION

This document presents the results of a program designed to establish a fracture
control method which would guarantee the service life of composite tanks with

load sharing liners, The type of tanks being considered have filoment overwrapped
(OW) metal liners which are pressurized on the first cycle until the memallic liner
yields a predetermined amount and then the pressure i released. The filament over-
wrap material remains elastic throughout this pressure or sizing cycle, Upon releasing
the pressure, the filament and liner stresses decrease and reach a condition of force
and displacement equilibrium. In his state, the liner is in compression and the
filaments c e in tension. The stress range for the metal liner on subsequent operat-
ing cycles is from compression at zero tank pressure to tension (always less than the
liner stress at the sizing pressure) ot tank operating pressure, The liner, as well as
the filament overwrap, is assumed to operate elastically during an operating pressure
cycle, The sizing operation and subsequent operating cycles are schematically
illustrated in Figure 1,

In general, the service life of all-metal tanks can be guaranteed by an effective
proof test based on the application of linear elastic fracture mechanics. The proof
stress cycle screens out all flaws or defects above the critical size and thereby pro-
vides assurance of a certain amount of flaw growth potential available for cyclic
operation at reduced stresses (less than proof value) before tank failure can occur,

It was anticipated that as with a proof test of an all-metal tank, the sizing cycle of
a composite tank with load sharing liner acts as an effective proof test, thereby
screening out flaws above a specific size in the metallic liner. Contrary to the case
of the all-metal tank where proof and operating stresses are below the material's
yield strength and linear elastic fracture mechanic principles apply, the sizing stress
cycle for the type of composite tanks under consideration here takes place well above
the materiai's yield strength. Linear elastic fracture mechanics principles do not
apply in this regime and therefore it was necessary to develop an empirical data base
with which to assess these types of composite tanks. The approach to assessing the

allowable service life of composite tank liners is schematically illustrated in Figure 2.
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The basic approoch was to establish correlation between surface flawed uniaxial

ond biaxial static fracture and cyclic life specimens so that uniaxial specimen

fests could be used to generate the large amounts of data required. The biaxial
specimens were primarily overwrapped tanks with surface flawed iiners ond it

would not be economically feasible to generate thi: fracture data using this type
specimen, Once the correlation was established between overwrapped tanks ond
uniaxial specimens, uniaxial specimens could then be used to assess the influence
of pertinent variables on the service life of overwrapped tanks, This empirical
approach was basically divided into two areas; (1) static fracture and (2) cyclic
life behavior. The static fracture tests dealt with determining the stress versus
flaw size failure locus so that at a given sizing stress, the critical flaw size could
be established. The cyclic life tests dealt with determining the cycliz crack
growth rates and the pertinent parameters influencing those rates so that the

number of operating cycles to grow a flaw from the critical size screened by the
sizing cycle to the point of leakage or fracture could be predicted. The candidate
liner materials tested were 2219-T62 aluminum, Inconel X750 STA, ond cryostretched
301 stainless steel; base metal (BM) and weld metal (WM),

This program was conducted over a period extending from July 1971 to February 1975,
The efforts of the first year and one-half were published as an Interim Report (Ref-
erence 1), The detuiled results of the tests conducted since the publication of the
Interim Report are contained herein along with a complete summary of the data

generated over the entire program and final conclusions,



2,0 TECHNICAL APPROACH

2.1 Background

At the beginning of this contract a parametric design study was conducted by
Stuctural Composiies Industries to aid desigiers in selecting weight optimum

glass fiber composite tanks with load sharing liners for specific design conditions,
This work was published as a Design Guide (Reference 2). Given the overwrap
tank operating pressure, required volume, available tank space; metal shell materiut,
and an assumed operating to sizing metal shell stress ratio, the necessary equatiors
and design curves are presented in Reference 2 to completely establish the tank
design. First, the vessel shape is established using the volume relationships pre-
sented in Reference 2, along with the volume and envelope requirements., Once
the shape has been selected, the liner and composite thicknesses and stresses,

burst strength, performance factor and vessel weight can ke determine.. No
attempt is made in the Design Guide to establish the service life of these over-
wrapped tanks, To that end a fracture program was initiated to (1) verify the basic
assumption that the sizing cycle acts as an effective prnof test, thereby providing
assurance of subsequent safe operation and (2) provide an adequate data base to
perform life assessments for a wide range of overwrapped tanks c+d oparating con-~
ditions, It was not economically feasible to use flawed overw apned tank: to
develop the large data base desired, so it was decided that u limited number of
tank test; would be conducted and the results compared fo the results of similar
tests of uniaxial specimens, If correlation was nct obtained, the pertinent parameters
affecting the differences would then be established and appropriate changes in the
testing would be initiated,

The first phase of the fracture testing program was compleiad in March 1973, and

the results at that time were published as an Interim Report (Reference 1), This test-
ing centered around the testing of surface flawed uniaxial specimens and fanks
(primarily hoop overwrapped) with surface flawed liners. Differences were observed in
comparing these results and, therefore, additional testing was initiatea iv 1esolve these

differences, The following paragraphs summarize the work presented it the . ~%eri.. Report



and describes the testing approach taken since the publication of that report,
The overall test program is presented in Tables 1 through 5.

2,2 Brief Summary of the Interim Report

F.om the Design Guide, tank designs which incorporated hoop glass overwrapped
cylinders with hemispherical ends were established for three liner materials;

(1) 2219-T62 aluminum, (2) Inconel X750 STA and (3) crycformed 301 stainless
steel. Based on these designs, uniaxial and biaxial (tank) specimens containing
artificiolly induced surface flaws were fabricated and tested at 295K (72°F) and
78K (-320°F). Uniaxial specimens for each liner material investigated were either
pulled to failure or cycled to leakage at a O min/ omux ratio (R) of zero, Tonk
specimens with 2219-T62 aluminum ond Inconel X750 STA liners were either burst
or cyclic tested. The material thicknesses investigated in the Interim Report for

the various materials are presented below:

Liner Specimen Type
Material Uniaxial Tank
2219-162 2,29 mm (0.090 inch) .
Aluminum 4.57 mm (0,180 inch) 2.29 mm (0,090 inch)
Inconel 1.02 mm (0.040 inch) , .
X750 STA 3.30 mm (0.130 inch) | '+0% mm (0.040 inch)
Cryoformed .

301 T g e Not Tested
Stainless Steel ->% mm . tne

The static fracture and cyclic life results obtained from the uniaxial and tank
specimens were compared to determine the extent thai the uniaxial results could
be used to predict the overwrapped tank fracture behavior, The comparisons re-
sulted in the following observations:



(1) Uniaxial surfoce flowed static fracture results can be used to predict
burst test failures for hoop overwrapped Inconel X750 STA tanks with
surface flawed liners having thicknesses of about 1,02 mm (0,040 inch),

(2) Jniaxial curface flawed static fracture results underestimate the burst
strength of hoop overwrapped 2219-T62 aluminum tanks with surfoce
flawed liners having thicknesses of about 2,29 mm (0.090 inch}. This
difference ranged from about 10 to 35% in the thickness tested,

(3) The cyclic life of both hoop overwrapped Inconel and aluminum tanks
containing surface flawed liners are overestimated by uniaxial surface
flowed specimens, with tank specimens exhibiting as much as a factor

of six increase in crack growth rates,
2,3 Testing Approach Since the Interim Report
Testing since publication of the Interim Report was primarily directed at:

(M Resolving the differences observed between the uniaxial stotic fracture
and tank burst test results; particularly for the 2,29 mm (0.090 inch)

thick 2219-T62 aluminum liner material,

(2)  Resolving the differences observed between the uniaxial cyclic life
and tank service life test results; for both the 2219-T62 aluminum

and Inconel X750 STA liner materials,

(3) Establishing the influence of controlling parameters on the static fracture
and cyclic life behavior of the condidate liner materials, These parameters

included flaw size, flow shape, material thickness and stress levei,

(4)  Further evaluation of cryoformed 301 stainless steel as a liner material

by burst testing hoop overwrapped cylinders,



23.1 Static Fracture Differences

The problem of increased static fracture strength for the aluminum lined tenks
compared to the uniaxial specimens posed a puzzle since the Inconel lined

tank results agreed very favorably with the uniaxial specimen results, It should
be remembered that only one thickness of ~ach liner material was investigated

by performing tank burst tests; the liner thicknesses were 2,29 mm (0.090 inch)
for the 2219-T62 aluminum and 1,02 mm (0.040 inch) for the Inconel X750 STA.
The parameters which possibly could have influenced these results were reviewed,
From this review the parameters most likely to be causing the differences observed

were selected, which were;

(1) liner curvature and shell stiffness, and

(2) biaxial stresses,

In reference to liner curvature effects, it was speculated that with the flat

uniaxial specimen, the presence of the surface flaw offsets the neutral axis in the
immediate vicinity of the crack cousing o local bending moment and giving rise

to an additional tension stress at the flaw tip and a reduction in the back surface
stress directly behind the crack. This idea is in agreement with the experimental
results presented in Reference 3 which demonstrated that the rear surface directly
behind the flaw can actually go into compression depending upon the applied tension
stress and flaw depth~to-thickness ratio, This local bending moment might be elimin-
ated in the case of a curved sheli where the stiffness due to curvature, tank material
and thickness effectively react it and the result would be essentially a pure tension
field over the remaining ligament below the crack. In the flat uniaxial specimen,
the moterial is essentiaily free to deflect laterally and  *hevefore reacts the bend-
ing with the material beneath the crack. Also, the uniaxial specimens were

visuglly observed during loading to dellect laterally in the immediate vicinity of

the flaw, giving more credibility to the idea. An effectively higher tensile stress

at the crack tip for a g'ven applied stress would cause the unioxial specimen: to

feil at a lower load than one in a curved specimen. In addition, this idea could
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also explain why the Inconel tank results agreed with the uniaxial results while
the aluminum tank results dis not, The Inconel liner which was tested had a
lower shell stiffness and, therefore, would not effectively react the local bending

moment at the flaw tip.

Tests were conducted to prove or disprove the idea that the curvature was the
primary factor in the observed phenomena. Twc types of tests were conuucted.
The first tests involved the positioning of anti-deflection bars or plates on the
front and back side o uniaxial aluminum specimens; thereby reducing the lateral
movement of the flaw while loading to failure, The results of these tests agreed
with the non-resirained tests conducted earlier, To further evaluate the curvature
effect hypothesis, burst tests were conducted using surface flewed cylindricil
sections in which the longitudinal pressure load was not carried by the cylinder,
but by end plates and connecting bolts. This basically subjects a surface flaw
in a curved shell to a uniaxial stress field, These results also agreed with the
standard unioxial static fracture tests conducted earlier, These two types of tests
conclusively demonstrated that the tank curvature had no effect on the static
fracture results and therefore it was deduced that the differences observed in the
static fracture results between the uniaxial specimens and tank fests were due to

the differences in stress field.

Other investigators have eithe. observed similar pheromena or predict<{ it, Work
by Kibler and Roberts (Reference 4) showed that the appaiant plane str:-. fract:ve
toughness is elevated due to biaxial stresses when failures occur at or near the
materiul yield strength, Recent theoretical analysis by Hilton (Reference 5) in-
volving large scale yielding for cracked plates subjected to biaxial loading (see
Figure 3) indicates that as the stress parallel to the crack increases the failure
stress perpendiculor to the crack also increases. Previous testing of preflawed
uniaxiai and tank specimens in the elastic range (Reference 6) does not show

this dependence of failure stress ot a given flaw size or fracture toughness on bi-

axial stresses.

n



Based on the information gained from the static fracture tests conducted and briefly
discussed in the preceding paragraphs, it was decided that it was necessary to
develop static data in an equal biaxial stress field for various thicknesses of liner
materials. Spherical cap specimens were designed which accomplished this. In
addition to determining the effects of thickness upon the static fracture results in
an equal biaxial stress field, the influence of flaw shape was also investigated
with these specimens,

The results of these tests <howed that for the aluminum material investigated, the
biaxial stress field had a definite effect on the static fracture results; increasing

the failure stress at a given crack size compared with uniaxial results, The

effect also increased as the material thickness decreased for the aluminum, These
equal biaxial results agreed very well with the corresponding cylindricol tank results
for the same thickness of material; 2.29 mm (0,090 inch); thereby verifying that

the differences observed and reported in Reference 1 were indeed biaxial stress field
effects, As pointed out in Paragraph 2.2, unioxial surface flawed static fracture
results for 1,02 mm (0,040 inch) inconel agreed with the corresponding cylindrical
tank results, thereby indicating that biaxial stresses had no influence for this material
at that thickness. This conclusion was further substantiated by spherical cap Inconel

specimen tests,

Cylindrical tanks (overwrapped and non-overwrapped) of cryoformed 301 stainless
steel were burst tested and the results of these tests agreed with the uniaxial static
fracture results as did the Inconel material, The reason for the biaxial dependency
of static fracture results in aluminum and not in Inconel or 301 stainless steel is

presently not known,
2.3.2  Cyclic Life Differences

The problem of significantly decreased cyclic life of overwrapped tank tests com-
pared to uniaxial specimen tests, as reported in the Interim Report, was evaluated
as follows, The uniaxial data used in this c:.aparison was developed at an R ratio

of zero, whereas the overwrapped tanx data was developed at R values ranging
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from +0,20 to -0.86; with the majority at negative R wvalues, As pointed out

in the introduction, with the type of tanks being considered herein, the liner
normally operates from a compressive stress at zero operating pressure to a tensile
stress at maximum operating pressure, This condition produces a negative stress ratio.

The first ond final step in improving the correlation of uniaxial and overwrapped
cyclic life data wos to include the compressive portion of the operational stress
cycle in the surfoce flawed uniaxial cyclic testing. Loading of uniaxial specimens
in compression was accomplished by fitting side plates to a standard flat specimen
which eifectively increased the column stability. With the inclusion of this portion
of the stress cycle, excellent agreement was obtained between uniaxial and over-
wrapped tank cyclic life results,

Various investigators have conducted fatigue crack growth tests utilizing com-
pression/tension loading. Hudson/Scardina (Reference 7), Ilig/McEvily {(Reference

8) and Donaldson/Andersen (Reference 9) have developed fatigue crack growth rate
data for 2024-T3 and 7075-T6 aluminum incorporating the compression portion of

the loading cycle. These investigators have observed only a very slight effect, if
any, of compression/tension testing compared to zero/tension festing. This data

was developed using through-the -thickness crack specimens. Crooker (Reference 10)
investigated negative R ratio effects on 9Ni-4Co-0.20C steel, HY-80 steel and

6Al -4V titanium using 22.9 mm (0,90 inch) thick surface flawed specimens. At

R values of -1,0, Crooker showed that a 50% increase in fatigue crack growth rates
was obtained, The negative R effects uncovered during the testing reported herein
was found to be significant and a function of both the maximum tensile stress and
material thickness at a constant R valve, As the maximum tensile siress increased,
the cyclic crack growth rates increased, whereas as the moterial thickness increased
the rates generally decreased, In Crooker's testing of steels and titanium, the
applied cyclic stresses were relatively low (approx, 0.50 oys) and the material thick-
ness was relatively thick [(t = 22,9 mm (0.90 inch)]. Both conditions would tend to
reduce the effects of the compression portion of the loading cycle on the cyclic

crack growth rates,
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From the results presented herein and, at least in part, substontiated by other
investigators, it appears that the effects of crack growth rates of compression/
fension festing as compored to zero/fension can be significant for thin sutface
flawed materials subjected to moderate-to-high siresses,

2.3.3  Esioblishing the influence of Controlling Factors

Considerable testing of the liner materials was accomplished to determine how
the stress and flaw parameters affected service life. Specifically, the flaw size,
flaw shope ond materiul thickness were investigated with uniaxial static fracture
tests, Initial flaw shapes ranged from 0.1 to 0.4 and in addition to the thick-
nesses previously fested (as reported in the Interim Report) one more thickness of
2219-T62 aluminum was cdded; 7.62 mm (0.300 inch). Flaw sizes were selected
such that failure would occur at stresses generally above the material’s yield

strength.

Other testing was also accomplished which included cyclic life testing of uniaxial
specimens to determine the influence of flaw shape, maferial thickness, sizing
stress, maximum cyclic stress and R ratio on the cyclic creck growth rates,
Again, initial flaw shapes ranged from 0.1 to 0.4 and as indicated for the static
fractyre testing, one more thickness of 2219-T62 aluminum was added. Tests were
generally conducted at one specific sizing stress, except several tests which were
conducted without having a sizing cycle prior to performing the cyclic test,
Maximum cyclic stress levels ranged from 38 to 85% of the sizing stress level with
R ratics ranging from +0.5 to 2.0,

2.3.4 Completion of the Overwrapped Tank Testing

During the Interim Report period, uniaxial specimens made of aluminum, Inconel
and 30] stainless steel were fractyre tested clong with overwrapped tanks made of
aluminum and Inconel. To complete this testing, overwrapped tanks having 301
stainless steel liners were burst tested, Again, the object was to compare these
resuls ond, if correlation was established, the unioxial doto could then be used vo

assess the service life of overwrapped tanks,
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3.0 MATERIALS AND PROCEDURES

3.1 Materials

The three liner materials investigated in this experimental program were 2219-T62
aluminum, Inconel X750 STA and crycstretched 301 stainless steel, S-glass with
epoxy resin was used as the overwrap material for the composite tanks., A sum-
mary of all the metallic mechanical properties developed for these materials is
presented in Table 6. These are average values and were obkined paraliel to the
rolling direction. The properties for the aluminum and Inconel were developed

by loading tensile specimens directly to failure at the test temperature while the
properties of the stainless steel were obkined in a different manner as discussed
below,

Censiderable straining ot liquid nitrogen temperature is required to obtain the

desired strength level of cryoformed 301 stainless steel for use as an overwrapped
tonk liner. This straining is accomplished in two steps. First, the all-metal

liner is plastically stretched (pressurized) ot 78K (-320°F); this stress cycle is here-
after referred to as prestressing. Next, the liner is overwrapped, subjected to a
thermal cycle to cure the overwrap and then subjected to a sizing cycle at 78K
(320°F). The sizing cycle is o continuation of the cryogenic plastic stretching
process which strengthens the 301 moterial. This cryogenic stretching process,
called cryoforming, causes the material to change from an austenitic to a martensitic
structure, The 301 mechanical properties at 78K (-320°F) were obtained with
specimens that were subjected to a cryogenic prestress ( ops) cycle of 932 MN/m2
(135 ksi) ond then loaded to failure at the same temperature, The properties

shown in Table 6 are the result of the second cryogenic stretch, The 301 mechanical
properties at 295K (72°F) were obtained with specimens that were subjected to (1) a
cryogenic prestress cycle of 932 MN/m2 (135 ksi), (2) a simulated resin cure cycle
of 340K (150°F) for 3 hours followed by 420K (300°F) for 5 hours, (3) a cryogenic
sizing cycle to 1442 MN/m2 (209.2 ksi) and (4) finally pulled to failure at room
temperature, Because of the excessive deformation that takes place during the
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prestress cycle, all mechanica! properties for the 301 material are based on the
specimen dimensions at the beginning of the second cryostretch,

The material specifications and thicknesses used to fabricate the various specimens
reporfed in this report are presented in Table 7. The 2219 aluminum thicknesses

of 3.18 mm (0,125 inch) and 6.35 mm (0,250 inch) were purchased in the T87
temper and then fully annealed prior to final heat treatment, The aluminum thick-
nesses of 12,7 mm (0.500 inch) and 29.4 mm (1,156 inch) were purchased in the

0 temper and then final heat treated. The Inconel and 301 stainless steel materials
were purchased in the annealed condition and all materials were heat treated per
Table 8.

Detailed mechonical property tests were conducted for the 7,62 mm (0,300 inch)
thick uniaxial aluminum specimens tested herein and the results of these tests are
presented in Table 9. Mechanical property test results for Inconel, 301 stainless

steel and other thicknesses of aluminum tested previously are contained in Reference 1.
3.2 Specimen Fabrication

Uniaxial, open-ended cylinders, spherical cap. all-metal cylinders ond hoop
overwrapped cylinders were fabricated for the testing reported herein, The speci-
mens used for tests reported in the interim Report are contained in that report, De-
tailed descriptions of the specimens used to develop data for this report are pre-~
sented below,

3.2, Uniaxial Specimens

All flat uniaxial specimens used for the testing reported herein were fabricated
per Figure 4, The only welded specimens tested were made from the 12,7 mm
(0.50 inch) 2219-T62 aluminum material. These specimens were electron beam
welded and then machined down to a test section thickness of 7,62 mm (0,300
inch), To introduce surface flaws into the uniaxial specimens a starter notch with

a terminating radius of less than 0.076 mm (0.003 inch) was electric discharge
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machined (EDM) into the specimen. The EDM starter notch was then extended
using low stress/high cycle fatigre; periodic examinations were conducted, using

a microscope, to determine when a fatigue crack had been initiated around the
entire periphery of the EDM notch, Precrocking stresses for the aluminum,

Inccnel and stainless steel mateiials were as high as 138 (20), 483 (70), and

345 (50) MN/m2 (ksi), respectively, depending upon the starter notch sharpness
and depth relative to the specimen thickness, Precracking operations were done

in air at room temperature at a frequency of 30 Hz (1800 cpm). All uniaxial
specimens were subjected to a simulated resin cure cycle aofter precracking of
340K (ISOOF) for 3 hours followed by 420K (300°F) for 5 hours. The 301 uniaxial
specimens were first flawed, then subjected to a cryogenic prestress cycle of 932
MN/m2 (135 ksi) followed by the simulated resin cure cycle described previously.
The results of subsequent tests of the 301 specimens were based on the physical
dimensions of the specimen after the prestress cycle. Considerable straining takes
place during the prestressing operation resulting in a thinning of about 6%, If the
specimens original dimensions were used to calculate stresses throughout testing,
significant errors would result, Thinning of all three materials tested as a result of
the sizing cycle is about 1%, thus engineering stress/strain closely approximates

true stress/strain if the specimen dimensions prior to sizing are used.
3.2,2 Open-Ended Cylinder Specimens

Open-ended cylindrical 2219-T62 aluminum sections as illustrated in Figure 5 were
fabricated by roll forming, seam welding, heat treating and machining to thickness,
Surface cracks were introduced as previously described, but precracking was
accomplished by intemally pressurizing the cylinders in a test setup as shown in
Figure 6, Precracking operations were done in lab air at a frequency of 1 Hz

(60 cpm).

3.2.3 Spherical Cap Specimens

The spherical cap specimens tested are illustrated in Figure 7, Pre—cut material

in the fully annealed state was draw-formed into a dome, heat treated and then
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machined to the desired dimensions, The heat treatments of the 2219 aluminum
and Inconel X750 materials were accomplished per Table 8, Two basic con-
figurations were established; one of 178 mm (7.0 inch) radius and another of

254 mm (10,0 inch) radius. This was done primarily to minimize the effects of
the radius of curvature, The design and stress details for these spherical cap
specimens are presented in Appendix A, Surface cracks were introduced as pre-
viously described for uniaxial specimens while precracking was done by internally
pressurizing the spherical cap specimens as shown in Figure 8, The stresses re-
quired to precrack the spherical cap specimens were as high as 276 MN/m2 (40 ksi)
for the aluminum and 524 MN/m2 (76 ksi) for the Inconel, Precracking operations
were done in lab air ot a frequency of 1 Hz (60 cpm).

3.2,4 301 SS Tank Specimens

The 301 stainless steel liners that were tested were supplied by NASA/Lewis an.
conformed to the sketch presented in Figure 9. These cylindrical tanks were
fabricated by Arde, Inc. to drawing E-3793. Both hoop overwrapped and non-
overwrapped 301 tanks were fabricated and tested, A design analysis was per-
formed by Ardé, Inc. to establish the S-glass hoop overwrapped thickness, prestress
and sizing stress levels utilizing these 301 liners. Prior to introducing the surface
flaws, the liners were subjected to a pressure cycle at room temperature (RT) to
develop a hoop stress of 344 MN/m2 (50 ksi), After the RT pressure cycle, a
surface crack starter notch was introduced and precracked by internal pressure,

This procedure was arrived at after several premature lecks at the weld fusion line
occurred during precracking of the starter notches when introduced prior to the
tank being subjected to a pressure cycle, Applying a pressure cycle prior to intro-
ducing the starter notch, reduced the number of cycles required to obtain a fully
precracked flaw, The precracking operation wos performed ot room temperature at
a hoop stress of 310 MN/m2 (45 ksi) and at a frequency of 1Hz (60 cpm). After
flawing, the tanks were cleaned per Arde specification AES 253D, annealed per
AES 251A, pickled per AES 250D and passivated per AES 254C., Once these
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processes were completed, the tanks were cryogenically prestressed at 78K
(-320°F) in a stretch die to a pressure of 13.8 MN/m2 (2000 psi). This stretch
die was cylindrical in shape with a 145 mm (5.70 inch) inside diameter, The
pressure required to stretch the tank or liner to equal the inside diameter of the
stretch die was 10,6 MN/m2 (1540 psi)., An overpressurization to 13,8 MN/m2
(2000 psi) was used to bring the cylinder-to-head intersection out to the die,

This prestress cycle subjected the tank to a nominal hoop stress of 711 MN/m2 (103 ksi)
at 78K (-320°F). The liners to be tested as hoop overwrapgad cylinders were
wound with S—glass and epoxy resin per SCI specification procedure 1269430 and
cured, All 301 stainless steel liners that were tested as all-metal tanks were
subjected to a simulated resin cure cycle of 340K (150°F) for 3 hours followed by
420K (300°F) for 5 hours.

3.3 Specimen Test Procedures

Uniaxial, open-ended cylinders, spherical cap, all-metal cylinders and hoop
overwrapped cylinders were tested to determine the static fracture behavior of the
liner materials under investigation. The specimens used to develop the cyclic data
were the same ones used to develop the static fracture data with the exception of
the spherical cap specimens which ware used only for static fracture data, The
test procedures used for the tests reported herein are presented in the following
paragraphs. Test procedures used for tests reported in the Interim Report are
contained in that report.

3.3.1 Uniaxial Static Fracture Tests

Uniaxial specimens used to determine the static fracture behavior of the liner
materials were all surface flawed and instrumented with pressure cups, as depicted

in Figure 10, Low pressure, 3,45 kN/m2 (5 psi), gaseous helium was supplied to
the pressure cup opposite the surface flaw during specimen test, The non-pressurized
pressure cup transducer output was observed as a function of uniaxial specimen load

on an x-y plotter during the test to determine if and at what load the surface flaw
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broke through-the-thickness. Specimens were tested at a loading rate such

that failure occurred in about one minute after initial load application.

Uniaxial specimens with flaw restraint plates positioned over the flaw during
loading were also static fracture tested. This test arrangement is illustrated in
Figure 11, Procedures used were identical to those employed for the uniaxial
specimens without restraint plates,

3.3,2 Uniaxial Cyclic Life Tests

Uniaxia! specimens used to determine the cyclic life behavior of the liner materials
were all surface flawed and instrumented with pressure cups as described for the

uniaxial static fracture specimens,

The majority of the cyclic life specimens tested were instrumented to measure the
crack opening displacement (COD) on the surface as the flaw grew due to cyclic
loading. The change in flaw opening displacement can be refated to the change
in flaw size and instantaneous flaw growth rates can be calculated per the analysis

outlined in Paragruph 3.4.

The aluminum and Inconel cyclic life specimens were sized to stresses of 332
(48.2) ard 850 (123.3) MN/m2 (ksi) at RT prior to being cycled at the selected
operating stress levels. The cryostretched 301 stainless steel specimens were sized
at 1442 MN/m2 (209.2 ksi) at 78K («'320°F) then proof tested to 1234 N‘N/m2
(179.0 ksi) at RT followed by cyclic testing at RT.

A majority of the uniaxial specimens tested and reported herein received a simulated
sizing stress cycle and then were cycled from tension to compression until crack
breakthrough occurred. To prevent the thin, flat specimens from buckling under

the compressive load, side plates were employed as depicted in Figure 12, A
photograph of a tension/compression specimen in test is shown in Figure 13, Teflon
fape, 0.127 mm (0.005 inch) thick, was applied to the side plates in order to

reduce the sliding friction between the plates and the specimen, A checkout specimen



(unflawed) was strain gaged to determine the amount of load transfer between

the plates and specimen, The results of this test showed that no load was trans-
ferred between the two, A typical stress/strain plot for an cluminum specimen
subjected to a compression load after receiving a simulated sizing cycle is presented

in Figure 14, This plot shows a significant amount of Bauschinger effect. The

design of overwrapped metallic liners assumes that the liner remains elastic during
pressure unloading. As shown in Figure 14, tank designs having high residual com-
pressive stresses (at zero tank pressure) do not behave elastically and for the particular

case shown an additional 50% increase in strain results,
All ovilic testing was accomplished using sinusoidal loading at 0.8 Hz (50 cpm),
3.3.3 Open-Ended Cylinder Tests

Open-ended cylindrical sections were burst tested in a uniaxial stress field in a
test setup as shown in Figure 6, When internally pressurized with hydraulic fluid,
the longitudinal load is not carried by the test specimen but by the bolt arrange -
ment that structurally transfers the load between the end restraint plates. These
specimens were pressurized ot a rate to cause failure in from one to two minutes

after pressure initiation.
3.3.4 Spherical Cap Tests

Spherical cap specimens were burst tested in a test setup as pictoriglly shown in
Figure 15, The detailed description of the two test setups utilized is presented
in Figure 8. These specimens were also pressurized with hydraulic fluid at a rate

to cause failure or leakage in about one to two minutes after pressure initiation,
3.3.5 301 Stainless Steel Tank Tests

Burst tests were conducted with hoop overwrapped and non-overwrapped cryoformed
301 stainless steel liners ot 78K (-320°F) using liquid nitrogen. Flaw leak detec-

tion and hoop deflection measurement devices, as described in Interim Report,
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were used in testing these tanks when required, These tanks were also pressurized

at a rate to cause fai'ure or leakage in about one to two minutes.
3.4 Cyclic Crack Crowth Rate Analysis

In generai, the cyclic crack growth rates were determined by the expression:

da _ Aa M
aN- AN

where : _do . cyclic crack growth rate
dN
Aa = change in crack depth
AN = number of load cycles which propagated the

crack depth an amount Qa.

The majority of cyclic specimens were instrumented with a crack openirg dis-
placement (COD) device so that the crack depth as a function of ozplied cycles
could be determined and consequently instantaneous crack growth rutes, The
COD for a surface flaw can be approximated by the expressicii: (Details are

presented in Reference 1)

5= a 0\7'6 (2)
where ) = crack opening displacement ( s.mx - Smin)
a = constant
o = applied stress
a = crack depth
Q = crack shape parameter, f(a/2¢c, O/OYSP(see Figure 16)

The value of (I can be determined at test initiation and termination from
knowledge of the stress level, initial and final flaw sizes, and the corresponding
COD as indicated below:

For specimens which were sized prior to cycling, the sizing stress was
substituted for Oys in the determination of Q.
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i o a i’ ¢ o'—( a )¢ )

a=8‘(ﬁ)-a—8f Va

where the subscripts i and f refer to initial and final conditions, respectively.

The value of O tends to increase with increasing crack size, rather than remain
constant, Crack growth rate calculations in this report were based on an assumed

linear variation in O betweer the known initial and final values,

In order to relate the flaw parameter (a/{a) to & for values of (a/\/—d)
between the initial and final values an assumption must be made as to the manner
in which the flow shape changes from test initiation to termination. [t was assumed
that the percentage of flaw depth (a) growth relative to the total change in flaw
depth is equai to the percentage of flaw length (2¢) growth relative to the total

change in flaw length. This relationship is presented in the following equation:

a - oi 2c - 2ci
= — (4)
i I Zep - 2

The flaw shape parameter (Q) can now be determined as a function of flaw depth
and, in turn, can be related to COD using Equation 2, The number of cycles ')
corresponding to each selected flaw depth value can be determined from the test
record and, consequently the AN for each increment of flaw depth is known, A
series of da/dN data points are then derived from a single specimen where COD
measurements are mad and analyzad per the above discussion, as opposed to a
single data point for a non-instrumented test specimen, Consequently, fewer instru-
mented specimens are required to adequately define the fatigue crock growth rates

as a function of stress intensity.
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For specimens which were not instrumented with a COD device, an average cyclic

crack growth rate was determined by the expression:

do_ %79

N N (3)
where: e, = initial crack depth
ag = final crack depth

N total number of cycles

The cyclic crack growth rates were plotted herein as a function of the maximum

stress intensity (K ). The K was caicu.ated using the equation:
max max

1/2

K - n a_ 6
max 1.1 Crax (—6 ) Mkm (€
where : K = max, stress intensity
max
Omax ™% applied stress
Mkm = deep flaw magnification factor from Reference 11

f(a/2¢c, a/t) (see Figure 17)

The result of plotting the cyclic crack growth rafes as a function of the maximum
stress intensity was a linear relationship on log-log paper which can be represented

by the equation:

da - n
N T OB K 7
where: C = empirical constant based on R = 0 baseline data

=  empirical constant which accounts for R ratio effects

n = empirical constant
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4,0 STATIC FRACTURE AND BURST TEST RESULTS

Static fracture and burst tests were conducted to determine the load carrying
capability of the liner materi-ls containing semi-elliptical surface cracks. The
tests were conducted using (1) flat specimens loaded in a uniaxial stress field
(O'x/O' y = 0), \2) open-ended cylinders subjected to internal pressure (uniaxial
stress tield with OX/O'Y = 0), (3) spherically shaped domes subjected to internai
pressure (an equal tiaxial stress field with O'X/O'Y = 1,0), (4) cylindrical tanks
subjected to internal pressure (a biaxial stress field with ox/oy = 0.,5), or (5)
hoop overwrapped cylinders subjected to internal pressure (a biaxial stress fieid
with Dx/ﬂ'yz 1,0). The foliowing paragraphs describe and compare the static
fracture behavior in uniaxial and biaxial stress fields for the liner materials con-
sidered, In addition, a discussion of the crack growth that can occur during sizing

is presented,
4.1 Static Fracture in a Uniaxial Stress Field

Flat specimens made of 2219-T62 al:minum, Inconel X750 STA and cryostretched

301 stainlecs steel containing surface cracks were loaded to failure to develop the
relationship between the failure stress and crack size in a uniaxial stress field, The
majority of these tests were conducted to obtain failure data above the material's
yield strength, These specimens were instrumented to detect if crack breakthrough
occurred during loading and, if so, at what stress level, All of the uniaxial flat
specimen static fracture data develcped on this program are analyzed in this section,
The test results obtained prior to the Interim Repert are contained in that report, while

*Ye test results obtained since are contained in Table 10.

Initially, static f[octure results were analyzed as a function of failure or leakage

stress and initial ¥ crack depth. Typical results presented in this manner arc

D The reference to "initial" refers to the conditions prior to specimen loading.
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shown in Figures 18, 19 and 20 for the three thicknesses of 2219-T62 aluminum
base metal (BM) tested at 295K (72°F), These results show a significant effect

of crack shape; the crack depth screened by a given sizing stress decreases as the
crack shape ratio decreases (i.e., as a/2c s from 0.4=0_1), All results
shown in Figures 18, 19 and 20 had a faigmode-of-foilure (MOF) with the ex-
ception of two specimens shown in Figure 18, One specimen with a crack shape
of 0.2, exhibited a leak MOF followed by a fail MOF with just a fractional
increase in stress, The other specimen, with a crack shape of 0.4, had an initial
crack depth essentially equal to the material thickness and the specimen leaked

at a gross stres. of 75% of the failure stress, and was not representative of the
tests conducted in this program., The other static fracture specimens either failed
prior to leakage or leaked and subsequently failed with less than a 5% increase in
stress,

41,1 Crack Shape Effects

To normalize the crack shape effects, the results of the static fracture tests were plotted

as a function of failure stress and the initial crack size parameter, (a/Q)i (where a. is

the initial crack depth and Qi 2 is the initial crack shape parameter defined in Fig. 16).

This approach works extremely well for the data developed and is graphicolly illustrated

in Figure 21, For a given material thickness, the failure loci for the 2219-T62 aluminum

base metal can be described as a single straight line when plotted as a function of a/Q.

This relationship can be  :scribed using the equation:

o= O'u" - S(¢:|/Q)i
where (1] = failure stress
O - ultimate material strength (typical valves)
S = slope of the failure loci
a = flaw depth
Q = flaw shape parameter
i = refers to initial conditions

Abrupt fracture,
When 0'/0’)'s > 1.0, a value of 0’/0’ys = 1.0 is used to determine Q.
26
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It is also evident from Figure 21 that for a given flaw size, the failyre stress

increases as the material thickness increases,

To further develop this representation of the failure of uniaxially looded sunface
flawed specimens, all of the uniaxial static fracture data presented in Reference 1
were re-analyzed. These results are presented in Figures 22 through 30 as a function
of failure or leakage stress versys the initial crack size (a,"Q\;. These figures

cover 2219-T62 aluminum, Inconel X730 3TA and cryostretched 301 stainless steel

as presented below:

UNIAXIAL STATIC FRACTURE RESULTS
Test Material Ref
Material Temp, Thicknesses Tested o .
295
72 2.29 (0.090), 4,57 (0.180),7.562 (0.300) | 21
BM
2219-T62 ( -3720)D 2,29 (0.090), 4.57 (0.180) 2
Aluminum (2;,; 2.29 (0.090),4.57 (0.180),7.62 (0.300)| 23
WM
( _3730)D 2.29 (0.090), 4.57 (0.180) 24
295
72 25
| oM 78
lncone
(-320) i | 26
X750 1.02 (0.040), 3.30 (0.130)
. 295
STA (72) 27
WM —
(<a20) = 28
Cryostretched | BM | 78 0.71 (0.028), 2.54 (0.100) 29
301 SS wm| (=320) 30

> Sized at RT prior to being loaded to failure at test temperature,
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The results of this analysis paralleled those obtained for the 2219-T62 oluminum
base meto! ot 295K (72°F); exhibiting a linear failure loci for a given material
thickness when plotted es 2 function of (O/Q)i. The data for the 2219-T62
aluminum ond Inconel X750 STA was generated at or above the material yield
strength ( O'Ys), whereas the data developed for the 301 stainless steel material
were oblained at stress levels ranging from 25% of the mafericl's ultimate strength
(0, )upto O . o 76K (<320°F). This stress range for the 301 material in-
cludes the area where the structural tronsformotion tokes place (from an austenitic
to martensitic).  The results shown in Figures 29 and 30 for the 301 material
indicate severai specimens which failed somewhat above the proposed failure loci.
It is believed thot these specimens were not fully precracked and consequently
exhibited a higher failure stress than a specimen with a fully precrocked flaw,

The combination of extremely small flaws of around 0.25 mm (0.010 inch) deep
and a very ductile material made precracking exceptionnlly difficult in the 301
material. The ctarter notches in some cases would appear to crack somewhat and
then stop, even though additional load cycles were applied. Based on this, it was
decided that the linear representation of the failure loci shown in Figures 29 and
30 adequately describe the failure results for the 301 material at 78K (-320°F).

4.1.2 Fa:lure Loci Definition

As pointed out in the previous discussion, the failure loci for a given material
appeared to increase as fhe material thickness increased. The manner in which
the failure loci aried with thickness was investigated by olotting the slope of the
foilure loci (S) versus moterici tnhickness on log-log graph paper for each of the
material /temperature combinations tested. The result was a straight line for each
material as shown in Figure 31, which indicates the relationship between the failure
loci slope (S) ond the mcterial thickness (t) is of the form:

s = —A (9

tm

where : t material thickness
A,m = constants
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Therefore, Equation (9) con be substituted into Equation (8) to yield:

A

ult ¢

(a/Q), (10)

The paorameter, A, appears to be material dependent; increasing as the matersal
strength increases as shown in Figure 31, The valve of the parameter m appears
relatively constant, varying between 0.59 ond 0.87, with most of the data being
represented by on m valve cf 0.74,

413 Extvapolation to Other Materials

Can the failure loci of other materials at or above their yield strength be des-

cribed in a like manner as presented in Paragroph 4.1.2? The room temperature

failure loci for 2219-T87 aluminum (Reference 12), 7075-T651 aluminum (Reference

13 and 6AlI-4V STA titanium (Reference 3) are shown in Figures 32, 33 and 34,

Again the results were Basically the same; exhibiting a linear relationship between
failure stress and initial crack size (o/Q)i. The slopes of these failure loci along

with additional data developed for 7075-T6 aluminum, 2219-T87 oluminum and 6Al-4V
STA titarium are presented as o function of material thickness in Figure 35. The

results are very comsistent with the fest results deveioped herein and presented in

Figure 31. The slope (S) in Equation 8 appears to be limited to o value equal to

the slope tangent to the critical fracture toughness (KlE) curve, as illustrated in

Figures 33 and 34, This essentially means that above a critical material thickness

(fc) the clope (S) remains comstant in tquation 8, The value of tc can be deter-
mined if the fracture toughness and the ultimate strength of the material are known

or can be estimated. Therefore, it appears that for failures occurring above 0,90 aY"
the failure foci in a uniaxial stress field con be described for most materiols using
Equation 8 or 10 with the iimiting condition described above, Where failures occur
below 0,90 (Tys, linear elastic fracture mechanic methods ccmzbe used to describe the failure,
It also oppears that the value of t_is equal to 0.60 (KIE/ays) for the materials investigated,



The fact that the 2219-T62 aluminum and Inconel X750 STA static fracture results

are described by Equation 10 indicates that these tests were performed on material
thicknesses that are less than those required to yield linear elastic fracture results
{where 0@ 20,90 0,s)' This might be expected since these are very tough materials,
exhibiting fracture toughnesses probably greater than 55 MN/m:‘]/2 (50 ksiVin) for the
2219-162 aluminum, and 110 MN/m:’/2 (100 ksi Vin) for the Inconel X750 STA,

4.1.4 Failure Prediction Limitations

The failure relationship of Equation 10 is a useful tool in describing the plastic
failure behavior of uniaxially stressed structures containing surface defects or cracks,
By knowing the material's thickness, ultimate strength, crack size, parameter A
(dependent upon the ultimate strength of the material) and the parameter m (only
slightly material dependent), the failure stress can be predicted for failures which
occr at or above the material's yield strength, The following limitations should
be observed when using Equation 10 to describe the fracture behavior of metals:

1. uniaxial stress field
2, 0209 O
ys D
3. failure stress occurs within 5% of the flaw breakthrough stress
4, when t2t = 0.60 (K. /O )2, t should be used in Equation 10
c IE” “ys c

5. applicable to moderate to high ductility materials

It should be pointed out that some work in this area was recently done by Bonesteel
(Reference 13) where the failure stress was presented as a function of a

Ry 74)2
where 4)2 = Q+0.,212 (0/075)2 and a linear relationship was obtained

primarily for thin sections of aluminum, For failures at or above the material yield

D The data analyzed herein either exhibited a fail MOF or leak MO*~
followed by a fail MOF with less than a 5% increase in applied - ess,
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strength, the valve of ¢2 = Q + 0.212 and the relationship used by Bonesteel
a

v/2 @ +0.212)
relationship arrived at in the work completed herein; —':—— , where m takes
on a value of about 0.74, ' Q

becomes

. This expression is very similar to the normalizing

4.1.5 Curvature Effects

During the course of the program several special tests were conducted in an attempt
to separate the curvature effects from the biaxial stress effects with regard to the
static fracture data. Substantial difterences were observed between flat uniaxial and
cylindrical tank (non-overwrapped and hoop overwrapped) aluminum liner material
static fracture results, The differences are discussed in detail in Paragraph 4.3, but
it suffices at this point to indicate that the failure stress for the tanks was higher
than that of the flat uniaxial specimens for the same crack size. It was initially
speculated that with the flat uriaxial specimen the presence of the surface flaw off-
sets the neutral axis in the immediate vicinity of the crack causing o bending moment
and giving rise to an =dditional tension stress at the flaw tip, The crack located

in a cylindrica! tarx is aiso stressed in a similar manner except that the stiffness due
to curvature, wnk material and thickness effectively react the local bending moment
across the crack front and the result is essentially a pure tension field over the re-
maining ligament below the crack. In the flat uniaxial specimen, the moterial it
essentially free to deflect laterally and, therefore, reacts the bending with the material
beneath the crack., These types of differences could account for the high apparent

static fracture strength of the tank specimens over flat uniaxial specimens.

In order to prove or disprove the possible explanation, a simple test was conducted
using two flat uniaxial specimens. Flat restraint plates were fitted over the flaw as
depicted in Figure 11 and the retaining fasteners torqued until the plates were snug
against the flat fracture specimen. The intent of the restraint plates was to prevent

the specimen material in the flaw area to displace perpendicular to the plane of the
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specimen, This displacement was readily observable when loading unrestrained

flat uniaxial specimens ond is a necessary condition if local bending is taking place.
By eliminating this lateral movement it was speculated that the local bending would
be eliminated. The resylts of these two tests are presented in Figure 36 along with
the unrestrained flat specimen results. The failures were within the scatterband of
the unrestrained data. From these tests it appeared that the effects observed in the
static fracture results between flat yniaxial specimens and tanks cannot be accounted

for by the tank curvature,

To further evaluate if the tank curvature was affecting the static fracture results,
additional tests were conducted, These tests involved the use of flawed cylindrical
sections in which the longitudinal pressure load was not carried by the cylinder, but
by end plates and connecting bolts, A sketch of the test setup is presented in

Figure 6. By eliminating the longitudinal stress in the cylinder, the surface crack
was subjected only to a uniaxial stress field, By comparing curved and flat uniaxial
static fracture data the effects of curvature can be directly assessed. The results of
these curved uniaxial stotic fracture tests are presented in Figure 37 for both the base
metal (BM) and weld metal (WM) material, The detailed resylts are contained in
Table 11, As the figure indicates, the curved uniaxial results fell within the scatter-
band of the flat uniaxial results and thereby conclusively illystrated that the tank
curvature had no effect on the static fracture results, From these tests it was deduced
that the differences observed in the static fracture results between the uniaxial speci-

mens and tank tests were due to the differences in stress field (uniaxial versus biaxial),
4,2 Static Fracture in a Biaxial Stress Field

Spherical cap specimens, all-metal cylindrical tanks and overwrapped cylindrical

tanks containing surface flaws were burst tested. The spherical cap specimens developed
on equal biaxial stress field ( ax/ay = 1,0), while the cylindrical tank specimens
developed biaxial stress fields ( ox/oy = 0.5, 1,0) deperdent upon whether or

not the cylinders were hoop overwrapped or not., The results of the static fracture
{(burst) tests conducted using these various specimen configurations are presented in the

following paragraphs,
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4.2.1 Spherical Cap Results

Spherical cap specimens, as indicated in Figure 7, were surface flawed at the

apex and pressurized internally until either leakage or rupture occurred, Caps

made of 2219-T62 aluminum and Inconel X750 STA were tested at room temperatyre.
The aluminum thicknesses tested were 2,29 (0,090), 4.57 (0.180), and 7.62 (0.300)
mm (inch), while the Inconel thickness tested was 2,07 mm (0.082 inch), All test
specimens were of base metal (BM) material., The results of these tests are presented
in Figures 38 and 39 for the 2219-T62 alyminum and inconel X750 STA materials,
respectively; while the detailed data for each specimen testedare presented in Tables
12 ond 13. The results of these tests were very consistent and, as with the uniaxial
static fractyre data developed, a linear relationship of stress and crack size (a/Q)i

prevailed,

The aluminum results shown in Figure 38 demonstrated that the failure stress increases
as the material thickness increases for a given crack size. The slope (S) of the
failure loci for a given material thickness is, in general, less for the equal biaxial
static fractyre resylts than the uniaxial results, This is the same observation reported
in the Interim Report, More on this sybject is discussed in Paragraph 4.3 dealing

with the correlation of static fracture results in various stress fields,
42,2 Cylindrical Tank Results

Cylindrical liners made of 2219-T62 aluminum, Inconel X750 STA and cryoformed

301 stainless steel were burst tested as all -metal tanks and hoop overwrapped tanks

at room temperatuyre and 78K (-320°F). Surface flaws were located in both the

BM and WM, The liner thicknesses tested were 2,29mm (0,090 inch) for the
aluminum, 1,02mm (0,040 inch) for the Inconel and 0.89mm (0.035 inch) for the
stainless steel, The results of these burst tests are presenied in Figures 40 through 44,
The detailed data for each specimen arecontained in Reference 1 for the aluminum
and Inconel, and in Table 14 for the 301 stainless steel, Several tanks did not fail

at the artificially induced surface flaws and are indentified by an arrow attached
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to the data point in the figures, indicating that failure at the flow would have
occurred at a higher stress level., In general, the oll-metal tank static fracture
results agreed with the OW tank results, The correlation of this data with the
data developed using uniaxial and equal biaxial specimens are discussed in the

following paragraph.
4.3 Correlation of Static Fracture Resylts

The static fracture results obtained from uniaxial specimens ( ox/ oy = 0), spherical
cap specimens ( ox/o y = 1.0), all-metal cylindrical tank specimens ( ox/o y = 0,5)
and hoop overwrapped cylindrical tank specimens ( ox/ oy = 0.81-=1,69) are com-

pared in this paragraph,

Figure 40 shows the effect of a biaxial stress field on the static fracture results of

the 2.29mm (0,090 inch) 2219-T62 aluminum BM and WM tested at room temperature.
The uniaxial static fracture results for this material /thickness underestimate the failure
stress for a given crack size in an overwrapped (OW) tank, whereas the equal biaxial
results either agreed with the OW tank results or were slightly conservative, Appar-
ently, in this thin gage of aluminum the biaxial stress field has a definite effect on
the failure stress of surface flawed structure above the materials yield strength, Figure
40 does illustrate that the OW tank results appear to approach the uniaxial results

as deeper flaws are introduced and gross failure stresses approach about 0,90 o .
Figure 41 shows the effect of a biaxial stress field for the same thickness of o|uynstinum
tested at 78K (-320°F), At this temperatyre the BM uniaxial and OW tank specimen
results agree while the WM uniaxial results underestimate the failure stress for a given

flaw size compared to the OW tank WM results,

The fact that the uniaxial static fracture results, in general, underestimate the
failure stress for this thin gage of aluminum compared to OW tank results is import -
ant because if uniaxial data was used to e:timate the flaw size screened by the
sizing cycle, a smaller flaw size would be obtained than would be actually screened

by an OW tank. This would result in an apparent flaw growth potential available
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for cyclic operation greater than would actually exist and, consequently, a longer
operational life would be calculated, This result would be unconservative for OW
tanks having thin gage aluminum liners, Using the static fracture results obtained
in an equal biaxial stress field to predict the flaw size screened by the sizing cycle
would yield a result that closely approximates the OW tank behavior for 2219-T62
aluminum liner thicknesses less than 6.60 mm (0.260 inch). For thicknesses greater

than 6,60 mm (0,260 inch) the uniaxial results should be used,

Figure 42 shows the effect of a biaxial stress field on the static fracture results of
1.02 mm (0,040 inch) Inconel X750 STA BM and WM tested at room temperature,

The uniaxial static fracture results for this material/thickness agree very well with the
OW tank results, Apparently, in this gage of Inconel, the biaxial stress field has

no effect on the failure stress, Additional evidence of no biaxial stress field influence
for this material ic shown in Figure 39 where 2,08 mm (0,082 inch) Inconel spherical
cap specimen static fracture data is shown. The failure loci obtained for this thick-
ness would have been predicted based on the uniaxial results discussed in Paragraph
4,12, Figure 43 shows the effect of a biaxial stress field for a liner thickness of

1.0 mm (0,040 inch) tested at 78K (-320°F)¢ At this temperature the uniaxial static
fracture results slightly overestimate the failure stress of the OW tank results for a
given flaw size. Thus, for Inconel X750 STA use of the static fracture results obtained
in a uniaxial stress field to predict the flaw size screened by the sizing cycle yields

a result that closely approximates the OW tank behavior,

Figure 44 shows the effect of a biaxial stress field on the static fracture results of
0.89 mm (0.035 inch) cryoformed 301 stainless steel BM tested at 78K (-320°F).
Uniaxial data was obtained for this material using thicknesses of 0,71 mm (0,028
inch) and 2,54 mm (0,100 inch), and the OW tank results were only slightly above
the 0.71 mm (0,028 inch) thick uniaxial results, indicating that the biaxial stress
field had no effect on the failure stress as with the Inconel material, Therefore,
using the static resulis obtained in a uniaxial stress field to predict the flaw size
screened by the sizing cycle would yield a result that closely approximates the OW

tank behavior if cryoformed 301 stainless steel liners were used,
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A summary of the static fracture results is presented in Figure 45, which relates

the failure loci slope (S) to the material thickness for the liner materials investi-
goted as was done for the uniaxial static fracture results discussed in Paragraph 4.1,
The failure stress for a given flaw size can be determined using Equation 8 if the
appropriate value of S is used. As was uncovered in the testing performed herein,
the valve of S is independent of the stress field for the Inconel and 301 stainless
steel material and thicknesses investigated, but was dependent in the case of the
aluminum, Figure 45 shows that the value of S is significantly less for a biaxial
stress field (O’X/O'Y = 0.5+1_0) than a uniaxial one and that the difference
decreases as the material thickness increases unt:! a thickness of 6.60mm (0,260
inch) is reached, It is assumed that above this thickness the failure slope is
adequately defined by the uniaxial value.

4.4 Crack Growth Occurring During Sizing

From uniaxial specimens which were subjected to a simulated sizing cycle and

then cycled to leakage, crack extension during the sizing cycle was observed.
Typical growth-on-loading (GOL) data is shown in Figure 46 for 2,29 mm (0,090
inch) thick 2219-T62 aluminum base metal. This data was obtained from specimens
which were loaded to 332 MN/m2 (48,2 ksi) and then unloaded. Figure 46 shows
what final crack size can be anticipated for a given initial crack size for a family
of different crack shapes. The initial crack size which causes failure at a sizing
stress of 332 MN/m2 (48,2 ksi) is 1.02 mm (0.040 inch) ond is independent of
crack shape™ _ Figure 46 illustrates that for a given initial crack size, more crack
growth occurs for specimens with a crack shape of 0.1 compared to one of 0.4,
Figure 46 also shows that crack growth does not occur until a specific initial crack
size is exceeded, The value at which this crack growth is initiated is also crack
shape dependent, To iilustrate this point more clearly, a failure versus initial crack
size curve is shown in Figure 47 for the 2,29 mm (0.090 inch) thick 2219-T62
aluminum, The GOL data presented in Figure 46 was used to establish lines of no-

growth for a family of crack shapes. [f specimens confaining initial cracks are

D The crack shape parameter (Q) normalizes the static fracture data
with respect to crack shape as discussed in Paragraph 4.1.1,
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stressed above the corresponding no-growth lines, crack extension takes place,

This crack extension occurs primarily in the depth direction,

Since considerable crack growth can occur during sizing, how can one be sure

of what crack size exists after the sizing cycle? Figure 46 illustrates that the
amount of crack growth is asymptotic to the critical initial crack size, It is pos-
sible then for a crack to grow to the point of almost failure or leakage and then
be unloaded; and upon applying the first operational stress cycle the pressure vessel
would fail. With this type of crack growth occurring, how can the sizing cycle
act as an effective proof test? The answer to this question lies in the manner in
which the crack growth takes place, To illustrate this point, refer to Figure 48
where the crack growth and failure loci are shown for 2,29 mm (0.090 inch)
2219-162 aluminum base metal having cracks with initial crack shapes of 0.1,

Figure 48 shows what happens to various size cracks present prior to being subjected
to a sizing cycle of 322 MN/m2 (48.2 ksi). This growth data was obtained from
the GOL data developed in Figure 46, Initial crack size® would not grow dur-
ing sizing, whereas crack @ would grow only a slight amount, Initial crack size
@ would grow to a value @ equal to the critical initial crack size [(o/Q)icr =@]
which would cause failure at 0's Initial crack size @which is equal to (a/Q icr
would grow to failure along the path described in Figure 48, For initia! crack sizes
existing between @ and @ say @ and @ , crack growth would take place with
the final crack size being greater than (c:/Q)icr , but less than the fina: crack size
which causes failure or leakage, These crack growth paths for different size initial

cracks define 3 distinct regions as indicated below:

o If (O/Q)i > (tx/Q)iCr = @, then the pressure vessel fails or

leaks during sizing=(Region Ill),

o If (a/Q)iS@, then assuming that (Q/Q)?r was the crack size
after sizing would yield a conservative estimate of crack growth potential
available and thereby guarantee the cyclic life operation of the

pressure vessel based on cyclic crack growth rate data-(Region I),
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o If (O/Q)i>@’ but < ((1/());:r = @ then the service life could
not be guaranteed by the sizing cycle, because one would not know
the final crack size after sizing and the crack size could be of such
proportions to cause failure or leakage on the subsequent operational

cycle-(Region 1I).

The initial crack sizes defined by Region Il is a very narrow band for the aluminum
material when compared to the specimen thickness. A worst case situation is pre-
sented in Figure 48 where the initial crack shape was assumed to be 0.1, Thi-
Region 1l defines a crack depth band equal to about 8% of the thickness, Only if
the initial crack size is within this narrow band, the sizing _ycle does not guarantee
the service life of the pressure vessel, This region reduces to about 5% of the

thickness if an initial crack shape of 0.2 or greater is assumed,

The question arises "How effective is a proof test or sizing cycle in screening flaws

that is based on the approach outlined in the preceding paragraphs?“. For sure,

if the tank leaks or fails the proof test was 100% effective, but if the pressure

vessel passes the proof test, how effective was it? To pursue this further, a

schematic representation of the distribution of crack sizes in a fabricated structure

is illustrated in Figure 49, The Region Il area of flaw sizes or depths is small when
compared to the total area, but for the case of a tank which successfully passed a proof
test, the Region Il area must be compared to the summation of the Regions | and Ii
areas, In the illustration, the Region [l area is a small percentage of the total de-
fined by crack sizes less than qicr. This is believed to be the general case for the

materials investigated,

Based on the above observations, if o pressure vessel successfully passes the sizing
cycle without failing or leaking, the subsequent cyclic service life can, in general,
be assured with a high confidence level by assuming that the final crack size existing

after the sizing cycle is equal to (a/Q)icr.
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5.0 CYCLIC CRACK GROWTH TEST RESULTS

For the liner materials under investigation, 2219-T62 aluminum, Inconel X750 STA
and cryostretched 301 stainless steel, cyclic life tests were conducted using pre-
cracked surface flawed specimens, Two types of specimens were utilized, flat
uniaxial specimens and cylindrical tanks which were either a!l-metal or hoop over-
wrapped, The variables investigated inciude material (BM and WM), thickness (),
sizing stress level (O'S), maximum operating stress level (O’o), minimum-to-maximum
operating stress level ratio (R), flaw shape (a/2c), and test temperature (T), Except
where noted, these cyclic fests were conducted after subjecting the specimens to
simulated resin cure, sizing and proof cycles as applicable. The 2219-Té2 aluminum
and Inconel X750 STA specimens cycled at a test temperature of 295K (72°F) were
first subjected to a 295K (72°F) sizing cycle; whereas, the specimens cycled at a
test temperature of 78K (-320°F) were first subjected to a 295K (72°F) sizing cycle,
followed by a 78K (-320°F) proof test, The cryostretched 301 stainless steel speci-
mens cycled at a test temperature of 78K (-320°F) were first subjected 0 a 78K
(-320°F) sizing cycle; whereas the specimens cycled at a test temperature of 295K
(72°F) were first subjected to a 78K (—320°F) sizing cycle followed by a 295K
(72°F) proof test,

The approach used in analyzing these test results was to present the data in terms

of cyclic crack growth rate (da/dN) versus the maximum stress intensity (Kmax), both
of which are defined in Paragraph 3.4, This procedure is one used extensively in

the analysis of cyclic crack growth rate data developed under linear elastic conditions.
Be-cause of the many variables investigated it was decided to establish a baseline set
of cyclic crack ¢ *h rate data with which to compare data developed by varying
specific variables, * opaseline was developed for each material, thickness and test
temperature with uniaxial specimens subjected to a sizing stress cycls and then

cycled at a minimum=-fo-maximum stress ratio (R) of zero,

5.1 Baseline Uniaxial Cyclic Rate Data

The vast majority of cyclic tests conducted involved tniaxial specimens ¢ «cled at an
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R nratio of zero and having initial flew shapes of 0.2C. A table summarizing
the moterials, thicknesses and test temneratures investigated at an R = 0 is

presented below:

BASELINE UNIAXIAL CYCLIC RATE TEST PROGRAM (R = 0)

Test Material Thicknesses Ref
Moaterial Temp, Tested Ret
K(P mm (Inch) 9.
295 (72) |2.29(0.090), 4,57 (0.180), 7.62 (0,300) |50,53,56
3M
2219-162 78 (-320) 51,54
Aluminum 295 (72) 2,29 (0.0%), 4,57 (0,180) 52,55
WMI— |
78 (-320) 52,55
295 (72) 57,60
w B -
Inconel 78 (-320) 58, 63
X750 1.02 (0.040), 3.30 (0,130)
STA 295 (72) 59,62
WM
78 (-320) 59,62
295 (72) 63,65
ed oM 63,65
tch ,
C”‘;‘g{“ y 78 (-320) 0.71 {0.028), 2,54 (0.100)
WM
78 (-320) 64,66

The table above also indicates the figures in which the various data resulis con be

found, The details for each specimen tested are presented either in Reference 1

or i bles 15 through 21, These specimens were cycled at ¢ frequency of 0.8 Hz
J cpm).



Within each baseline set of data, the influence of sizing stress, maximum cyclic
stress and flaw shape is incorporated, What effect, if ony, the maximum cyclic
stress level, sizing stress, crack shupe, thickness, temperature and material condi-
iton {(BM and WM) had on the cyclic crack growth rotes are discussed in the

folle: ving peragraphs.

5.1.1 Cyclic Stress Effects

In generul, all of the baseline (R = 0) crack growth rate data developed varied
lineariiy with the maximum stress infensity (Kmx) when plotted on log-log graph
paper. The linear relationship indicates that do/dN can be adequately described

by iiee expression given below:

da B n
N Ko an
where C and n are empirically defined constants, The cyclic crack growth rate
data used to establish each baseline covered a wide range of moximum cyclic stress
levels. As with the analysis of surface flawed cyclic crack growth rates under linear
elastic conditions, the representation of the rates as a function of stress intensity in-

corporates the stress level influences. This is done through the calculation of stress
intensity which includes both the stress level and flaw size effects,

't is important to note that this linearization of cyclic crack growth rates with the
maximum stress intensity for various stress levels only occurs if the deep flaw magni-
fication factor indicated in Equation 6 is incorporated. A layering of the rates as

a function of cyclic stress level will occur if this magnification factor is assumed

to be unity. For constont specimen thickness, critical crack depth in specimens cvb-
jected to high stresses are a smaller percentage of the specimen thickness than in
specimens subjected to lower stresses, Hence, stress intensity factors in high stress
specimens are not elevated by deep flaw effects as much as in low stress specimens,
As a result, cyclic crack growth rates in low stress specimens are increased by deep

flaw effects more than for high stress specimens, and, if deep flaw effec’s are not
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accounted for in calculating stress intensity, it would appear that crock growth rates
are faster in the low stress specimens than in the high stress specimens at a constant
stress infensity. This phenomena wos first observed and discussed in Reference 14,

Where instontaneous cyclic crack growth rates were not obtained from COD instru-
mentation, average rates were calculated based on initial flaw size, fina! flaw

size and number of cycles, and the resuit plutted at the arithmetic stress intensity
average, This approach is satisfactory in defining a crack growth rate curve if the
test specimens are not cycled over a very iarge stress intensitv ronge (approximately

a factor of two), As the stress intensity range gefs larger, the averoge rate yields
valves that are considerably slower than actually experienced. For the cyclic test-
ing of aluminum, Inconel, and the 0.71 mm (0.028 inch) thick 301, the stress intensity
range was relatively small and conseyuently average fiaw growth rates adequately
described the behavior. The 2.54 mm (0,100 inch) *hick 301 material tested was
cycled to a final stress intensity that was about three times the initial valve. Error
would result if the growth rate curve was selected baseu on the averoge plotted vaives.
It should be pointed out that this phenomena is not specificaily o 301 material related

problem, but an analysis problem and could have occurred with Incone! or aluminum

specimens,

Since all cyclic flow growth rate data generated in this program were adequately
described by Equation 11, it was decided to generate cyclic life curves using various
values of C and n for the thick 301 and to select the consronts which best des-
cribed the cyclic life results, Key specimens were selected which ware not cycled
over large stress intensity ranges; the actual growth rate curve must pass through those
data points. With this as a baseline, valves of C and n were selected which best
described the cyclic life behavior. A: Figure 66 shows, the estimated flaw growth
rate curve represents a faster rate than the average rate values would indicate,

5.1.2 Sizing Stress Effects

Where instantaneous cyclic crack growth rates were obtained using COD instrumenta-
tion, refardation in those rates was generally observed immediately following the
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application of the sizing cycle for specimens cycled at R = 0. This pheromena

was observed for the 2219-T62 aluminum ond Inconel X750 STA, but not for the
limited amount of cryocstretched 301 stainless stee! data obtained. Figures 50, 53,
54, 55, 56, 57 ond 60 most readily show this effect. As the ratio of moximum
cyclic stress to sizing stress {O’O/O'S) decreases, the amount of initial refardation
increases. Initial retardation in rates of an order of magnitude were observed for
O’O,r’O’s = 0.38, while ot 0‘:’/0’s = 0.75 the effects were almost nil. Apparently,
the zane shead of the crack is affected by the sizing cycle and at low @ /0; ratios
a significant intrease in the number of cycles is required to propagate the crack
through this zone. As will be discussed in Paragraph 5.2, dealing with the influence
of R ratio on the cyclic crack growth rates, the initial retardation in rates after
sizing was only present sporadically and was not o phenomena thot could be assured
of happening. The fact thot the initial retardation was (1) present in some materials
only sporuadically, (2) not present in all materials cyclic tested ct R = 0, and (3)

not present for all operating stress levels of interest, lead ‘he investigator to basically
ignore the phenomena in calculating the service life of overwrapped tanks, This

is a conservetive approach which becomes more conservative as the maximum cyclic

siress level decreases,

The effect of the magnitude of the sizing stress on the cyclic crack growth rates

was investigated at 295K (72°F) using 2219-T62 aluminum BM. Specimens were
cycled ot a 0; of 249 MN/m2 (36.1 ksi) without receiving e prior sizing cycle
using three thicknesses of aluminum, Both R = 0 and negative R values were investi-
gated, and the detail data for these tests are presented in Table 22, The results of
these tests are presented in Figures 67, 68 and 69, along with the corresponding
results generated with similar specimens subjected to a sizing cycle. For all practical
purposes the datc generated with specimens not experiencing the sizing cycle fell
within the scatter bands of the doto generated using specimens which did experience
the sizing cycle, It was thus concluded from these tests that the magnitude of the
sizing cycle has no influence on the resulting cyclic crack growth rates v.hen cycled

at a (To = 249 MN/m2 (36.1 ksi). It is believed that cyclic crack growth rate



data developed at lower cyclic stress levels would be independent of sizing stress level,
if the initial retardation was ignored as was the case for the growth rate relation-
ships established herein,

5.1.3 Crack Shape Effects

The influence of crack shape (a/2c) on the cyclic crack growth rates was investi-
goted ot 295K (72°F) using 2219-T62 aluminum BM. Specimens with initial crack
shapes ranging from 0.1 to 0.4 were tested at 249 MN/’mz (36.1 ksi) using three
thicknesses of aluminum. The results of these tests are presented in Figures 50, 53
ond 56. No discemible influence of crack shape was observed within the normal
scatter of cyclic data. Apparently, the inclusion of the shape factor (Q) in the

calculation of stress intensity (Equation 6) was enough to account for this variable.

It is interesting to note that the flaw shepe changed as the flaw propagated, In
general, if the initial flaw shape was either 0.1 to 0.2 the final flaw shape ot
test termination (point at which the rlaw penetrated the thickness) was about 0.35
for the aluminum and Incorel and 0.42 for the 301 stainless steel, For specimens

having cn initial flaw shape of 0.40, the shape remained about constant as the flaw
propagated,

5.1.4 Thickness Effects

The infiuence the material thickness has on the cyclic crack growth rates can most
readily be observed in Figures 70, 71 and 72, which present the two empirical
constants {(C, n) used in Equation 11, which describes the rcte behavior of R = 0
data, The cyclic crack growth rates are directly proportional to these constants,

A consistent trend was not established for all materials investigated, but specific ob-
servations were made. The 2219-T62 aluminum rates decrease with increasing thick -~
ness with one exception as shown in Figure 70. The weld metal (WM) material tested
at 78K (-320°F) showed un increase in cvclic crack growth rates with increasing
material thickness, Aluminum thicknesses from 2,29 (0,090) to 7,62 (0.300) mm
(inch) were investigated, The Inconel X750 STA rates remained constant for the
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base metal (BM), but appeared to decrease with increasing thickness for the WM

as shown in Figure 71, Within the range of stress intensities investigated with

the 301 stainless steel material, the cyclic crack growth rates decrease with in-
creasing thickness, At stress intensities lower than about 22MN/m3/2 (20 ksi Vin) the
opposite is true. The rate curves actually crossed for the two thicknesses of 301
material investigated which were 0,71 (0,028) oand 2,54 (0.100) mm (inch). This
phenomena can be observed by comparing Figure 63 with 65 and Figure 64 with 66,

5.1.5 Temperature Effects

Cyclic crack growth rates were determined at two temperatures, 295K (72°F) and
78K (-320°F) for the materials tested. In general, as the test temperature de-

creased the cyclic crack growth rates decreased. Only the 4.57 mm (0,180 inch)
thick 2219-T62 aluminum WM (see Figure 55) deviated from this trend, where the

influence of temperature was negligible.
5.1.6 Comparison of BM and WM Rates

Again, no general trend was observed in comparing the BM and WM cyclic crack
growth rates which were developed. The aluminum WM rates were in all instances
higher than the BM rates for the thicknesses of material tested, The Inconel WM
rates were higher than 1he BM rates at the thinnest thickness tested while the
opposite was true at thickest thickness tested. With the 30! stainless steel material,
the WM and BM rates were equal.

5.1.7 Analytical Description cf Baseline Cyciic Crack Growth Rates

As pointed out in Paragraph 5,1.1, the baseline R = 0 cyclic crack growth rates can
be adequately described by Equation 11 which involves two empirical constants; C
and n., For the materials investigated, these constants are defined in Figures 70,

71 and 72 as a function of material condition (BM and WM), thickness and test

temperaiure,
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5.2 Effect of R Ratio in a Uniaxial Stress Field

The effect of R ratio on the cyclic crack growth rates was investigated for

the liner materials under consideration using flat uniaxial specimens. This effort
was primarily directed at the effects of negative R ratios since this is the con-
dition most prevalent in the type of tanks being considered herein. A table
summarizing the materials, thicknesses and test temperature investigated is pre-

sented below:

EFFECT OF R RATIO TEST PROGRAM

Test Material Thicknesses Ref

Material Te%p. Tested F? :

K (P mm (Inch) '9-

2219-162 g\ | 205 (72) {2.29 (0.090), 4.57 (0.180), 7.62 (0.300) |73 75
Aluminum : . ¢ . r o y 74
inconel X750 4 76
STA BM | 295 (72) 1.02 (0.040), 3.30 (0.130) 77
Cryostretched \ 78
301 SS BM | 295 (72) 0.71.,0.028), 2,54 (0.100} 79

The table above also indicates the figures in which the various data results can be
found, The test details for each specimen are presented in Table 15 through 21,
All specimens were cycled at a frequency of 0.8 Hz (50 cpm).

These testsshowed a significant influence of R ratio; increasing the crack growth
rates at negative R values and decreasing the crack growth rates at positive R
values relative to the baseline R =0 data. As with the baseline data, the relation-
ship between da/dN and Kmox was linzar when plotted on log-log graph paper,

thus indicating the cyclic crack growth rates can be expressed by Equation 7 which
is a modified form of Equation 11, where da/dN = CBKnmox’ The parameter B
accounts for R ratio effects, The data presented in Figures 73 through 79 were
used to establish valves of the parameter b as a function of material, thickness,

maximum cyclic stress level and R ratio., These results are presented in Figure 80
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through 86; where the parameter B is plotted against the parameter 1-R. When

R =0 the value of B equals unity and Equation 7 reduces to Equation 11; the

R =0 baseline growth rate equation. The results presented in Figures 80 through

86 are very consistent, illustrating (1) as R ratio increases (positive R values) the
value of B decreases, (2) as R ratio decreases (negative R values) the value of B
increases, (3) at negative R valuves, the value of B increased as the maximum
cyclic stress level (0;) increases, and (4) at postive R values, the value of B
decreases as 0'0 increoses, From the data generated, there also appears to be

material thickness effect on the value of B,

An initial refardotion in growth rates was observed immediately following the appli-
cation of the sizing cycle for some of the tests conducted at negative R values;
especially at low maximum operating stresses. This initial retordation was observed
for most of the tests conducted at R =0 and discussed in Paragraph 5.1.2, it
appears that the presence of compressive stresses tend to negate or reduce the effects
of a prior overload, This phenomena was also reported in Reference 15, Since the
initial retardation cannot be relied upon to occur especially in the presence of
compressive loads (which is the general case in overwrap tank liners), the phenomena
was ignored in establishing the paraxzier B, the factor accounting for R rctio effects

in the cyclic crack growth rate equation,

The influence of crack shape wes also investigated at negative R values at 295K
(72°F) using 2219-T62 aluminum BM, Specimens with initial crack shapes ranging
from 0.1 fo 0.4 were tested at a Oo of 249 MN/m3 (36.1 ksi) using three thick-
nesses of aluminum, The results of these tests are presented in Figures 73, 74 and
75. In Figures 73 [t = 2,29 mm (0.090 inch)] and 75 [t = 7,62 mm (0,300 inch)|
no discernible influence of crack shape was observed within the normal scatter of
cyclic data. The data in Figure 74 [t = 4,57 mm (0,180 inch) ] showed a larger
than normal scatter in data. The rates developed with an initial crack shape of
0.4 are considerably faster or higher than those developed at the other crack shapes.
This effect was not observed in testing the other two thicknesses of material and

therefore it does not seem feasible for there to be a shape effect for only this one
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thickness of material, Material differences in the specimens or undetected test

machine malfunctions are then the only possible explanations for the phenomena

observed,
5.3 Correlation of Uniaxial Cyclic Crack Growth Rates With Tank Test Results

The cyclic test results of the all-metal cylindrical tanks and hoop overwrapped
cylindrical tanks reported in Reference 1 were compared to the uniaxial cyclic

results presented in the preceding paragraphs. This comparison is mode using the
cyclic crack growth rates., Only 2219-T62 aluminum and Inconel X750 STA materials
were analyzed since no 301 stainless steel tanks were cyclic tested. These results are
presented in Figures 87 through 94, The correlation was excellent; with the tank
data at each test R value agreeing with the uniaxially developed data within the
normal scatter of cyclic data., From this comparison, it appears that unioxial cyclic
specimen results, which incorporate the entire stress environment from positive to

negative values, can be used to predict overwrapped tank liner behavior,
5.4 Mode of Failure During Cyclic Tests

For specimens cyclically tested in this program the majority failed by leakage. If
this occurred with a liner of an overwrapped tank, pressurant and pressure would be
'ast. The only specimens which failed before leaking during test either were over-

loaded or failed in the grips due to tension/compression fatigue.

The leak mode —of failure (MOF) during cyclic operation could have been anticipated
for the combinations of materials, stresses and thicknesses tested. As pointed out in
Paragraph 5.1.3, the flaw shape at flaw breakthrough approached steady-state values
regardless of the initial flaw shapes. These steady-state flaw shape values were only
slightly material dependent, ranging around 0.4 for the materials and flaw orienta-
tions tested, When this flaw shape with a depth equal to the thickness is used in
calculating the maximum stress intensity obtained during cyclic testing, the results

are values which are less than the fracture toughness (KlE)” The fracture toughness
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is believed greater than 55 MN/m:;/2 (50 ksi Vin) for the 2219-T62 aluminum
and 110 MN/m3/2 (100 ksiVin) for the Inconel X750 STA and cryoformed 301
stainless steel at room temperature, Catastrophic failure (fast rupture) would be
anticipated if the maximum attained stress intensity during cycling equalled the

fracture tougi.ness,
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6.0 OBSERVATIONS AND CONCLUSIONS

The following major observations were made while testing surface flawed specimens
fabricated of 2219-T62 aluminum, Inconel X750 STA and cryoformed 301 stainless
steel,

Static Fracture Testing

(n The failure stress in a uniaxial stress field (O’X/o; = 0) is related to
the surface flaw size by the relationship O = oult - A" (O/Q)i' where
the parameter A appears to be material strength related and the parameter
m is constant, The relationship holds only for failures occurring above
0.90 O'Ys; for failures below this value, linear elastic fracture mechanic
principles should be employed. There appears to be a maximum material
thickness (fc) above which valuve the failure loci is defined by the above

. . - ' ~ tos 2
equation with t = fc, wnere tc~ 0.6 .\IE/O'YS) .

(2)  In an equal biaxial stress field (ax/oy = 1,0), the relationship and
parameters developed in a unioxial stress field presented above holds for
the Inconel and 301 stainless steel tested but for the aluminum material,
the relationship holds but the parameters A and m take on values dif-
ferent than those developed in a uniaxial stress field, The failure relation-
ship for the aluminum material tested showed that the failure stress in a
biaxial stress field was higher than that developed in a uniaxial stress field
for the same flaw size, This difference decreased as the material thickness
increased until a thickness of 6,60 mm (0,260 inch) was reached, at which
point the static fracture data developed in a biaxial stress field was less

than in a uniaxial stress field,

(3)  Stable crack growth does occur during loading to failure for the materials

investigated.

PRECEDING PAGE BLANK NOT FILMED
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It was concluded from the observations above that the flaw size screened in the

metal liner by the sizing cycle of a OW tank can be determined if the liner

material, thickness, sizing stress and biaxiality effects are know. It was also

concluded that if an OW tank successfully passes the sizing cycle without leak-

ing or failing, the cyclic operation can be assured with a relatively high confidence

level by assuming that the final crack size existing after the sizing cycle is equal

to (a/Q)" based on initial flaw size stotic fracture dcta.

Cyclic Life Testing

(M

(2)

(3)

For cyclic loading the crack growth rates for the liner materials tested
at an R rafio equal to zero in a uniaxial stress field can be adequately
described by the equation, da/dN = CKnmx, where C and n are
empirically defined parameters, The stress intensity parameter in the
equation when calculated with a deep flaw magnification factor accounts

for stress level, flaw size and flaw shape differences.

The crack growth rates were found to increase for negative R ratios com-
pared to data developed at R = 0 and the same moximum cyclic stress level,
This effect, as well as positive values of R, could be accounted for by
modifyir; the crack growth rate equation presented above by the inclusion
of the parameter B to yield the equation, da/dN = CBK:\ox' The vaive of
B was found to be dependent upon the material, thickness, maximum stress

level and R ratio.

Some of the materials exhibited cyclic crack growth refardation immediately
following the application of a sizing stress cycle, This retardation decreased
as the flaw grew until it was out of the influence of the zone formed by the
overload cycle; at which time the growth rates equalled those obtained from non-
overloaded specimens. The amount of retardation was related to the cyclic

stress/sizing stress ratio; the lower the ratio the more initial retardation,
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(4)  The cyclic crack growth rates were found to be material, thickness

and temperature dependent.

(5) Uniaxial cyclic crack growth rates which incorporated negative R ratio
effects correlated extremely well with those developed from OW tanks
that were cyclic tested,

(6) A leak mode-of-failure was observed for all the cyclic testing performed.

It was concluded from the observations above that the cyclic life of the metal
liner of an OW tank could be determined using crack growth rate data developed
in a uniaxial stress field which accounted for the stress range of the liner under

investigation,
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7.0  APPLICATIONS

in order to utilize the data presented in the previous sections of this report to
determine the service life of an overwrcpped tank with a load sharing liner, a
specific design must first be established. This will necessitate using the Reference
2 Design Guide or equivalent approach tc establish the physical parameters associ-
ated with the liner; these include material, thickness, .izing stress, maximum
operating stress, minimum operating stress and operating temperature. The service
life of the composite tank is based on determining the service life of the metallic
liner; i,e., how many operating pressure cycles can the liner withstand without

failing, either by leakage or catastrophically? No attempt is made in this report

to do a life analysis of the filament overwrap material; which shc - ¢ 'one if a
complete pressure vessel analysis is undertaken, The approach | 2sen: . ierein is
assumed to be dependent on the metal liner siress state and thus ... penden. of

the type of overwrap material and the pressure vessel shape,

It was concluded in Section 6 that liner life can be guaranteed by the plastic
sizing cycle the overwrapped tank is subjected to during fabricaticn. This sizing
cycle, in stressing the liner, will cause it to either leak or fail if any flaws greater
than a certain critical size are present, The subsequent cycli: operational life of
the liner can then be analytically determined based upon the operational stress

environment,

The liner life analysis should establish the area of the liner which yields the least
cyclic life, This will necessitute performing a life analysis for different flaw
orientations (relative to the liner stress fields) in both the base metal (BM) and weld
metal (WM) material, [t is conceivable that a lower stressed flaw orientation could
_ yiz2ld a lower service life than a higher stressed orientation depending upon the
thicknesses involved, The following paragraphs deal specifically with, (1) the liner
materials to which the results can be applied, (2) the flaw size screened during
sizing, (3) the cyclic life available after sizing, (4) the tank storage life, (5) trade
study curves based on a cyclic life analysis and (5) limitations of the approach. Appendix

B presents a specific example of how to determine the service life of an overwrapped tank,
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7.1 Materials

Three liner materials were investigated during the experimental effort of this program,
These were; (1) 2219-T62 aluminum, (2) Inconel X750 STA and (3) crycstretched

301 stainless steel, The parent or base metal and weld metal were variables in most
of the tests conducted. The test results presented in previous sections of this report

con be used directly in the analysis of these materials as discussed in the following

paragraphs, To obtain ball pork estimates for other liner materials these same results
can be used providing the correct assumptions and adiustnents are made as discussed

in the following paragraphs.

7.2 Crack Size Screened During Sizing

The crack size that is screened during the sizing operation can be determined using
Equation 8 which is repeated below:

o= 0, - S/Q).
u i

It

The stress (@) in the above equation is set equal to the sizing stress (as) and by
substitu.ing the appropriate values of ultimate material strength (typical value) ond
the empirically defined parameter S the critical flaw size (a/Q)ic " screened during
sizing can be determined. Figure 45 presents the value of S for the liner materials
investigated as a function of material thickness and biaxiality (O'X/O‘Y defined in

Figure 3) present in the liner,

Once the critical flaw size at the sizing stress leve' has been established, the
corresponding flaw depth (oic ") can be determined by knowing the flaw shape
parameter (Q). This flaw shape parameter is dependent on the flaw shape (a/2c)

and the sizing stress-te-yield strength ratio (OS/OYS). A flew shope must be

assumed and this quentity -~ ges from 0,1 to 0.5, The sizing stressto-yield strength
ratio will always be greate. than unity and therefore to utilize the Q chart shown
in Figure 16 a value of unity is assumed. Since the value of Q increases with
increasing flaw shape, *he value of the critical flaw depth also increases. Therefore,

the usable amount of flus growth potential available for cyclic operation is less if
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a numerically higher value flaw shape is assumed. This does not necessarily mean
that the least operational cyclic life is obtained by assuming the higher value initial
flaw shape, since the cyclic crack growth rate is generally slower for higher value
flaw shapes than lower value ones, This is primarily because the stress intensity
which controls the cyclic crack growth rate, is lower for high values of the flaw
shape parameter () as evident in Equation 6, It therefore becomes necessary tc
analyze various assumed initial flaw skapes to determine the most critical value,
Additional discussion on this subject is preserited in Paragraph 7.3 in dealing with
the determination of the operational cyclic life.

How the static fracture data presented herein applies to other materials is discussed
briefly, As pointed out in Paragraph 4.1.3, the general relationship desc.ibing
failure of the liner materials loaded uniaxially (OX/OY = 0) is presented as Equation
10, which is repeated below:

_ A
0= oult T M (a/Q)i

The constant A appears to be dependent upon the ultimate strength of the material

as illustrated in Figure 35 (S = A/t"). In general, this figure shows the value of

the constant A increasing with increasing ultimate material strength. An estimate
could be made bosed on this information, The value of parameter m is relatively
constant with an average value of 0,74, Armed with estimates of the constonts A and
m, the flaw size screened by the sizing stress in a uniaxial stress field could be esti-
mated for materials other than those tested, From the cnalysis conducted in Paragraph
4.1,3, there is a critical material thickness (tc) above which the failure loci is
defined by substituting t 2info the above equation. The value of t_ appeas to

be equal to 0.6 (KIE/oys) .

As pointed out in Paragraph 4.3, the biaxiality present in the liner con affect te
static fracture results and thereby the value of the flaw size screened during sizing.



The only liner material that was influenced by the biaxiality was the 2219-T62
aluminum and the effect appeared to decrease with increasing material thickness, This
effect is illustrated in Figure 45 in terms of the failure loci slope (S) where S is related
to thickness by Equation 9 which is repeated below:

it appears that for biaxiality ratios of 0.51.0 for the aluminum, the value of A

is higher than that indicated for a uniaxial stress field failure and the valve of m

is lower (about 0.27). How this information relates to other aluminums aond, in general,
other materials not tested is not known, It appears safe to assume that for thick sec-
tions of aluminum the uniaxial static fracture results can be used, but for thin gages
biaxiality should be accounted for.

To establish the response for materials not tested herein to a biaxial stress field when
static fractured, it would be necessary to conduct tests unless the materials were
metallurgically and strength-wise similar to those reported herein,

7.3 Cyclic Life Determination

Once the flaw depth (aic ") that is screened by the sizing cycle (stress) is established,
the next step is to determine how many operational pressure cycles the pressure vessel
can withstand without leaking or failing catastrophically. In other words, how many
operational cycles does it take to grow a flaw from the depth screened by the sizing
cycle to the point of cat_strophic failure or leakage (fiaw penetrcting the liner

thickness), whichever occurs first,

The liner physical parameters affecting the cyclic life must first be established.

These are:
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(1) material

{2) thickness, t

(3) operating temnerature, T

(4) moximum operating stress, oo

(5) minimum to maximum stress ratio, R

The next step involves a numerical integration procedure to determine the number

of cycles required to grow the fiaw from aic " 1o the point of leakage where

9 = liner thickness (t). The rlaw growth potential |t - Oicr] is divided info

a sufficient number of increments to ensure a close approximation to the cyclic life.
Normaliy, ten increments will suffice. Table 23 illustrates the numeric integration
invclved. The same initial flaw shape as assumed when determining the flaw depth
screened by the sizing stress should be used. An assumption must be made which
deszribes the manner in which the flaw shape changes from its initial value until the
flaw penetrates the liner thickness. The crack growth rates developed in this program
assumed both the flaw depth and length growth, simultaneously reach the same per-
centage of their respective total growth from initial to final values. This relationship

is described by Equation 4 which is repeated below:

a-a, 2¢c - 2c,
i i

- c:i Zcf - Tci

For analysis consistency, the same relationship should be used. The festing conducted
herein demonstrated that regardless of the flow shape when cycling started, the flaw
shape always attempted to approach a material dependent steady-state value

which was approximately 0.35 for the 2219-T62 aluminum ond Incone! X750 STA,

and 0,42 for the cryostretched 301 stainless steel, This limiting condition is due to
differences in cyclic crack growth rates in the flaw ~epth and width directions., For
cases where the liner thickness is too thin to develop the steady-state flaw shape for
a given initial flaw shape, it should be assumed that the flaw lenth (2c)i does not

change; flaw growth occurs only in the Aepth direction.

59



By knowing the various flaw shape values and the maximum operating stress-to-
sizing stress ratio (00/0; ), the corresponding values of Q can be determined.
The deep flaw magnification factor can also be calculated since the flaw depth-to-
thickness ratio (a/t) is known, The stress infensity based on the maximum cyclic
stress for each selected valve of flaw depth can be determined using Equation 6
which is repeated below:

_ Ta 172
Kmux = L1 amx(T) wm

where : Crox maximum operational stress
a = flaw or crack depth
Q = flaw shape parameter (see Figure 16
Mkm = deep flaw magnification factor (see Figure 17}
K + K
maxi max;
The average stress intensity ( % ) for each increment of flaw growth can

now be determined, The cyclic crack growth rate for each increment can be
calculated from Equation 7 using the average stress intensity for that increment.

Equation 7 is repeated below:

where : % = cyclic crack growth rate

(K_)

max av

average stress intensity based on maximum stress level

C, B, n = emcirical constants

The empirical constants, C and n are defined in Figures 70, 71 and 72 for the
three candidate iiner materials, These constants describe the crack growth rate
behavior when R = 0, The constant, B, which accounts for stress ratios other than
zero is defined in Figures 80 through 86, The number of cycles required to grow
the flaw each increment is determined by dividing the crack growth increment by
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the corresponding crack growth rate, The total cyclic life to flaw breakthrough

is the summation of these incremental cycles,

Although the cclic life tests conducted in this program demonstrated flaw leakage for
the thicknesses tested, it is extremely likely that with thicker specimens cctastrophic
failure would occur prior to the flaw propagating through-the -thickness.

In actual overwiapped liners leakage might result rather than catastrophic failure be -
cause cf the additional restraint offered by the overwrap material. In the case of linear
elastic fracture mechanics, cyclic failure is assumed %o occur when the critical stress
intensity (KIE) is reached, The maximum stress intensities attained at 295K (72°F)

for the maximum thickness of materials tested are presented below:

K
Material max
MN/m2 (ksi Vim)

2219-T62 BM 55.0 (50.0)
Aluminum WM 4.6 (40.6)
Inconel X750 BM 98.3 (89.4)
STA WM 99.9 {(90.9)
Cryostretched BM 128.0 ( 116.5)
301 SS WM 101.4 (92.3)

These values were calculated using Equation 6 and are based or the flaw size at
breakthrough and the maximum stress at which the specimens were cycled, The

maximum stress intensities cited above are believed to be less than the K|E values

for these materials,

In performing the cyclic life analysis presented in this section it should be assumed

that catastrophic failure will occur when K, _ is reached, In other words, when a

IE

valuve of KIE is attained in performing the numeric integration outlined in Table 23,
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the cyclic life should be those cycles required to grow the flaw from its initial

is reached, In lieu of actual K,. values for

IE IE
the materials investigated herein, the preceding table of maximum stress intensi-

conditions to the point where K

ties attained during cycling testing should be used, If K|E is not reached prior

to the flaw penetrating the liner thickness, then leakage is the mode-of-failure.

Because of the amount of data scatter normally observed in cyclic crack growth
rates it is necessary to apply a scatter factor to the life determined to arrive

at a guaranteed value. In most instances, experimentally determined rates vary

by a factor of about three (3) at a given stress intensity level. The values of the
cyclic crack growth rate parameters (B, C and n) presented herein were, in general,
selected to yield average rates. The above facts coupled with the fact that initial
refardation in the rates normally occurs after experiencing a sizing cycle, prompted
the investigator to suggest that the cyclic life determined in the preceding para-
graphs be reduced by a factor of two (2), This reduction should account for any
data scatter that might occur,

The selection of the initial flaw shape as pointed out in Paragraph 7.2 is an
important part of the life analysis. How important it is, is graphically illustrated

in Figure 95 where various initial flaw shapes were assumed for 4.57 mm (0,180 inch)
thick 2219-T62 aluminum base metal, In this case the flaw shape yielding the least
life is 0.50., For the aluminum and Inconel materials investigated herein, this is
generally the case; an initial flaw shape of 0,50 will yield the least cyclic life.
Cyclic life analysis of the 301 stainless steel material indicates the answer is not as
clear cut, being highly dependent upon the thickness of material under consideration.
For this material, especialiy, various initial flaw shapes need be considered and the

one yielding the least cyclic life should be used.

How the cyciic life data presented herein applies to other materials is discussed briefly,
As concluded in Paragraph 5.1,2, the sizing stress level did not have any influence
on the cyclic crack growth rates except for an initial retardation, This retardation

is caused by the sizing stress overload and the magnitude of the retardation is a



function of the maximum opercting stress<to-sizing stress ratio; the lower this valuve
the more retardation experienced. The growth rate analysis presented herein ignores
this retardation since it was not a consistent phenomena observed throughout the
testing, The subsequent rates, after the flaw has propagated to the point when the
influence of the sizing stress has vanished, are equal to rates obtained without any
prior sizing stress, This suggests that baseline crack growth rate data for other
materials could be obtained from surface flawed cyclic tests developed for linear
elastic fracture mechanic analysis. To use this data it would be necessary that this
rate data be preserited as a function of Kmox as defined by Equation 6, which in-
corporates a deep flaw magnification factor, It should be remembered that this base-
line data must be developed at a stress ratio of zero,

To establish the response of the materials other than those tested herein to R ratios
other than zero (specifically negative values) it would be necessary to conduct

tests to cscertain this influence. The effect of R ratio is handled by the constant
B in Equation 7 and, as pointed out earlier, B is also dependent upon the mate:iial,

liner thickness und the maximum operating stress level,
7.4 Storage Life Considerations

The life analysis presented in the previous paragraohs is based solely on how many
operational pressure cycles the liner can withstand without failing. This analysis
assumes the pressurant to be compatible with the liner material from a stress corrosion
standpoint.  Stress corrosion exists when flaws propagate under sustained stress when
exposed to the pressurant, If this condition did exist, the operational life of the

liner would be severely reduced.

The question of flaw growth under sustained stress was not addressed in this experi-
mental program and therefore for material/environment combinations other than
those tested herein (which were compatikle) serious consideration should be given
to this aspect of the life analysis, Ultimately, the answer of stress corrosion com-

patibility should be obtained by performing sustained load tests of the liner raterial



(and thickness) containing surface flaws which are exposed to the pressurant,

Tests of this type would be able to define the stress/flaw size combinations in
which the flaws propagate and those in which they do not, At no time during the
cyclic operation of the liner would the stress/flaw size combination be permitted
to exceed this stress corrosion threshold, This would essentially reduce the flaw

growth potential available for cyclic operation,
7.5 Parametric Life Analysis

A porameiric service life analysis is presented as an aide in performing trade
studies involving overwrapped tanks with load sharing liners, This analysis is gen-
erally somewhat conservative; yielding the least cyclic life for the cond*tions stated.

Where a more accurate life analysis is required, the procedures outlinec .. Paragraphs
7.2 and 7.3 should be followed.

Nomographs for liner materials, 2219-T62 aluminum, Inconel X750 STA and cryo-
stretched 301 stainless steel (base metal and weld metal) are presented in Figures 96
through 113, By knowing the material, liner thickness, sizing stress, maximum
operating stress (determined using the Reference 2 Design Guide), and an assumed
initial flaw shape the operational cyclic life for R =0 (minimum-to-maximum opera-
tional stress ratio) can be found directly from these nomographs, These figures are
presented for various assumed initial flaw shapes for two reasons; (1) the cyclic life
can be highly dependent on the assumed initial flaw shape and (2) in some cases, the
sizing cycle does not screen a flaw if a high value of flaw shape is assumed and

it is desirable to know thc cyclic life capability of the liner for those flow shapes that
are screened, To obtain cyclic life values at cyclic stress levels other than those pre-

sented, the following expression should be used:

N n

o O x
) (12)
Na=




where : NO’ = cyclic life at a stress level

me = cyclic life ¢* a stress level of 0= x

n = flaw growth rate exponent for the liner material
under consideration (Figures 70, 71 and 72)

These nomographs are presented in terms of cycles to leakage and this is the
general failure mode for the materials, operating stress levels and rthicknesses
tested. If higher operating stresses are employed, a check on whether or not
the material's KIE is exceeded during cycling should be made as outlined in
Paragraph 7.3. The cyclic life of a liner is defined by either the crack propa-
gating through the thickness of the liner (causing leakage) or the crack reaching

critical proportions (causing catastrophic failure), whichever occurs first,

To adjust the life for R ratios other than zero, the following expression should be

used:

-B_Rzg B NR=x (13
R=X
The value of B is found in Figures 80 through 86 and is based on the material,
liner thickness and the maximum operating stress level. The cyclic lives do not

reflect any factor to acccunt ror data scatter (refer to Paragraph 7.3 for a discussion

of this important point),
7.6 Limitations

When applying Equation 10 in determining the crack size screened by the sizing
cycle, there is a maximum material thickness (tc) above which the failure loci

is defined by fc, where tcz 0.6 (KlE/oys)z. The use of Equation 10 is also



limited to failure stresses which occur above 0,90 O . These limitations are

discussed in more detail in Paragraph 4.1.4,

In addition, care should be exercised in using the data presented as applying to
other materials, temperatures, thicknesses and stresses, Extrapolations could be
dangerous, especially for the materials where only two thicknesses were investi-

gated,
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FIGURE 11: ‘2219-T62 ALUMINUM STATIC FRACTURE L7ECIMEN WITH FLAW
ANTI-DEFLECTION B .S
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COMPRESSION LOAD
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1
=X/
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o o | L I
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t ' : 1 /\ 2
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1 []
) i i SLIDE JOINT
‘ t__13 |
- WIDTH ——» | g ! > 0.13wm (0.005 INCH)
i i TEFLON TAPE APPLIED
L/'v"'\-u TO RESTRAINT PLATE
ﬁ,\" N SURFACES
SPECIMEN PLATE DIM'S, mm (INCH)]
.D. WIDTH [ LENGTH | THICKNESS
101.6 215.9
IBTC, ICTC 1 (4,00 | (8.50) (0.188)
IATC, IAX 101.6 254.0
(4.00) | (10.00) (0.250)
2ATC, 2AX, 101.6 368.3
2BTC, 2CTC| (4.00) | (14.50) (6.375)
203.2 | 609.6
JAX (8.00) | (24.00) {0.500)
FIGURE 12: COMPRESSION/TENSION SETUP FOR TESTING UNIAXIAL SPECIMENS
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STRESS, O (MN/m2)
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250 je
200 =
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3
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FIGURE 14: TYPICAL STRESS/STRAIN FOR 2219-T62 ALUMINUM WHEN LOADED
IN COMPXESSION AFTER A PLASTIC SIZING CYCLE IN TENSION,
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FIGURE 16: SHAPE PARAMETER CURVES FOR SURFACE FLAWS
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FIGURE 17: DEEP FLAW MAGNIFICATION CURVES ( Reference 11 )



CRACK DEPTH, a; (INCH)

0 0.02 0.04 0.06 0.08 0.10
| 1 T — 1 70
450 (o/2¢);z0.40 |0x/Ty = 0
400 1%
350 ds0
<« 30
£ Jdo -
Z wy
2 250 =
b b
- a "
w) 430 w»n
& 20 | moDE OF (a/2¢); = &
“ FAILRE | 0.12 [ 0.22 [ 0.40 “
T I e
FAIL © (00| O —20
100 Ak ] a | a | 2|z
[~ % g %‘
SOLID SYMBOLS WERE TESTED S| _|jo
5 WITH FLAW RESTRAINT PLATES |2 7
— OVER FLAW ({ 2 SPECIMENS) w|E
0 1 i | ] ‘ Lo
) 0.5 1.0 1.5 2.0 2.5

CRACK DEPTH, 9; (mm)

FIGURE 18:  FAILURE LOCI FOR 2,29 mm (0.090 INCH ) THICK 2219-T62
ALUMINUM BASE METAL AS A FUNCTION OF CRACK DEPTH



CRACK DEPTH, a; (INCH)

0 0.04 0.08 0.12 0.16 0.20
T T T | 70
450 I"’x/., y=0
Oult (o/2¢), = 0,38
400
350 1so
)
N
> 300
2 o ~
=] vy
s 0 0.20 =
i b
o 0,10 -
& a
“© 2000 -430 0
1y
150
& — 20
E:
100} | mODE OF (o/2c); = z g
FAILURE ] |
.10 1 0,20 ] 0.38 a T _ 10
50| FAIL ©O |0]o
0 1 1 I L * Uo
0 1.0 2.0 3.0 4.0 5.0

CRACK DEPTH, a; (mm)

"FIGURE 19:  FAILURE LOCI FOR 4,57 mm (0.180 INCH) THICK 2219-T62 ALUMINUM
BASE METAL AS A FUNCTION OF CRACK DEPTH
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STRESS, 0" (*AN/m2)

CRACK DEPTH, a, (INCH)

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28
I T | T 1 T 70
450 (a/2c); % 0,38 0./0, - 0
0.20 - 60
150
300| o)
—
\ o
2500
200{_ 30
150
— | MODE OF (a/2c); R 120
FAILURE 10,10 |0.20] 0.38
100
B FAIL ()] 2 o
o
50 SOLID SYMBOLS ARE WELDMENT
RESULTS ( 2 SPECIMENS )
0 1 | 1 1 ] l o
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
CRACK DEPTH, a; {mm)
FIGURE 20: FAILURE LOCI FOR 7.62 mm (0.300 INCH ) THICK 2219-T62

ALUMINUM AS A FUNCTION OF CRACK DEPTH
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STRESS, 0" (MN /m?2)

CRACK SIZE, (o/Q); (INCH)

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28
T T T T T T 70
- ault
60
400 n
3501 _150
300 o,
_l40
250 7.62 (0.300)
r 4.57 {0.180)
t= 2,29 mm (0.090 INCH) %
200 —
THICKNESS, t (0/2¢), =
mm (INCH) | 0.1 | 0.2 | 0.4
2.29 (0.090) o
100
457(0.180) | p | O | @
o
sol 17.6200.3000| & | & | A
0 | 1 l | ] | 0
1.0 2.0 3.0 4.0 5,0 6.0 7.0
CRACK SIZE, {a/Q); (mm)
FIGURE 21:  FAILURE LOCI FOR 2212-T62 ALUMINUM BASE METAL

AS A FUNCTION OF o/@.
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STRESS, T (MN/m?)

CRACK SIZE, (o/Q), (INCH)

0 0,04 0.08 0.12 0.16 0.20 0.24
600 | T T T T 90
Ox/g. =0
y
550 —{s0
500
/— t=2.29 mm (0.090 INCH) 0
450 / 4.57 (0.180)
60
400 7
——— O
3501 ys _4 50
4—— (0 ATRT
300
_l40
250 SPECIMENS LOADED TO O, ATRT,
THEN LOADED TO FAILURE IN LN,
200 —{30
150]_ | THICKNESS, (0/2¢). =
t ! 120
mm (INCH) 0.1 0.2 | 0.4
100 F————L=:.L=:
— 2.29
o) | ©1©9 |0 0
4,57 Y, 7]
o (0.180) % 0 Z
0 ] L l ) 1 0
0 1.0 2.0 3.0 4.0 5.0 6.0
CRACK SIZE, (a/Q); (mm)
FIGURE 22: FAILURE LOCI FOR 2219-T62 ALUMINUM BASE METAL

AT 78K (-320°F) AS A FUNCTION OF o/Q.
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STRESS, O (MN/m?)

CRACK SIZE, (a/Q); (INCH)

0 0.04 0.08 0.12 0.16 0.20  0.24
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450 - ox/oy-.- 0
o 60
400 7
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200} -1
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4,57 (0.180 /
B L ,////g
7.62 (0.300) / A
Z
1.0 2.0 3.0 4.0 5.0 6.0
CRACK SIZE, (a/Q); (mm)
FIGURE 23:  FAILURE LOCI FOR 2219-T62 ALUMINUM WELD METAL

AS A FUNCTION OF o/Q.,
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CRACK SIZE, (a/Q); (INCH)

0 0.04 0.08 0.12 0,16 0.20  0.24
T T 90
00l T 1 T
Ox/ays 0
550|_ 80
500 Ouit
t= 4.57mm (0.180 INCH) ~70
4501~ 2.29 (0.090)
{50
400
S
£
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\6 | ———— as
2 300]
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2.” (O.WO) 0
10
50f |.4.57(0.180) 0
0 | | ] | | 0
0 1.0 2.0 3.0 4.0 5.0 6.0
CRACK SIZE, (a/Q); (mm)
FIGURE 24:  FAILURE LOCI FOR 2219-T62 ALUMINUM WELD METAL AT

78K (~320°F) AS A FUNCTION OF o/Q .
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STRESS, 0" (MN/m?)

CRACK SIZE, (a/Q); (INCH)

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
T T I | T | 200
1300} Ox/ ¢, <0
180
1200 %t
1100}~ 4160
1000
- H
t= 3,30 mm (0.130 INCH ) 140
900}
*+—0, 120
800
1.02 (0.040)
- (T
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700} 1100
600}
500}
400 60
3001 THICKNESS , (o/2¢c); = 40
t
mm (INCH) | 0.1 ] 0.2 | 0.4
(0.040) 2
3,30 7/ 7 -
B D /
ol | i 40 77
0 1 i ] | ] | o
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
CRACK SIZE, (a/Q); (mm)
FIGURE 25: FAILURE LOCI FOR INCONEL X750 STA BASE METAL

AS A FUNCTION OF o/Q.
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STRESS, 0 (MN/m?)

CRACK SIZE, (a/Q); (INCH)

0 0002 0004 0.% 0.08 00‘0 0.'2 oil‘
LI 1 LI} L I 220

U&/Uys 0
1400
- 200
1300k
_hso
1200
1000
3,30 (0.130) 4o
900
120
gool_ Oy ]
700} 100
600}-
80
s00.  SPECIMENS LOADED TO G, ATRT, THEN
LOADED TO FAILURE IN LN,
60
400P_ 7
300
THICKNESS, o|  (0/2). % 4
mm {INCH) | 0.1 | 0.2 | 0.4
1.02(0.040) | © | O | O "
/ —
1ol | 3.30¢0.130) % 0 //

0 L i ] ] ] 0
0 61.5 1.0 1.5 2.0 2.5 3.0 T.L:;
CRACK SIZE, (a/Q); (mm)

FIGURE 26: FAILURE LOCI FOR INCONEL X750 STA BASE METAL AT
78K (-320°F ) AS A FUNCTION OF a/Q ,
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STRESS, 0 {MN/m2)

CRACK SIZE, (a/Q); (mm)

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
1300 1 T 1 A ] 1 1
O/ =0 | <180
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L%O;:) 77 - 20
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0 1 | 1 l 1 l 0
0.5 1.0 1.5 2.0 2.5 3.0 45.5
CRACK SIZE, (a/Q)i (INCH)
FIGURE 27: FAILURE LOCI FOR INCONEL X750 STA WELD METAL

AS A FUNCTION OF o/Q
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STRESS, 0 (MN/m°)

CRACK SIZE, (o/Q); (INCH)

15002 0,02 0.04 0.06 0,08 0.10 0.12 0.14
T L i ] | Ll
U E 3
1400 0y =0
—{ 200
1300
{180
1200
1100 1160
t = 3.30mm (0,130 INCH)
1000
0 J140
9001 1.02 (0.040)
[&— Oy AND 120
800 0, ATRT
700 oo
600|
500 SPECIMENS LOADED TO 0 ATRT,
B THEN LOADED TO FAILURE IN LN,
dso
m—
200 THICKNESS, ¢ [{a/2¢), 2
— |  mm (INCH) 0.2 10
1.02 (0,040
200 ( ) °
3.30 (0.130) a 120
100}—
0 i 1 1 | | ) 1} 0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

CRACK SIZE, (o/Q); (mm)

FIGURE 28: FAILURE LOCI FOR INCONEL X750 STA STA WELD METAL AT
78K (-320°F) AS A FUNCTION OF o/Q
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CRACK SIZE, (o/Q). (INCH)
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o

-
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L
. FAILURE LOCI FOR CRYOSTRETCHED 301 STAINLESS STEE
FIGURE & BASE METAL AT 78K (-320°F) AS A FUNCTION OF o/Q.
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CRACK SIZE, (o/Q); (INCH)

0 0.02 0.04 0.06 .08 0.10
2200 LB T [ 1 B
P/a, = 0
2000}—
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240
1600 -
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5 ﬁ \ o =
‘ [7,]
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— (0.028 = — —
y (o]
(0.028) 40
200]_ 2.54
(0.100 | O
0 1 1 | | Uo
0 0.5 ] '0 ] 05 200 2.5

CRACK SIZE, (O/Q); (mm)

FIGURE 30: FAILURE LOCI FOR CRYOSTRETCHED 301 STAINLESS STEEL
WELD METAL AT 73K (-320°F) AS FUNCTION OF o/Q,
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MATERIAL THICKNESS, t (INCH)
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FIGURE 31: RELATIONSHIP BETWEEN S AND



STRESS, O (MN/m2)

CRACK SIZE, (o/Q); (INCH)

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28
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600 |-
Ox/0 20
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550} so
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00t Org _20.9
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-
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3.18( ) e
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200 30
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100]__ | 3.18(0.125)
7.62(0.300)| A 110
m [, - 3 )
0 l | 1 . | ] | 0
0 1.0 2,0 3.0 4.0 5.0 6.0 7.0
FIGURE 32:  FAILURE LOCI FOR 2219-T87 ALUMINUM BASE METAL AS A
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FUNCTION OF o/Q (REFERENCE 12)
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CRACK SIZE, {a/q); (INCH)

STRESS, 0" (MN/m?)
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T
sool_ i | | T | ;| 90
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550\ > 3 480
Kig ® 39.4 MN/m 72
5000+ %y (35.9 kst VIN))
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400} 2.54 (0.100)
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300} FOR t23.30 mm (0.13 INCH)
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200 [THICKNESS, | sym -] [> BASED ON DATA FROM REF. 13, —30
mm (INCH) | BOL WHERE 7, /< 0.9 AND DEEP FLAW
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10— (0.062) ° M) 20
DEFINED IN FIG. 17 —~
2.54 D
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(0.250 | & —10
sol-
0 ] l | ] 1 | 0
0 0.5 ].0 l.s 2.0 205 3-0 3’5

CRACK SIZE, (0/Q ); (mm)

FIGURE 33: FAILURE LOCI FOR 7075-T651 ALUMINUM BASE METAL AS A
FUNCTION OF o/Q (REFERENCE 13)
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CRACK SIZE, (a/Q); (INCH)
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mm (INCH)
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1.60 (0.063) | O N
200}
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100l | 5.34(0.2100| O
0 | 1 1 | L \ o
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
CRACK SIZE, (0/Q); (mm)
FIGURE 34:  FAILURE LOCI FOR 6Al-4V STA TITANIUM BASE METAL

AS A FUNCTION OF o/Q (REFERENCE 3 )
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MATERIAL THICKNESS, t (INCH)
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l\{l IIIII T T T T 1171 10,000
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 FIGURE 35: RELATIONSHIP BETWEEN S AND t FOR VARIOUS MATERIALS
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CRACK SIZE, (o/Q); (INCH)

0 0.04 0.08 0.12 0.16 0.20
! T 70
Ox/0 y =0 I
- 60
SCATTERBAND OF DATA
FROM FIG. 21 WITHOUT
FLAW RESTRAINT PLATES
50
3
> —
2 Jo 2
b_ b
2 2
& 4% E
1500
d20
100 @ DATA DEVELOPED USING
FLAW RESTRAINT PLATES
-10
50 =
0 L 1 1 1 do
0 1.0 2.0 3.0 4.0 5.0

CRACK SIZE, (a/Q); (mm)

FIGURE 36: COMPARISON OF STATIC FRACTURE DATA DEVELOPED WITH AND
WITHOUT FLAW RESTRAINT PLATES ~ 2,29 mm (0.090 INCH) THICK-
2219-T62 ALUMINUM BM AT 295K (72° F)
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CRACK SIZE, (a/Q); (INCH)
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FIGURE 37:

STRESS, 0 (MN/m?)

CRACK SIZE, (a/Q); (INCH)
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CRACK SIZE, (a/Q); (mm)

COMPARISON OF STATIC FRACTURE DATA DEVELOPED USING FLAT

AND CURVED SPECIMENS MADE OF 2,29 mm (0.090 INCH) THICK 2219-T62

ALUMINUM AT 295 K {72°F)

STRESS, O (KSI)



STRESS ,0 (MN/m?)

CRACK SIZE, (°/Q)i (IINCH)

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28
1 | | T T Y 70
ol o> | /0, -@
-4 60
400
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2000 30
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100k [ see NOTE ON TABLE 12!
7.62(0.300)| & | A | A 10
50l
0 1 1 | | 1 1 0
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
CRACK SIZE, (a/Q); (mm)
FIGURE 38: FAILURE LOCI FOR EQUAL BIAXIALLY LOADED (SPHERICAL CAP

SPECIMENS) 2219-T62 ALUMINUM BM AS A FUNCTION OF o/Q.
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STRESS, 0" (MN/m2)

CRACK SIZE, (a/Q); (INCH)
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1300 }- Ox/0y=1.0
4180
- 160
4140
t= 2.07 mm (0.082 INCH)
4120
4100
6001
- 80
500 |
300
{40
200 THICKNESS, t | a/2¢ >
o mm (INCH) [ 0.2
2.07 (0.082 -{20
00| ( ) O
0 | | 1 1 1 | 0
0 0.5 1.0 1.5 2.0 2.5 3.0 1.5
CRACK S!ZE, (a/Q); (mm)
FIGURE 39: FAILURE LOCI FOR EQUAL BIAXIALLY LOADED (SPHERICAL CAP

SPECIMENS) INCONEL X 750 STA BM AS A FUNCTION OF o/Q
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CRACK SIZE, (a/Q); (INCH)

0 0.04 0.08 0.12 0.16 0.20
| 1 1 T 70
sol ARROWS ON SPECIMENS
INDICATES FAILURE DOES
NOT OCCUR AT FLAW "
400
350 BM SPHERICAL CAP 50
RESULTS (Ox/Oy » 1.0)
&
T awf (REF. FIG. 38)
z o _
= BM UNIAXIAL RESULTS 3
250 -
b. ~ (Ox/Cyax0) X
3 (REF. FIG. 21) S
£ 2000 -430 4
v WM UNIAXIAL RESULTS g
(Ox/0y=0) n
150 (REF. FIG. 23)
[ease WELD 1%
Ox/ 0y TAL|META
100 |
0.5 Ol @
-10
sol os21.0 |l O | W
0 | 1 1 1 0
0 1.0 2.0 3.0 4.0 5.0

CRACK SIZE, (a/Q); (mm)

FIGURE 40:  FAILURE LOCI OF 2.29 mm (0.090 INCH) 2219-162 ALUMINUM
CYLINDERICAL TANK SPECIMENS (NON-OVERWRAPPED AND

OVERWRAPPED)AS A FUNCTION OF o/Q
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CRACK SIZE, (a/Q); (INCH)

0 0.04 0.08 0.12 0.16 0.20 0.24
] 1 1 1
600 = ! 90
550 = -4 80
500
-4 70
450
400 - 60
BM UNIAXIAL RESULTS
(O-X/UY =0)
& (REF. FIG. 22)
\E 350 450 =
z (Vs
s X
5 300 °
~ (V]
A 0 92
wi WM UNIAXIAL RESULTS . oc
o [
5 250f ( Ox/0y=0) v
(REF. FIG. 24 )
200} =130
ARROWS ON SPECIMENS
150 b= INDICATES FAILURE DID NOT
OCCUR AT FLAW, 120
100}~ ]
0,/ 0y base | weld
metal | metal
= 10
sole l0.82—1.0|0 | W
0 | | 1 i 1 1
0 1.0 2.0 3.0 4,0 5.0 6.0
CRACK SIZE, (a/Q); (mm)
FIGURE 41: FAILURE LOCI OF 2.29 mm(0.090 INCH) 2219-T62 ALUMIN UM

CYLINDRICAL TANK gPECIMENS (OVERWRAPPED) AS A FUNCTION
OF a/Q AT 73K (=320°F)
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STRESS, 0" (MN,/m2)

CRACK SIZE, (a/Q), (INCH)

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
’ | L T | T T 200
1300
-] 180
1200
1100 3.30mm (0.130 INCH) 1169
BM UNIAXIAL RESULTS
(0 x/0 y=0 )
1000- (REF. FIG. 25)
- 140
900 — 2.,08mm (0.082 INCH)
- BM SPHERICAL CAP RESULTS
u Ox/Ty=1.0)
800}— - (REF. FIG. 39) -2
1.02 mm (0.040 INCH)
500 BM UNIAXIAL RESULTS
N (Ox/Ty=0)
so0le WM UNIAXIAL RESULTS
(Ox/Cya0)
(REF. FIG.27)
400 |- - 60
3w —
- QD
200
- 20
100 b~
0 L ] ] 1 1 | o
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
CRACK SIZE, (a/Q). (mm)
FIGURE 42:  FAILURE LOCI OF 1.02mm (0.040 INCH) INCONEL X750 STA

CYLINDRICAL TANK SPECIMENS (NON-OVERWRAPPED AND

OVERWRAPPED) AS A FUNCTION OF o/Q.
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STRESS, 0" (MN/m?)

CRACK SIZE, (o/Q); (INCH)

0 0.02 0.04  0.06 0.08  0.10 0.12
1500 T | | | 1 220
- 200
AT
o
Do
BM UNIAXIAL RESULTS 120
( ax/O'y a0) :'n?
( REF. FIG. 26) X
5
Jdiwo ¢
o
&
500
— WM UNIAXIAL RESULTS
(0x/8y=C) 1%
500 (REF. FIG. 28)
ARROW ON SPECIMEN INDICATES
200 FAILURE DID NOT OCCUR AT FLAW
J40
200 |-
420
1001
0 | | N | 1 1 A 0
0 0.5 10 1.5 2.0 2.5 3.0

CRACK SLE, (a/Q); (mm)
FIGURE 43:  FAILURE LOCi OF 1.02mm (0,040 INCH) INCONEL X750 STA
CYLINDRICAL TANK SPECIMENS (OVERWRAPPED) AS A
FUNCTION OF o/Q AT 78K (-320°F)
m



CRACK SIZE, (a/Q); (INCH)

0 0,02 0.04 0.06 0.08 0.10
2200 T T N T 320
ARROWS ON SPECIMENS
2000 - INDICATES FAILURE DID
NOT OCCUR AT FLAW 280

STRESS, O (MN/m?)

1800
BASE
IOy | metaL] —{240
1600 - |
0.5 O
1400 1.13—1.19] O 1200
>
1200 X
®
2,54 (0.100 INCH) —{160 o
1000} UNIAXIAL RESULTS i
(Ox/ Ty =0) 5
(REF. FIG. 29)
800 | -4120
*r {80
400 0.7) mm (0028 INCH )
UNIAXIAL RESULTS
(Ox/0y=0) —40
200 |- (REF. FIG. 29)
0 0.5 ].0 ]'5 2.0 2.5

CRACK SIZE, (0/Q);  (mm)

FIGURE 44: FAILURE LOCI OF 0.89 mm (0.035 INCH) CRYOFORMED 301
STAINLESS STEEL TANK SPECIMENS (NON-OVERWRAPPED AND

OVERWRAPPED) AS A FUNCTION OF o/Q AT 78 K (-320°F )
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MATERIAL THICKNESS, t (INCH)

0.01 0.1 Lo
1 T T T T TTT70,000
BM(Ox/Oy=041.2) ]
-l
CRYOSTRETCHED
1000 301 SS AT o
- WM :
" (Ox/0ya0-+1.2[D>) 78K (-32°F)
_
-l
] BM
i (Ox/Cy=20-91.3)
- WM
(Ox/0y=0-+1.3) IN(;?:IiIi x750 —{1000
—~ T 95K(72F) 1 -~
o~ d _ -
(3 ) Q g
Z|E 219 162 - Y
— | Arzx (72F) Y ) -
» . BM
[ (0x/Gy=0)
I {100
d
-
10— .
- -
: 0.5-+1.0] ® -J i
ul | JJllllll | | - | llllll 1L 1w

1.0 10
MATERIAL THICKNESS, t (mm)

FIGURE 45: RELATIONSHIP BETWEEN S AND t FOR UNIAXIAL AND
BIAXIAL STATIC FRACTURE RESULTS
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INITAIL CRACK SIZE, (°/Q)i (mm)

FINAL CRACK SIZE, (a/Q)f (INCH)

0 0.01 0,02 0.03 0.04 0.05 0.06 0,07 0.08 0.09 0.10
1.5 | I ¥ | ] ' | T 1 0.06
ALL SPECIMENS LOADED lava, .0
TO 332 MN/m2 (48.2 KSl),
| THEN UNLOADED 0,05
a
(o/Q)? AT 000 3
1.0 —-—-—’ ] A-
Osn 332 MN/m?2 7 g
(48.2 KSI ) S
-l 0.03 §
0.4 (ESTIMATE) 8
0.5 0,02 =
0.2 =
o/2c 2 [SYMBOL r4
0.1 (a/2¢) = 0.1 -0.01
0.2 o)
.4 | O
0 1 L 1 1 4o
0.5 1.0 1.5 2.0 2.5

FIGURE 4¢:

FINAL CRACK SIZE, (a/Q)¢ (mm)

CRACK GROWTH=-ON= LOADING FOR 2,29mm (0,090 INCH) THICK
2219=T62 ALUMINUM BASE METAL



CRACK SIZE, (°/Q)i (INCH)

0 0.02 0.04 0.06 0.08 0.10 0.12
' T | T § T 920
600}
5504 - 80
500}
— 70
450 FAILURE LOCI BASED ON
INITIAL CRACK SIZE
400 —1%0
NA
£ 350 Js0
< - O,
o 300
a Jde
= 250 \ N S
wvr o
\\ “ L 0.4
200)_ \ [- 0.2 —30
(a/2¢). = 0.1
150 12
100
CRACK GROWTH OCCURS ABOVE
THESE LINES FOR RESPECTIVE CRACK 410
50 SHAPES (REF. FIG, 46)
r
0 L i L | 1 0
0 0.5 1.0 1.5 2.0 2,5 3.0

CRACK SIZE, (c:/Q)i (mm)

FIGURE 47 : NO GROWTH LOCI FOR 2,29 mm (0.090 INCH) THICK 2219-T62
ALUMINUM BASE METAL
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CRACK SIZE, (tl/Q)i (INCH)
0,02 0.04 0.06 0.08 0.10 0.1290

o

T T T T T
600 . Q &
bt <o o ox/oy'o
w o wi -4
So &% ¥
SES O]
<« o2V ~N A Z
E I A P
5(!)4__J1__‘E_.J - v > &
shwz v ‘0 -170
EZUg =57
I -~ <
w3HO . <350
- (7,
> ¥ -d 60
Z E <
o w sJ—: 3
E
z CIMEN FAILS
z SPECIME dso =
5 &) 2
>y (o)
g < 5
= Z N Jo @
FAILURE LOCI BASED ON -
INITIAL CRACK SIZE
200 CRACK GROWTH OCCWRS _}30
B ABOVE THIS LINE
(a/2c )i' 0.1
150
= 20
H
100 ) H Z
y4 Z ®]
O o ) 10
le— ® — o -— - = -
e |E -
é(a/Q)?ATG,
0 | 1 | 1 0
0 0.5 1.0 1.5 2.0 2.5 3.0

CRACK SIZE, (cl/G)i (mm)

IF INITIAL CRACK SIZE IS WITHIN THIS NARROW RANGE, SERVICE
LIFE CANNOT BE GUARANTEED,

FIGURE 48: CRACK GROWTH OCCURING DURING SIZING FOR 2.29 mm (0.090 INCH)
THICK 2219-T62 ALUMINUM BASE METAL, (a/2c)i= 0.1
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4—— CRACK RANGE WHERE
THE SIZING CYCLE
WOULD NOT GUARANTEE

THE SERVICE LIFE

REGION 1
REGION II

MATERIAL
THICKNESS

NUMBER OF CRACKS

\

\/4

L

CRACK DEPTH

FIGURE 49: DISTRIBUTION OF CRACKS IN A TYPICAL STRUCTURE
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8il

KMAX (MN/m 3/2)

—-— el

da/dN (W INCH/CYCLE)

0.1 1 10 100 1000
% - L) ’ T 100
< %0
90k | TmMAX MN/m2[symBoL (a/2¢), EC oys0y=0 | g
o 276 (40.,1) 0.28 <70
70
B @) 0.23 [ 1ATC-4 4 60
60 |~ [ © 0,11 [ 1AX=3
4] 0,32 | 1AX=6 450
oLl W @ Je
£v) @ [ 0.21 [ 1A-14
e 0.23 | 1A-18
0.24 | 1A=20 30
0} 0.23 | 1A-27
199 (28.9) 3] 0.29 | 1A-17
u] 0.25 [1ATC-15
2 166(24.) g 0.29 | 1AM= ) . 20
- 124(18.0) | O 0.23 | 1AM-1
9
B o 9
o
] a
10
10 p— O .
o |- O
: -~ 8
8 | O/ SPECIMENS SIZED TO 332
2 ~7
,; Qo MN/m2 (48.2 KSI) AT RT
t AND THEN CYCLED - s
6
, 1 | [ 1 5
10 100 1000 10,000

FIGURE 50:

da/dN ( [.l.mm/CYCLE)

ANDR= 0

BASELINE CYCLIC CRACK GROWTH RATES F(o)R 2,29 mm (0,090 INCH)
THICK 2219-T62 ALUMINUM BM AT 295K (72°F)

-
Kpax (KS1VIN)
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da/dN (i INCH/CYCLE)

nc?“ 1 10 100 1000
100 ' T T 19%0
ool 78K (-3209F) TEST TEMP. Ox/0y=0 | g0
80 [ Omax,MN/m? lsymoLifer2¢). | SPES-
Y [ S () b i] NO. - 70
- o 0.22 [1A=22 - 60
60k | 323(46.8) | @ | 0.25 [1A-24
s0f- A | 0.24 1A-26 1%
© 285 (41.3) | 0.26 [1A=-23 - 40
228 (33.1) € | 0.28 [1A-12
~ 30
1|
78K (~320°F)
. DATA - 20
B ®
295K (72°F) DATA 10
] (REF, FIG. 50) o
ol SPECIMENS SIZED TO 332 ]
6 MN/m 2 (48,2 KSI) ATRT, 8
- PROOFED TO 381 MN/m - 7
7} ] (55.2KSI) IN LN, AND THEN
ol L_CYCLED. ¢
=
L L 1 L A5
10 100 1000 10,000
da/dN (M mm "ZYCLE)
FIGURE 51: BASELINE CYCLIC CRACK GROWTH RATES FOR 2,29mm (0,090 INCH)

THICK 2219=T62 ALUMINUM BM AT 78K (=320°F) AND R = 0
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da/dN (i INCH/CYCLE)
0

0.1
110 ) 100 1000
100 — ! I 100
ool 295K (72°F) TEST TEMP. 78K (-320°F) TEST TEMP, ] ;g
sob| @.ny MN/m2 SpEC.| [0 MN/m2 ., SPEC. ]
0 max, WM lsymBoL ((a/2¢), MAX , MM I5-/14BOL (a/2¢), | SPEC .0
50| |—332(48.2) 0] 0.21 haw-1 ‘(5.2 | @ o, - 60
50f|  282(40.9) A | 0.2 NAW-17 323 (46.8) A | 0.28 lAW-22 1°°
Q| 0.25 WAw23 @ | 0.25 lAW-26
‘0 D_ | 0.25 lAW= 285 (41.3) | & |0.2 fiAw- 1
249 (36.1) D |o.2
o] 199(28.9) 0 0.20 -4 30
'/ In/ay=0
78K (-320°F ) DATA o
SPECIMENS SIZED TO 332 MN/m
(48.2 Ksl) AT RT, ROOFED 1O
381 MN/m? (55,2 KSI) IN LN,
AND THEN CYCLED o
295K (72°F) DATA "
10}~ i
o SPECIMEN'S SIZED TO 332 MN/m 49
- (48.2 KSI) AT RT, AND Jds
8l THEN CYCLED
7} 17
. 46
] | 1 | 5
10 100 7000 10,000
da/dN (gumm /CYCLE
FIGURE 52 BASELINE CYCLIC CRACK GROWTH RATES FOR 2.29mm (0.090 INCH) THICK

2219-T62 ALUMINUM WM AT 295K (72°F) AND 78K (-320°F) AND R= 0
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YA

32
KMAX (MN/m™ )

da/dN (L INCH/CYCLE)
10

0.1 1
10 Y ' 120 1000
100} sy eC 1 %
90| [Omax, oo™ SYMBOL(a/22)) "\ Ox/0y-0 j 80
= Bl |
8011332 (48.2) 0,22 | 2A-7 70
70} 0.26 |2A-5 - 60
0.24 [2A-8
OF| 22040.9) 0.24 [2A-15 ] 50
soL 0.21 PAW-1
ol g 0.22 [2AX=7 o
249 (36.1) 0.40 [2AX-1 ®
0020 mM‘]‘ - 30
30} 0.41_|2AM-8|
199 (28.9) @ [0.21 |2A-12
O [0.22 pAA
166 (24.1) g 0.20 [2AM=2 - 20
20| 124(18.0) 0.26 j
B 24
o g
B
8 o7
J10
L - 8
8 SPECIMENSS SIZED TO 332 MN/m2| o 7
7k (48.2 KSI) ATRT AND THEN
CYCLED -16
] N
f i 1 i 5
10 100 1000 10,000
da/dN (LL™M/CYCLE)
FIGURE 53: BASELINE CYCLIC CRACK GROWTH RATES FOR 4,57mm (0,180 INCH)

THICK 2219-T62 ALUMINUM BM AT 295K (72°F) AND R=0
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da/dN ( g1 INCH/CYCLE )

0.1 ] 10 1000
110 T ) L 100
]00 - 5 a -l 90
90| 78K (-320°K ) TEST TEMP. x/0y=0 80
sol [o 2 T
MaX , MN/m 2ic psoltas2e). f:’é)c . d 7
70t~ (ks i - 78K (=320°F) DATA de
sol. 381 (55.2 ; 0.22 | 2A-9
0.21 | 2A-] _
sol 323 (46.8) A [0.23 2A-Ib
<4 0.23 | 2A-18 ® do
oL 285 (41.3) > 0.22 | 2A-14
228 (33.0) a 0.20 | 2A-13 ®
& @ [0.25 [2a-17 > - 30
%) oL
£ p
% n
< [ ]
] . - 20
pV4
295K (72°F) DATA
(REF. FIG 53)
-4 10
10} 2 - 9
ol | SPECIMENS SIZED TO 332 MN/m 8
8 (48.2 KSi) ATRT, PROOFED TO -
381 MN/m? (55.2 KSI) IN LN, AND - 7
7= | THEN cYCLED d,
6L
1 1 ] 1 5

10

100

1000

10,000

KMAX (KSIVIN )

de./utN (p,mm / CYCLE)

FIGURE 54: BASELINE CYCLIC CRACK GROWTH RATES FOR 4,57mm (0,180 INCH) THICK
2219=-T62 ALUMINUM BM AT 78K (=320°F) AND R= 0



¥4

da/dN (i INCH/CYCLE)

0.1 1 10 100 1000
100 J T I 19%0
90} 295K (72°F) TEST TEMP. 76K {=320°F) TEST TEMP. = 80
gol] O MAX SPEC. O MAX SPEC. n
20 #MN/TT‘? (KS]) WMBOL (G/2€)i NO'J MN/m2 (KSI) SYMBOL (0/2C)i NO»A -1 70
332(48.2)] O 0.3 | 2AwW=-4 || 381 (53.2) @ 0.28 | 2AW=-6 460
O Q 0.26 | 2AW=-5 @ [ 0.24 | 2Aw-7
50 282(40.9) A 0.20 | 2AwW-8 323 (46.8) | A | 0.32 | 2AW-10 450
=~ [w)] 0.25 | 2AW-13 [ ) 0.24 | 2AW-11
. .8 0.26 _ ] - 40
sl 199 (28.8) | O 2AW-12 285 (33.0) | & 0.23 | 2aw ? | ® i
g Ox/Oy=0 30
£ 3oL -
vx
3. 420
S
o o A4
295 (72°F) AND
78K (-320°F) DATA "
‘2 - OPEN SYMBOLS SIZED TO SOLID SYMBOLS SIZED TO 49
8 T | 332 MN/m*“ (48.2 KSI) AT RT 332MN/m? (48.2 K"S‘:\)l /AT RT ds
- PROOFED TO 381 m
AND THEN CYCLED o
7} THE (55.2 K1) IN LN,, THEN CYCLED 7
46
s
1 1 | i 5
10 100 1000 10,000
do/dN (p, mm/CYCLE)
FIGUKE 55:  BASELINE CYCLIC CRACK GROWTH RATES FOR 4.57mm (0,180 INCH) THICK

S

2219-T62 ALUMINUM WM AT 295K (72°K) AND 78K ( -320°F) ANDR = 0

KMax (Kst VIN )
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3
KMAX (MN/m /2)

da/dN ([t INCH /CYCLE)

2219-T62 ALUMINUM BM AT 295K (72°F) AND * =0

0.1 1 10 100 1000
100 F . 1 1 1 90
0. wx . SPEC o =
90 SYMBOL| (a/2c ). . /Gy =0 _{.l
sol [Mny/m? (Ksiy o/2¢);] No. y Jso
oL © | 0.10 | 3ax7 |
7 __’g 0.11 | 3AX-8
0.38 | 3AX-12
50|- g 0.19 | 3AX-19
© @ 1027 13A%-20
" O 0.21 | 3AX-23
166 (24.1) ® | 0.19 | 3ax-24
124(18.0) | © | 0.23 | 3AX-28
130 -
2oL
10l 9
- & ds
8} SPECIMENS SIZED TO 332 MN/m2 ,
7L (48.2 KSI ) AT RT AND THEN CYCLED
46
6
1 1 | L 5
10 100 1000 10,000
da/dN (&t mm/CYCLE)
FIGURE 56: BASELINE CYCLIC CRACK GROWTH RATES FOR 7.62mm (0.300 INCH) THICK

Kypax ( KSIVIN'Y
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da/dN (1 INCH/CYCLE)

0.01 0.1 1 10 10
] T T ?00
100} - 90
90k ¥0,=0 | lg5
70~ 60

60 b
/ ® 50
50- e Q
o
&5 d«
O

ol B
g %égﬁ.o -3
™
?E 0 g 0 Duﬁ
2 O MAX I 1%
¥§ 20}~ o ™ mg“*(,(;,, SYMBOL | (a/2c), S,QEOC:
797 (115.6) @ | 0.21 | 18-8
O 0.5 | 18Xl
0.20 | 1B-6
724 (105.0) 0.15 18-18
0.18 | 18-22 | =40
10t 0.19 | 18-26 | ~4°
4 ol ” 637 (92.4) B [ 0.9 | 18-16 | -4®
Sk | SPECIMENS SIZED TO 850 MN/m 0 0.19 | 187C-141 _I,
2L |0123.3KsI) ATRT AND THEN CYCLED 517075.0 —gT75.23 [181C-1
4 345 (50.0) [ O [ 0.18 | 187C-2 | ¢
B 'Y 1 | od 5
] 10 100 1000

da/dN ( 4 mm/CYCLE)

FIGURE 57:  BASELINE CYCLIC CRACK GROWTH RATES FOR 1,02mm (0,040 INCH) THICK
INCONEL X750 STA BM AT 295K (72°F) AND Rz 0
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da/dN ( f4 INCH/CYCLE)

0.01 0.) 1 10 100
100 - . L] ]
9(,?' T Max SPEC. Ox/oy=0 | 17
0 = | MN/m2 (KS1) PYMBOU(0/2¢).| NO, ~{80
8
7o Tl 9s40139.0 [ @ | 0.17 [18-23 ~70
- @ | 0.19 [ 18-2] 460
sof-1 816018.3) 410,74 [18-25
| ] 0.19 |18W=3 50
LI 71801042 | @ | 0.18 [18-24
40
-
~ 30
(2]
<
z )
295K (72°F) DATA 20
$ ol (REF. FIG, 57) -
3
o
[ = SPECIMENS SIZED TO 850 MIN/m?2 d9
9k | (123.3KSI) AT RT,PROOFED TO 960 Jds
8- | Mn/m2(139.1 KSI) IN LN2 AND 1;
7L | THeN cycueo.
46
°t L l ] 1 5
1 10 100 1000

da/dN (4 mm/CYCLE )

FIGURE 58: BASELINE CYCLIC CRACK GROWTH R"ATES FOR 1,02mm (0,040 INCH ) THICK
INCONEL X750 STA BM AT 78K (=320°F) AND R=0,

Kpaax (K1 Vin)
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Kpax (MN/m¥/2)

da/dN  ( t INCH/CYCLE )

0.1 1 10 100 loqo
100 J J ' 15
90} o Ox/0y =0 lgo
80| 78K (-320°F) DATA v
70 SPECIMENS SIZED TO 850 MN/m -
= | (123.3KsI ) AT RT, PROOFED TO Jso
60k | "960 MN/m2 (139.1 KSI ) IN LN, fo)
AND THEN CYCLED d50
50 | ‘
440
oL A
/ 30
301 295K (72°F) DATA
SPECIMENS SIZED TO 850 MN/m?
20 123,3 KSI ) AT RT AND THEN CYCLED <20
T3 72°F) TEST TEMP, q
MAX SPEC.
MN/m2 (Ks1) FYMBOY (o/2¢), | "o -
850 (123.3) 0.18 [1Bw =1 = 78K (=320°F TEST TEMP., J Jo
10 ¢ 0.24 |1BW=6 MAX speC. | 1o
- 2y [SYMBOY (o/2¢), |
sl D 0,21 [18w=21 959 (139.1) @ 0,18 |1Bw=14 ;
ol
oL 638 (92.5) O 0,22 [1BW=17 A 0.16 | Bw=s | 49
1 ] ] 1 5
10 10,000

FIGURE 59:

INCONEL X750 STA WM AT 295K (72°F) AND 78K (-32

00 ]
da/dN (Mt mm/CYCLE)
BASELINE CYCLIC CRACK GROWTH RATES FOR 1.02 mm (0,040 INCH) THICK

F) ANDReO

)

Kmax (Ksi



da/dN ([t INCH/CYCLE)

0,01 0.1 \ ] 100
100 | | T IQ ] 100
80 SPECIMENS SIZED TO 850 MN,m P -
2oL |4123.3Ksi) ATRT AND THEN CYCLED [Ovay=0 |47
<0 1%
=2 50
50 7
© 0o %69 1
m
k\E 30 Y 1
g o ° °
>
20
5 Z» B MAX SPEC 1
\ [ ]
® MN/m2 (KsI) FYMBOY (a/2¢), | ‘o,
O | 0.20 |287C-4
0.20 | 28-5
o | 0.0 | 28-14] = 9
o Oﬁ B - 8
sl 638(92.5) | ® | 0.20 | 28-13] |,
7L 517(75.00 | O | 0.21 |281C-1] |
sL 345(50.00 | O | 0.22 |287C-3] ¢
1 1 1 1 Lls
] 10 100 1000 10,000

da/dN (p mm/CYCLE)

FIGURE 60:  BASELINE CYCLIC CRACK GROWTH %ATES FOR 3,30mm (0,130 INCH ) THICK
INCONEL X750 STA BM AT 295K (72°F) AND R=0,
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da/dN ( UINCH/CYCLE)

0,1 ] 10 100 1048,
100} ! ! ) 90
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;L AND THEN CYCLED. (] 0,20 | 28-11
oL 816(118.3) | @ | 0.20 | 28=6 | ¢
| 1 1 1 5
10 100 1000 10,000

FIGURE 61:

da/dN { 4 mm/CYCLE)

BASELINE CYCLIC CRACK GROWTH RATES FOR 3,30mm (0,130 INCH) THICK
INCONEL X750 STA BM AT 78K (-320°F) AND R= 0,
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B 638 (92.5) o 0.19 [28W=-18 719 (104.3) | @ 0.22 |28w-15] J 6
6}
] | | 1 5
10 100 1000 10,000

da/dN ( 4t mm/CYCLE )
FIGURE 62: BASELINE CYCLIC CRACK GROWTH RATES FOR 3,30mm (0,130 INCH ) THICK

INCONEL X 750 STA WM AT 295K (72°F), AND 78K ( -320°F) ANDR=Q
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O pAX | speC. T MAX SPEC.
MN/m2 (KsI) [sYmBOL {a/:ec)i NO. MN/m2 (KSI) [SYMBOL (a/2¢). | "NO.
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759 (110.0) | D 0.16 [1ICW-15 » | 0.18 [1C-2A N
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\ | 6900100.00 | O | 019 hicrc-4] | 938(136.00 | @ | 0.16 hcw4 s
- 1 1 [ 1 5
10 100 1000 10,000
da/dN (4 mm/CYCLE)
FIGURE 63:  BASELINE CYCLIC CRACK GROWTH RATES FOR 0,71mm (0,028 INCH) THICK

CRYOSTRETCHED 301 SS BM AT 295K (72°F) AND 78K (-320°F) AND R =0,
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0 295K (72°F) TEST TEMP. 1255(162.0) | @ | 0.17 hicw-8 —{10
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7 857 (124.3) | O 0.22 [iIcw=-19 4 0.15 l1CW-9 1
. B ) ' 793 (115.0) P | 0.16 hcw-l 46
- 1 L A | 5
10 100 1000 10, 000
da/dN { it mm/CYCLE)
FIGURE 64:  BASELINE CYCLIC CRACK GROWTH RATES FOR 0,71 mm (0,028 INCH) THICK

CRYOSTRETCHED 301 5S WM AT 295K (72°F) AND 78K (-320°F) AND R= 0,
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201
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- ,
MN /ﬁ&sn ymeoy (a/2c), f}fjﬁ)c" .
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oL [121407.0 A | 0.18 126101 ik (209.2) | @ | 0.17 | 2C% 1.
s | 1034 050,00 [ | 018 12612} Fooyme oy T @ 0.8 | 2c7
B D " 0.18 [2C-14 577 T2c3 -7
1 490 (100.0) a 0.18 [2CTC-5] | 1083 (157.0) A . - ds
6k Q 0.18 [2CTC-6 <4 0.20 |ocw-12
] | 1 | 5
10 100 1000 10,000
da/dN (4 mm/CYCLE)
FIGURE 65:  BASELINE CYCLIC CRACK GROWTH RATES FOR 2,54 mm (0,100 INCH ) THICK

CRYOSTRETCHED 301 5 BM AT 295K (72°F) AND 78K (-320°F) AND R=0.
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10

da/dN (4 mm/CYCLE)
FIGURE 66: BASELINE CYCLIC CRACK GROWTH RATES FOR 2.54mu:n (0. 1000 INCH) THICK
CRYOSTRETCHED 301 SS WM AT 295K (72°F) AND 78K (~320°F) AND R =0
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’;‘ 200 (REF. FIG. 50)
bV
()
{10
10} - ?
9l e
] -7
7L 1.
3
- ] 1 | 1 5
10 100 ~ 1000 10,000
da/dN (L mm/ CYCLE)
FIGURE 67: COMPARISON OF CYCLIC CRACK GROWTH RATES WITH AND WITHOUT SIZING

CYCLE FOR 2.29 mm (0.090 INCH) THICK 2219-T62 ALUMINUM BM AT 295K (72°F)
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70 o 0.23 2Ax-3
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60 249 (36.1) D 0.15 | 2ax-g os = 0 150
sof 0.8 0 0.21 | 2AX-5
) ] 0.21 | 2AX-6 P
oL
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o 2 430
30 s = 332 MN/m” (48,2 K5Sl)
Oy = 249/MN/nf (36.1 KSI )
(REF. FIG. 53)
v 20
0L
R =0.8 DATA
O = 332 MN/m2 (48.2 KSI)
O,= 249 MN/m? (36,1 K5I )
10 1,
oL 1,
sl 15
7
46
6| l . 1 1.
100 1000 10,000 100,000

da/dN ( i mm/CYCLE)
FIGURE 68: COMPARISON OF CYCLIC CRACK GROWTH RATES WITH AND WITHOUT
SIZING CYCLE FOR 4,57 mm (0.180 INCH) THICK 2219-T62 ALUMINUM BM
AT 295K (72°F) .
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o N o
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(REF. FIG. 75)

FIGURE 69:
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da/dN (pmm/CYCLE)
COMPARISON OF CYCLIC CRACK GROWTH RATES WITH AND WITHOUT
SIZING CYCLE FOR 7.62mm (0.300 INCH) THICK 2219-T62 ALUMINUM
BM AT 295K (72°F)
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FIGURE 70:

CYCLIC CRACK GROWTH RATE CONSTANTS FOR 2219-T62 ALUMINUM (R=0)
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FIGURE 71:  CYCLIC CRACK GROWTH RATE CONSTANTS FOR INCCNEL X750 STA (R= 0)
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FIGURE 72:
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¢ 2.43X10 V)|(3.69 x 10719}
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CYCLIC CRACK GROWTH RATE CONSTANTS FOR CRYOSTRETCHED 301 SS
BMAND WM (R=0),
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& |0.20 NATCS I 146 ¢24.1) [0.8 Q| 0.23 NATC-11] | 40
60} | O 10,22 [JATC=5 : ® | 0,24 1A1c-12|
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ok b 1.
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a <o (48.2 KSI)AT RT AND THEN CYCLED] ]
7 / 1.
6
1 | | L 5
10 700 1000 70,000 A
da/dN (i mm/CYCLE)
FIGURE 73  CYCLIC CRACK GROWTH RATES FOR 2.29 mm (0.090 INCH) THICK 2219- T62

ALUMINUM BM AT 295K (720F) AND VARIOUS R RATIOS.
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FIGURE 74: CYCLIC CRACK GROWTH RATES FOR 4,57mm (0.180 INCH) THICK 2219-T62

ALUMINUM BM AT 295K (72°F ) AND VARIOUS R RATIOS,
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FIGURE 75:
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CYCLIC CRACK GROWTH RATES FOR 7.62mm (0.300 INCH) THICK 2219-T62
ALUMINUM BM AT 295K (72 F) AND VARIOUS R RATIOS,

—
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I 0. 0.18 | 18TC- = =
81 | 724 (105.0) 22 g el :‘: 1.0 k9 {017 [ 18TC-4 |47
b _-I .0 0. ]7 IBTC' 345 (50‘0) . ‘ 0' '6 .‘Bx_a J
Al @ | 0.7 | 187C-3 2.0] 9 | 0.7 ] wrciz[]°
e N 1 5
1 10 100 1000
da/dN (14 mm/CYCLE)
FIGURE 76: CYCLIC CRACK GROWTH RATES FOR 1.02mm (0.040 INCH) THICK INCONEL

X750 STA BM AT 95K (720F ) AND VARIOUS R RATIOS
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FIGURE 77: CYCLIC CRACK GROWTH RATES FOR 3,30 mm (0.130 INCH) THICK INCONEL

X750 STA BM AT 295K (72°F) AND VARIOUS R RATIOS,
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FIGURE 78: CYCLIC CRACK GROWTH RATES FOR 0.71mm (0.028 INCH) THICK

CRYOSTRETCHED 301 5SS BM AT 295K (72°F) AND VARIOUS R RATIOS
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FIGURE 81: INFLUENCE OF R RATIO ON CYCLIC

CRACK GROWTH RATES FOR 4,57 mm
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ALUMINUM BM AT 295K (72°F)
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Kpax (KSIVIN)



£ct

Kuax (MN/n¥?)

da/dN  ( lb INCH/CYCLE)

0.1 1 10 100 1000
1 V 1 .00
100 - - 90
90| - TANK TEST RESULTS 1so
gof MAX <470
70
- 321(46.6) 1 -0.26 | O | 0.27 |As-2¢ 160
6Ok I"328(47.6) | 0.25 | O | 0.23 |As-30 Js0
50
B Jo
40f
30
o l
........ O
20
q
20Hr O
UNIAXIAL Ra 0 SCATTER BAND
(REF, FIG, 51)
<10
10 d - ?
. 48
8k - 7
7 —d - 6
6
1 1 | - 5
10 100 1000 10,000
aw/dN ([ mm/CYCLE)
FIGURE 88: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH

RATES FOR 2,29mm (0,090 INCH) THICK 2219=T62 ALUMINUM BM AT 78K (-320°F)

K MAX (KSIYIN)



127

da/dN ([t INCH/CYCLE)

0.1 1 10 100 1000
100 . — ' %
90 L "TANK TEST RESULTS 80
O MAX SPEC. N
0 - | 290 (42.1) | +0.2 0.22 | AS-22. 60
| 249 (36.1) 0 & 0,19 | AS-3 450
soL P 0.21 | AS=27
248(36.0) | -0.25 | C) 0.21 | AS-28 0
4 249 (55.1) | -0.26 | OO 0.22 |AS-24 )
T 23 [0.48 [ © | v.i8_|As-1
S 264 (38.3) | -0.45 0.21 [AS$-25 <430
& 0L [T206(38.6) [0.45 | A | 0.22 [As-32
-+t _m 20
E 20l -
pV4
[ @
o
oL UNIAXIAL R=0 SCATTER BAND o
oL (REF. FIG. 52) : 8
7}
d6
L]
1 i L - | 5
10 100 1000 10,000
da/dN (it mm/CYCLE)
FIGURE 89: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH RATES

FOR 2,29mm (0,090 INCH) THICK 2219=T62 ALUMINUM WM AT 295K (72 F)

KMAX (KSIVIN)



S61

do/dN (b INCH/CYCLE)

0.1 1 10 100 1000
0
e TANK ;esr RESULTS ~ ' 15%°
90 b }__?* o = % 80
8oL Ve R |symeold (ar2c). | SPES
20 MN/m2 (KSI) i | NO. 470
— [ 321 (46.6) | =0.26 @) 0.21 | AS-26 460
6Ok I~ 328 (47.6) | -0.25 | L] 0.24 | AS-30 50
—— -l
50k
440
sk
NA
> 430
g 304
~N
Z
2
J20
E 20r—
- O
UNIAXIAL R=z 0 SCATTERBAND
(REF. FIC, =2
1ok 49
ol ds
] & .
7L de
ol
1 A 1 L 5
10 100 1000 10,000
da/dN (M4 mm/CYCLE)
FIGURE 90: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH RATES FOR

2.29mm (0,090 INCH) THICK 2219-T62 ALUMINUM WM AT 78K (=320°F)

KMAX (KSIYIN)



91

da/dN (L INCH/CYCLE )

0.01 0.1 1 10 100
100k L Ll ! 130
ool 480
sol R= 0 SCATTER BAND R =0,5 SCATTER BAND 0
ol (REF. FIG. 57) (REF, FIG 76) 1’

ol R= 40.5 SCATTER BAND 1¢°
(REF, FIG. 76) -
50}
-
NA = ——
..... Z
kﬁ - 30 o
> 30L -
2 Rw 1,0 SCATTER BAND 2
~ (REF, FIG, 76) =~
4 >
20
‘E 20}. i g§
. TANK TEST RESULTS , UNIAXIAL TEST RESULTS
MAX SPEC. Ox/0y=0
MN/m2 sy R FYmeoy (/2 | NG OMAX = 724 MN/m2 (105.0 ks |
;23 (104.9) 0 0.20 | 85-10 R | 0.5 0 1| =0.51-1.0
698 (101.3) | -0.05 0.22 BS-27 — Jio
1of [718(104.1) [-0.34 [ O | 0.19 | 56 .D. e lﬂlﬂﬂ[ﬂm @ d9
ok [ 7500108.8) [ 0.34 | O 0.18 BS-8 1
8f-| 727(105.4) | -0.69 | €) | 0.19 | BS-9 4
7 =l - 6
6L
| A 1 1 5
1 10 100 1000
do/dN (@ mm/CYCLE)

FIGURE 91: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH RATES FOR
1.02mm (0.040 INCH ) THICK INCONEL X 750 STA BM AT 295K (72°F)



LSl

da/dN (4 INCH/CYCLE)

.0l 0.1 1
f&g 1 1900
o 490
:g - Jso
o] B 1°
UNIAXIAL R 0 SCATTER BAND 60
60 (REF. FIG. 58)
500 7
o~
S
E 30
g 30 - .
x
20
¥§ 20k -
» ~ TANK TEST RESULTS
X SPEC.
MN/m? (ks] R pYmeoy (e/2q), | NS
667 (96.7) | -0.86 0.20 | BS-1S
712(103.2) | -0.74 | [ | 0.21 | BS-23 dio
104 o9
9 P -8
sl ,
7F 6
6 -
C 1 | L 1 5
i 10 100 1000
da/dN (4 mm/CYCLE)
FIGURE 92: COMPARISON OF UNIAXIAL AND TANK TEST CYCLIC CRACK GROWTH RATES

FOR 1,02ram (0,040 INCH) THICK INCONEL X750 STA BM AT 70K (-320%F)

KMAX (KSIYIN)



861

v 32
X MAX (MN/m™ ©)

da/dN (f INCH/CYCLE)

0.1 1 10 100 1000
1001 v ' M 490
i Je0
8o} 70
7} UNIAXIAL Rw 0 SCATTERBAND 60
60} (REF. FIG. 5) i
sol il
o) 7
43
|
420
204 7
- TANK TEST RESULTS ]
MAX | SPEC.
mn/m? (ks| R FYMBOY (a/2e); | o
723(104.9) | © 0.16 [ 8s-10
723(104.9) | 0 0.17 | 85-13 410
10} [ 558 (101,3) | =0.05 | &S | 0.20 | 8527 49
ok 1 713004,1) | =0.34}] () 0.21 BS-6 48
sl [ 727 (105.4 | -0.69 | & 0.18 | B85-9
L Ee7 9.7 T-07 TR | 019 | 65-3 7
46
6
| ] L 1 5
10 100 7000 10,000
da/dN ({4 mm/CYCLE)
FIGURE 93: COMPARISOM OF UNIAXIAL Aiw TANK TEST CYCLIC CRACK GROWTH RATES

FOR 1.02mm {0.040 INCH) THICK INCONEL X 750 STA WM AT 295K (72°F)

Kax (KSI YiN)



651

da/dN (4 INCH/CYCLE)

90
80

70
60

v O N oo

R ] 10 100 ]
W ' l ' ]
4] -
soL
-9l UNIAXIAL R=0 SCATTER BAND i}
(REF. FIG, 59)
60 7
-y
500,
N
kE
Z ol
Z O
% 4
§ 20,
h¥4
» TANK TEST RESULTS
MAX SPEC.
MN/m?_(KS1) R t”"‘"o (0/2), | NO.
A 712 003,2)] -0,74 0.17 BS-23
667 (96.7) | =0.86 | [ 0.21 BS-15 <
]0 P -
9 P -
sl
7k
-
6
1 ) | IR I
10 100 1000 10,000
da/dN (M mm/CYCLE)
FIGURE 94  COMPARISON OF UNIAXIAL ANU TANK TEST CYCLIC CRACK GROWTH RATES FOR

1.02mm (0,040 INCH) THICK INCONEL X750 STA WM AT 73K (~320°F)

Kax KSIVIN



o9l

INITIAL CRACK SHAPE, (a/2¢).

0.5

0.4

0.3

0.2

0.1

O, = 345 MN/m? (50 KSI)

- o, = 166 MN /m? (24 KSl)
R =0
pu
| i 1
10 100 1000 10,000 100,000

CYCLES TO LEAKAGE, N

FIGURE 95: INFLUENCE OF ASSUMED INITIAL CRACK SHAPE ON CYCLIC LIFE FOR
4,57mm (0,18 INCH) 2219-762 ALUMINUM BM



19t

LINER THICKNESS, t (INCH)

| T v 1) T k] LB T

L TIIIITT

R=20
ox/0y=1.0

w 1 1 1 1 |

s vl

T T T ) § T TTTTY

D SEE PARA. 7.5

1 lllvlllll L1 2 L1

10 8 6 4 2 100
LINER THICKNESS, t (mm)

FIGURE 96:  SERVICE LIFE FOR 2219-T62 ALUMINUM LINERS (BM) AT RT = INITIAL FLAW SHAPE OF 0,10

1000

10,000

CYCLES TO LEAKAGE, N [T>

100,000



A4

LINER THICKNESS, + (INCH)

0.3 0.2 0.1 0
| 1 R | 1] | L l"‘lll | ] v "lj"r' LI | LA LA J
R=20
Ox/0y=1.0

D SEE PARA. 7.5

(. L2 s ranel 4 1 14*.14:[ L1 1 tesgg
10 }%O 1000 10,000 100, 000
LINER THICKNESS, t {(mm) CYCLES TO LEAKAGE, N [>

FIGURE 97:

SERVICE LIFE FOR 2219-T62 ALUMINUM LINERS (BM) AT RT- INITIAL FLAW SHAPE OF 0,030



€21

LINER THICKNESS, t (INZH)

0.3 0.2 0.1 0
! T T | 1 ] T  § | § Trrlltt' T v v T SR BAR R

Re
Ox/0y=1.0

SEE PARA. 7.5
. i llllllll‘ s 1 s aeannld L& 1 4a0
10 u())o 1000 10,000 100,000
L!INER THICKNESS, t {(mm) CYCLES TO LEAKAGE, N [>

FIGURE 98:  SERVICE LIFE FOR 2219-T62 ALUMINUM LINERS (BM) AT RT - INITIAL FLAW SHAPE OF 0.50
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TABLE 1:  UNIAXIAL STATIC FRACTURE TEST MATRIX

(Y4

TEMPERATURE, T

THICK- o o
MATERIAL NESS, 295K (72°F) 78K (~320°F)
t FLAW SHAPE, a/2c FLAW SHAPE, a/2¢
H= mm (INCH)f 0.3 0.2 0.4 0.1 0.2 I 0.4
2.29 X X X X x | x
{0.090)
BM 4.57 :
(0.180) X X X
2219- 7.62
T62 (0.7300) X X X
ALUMINUM
2.29 X X X
{0.090)
WM X
X
X X X X
BM
INCONEL X
X750 S"A
WM

CRYOSTRETCHED BM

301 STAINLESS
STEEL

WM

XXX |X|X]|X]| X} X
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TABLE 2: EQUAL BIAXIAL STATIC FRACTURE TEST MATRIX

TEMPERATURE, T

THICKNESS, 295K (72°F)
MATERIAL ' y
mm (INCH) FLAW SHAPE , a/2c
0.1 0.2 0.4
2.29 (0.090) X X X
2219-T62 ALUMINUM | oM ]4.57 (0.180) X X
7.62 (0.3001
INCONEL X750 STA | BM

2,03 (0.0801
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TABLE 3: TANK BURST TEST MATRIX

r* v——PMERATURE, T ]
ANK MATERIAL TH|CKN&H K o | MATERIAL BKGTR | 78K (-320°R
T t CONF
[mm (INCH) 'G. [CONDITIONE i aw SHAPE, a/2c | FLAW SHAPE, o/2c
0.2 0.2
X
2.29 ALL METAL
2219-T62 ALUMINUM| (o ‘090) WM X
BM X
ow
WM X
BM X
LL-METAL
1.02 A WM X
INCONEL X750 STA | (0,040) ‘
BM X X
ow
WM X X
r * ]
CRYOFORMED 0.71 [|ALL-METAY  BM X
301 STAINLESS STEEL| (0.028) -

oW BM
-
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TABLE 4:

UNIAXIAL CYCLIC LIFE TEST MATRIX

TEMPERATURE, T

78K
THICKNESS, 295K (72°F o
MATERIAL ’ ) (=320 F)
mm (INCH) TN / Omax (R) RATIO R RATIO
4 005 0 - 0.4 -0.5 -0.8 '1 oo -1.4 -2.0 o
2.29 (0.090) X X '
BM |  4,57(0.180) :
2219-162 7.62 (0.300)
ALUMINUM
2.29 (0.090)
WM 4.57 (0.180)
7.62 (0. 300)
1.02 (0.040) X
BM
INCONEL 3.30 (0.130) X
X750 STA 1.02 (0.040) X
WM
3.30 (0.130) X
0.71 (0.028) X
CRYOSTRETCHED | BM
301 STAINLESS 2.54(0.100 X
STEEL 0.71 (0.028) X
WM
2.54 (0.100) X
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TABLE 5: TANK CYCLIC LIFE TEST MATRIX
i TEMPERATURE, T
T,:'g? | TANK MATERIAL 295K (72°F) 78K (-3zo°|=)
TANK MATERIAL ’ 1CONFIG.! COND o o R) RATIO
t . . MIN/ T pmax (R) R RATIO
mm !
(INCH) +0.2| 0 |-0.3(-0.4]-0.5|-0.7{-0.8]-0.3 |-0.7 |-0.9
ALL-L BM
2219-T62 2,29 | META wamo il X SRR
NUM 0.090
ALUMINU ( ) M
oW
WM
AlL- BM
INCONEL 1.02 | METALT wm
’;7Ti° (0.040) BM
oW
WM
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TABLE ¢:

SUMMARY OF MECHANICAL PROPERTIES OF THE LINER MATERIALS

MATERIAL

TEMPER{_ATURE,
K (°F)

0.2% OFFSET
YIELD STRENGTH,

On >

ULTIMATE
STRENGTH ,

Ouir

L

%
ELONGATION

>

ELASTIC
MODULUS

x10-%

| MN/mZ (KSt) | MN/m? (Ks1) kN/m? (PSt)
295 (72) 297 (43.1) 431 (62.5) 8.3 70.3 (10.2)

BM
2219-762 78 (-320) 361 (52.3) 525 (76.1) 14.3 77.2(11.2)
ALUMINUM
295 (72) 294 (42.4) 422 (61.2) 7.3 76.5(11.1)
WM
78 (-320) 355 (51.5) 508 (73.7) 8.0 84,8 (12.3)
am 295 (72) 763 (110.6) 1229 (178.2) 2.6 205.5 (29.8)
INCONEL 78 (-320) 846 (122.7) 1520 (220.5) 32,9 224.1(32.5)
X750 STA
295 (72) 768 (111, 4) 1172 (170.0) 14,0 211.0 (30.6)
WM
78 (=320) 851 {123.4) 1438 (208, 5) 19.4 213.8 (31.0)
M 295 (72) 1198 (173.7) 1448 (210.0) 13.6 144,1 (20.9)
CRYC;’;?"MED 78 (~320) 1955 (283.9) 21.2 1682 (24.4)
STAINLESS STEEL 295 (72) 1245 (180.5)  fii g %
WM
78 (-320) | 1772 (257.0)

>

12.7mm (0.5 INCH) FOR STAINLESS STEEL.

MEASURED IN 51mm (2.0 INCH) FOR ALUMINUM AND INCONEL AND
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TABLE 7: MATERIAL / SPECIMEN UTILIZATION
—
MATERIAL TEST MACHINED
SECTION FROM MATERIAL .
USED
F ABRICL?E MATERIAL | THICKNESS | THICKNESS SPECIFICATION HEAT NUMBER
_ mm(INCH) | mm (INCH)
2.29(0.090) | 3.18(0.125) BMS 7-105C >
2219-T62
ALUMINUM | 4.57 (0.180) | 6.35 (0,250) MIL-A8920 NOT AVAILABLE
7.62(0,300) | 12,70 (0.500) USED ON NAS 316770
UNIAXIAL
X750 STA
3.30 (0.130) | 3.30 (0.130) REVISION G HT 10F 8 XK
CRYO - . . .028
san¥O =5 [0.71(0 028)| 0.71 (0.028) Aifes i’;ic s
30155 12,54 (0.100) | 3.30 (0.130)
2.29 (0.090)] 4.35 (0. 250) MIL=-A-8920 NOT AVAILABLE
2219=T62
SPHERICAL | ALUMINUM ] 4.57 (0.180) | 12,70 (0, 500)
CAP USED ON NAS 3=16770
SPECIMENSS 7.62 (0.300) | 29.36 (1.156)
I ONEL 2.03(0.080) | 4.78 (0.188) REMS 3542 NOT AVAILABLE
TANKS CRYQS30V 11.02(0.040)] 1.02 (0.040) ARDE SPEC 76235 i

SAME MATERIAL USED TO FABRICATE 2,29mm (0,090 INCH) THICK SPECIMENS REPORTED
IN INTERIM REPORT.
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TABLE 8:  HEAT TREATMENT OF LINER MATERIALS

MATERIAL PROCEDURE
2219-T62 HEATED IN AIR AT 808K (995°F) FOR 4 HOURS AND THEN
ALUMINUM IMMEDIATELY QUENCHED IN WATER. AGED IN AIR AoT RT
FOR 96 HOURS AND THEN AGED IN AIR AT 463K (375°F)

FOR 36 HOURS.

+: . —
ANNEALED IN A VACUUM AT 1325K (1925°F) FOR 30 MINUTES
INCONEL FOLLOWED BY A RAPID QUENCH BY FLOODING THE FURNACE
X750 STA WITH NITROGEN GAS. HEATED IN AIR AT 978K (1300°F) FOR 20
HOURS AND AIR COOLED

CRYOFORMED HEATED IN AIR AT 1340K (1950°F) FOR 15 MINUTES AND
301 THEN IMMEDIATELY QUENCHED IN WATER.

STAINLESS STEEL
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TABLE 9:  MECHANICAL PROPERTIES OF 7.62mm (0,300 INCH) 2219-T62
ALUMINUM AT 295K (72°F)
oAA & ZA w
2 lze loelac |68 |2 5] = = 3z
= |5 |85 |25 |z& |z 2| § | a. £
o 22 zZZ | £2 & o~ o A g’°o o~
< 8: X ot I \E v NE 6 ~ E
2 |8Z |28 (2% oz | & 3| = v X 3
= | *F |z s §| = g =
> = é
wad
ottt 2
3.23 | 12.73
METAL
3.23 | 12
3.2 | 012 | 0509 | 300 (43.9)| 432 (62.6)] 8.5 64.8 (9.4)
3.20 | 12.80
ven | 29| 026 |(0.504 | 300 4N 00624 | 6.3 74.5(10.8)
METAL
.23
2aw-2 | 32, 050 |8 (43,2 |am62.0] 8.0 71.7 (10.4)

[=> o0.2% oFFser
[Z> MEASURED IN 51mm (2.0 INCH)




Table 10: UNIAXIAL STATIC FRACTURE TESTS OF 2219-T62 ALUMINUM

[ 4 (]
§' 2 ‘\: o - -
=3 I Test EolE21 % o2 le | 2
Z | 85| 2| eavameres S EH RN ES 2 | aemancs:
9 &5 |55 ~ |s3|5%| 97| Ex|sic] 8
= v E a E U E » 3 w & 3
O T b3 v 3
v w 4
a = (V] 5 L w
— |
1ax | 2.39 | 50.8 0.787 | 6.73 332
-2 |0.99 | (2.00 | FAIRWRE  }57031) f0.265)] %'V | (4e.2) FAIL MODE
JAM 2,29 63.5 1.676 | 11,94 274
-2 1 (0.090) ] (2.50) FAILURE (0.066) {(0.370)} %140 | 139.8) FAIL MODE
1am | 2.31 | 63.5 2,28 | 569 T 0| 225
-3 [0.091) | (2.50) | 'EAKAGE (0 090) [(0.224) (32.6) LEAK MODE
% &3 ({g's%) LEAKAGE (2)'.%%) (0:3an] 0-194 o LEAK MODE
e (02:332) (3?'53) FAILURE ;8:8%"7) (07.'24974) 0.194 (35"57) FAIL MODE
2ATC | 4.62 | 63.5 1.803 | 8.38 346 '
el PR ) Fanure | GO 1838 oas | (3%, FAIL MODE
2A-§X (8:?;)9) (%?5%) FAILURE (%'.:;%%) (g.'gg]) 0,382 (24‘.09) FAIL MODE
2aAX | 4.60 | 88.9 2.210 | 5.84 | o.a78 | 341 FAIL
-4 |onen| (.50 | FAILWRE | (57087) |(0.230) 4.9 | 2s " ODE
2am | 4.57 | 127.0 1.95 120,57 | o 07| 72)
=5 080 | (5.000 | FAWWRE | (0077 [i0.220) | ©9%% | (a4.5) FAlL ”‘°°.E_
22M | 4.60 [127.0 1.626 115,80 | o 403 | ,323 FAIL MODE |
-7 |(0.181) | (5.00) FAILURE | (0,064 }40,522) (46.8)
33X | 7.77 |127.3 2,311 111.68 341 FAIL MODE
-1 [€0.306) | (5.01) FAILURE 1 10°091) J(0.460 | 0-198 | (49.4)
B | @aon [ (560 | Fanwre | 6T |ain | -0 | (@ FAIL MODE
-3 |0.309 s.on | FAILRE | (g.172) |(0.450) | O- (47.2)
aAax | 7.75 11273 4,003 119.86 309
-4 ](0.305) | (5.01) FAILRE | (0.153) |(0.782) | 9-202 | 44.8) FAIL MODE
3ax | 7.70 [127.3 5.410 114.07 5 |, 308 FAIL MODE
-5 |¢0.303) | (5.01) FAILURE (0.213) J(0.554) | 0-385 | (44.¢)
aax | 7.82 |127.3 2.184 122.35 | gog |, 32 FAIL MODE
-6 |(0.308) | (5.01) | FALURE 1 (0.086) {(0.880) (4.6)
mwx | 7.62 1127.3 R 3.632 117.53 1 207 | 306 FAIL MODE
.1 | 0’300 | (s.on | FAIURE 1 (0.143) J(0.4%0) (44.4)
7.75 11270 2.083 | 11.25 346
wwx | 7 |68 FAILURE | (32082 f(o.463) | 0185 | (0.2 FAIL MODE

[C> FAILURE OCCURRED AT 298 MN /m? (43.2 KS1)
D FAILURE OCCURRED AT 278 MN/m” (41.6 KS1)

[> SPECIMEN FITTED WITH FLAW RESTRAINT PLATES (PARA, 4.1); FLAW IN BASE METAL

[=> fLaws tocaten IN wew ¢

188
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Table 11: UNIAXIAL CYLINDER BURST TESTS OF 2219-T42 ALUMINUM

3 ) ® | &
‘_0 o g b-‘ b—l
512 g |¢ 1SSy 1% g ls |- |x
) w . J v — ——
316512 < gz PARLEAT\ITERS N - gaﬂﬁgggadt 2
x |2 112G |8 5|53 =5 [9S| £ (B g|E 2|2y 2|sE REMARKS
E Z Y Z Eé <§, AT ez lgz v EN" 'Z-NE 85 5“5 g x &
=12 |E3 5 g2 EE x e | ¥ |« 3 ¥ g ::? S Z g Z
Q « E & o £ < g E < 5 % 3 o = 3 L&
a P4 Z (v ] o) - = r4 4
= .5.. - o =
[
4 155.1 1,346 | 6,35 304 FAIL MODE
. |2 (g.'lsoo» = | .50 | FAILURE | (0.053) |(0.250) | ©-2'2 | (1355) (44.1)
o )
o
< 2.54 165.1 1.626 | 7.52 8.92 - 290 FAIL MODE
g LM o | - (6.50) | FAILYRE  1i0l0se) | (0.290) | O+ | (1293) (42.0] ° 25 | an
>0 ‘_5
o5 1.422 | 7.57 9.17 304 FAIL MODE
CYL 2.49 ]65.] . . 0.‘88 . - o
8° | - Jowa | = .50 | FALYRE 145 0s6) [ 0. 299) (1330) (44.1)
z .62 319 FAIL MODE
.49 165.1 1.219 | 635 | o 9.6 - 0
Coon | = sy | e 638 Lo | 092 (T8 (46.)

D CRACK LOCATED IN WELD ¢



Table 12:

EQUAL BIAXIAL STATIC FRACTURE TESTS OF 2219-T62 ALUMINUM
SPHERICAL CAP SPECIMENS

: o (= |8 s

- ~| test rf=|E~ P R

Y LES 3 M |sEssle |22|2e|E~] 2

o TE| SE g E 3’5 3’ & 2|5 2|z z

S v (V) O =

—_— |

e lega| ] e ol o |0 | s e
188-3 | 230 ol Fanwme Qb8 S od] 0-183 | (7233 (3‘2) FAIL MODE
148 -4 | Gy | 7oy | FAILRE 07005l b0isy] 0068 | 10,07 | 375, FAIL MODE
18 -5 | (E'ovs) ('77?55‘, LEAKAGE [i2"501) 000y 0-228 ) (5.6) LEAK MODE
1886 | (o o0 | rog | FALRE | B0 7ol oune | Fo28) | (i FAIL MODE
187 [ %o | Ty | Fanure | b UE L 29Tl 0.376 | ey | 652 > FAIL MODE
148 -8 | (3g9) | (709 | FAILRE 1900 | 33N 0.376 | (v | o FAIL MODE
e -9 | Sy |70 | Fanwre |oraBlSiTim] 0978 | (58 | (o FAIL MODE
28 -10100) [0y | FAURe  |(B:30%)] Boaceyt 0.108 | sy | () FAIL MODE
2AB -2 (;.'1933) Z?f’ié) FAILURE 5‘,2%2) (H,k?l) 0.191 (]27577.'?\ (372.63) (?25) AR 1 FaiL MODE
2AB -3 (3:?52) 2??69‘) FAILURE 4&'.%‘;3) (07.'360%) 0.163 (2;1'23) ) FAIL MODE
248 -4 |(0:782) |7 6 | LEAKAGE |G To0keean | 0195 |(2ive) | 2. LEAK MODE
248 -5 0195 |(5%9) | tearace 31257240 L0160 {1255 | 390 LEAK MODE
286 | o iy [ooroy | teakace |3:0an 3219|039 | Geoty | (2% LEAK 2iODE
2287|3339 |(7i0) | LEARACE [0:5n io:zs00| 01 [ezrsor | ooy LEAK MODE
2AB -8 (3:{35) (‘78.00:,‘) " FAILURE (‘0'.%44‘,) (0. 28] 0.092 (23‘]2% 39, > FAIL MODE
2089 |10 Ta Jir-09) | LeAkAGE | ociphora2n | 0208 | 275 | (54-9 LEAK MODE
381 { J3%) (21%7.'1%) FaituRe |3 53011569 0101 | (Ziao) ) FAIL MODE
g 2| -85, 1278 | panvre | 3597 11924 oo f 1738 f 299, FAIL MODE

D ACTUAL FAILURE STRESSES ARE BELIEVED LOWER THAN CALCULATED VALUES WHICH WERE BASED

ON 0= pr/2t WHERE r IS THE UNSTRAINED RADIUS,
TAKES PLACE N THE CAP THE LOCAL APEX RADIUS OF CURVATURE
THEREBY RESULTING IN A LOWER STRESS THAN CALCULATED

[Z> FLAw LOCATED ON INSIDE OF SPECIMEN

190

WHEN EXCESSIVE PLASTIC DEFORMATION
wet»:ses SIGNIFICANTLY

L%



Table 12: Continued
0 O
% T 2 ; Q" = h~ z
o e -~ b T wi . a a &
Z ﬁ 6 °‘.5 PARAMETERS E ‘i) (ZD g g ¥l 22 o:: g REMARKS
Z | ZZ] 8Z] ar e K R £l 8~ 2212
= | % 2 SEISE| Y [EE[52[E7) 2
V) T E a
& | - 5 |8 |3 I
7.72 |257.8 2,692 112.70 19.65 | 328 MODE
3AB -3 1 (0.304) J(10.15)] FAILURE ](o.ms)l(o.soo) 0.212 ) 2850 | (47.6) FAIL MO
7.72 | 257.8 5.918 [15.32 17.03 | 284
38 -4 | 0.304 |(10.1%)| FAILURE I(o.zas) (0.603)] °-48 | (2470) | (41.2) FAIL MODE
7.82 }257.8 3.251 }16.13 19.03 314
3B -5 (0.308) J10.15)| FAILURE Lol i2e)0.635)] 0292 | (2760) | 145.5) FAIL MODE
. .8 1.981 |.9.40 22,20 | 370 FAIL MODE
38 -6 | 305 IGong| FAILURe (0.078){(0.370)] 9-21 }3220) | (53.6) ("’7’25) AR
72 | 257.8 2.261 [19.30 19.58 | 37 FAIL MODE
%87 | 15 300 [ioris| Favre &G ko ven) 017 | i) | e |
77 |257.8 3.404 | 8.64 20.20 | 335 L MODE
348 -8 (07.37076”(10-15) FAILURE  10:134) jt0:3401| 0-394 | (2930) | (@& %) FAIL MO
7.82 |257.8 2,261 |11.68 | ( 102120.82 | 343 FAIL MODE
B -9 1 0.308) f(10.i5)] FAILURE 15" 0aoko. 450) (3020) | (49.8)

191




Table 13: EQUAL BIAXIAL STATIC FRACTURE TESTS OF INCONEL X750 STA

SPHERICAL CAP SPECIMENS

« & & . -
g TEST N P = s |z
2D = X p = -~ O 72} P 3
Z | 85| “Tleammerens|ES|S5 | |u 8|0 E 2E| 2| remarxs
W w7z a £ z § D EelYw o}
Z | ZZ| 5% ar vol3S] v [2S51E%]3 2] 8
1851 5% Seluels (825 5|8~ s
g | z E] s € g Ejo g & 2|2 z
& 5 |38
2.18 |178.8 1.600 | 8.00 20,34 | 838 AK MODE
288 =) | ¢0,086) | (7.04) | LEAKAGE I(o.oea) (0.315)] 9200 | (2950; [ 121.5)] LE
2.08 .8 1.245 | 5.84 20,13 | 864 LEAK MODE
288-2 | (0,087 | (7.4 | LEAKAGE |55 ko 230)] 027 | (920 |0125.9) B | Aw .
1.9 |178.8 1.118 | 4.70 22,06 | 1009 K MODE
288 -3 | 10.077)|(7.04) | LEAKAGE (5 04a) 0:185) 238 | (3300) | (14.3) LEAK MO

192
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Table 14: BURST TESTS OF TANKS WITH CRYO FORMED 301 STAINLESS STEEL LINERS AT 78K (-320°F)
2 S~
o - 2 4 o 3 b? b?;
| g g - TEST - 3 w 9 Ay Z
oD — — [~ S I ~ ~ W o~ w — - - w
v |2 (23 I8 G |E S| rmramerrs |Ex |5 & |2 9|2 2|5E|EC el 2
21z |82 (E 2|22 a 2122 2 |[EE|o2a | g ||| & | rRemarcs
=1z [E% |5 2|53 % xS |23 » |EEelz £lof)|3d &)= ¢} =
O « E Z € € O E E w ¥ > "25 X = a
w w w as § 13 O g < Z % o % é s p4
& Z 2 = 3 S < < i & fr “"
w < q Z %) S ) - = z z -
et —q and (TS = =
E———J—.—__J#
5 1 08 | o 14l akace 0305 |8 oot sas | | o | 580 LEAK MODE
NON (0.035) (6.04) - (0.012) § (0.072)] ** {1950) (168.3) | (84.1)
ow 0.864 155.4 0.203 | 1.65
. . . . 16.06 | - | 1446 | 723
B L0039 | = |waa| FALRE 10008 (0.065 | 12 | (2330) w.7|004.9] o FAIL MODE
LN
0.914 | 0.813 | 142.6 0.533 | 1.9 25.86 | 1875 855 | 1020 | (-320) 2
16 | (0.0%) |(0.03) | 5.0 | FAILURE  |(0lo2n) | (o 075) | 0280 | (37s0y | (27200 (12, 00f C146.0)] FAIL MODE
ow 0.889 | 0.813 | 150.4 FAILUR 0.35% | 2.49 .72 | 2296 | 1131 | 1303 TANK DID NOT
10 | 4003s) |0.032) | 5.92) g (0.014) | (0.098)] ©-143 | (4600) |(333.0)} (164.0){ (189.0) FAIL AT FLAW
0.864 | 0.813 | 150.4 0.229 | 1.35 30.20 | 2324 | 1124 |127.6 TANK DID NOT
% 1 10.039) | (0.032) | (5.9 | FAIYYURE 110 009)| (0.053)] 170 | 4380) |(337.0)} (163.03](185.0) FAIL AT FLAW




Table 15: UNIAXIAL CYCLIC TESTS OF 2,29 mm (0,090 INCH) 2219-T62
ALUMINUM

SPECIMEN
NUMBER

THICKINESS, ¢
mm (Inch)

(0.090)

WIDTH, W
mm (inch)

{1.80)

TEST
PARAMETERS

DURING’

CRACK DEPTH, o
mr1 (Inch)

CRACK LENGTH, 2¢
mm {inch)

ao/2¢

CRACK SHAPE
Mox STRESS, O

Max

MN/m2 {Ksi)

aMh.,’OM”

STRESS RATIO,

CYCL

0.370

249

36.1)

1ATC

2,31
0.091)

45.7
(1.80)

SIZINC

0.196

0.232

332
(48.2)

0.232

TZYCLI

19.091)

2,31

0.365

249

(6.1

1ATC

23:
(0.091)

45.7
(1.80)

START
SIZING

0._94C
0,037)

4,34
{0,171)

0.216

STOP

0,965
0,038)

4.34
(0.171)

0.222

332
48, 2)

0.965
(0.038)

4,34
0.171)

0.222

START
CYCL

STOP

2.3N
(0.991)

7.24
(0. 285)

0.319

249

36.1)

1ATC

2.9
{0.090)

45,7
(1.80)

START

0.940
(0.037)

4.98
{0.196)

0.189

SIZING
sTOP

0.991
(0.039)

4.98
0.196)}

0.199

332
(48.2)

START,

0.991
{0.039)

4,98
(0. 196

0.199

C YCL4
sToe

2,286
{0, 090)

6.96
(0. 274)

0,328

249

Q6.1

1ATC

2.9
(0.0%0)

45,7
(1.80)

START

0.965
(0.038)

4.42
(0, 174)

0.218

SIZING
STOP

1,018
(0,040)

4,42
(0,174)

0.230

332

(48,2

START

keveu

1.01¢
(0,040

4,42
(0,174)

0.230

STOP

2,286
(0.090)

6,86
{0.270)

0.333

249

@6.1)

TEMPERATURE, T
K (°F)

25
(72

ENVIRONMENT

AlR

REMARKS

Breakthrough

2,943 Cycles
fo
Break through

1,213 Cycles
to
Breakthrough

12,416 Cycles
to

Breokthrough

461 Cycles
to
Break through

ORIGINAL PAGE B
OF POOR QU

194



Table 15: Continved
[Ty x
-~ g & ls IS |z
N T & w T P "
Ze | Sz T s3les|y |42|50l8 |2
Fu %S S| PARAMETERS |5 c | Z c |5 e JE|5F z REMARKS
o2 | <o ES . T |2 TIxd s S |v € S o
P2l cioE DURING* UElIx ElUN Zjgszl¥v| s
SZ|ze|seE RN R ERl FES RS L3l
’ ] g S |2 “ - =]
0.914
0.03
siZiNG (o 94,:) 4.42
aTC | 2.29 | 45.7 STOP) 0. cam|0.174] O- 218 | 482 16347 Cyclas
CYCLING - l : 0.4
STOP émﬂ;’?so |03 @e.m
START (3‘333,|(3‘5,°m 0.198 § 332
SIZING : :
stop ] 0.889 | 4.50
1ATC | 2.31 | 45.7 ©0.035)}0.177[ - 198 (48.2) 15,577 Cycles
9 |o.09 .80 oarr] 0889 [4.30 [ T to
0,035 f0.1 . 49 Breokthrou
jcycu ( L 0.5 o
STOP (g-g}):) ;'g‘}s) 0.327 | B6.1)
0.938 | 4.37
STARTY ~ . 0.192 | 332
s ,
stoe | 0. 37 5
1ATC {251 | 45.7 1% | 0.a35) |0 172 0- 208 | “8-2 72 | AR | 134 cpeles
10 f0.091) {(1.80) rT] 0-889 | 4.37 o
- 0. . STA . - 0.203 | 249 Breokthrough
(0,035)1(0,172)
Ycul 0.5
(0.091)} (0. 276)
START] 0.940 | 4.39 0.214 | 332
SIZING (0.037)4(0. 173}
0.991 | .39
1a1C 12,29 | 45.7 STOP| o aa9y 0. 172)] 0- 225 | 48-2 5,965 Cycles
to
-1 10.0%0) 1(1.80) START g-g;) 3-51“;3) 0.225 | 166 Breok through
CycLin (0,039) 4(2. 0.8
2.286 | 7.01
stop | 2- . (24.1)
(0.090) |(0. 276)} 0-3%¢
0.9¢5 | 4.37
START| " T |0.221 | 332
0.038) }0.172)| ©-
SIZING (r ou) (4 37 ) (48.2)
1ATC 12,31 | 45.7 STOP Fo-0an o172 - 28 | 4,898 Cycles
a2 Jo.091) J(1.80
10.090) 141.80) stARTf il 1y |0-238 | 166 Breakthrough
YCLI —t— 0.8
stop | 2311 630 | a0 )
©0.091)] (0, 248} °*

195




Toble 15: Continued

& 3
- I s=|cils |z
: r |& w . 2 |2 ;
Zxtlzlsz| m |Ezloz|¥ |42)55]8_|¢
22123 -2 ranamenees |8 2 ZE|5 B |aN|ZE| B | remams
Elz « -
N ol s S |2 |5 [EF[P° (& |2
(& ]
o1 0.965] 4,39
STARTY 0" e 0. 173)] - 20
SIZING 1.016 ] 4.39
stoe] 1- .
1AIC | 2.39 ©.040)0.173) 0.231 22,3ﬁ Cycles
- 0.
13 ]0.094) staRT| 1-01614.39 | o0 1 Breakthrough
vCL 0.040)}(0. 173)
2.388 | 668
STOP} <- 357 |(18.0)
©0.090 0. 263}
0.940 [ 4.39
START{ .
SZING TARTE " oo 17y} 214 | 392
stop | 0-991 | 4.39 48, 4 [
1ATC { 2.34 {0.039)] (0. 173) 0.225 | 48.2) 6, SONCyces
- 09 0.991 | 4.39 Breckthe
14 (0.092 - START| " saon) 0. 173)|©- 225 | 124 ough
stop| 2.337 1 7.29 (18.0)
TOP1 0092 0. 27| 0-32)
1.118 | 4.52
START} ~ ’ 0.247 | 332
0.044)}0.178)| 0-
SIZING { 143” 52’
stor] !. 4. 48,
1a1C § 2.29 T 0.045) )10 178 {253 (48.2) 9,45.:o Cycles
-15 | .0%0) start] !- 143 | 4.52 [0-253 | 166 Breakthrough
levew (0.045)](0.178)
STOP 2,286 | 6.35 {24.1)
0.090){ (0. 250)] -3¢0
0.838 | 4.45
START) - 1 5c]0.189 | 332 Test Machi
SIZING ((:)%:z) (%ZS) M:;Mc;au‘n:'
. . 48,
1a1¢ | 2.31 STOPL o 0340, 175)[0- 194 (8- 29,982 Cycles
-16  ](0.091) 0.864 | 4.45
START| 0" 63| 0, 179)|0- 194 | 166
kveu "
1.57
STOP . . (24.1)
1971 0.062] 0. 199)|°-3"3
T.092]3.71
STARTY 0,043} 0. 146)[9- 295 | 332
SIZING 1.092]3.71
stop| 1. 71 10.295 |(48.2)
TAX | 2,44 T (0.043)}(0. 146} '.92:Cycles
1]
-1 0.096) 1.09213.7)
( fever STARTY (0.043)] 0. 146)[0-2%5 | 166 Sreckthrough
stop)] 2.43816.73 2 l24.1)
0.096)](0. 265)]°-3¢

196




Table 15:

Continved

SPECIMEN

NUMBER
THICKNESS, ¢
mm (Inch)

2,36
(0.0%3)

1AX

WIDTH, W
m n {inch)

SIZING

50.8

TEST
PARAMETERS

DURING -

START

CRACK DEPTH, o
mm (lnch)

o.7n
(0.028)

CRACK LENGTH, 2¢
mm (inch)

o/2¢
Max STRESS

CRACK SHAPE

0.092

sTOP

0.438
0.033

0.108

’ oMax
(Ksi)

MN/m2

STRESS RATIO,

O Min,/ O pax

TEMPERATURE, T
K (°F)

(2.00)
CYCLI

START

0.838
(0.033)

0.108

STOP

2,362
(0.093

0.264

- 2,39
{0.094)

1AX

SIZING

50.8

START

0.660
(0.026

0.083

STOP

0.914
(0.036)

0.114

332
48.2

{2.00)
Icycu

START

0.914
(0.03¢)

0.114

STOP

2,388
(0.094)

0.238

249
@36.1)

2,34
(0.092)

1AX

SIZING
50.8

START

0.71%
(0.028)

8.03
(0.316)

0.089

STOP

0.940
0.937)

8.03
(0.316)

0.1z

332

(48.2

(2.00)
fcyct

START

0.940
(0.037)

8.03
(0.316)

0.117

STOP

2337
(0.092)

10.03
{0.395)

0.233

249
36.1)

2,29
(0.0%0)

1AX

SIZING

50.8

START

1.168

](0.046)

3.38
0.133)

0.346

STOP

1,194
(0.047)

3.7
0. 146)

0.322

332
(48.2)

{2.00)
CYCLJ

START

1.194
(0.047)

7
(0. 146)

0.322

STOP

1,600
(0.063)

4,62
(0.182)

0.346

249
36.1)

239
(0.074)

1AX
-7

SIZING
50.8

START

1.219
(0.048)

.28
{0.129)

0.372

STOP

1.245
(0.049)

3.35
0.132)

0.371

332

48.2) |

(2.00)|c
YCLI

START

1.245
(0.049)

3.35
{0.132)

0.371

49

STOP

2,388

(0,094)

5.92

{0.233)

0.403

36.0)

295
(72)

ENVIRONMENT

AlR

REMARKSS

Test Machine
Malfunction;
Overlooded to
47,2 ksi Re-
peatedly,
2,192 Cycles to
Breokthrough.

295 Cycles

Breakthrough

301 Cycles

Breokthrough

Test Machine
Malfur:ction at

1,520 Cycles

2,448 Cycles

to
Break through

197




Table 15: Continved

o x
- b ‘t 3 d x - —
3 T T w > = 18 ~ 4
Sz lésizs] .= |Es|es|: [62 :é g€ 12
G§ Ze|lcs| Paramerers |8 |Zc|S ) l&Y (SN st| 5 REMARKS
22 1T laE]| oummng: |Se|Ze|iSIPZ|ES|E7] €
1 2eloce UE|lx ETUS Zlgszlaax] 3
“ T EfTE 2 v < x3IEg 1= z
(&) g 5 { e w w
-
(9]
STOP 1.245 13.35 (48.2)
1AX | 2.26 ] 50.8 0.049) f(0. ‘32)'0.37] 3 thocycle‘
-8 (0.089{ (2.00)
START| 1245 3.35 1 37) Breakthrough
stoe|2.261 J6.35 | .o | GeM)
i rmmm'
1.219 [3.38
) rTl ! .
SIZING START L 0- 04g) [(0. 133)}0-38" | 332
stop]1.219 |3.38 (48.2)
1AX :-0333) (3063) 0.048) J0. 133 °-3%" 352 Cycles
9 |o. ] 1.219 |3.38
STARTL0"04g) [0 133){ 036" | 249 Breakthrough
fcveu 2.%62 |6.35 36.1 0.8
stop|2- . .
0.093) |(0. 250)] ©-372
0.965 | 4.37
START] ™~ . 0.221
SIZING (0.038) 0. 172) 332
stop | 9.991 | 4.37 {48.2) 295
1AM | 2,31 | 3.5 ko 039 |0 172 0- 227 2 AlR 45.212 Cycles
4 | 0.09m](2.50) 0.991 |4.37
STARTY 0 039 |0, 17| 9-227 | 124 Breakthrough
]CYCL 2.311 [7.04 0
) 7. (18.0)
STOP Lo 09n |0, 2771 | 0-329
1.143 |3.94
START} ° b 0.290
SIZING (0.045) }i0. 155)
1.143 }3.94
P - -
1am | 2.26 | @25 STOP1 0. 045 |10, 155)| - 290 13,782 Cycles
+ }©.089 | (2.50 START - 143 13.94 10 o0 Broolthe
. . . 166 ough
Ll k0.045) Ji0. 155 .
stop]2.261 |6.27 {24.1)
J0.089) ji0. 247, 0-360
ORI
QUALITY

198



Table 16: UNIAXIAL CYCLIC TESTS OF 4,57 mm (0.180 INCH) 2219-T62

ALUMINUM
v x
- o N. bg dé — .-Z—
- f h o w ) ’_E O -
Z=|Zz|zg| ™ |izloz|: |42|3c|8 |2
§§ Zcloc| ParameneRs |BcfZc |5 g o\ 3& 3 REMARKSS
~— ~ hanad - - 'l —~
£ % elae| owmne (el efSS|oz|es|ev] 2
n X E)TE g Q < s 2o |= 4
(9] o (V) £ b= w
[ ¥
START| 1-549 18.38 1, o5 lan
(0.061) }(0.330)
SIZING e (8.2
1.549 .
stop] !- -
2ATC | 4.60 | &3.8 li0.06n) (0_330)E0°'85 ; 22:7?: Cycles
a1 | o.sn)asy 1.549 | 8.38 I Break through
sTART| ! 0.185 | 146
N CLING (0.061}(0.330) oo 04
sTOP | 4.597 12,24 37 .
©.181 (0 482y} °-37¢
start| 1-347 8'332 0.186 | 332
SIZING (0.061)}(0.328)
(48.2 .
STOP | 1.549 18.33 ) 1,770 Cycl
2a1C | 4.62 | 8.5 ©.061}0. 328} 0- 186 T
, 1.549 [8.33
-2 (0.182)] (2.50) START} ' . 0.186 Breakthrough
- 249
Ycu (:"2:;) ‘:’53:: 0.4
stop| 4- . 36.1)
(0.182)|(0. 492 °-37°
start] 1.549 |8.26 2
©.06n]0.32°%- 18 | B
SIZING T O as.af ros
2a1C | 4.62 | &3.5 STOP | 0.0sn |(0.320)|%- 1% : 72 1 AR ] 13,115 Cyctes
to
3 [10.182](2.50) start| 1-347 1820 10 100 | 166 Breakthrough
0.061)}10.323)
CYCLI I 2a.1y] 0-8
sToP| 4.6 12_8 :
«0.182}0.50n|°-3%°
1.549 | 8.18
START} - - 0.189
. 332
SIZING (0.061](0.322) :
1.549 | 8.18 (48.2) f
2Aa1C | 4.62 | &3.5 STOPY o 01032210 187 : 1,251 Cycles
]
< |©.182] (2.50 start] -390 [838 [0 T b Breakite.
10.061)}(0,322)}%- ough
T:vcu a6.n] ©-8
STOP| 4.623 | 13.13 |4 152 :
0,182} 0. 512 >33
1.372] 7.9 |;
STARTY - - 0.173 Min, Stress
c.312)]°- 2 -
SIZING (0.05H1(0.312) 3 of -28.9 ksi.
orl1.372] 7.9 “8.2 }
2ATC | 4.65 1 &3.8 . (0.054)}(0.3121 0.173 Cycled for
-5 o8] 2.5n start] 13720 7.8 | 44,300 Cycles
0.054)](0.312] - [T
[ 1.372] 7.9 i R
P . .
STOP 0. 054) 0,312 0- 173
ORIGIN,
AL PAGE iy



Table 16: Continued

xX
& ]
- o -~ 2 -~ X - [
“ £ IE |le I°zs|22ls |3
Zz |8zl ® [Ezloz|: 425018 |2
2| S E 58] eavamemers B2z 2|2 S (S22 Z | remanxs
02 “ | ] = wo ] ‘.’_‘\E a2 e 32 9
£2 |2 e]ae] DURING UEIxEluS] Zlgslax)ls
v E EJTE g L() g 2 leol= z
(V] ot (V] § b= w
(V]
] 1.651]18.18 :
START{ - : 0.202 § 332 |
22§°- :
SIZING (0.065)}(0.322)
stop} 1.6511 8.18 14 2092 |(48.2) |
2ATC | 4.62 | &.5 (0065} (0.322) ( :
% |0.182) ] (2.50 1.65118.18 |5 202
START) 1 065 J10.322){ % 2% | 249 Breokthrough
CYCLI 0.8
sTOP| 4.623 | 1461 9
.18 }(0.575|0-317 | @61
1.676 | 8.15
START| - -2 10,206
S1ZING {0.066)}10.321) 332
sTop| 1.803 18,15 § 4,558 Cycles
2ATC | 4.60 |&3.5 ©0.07hli0.322) 0.220 }(48.2) - y
7 o181 }2.50 1.803 | 8.15 Breakthrough
START] o071y i0.322)| ©- 220 | 166
ceu 4,597 113,77 0.8
stor| 4- . 24,1
0.1813]10.542|0-334 |¢**-D
o7l 1.802 | 8.08
STARTY '~ - 0.223 | 332
NG [ e ot 24,158 Cpe
pl <. . 295 ' ycles
2ax |4.57 | e9.9 STOP 0. 080 f(0.327)| 0- 245 | 48-2 72 | AR o
-1 (0.180) | (2.75) START ((2)-838(2)) (%.1;127) 0.245 124 Breakthrough
lcyeu : : 0.8
STOP 4,572 113,46
0. 180 0. 5307 | 0-340 |(18-0)
- 1.7788.13
START} - . 0.219 | 332
SIZING (0.070)}(0.320)
. 2.210| 8.43
2ax | 4.55 | 69.9 STOP| 1" Canl 0 332 0- 262 |48.2) l,90.":°Cydes
2 .9 ]@.7% 2.210 | 8.43 Breakih
START) 5" 087)|(0.332) ©- 262 | 166 eakthrough
cycu 2.0
stop| 4.547 | 17.53 21
0. 1790 e900] ©-25 241
START «')'gg) (l)o;gg) 0.124 | 332
SIzZING 2.362 16 67
2ax | 4.62 | 69.9 STOP| o osml 0. 420y} ©-221 | 432 1,189 Cycles
. . .
7 |o.180](2.75 2.362}10..” Breakth
START] - . eakthrough
TARTE 0-09m] 0. 420] 022 | 249
T:Ycu 0
4623|1377
stor | 4 - 336 |(36.1)
©.182]0.542] 0-33¢ |/
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Table 16:

Continued

SPECIMEN
NUMBER

2AX
-9

THICKNESS, ¢
mm {Inch)

4,67
(0.184)

WIDTH, w
mm {inch)

69.9
(2.75

SIZING

TEST
PARAMETERS

DURING

STARY

CRACK DEPTH, o
mm (Inch)

-]
-
)
w
&
L 1r
L
N
O ) x

mm {inch)

A
a
g
I
w
4
Ry
b d
of
[V

CRACK LENGTH, 2¢

10.87
(0.428

o
[&]
&

STOP

10.87
(©.428 0.096

Max

2
o~
£
z
>3

332
{(48.2

o Min/ O Max
TEMPERATURE, T
K ©°F)

o
P
2
wy
wy
&
P
WA

CYCLI

START

10,87 0.096

(0.428))

STOP

14,9
-7 10.313
(0.587)|

249
36.1)

2AX
-10

4,55
(0,179

69.9
{2.75)

SIZING

START

10.92

{0.430 0.105

stop| 1.

10.92

(0.430) 0.105

332
(48.2)

lcyeu

STARTY .°

10,92

(0.430) 0.105

STOP

15,75
0. 620)]

0.289

249
36.1

2AX

4,57
10.180)

69.9
(2,75

SIZING

START

2.007
{0.079)

5.00

(0.197) 0.401

STOP

2,083
{0.082)

5.1

(. 205) °-400

332
(48.2)

WCYCLl

START

2,083
(0,082

5.2

(0.205)] 0-400

STOP

4,572
0.180)

11,43

(0. 450)] 0- 400

249
36.1

2AX
-12

4.62
(0.182)

69.9
(2,75

SIZING

START

2,057
10,081

5.08

0, 200)] 0-405

STOP

2,210
(0.087)

5.28

(C.208) 0.41€

332
(48.2)

CYCLIN

START

2,210
(0,087)

5.28

0. 208)| 0-418

STOP

4,623
(0.182)

11,05

0.4])8
(0.435)

249
(36.1

2AX
-13

4,60
0.18NH

70.1
(2.76)

SIZING

START

1.956
10.077)

4.88

0. 1921 0- 401

STOP

2,083
{0,082)

4,98

©0.196)] 0-418

332
(48.2)

START

2,083
{0,082

4.98

(0,196) 0.418

JCYCli

STOP

4,597
(0.181)

12.45

10, 450 9-369

249

36.1

25
(72)

ENVIRONMENT

AlIR

REMAKY S

790 Cycles

Breakthrough

656 Cycles
to

Break through

3,195 Cycles
to
Breok through

431 Cycles
to
Break through

274 Cycles
to -
Breakthrough

201




Table 16: Continved
o x
- o h: g ~ X [ d -
= r |2 _le |S3122|g |3
Z=|2z|zg| . ™ |szlogls |g2|s0|8| %
RN ZE o5 panamerers [A21Z 2|3 [ 12|38 3 | remarxs
U% x=|e= . A R N R F R B B
Ez = EJOE DURING" UE ¥E U\o Zlyws [Tk 4 S
[ E E z E ;(: w) & x g e i Z
(V) é (W] £ = -
U
1.956
START| -
324
SIZING (0.977)§(0. 3
stop] 2.311 | 10.54 8.2 F
24ax| 4.60 | 88.9 0.0 o.asf02" | 482} ts,o:gcycles
a1 J.isn@3.50 :
(0.18D{3.50 START g-g;: 003‘ 0.219 | 166 Breakthrough
aal 0.091)}0. 415} 0
sTop | 4.597 | 15.82 4 29) | (24.1)
0.181{(0. 623)
1.854 | 6.33
START) - -3 10.223 | 332
SIZING (0.073) (0'223“
2.159 | 8.38 :
stop| 2. .38 1o.258 | (48.2) |
2 |0.181)}.(3.50 2.159 | 8.38
(0.181)} ( lvew START] 0" 035 | 0330y 0-258 | 124 . Breakthrough
4.597 [ 13.16
pl4- -16 10,349 | (18.00
STOPI 0,181 0. 518) (
1.651 | 8.18
START 0”0 L0 322)] 0202 | 332
SIZING —Tas : o
. . 48.2) S
2aM | 4.60 | 127.0| STOP| 0065y 03221 °-202 | (72) | AR | 3844 Cycles
I |0.180)}(5.00) start| 1-651 1 8-18 lo.202 | 249 Broakthrough
feveu 10,065 ](0.322) 0
stor] 4.572 1 12.70 0.360 | (36.1)
(0.180}(0. 500)
1.600 | 8,13
START| - . 0.197 | 332
1.400 | 8.13 v
2am | 4.55 |127.0 STOPL o o |0 32| 0- 197 | 48-2 28,278 Cycles
0.063) | (0. e
2 10.179){(5.00) 1.600 | 8.13
R Breakthrou
START] 0. 063)} 0,320 %17 | 166 rough
CYCLI 0
stop| 4-547 1 12.65 10,359 | (24.1)
(0.1791](0. 498)
1.499 | 8.23
START) . 059 | 10.324)| °- 182 | 332
SIZING 1,499 | 8.23
. . 48,2}
2am | 4.55 |27, STOP | o 0591 | (0. 324)| % 182 | ‘6,4(:9Cycles
(]
-4 1(0.179)](5.00) ART| 14991 8.8 16 182 Break through
k STARTY 0. 05900, 324)| O 184 1 249 xfhrovg
YCLI 1, 0.5
(0.179)] (0. 500) :

202



Table 16: Continved
& ]
o -~ - 2 [ 4 -
- ~ ° fond - r4
z_. 14z~ TEST -l |22 23|y ¥
235133 EE|I0E| 81502
x| ZT S| paramerers | S 2 clS |w N z REMARKS
oz |=s|ES e A MY R PR A B
HAEH B FHFH PN L HERE
“ °
& * g 3 S |2 “ o, g
1.778
START 0.070) 332
SIZING 05
. . (48.2)
2am | 257 STOP (0.075) 3,&': Cycles
2 |.180 1.905 Breakthrough
START 0 073) 249
stop | 4-572 36.1)
(0. 180)




Table 17:

ALUMINUM

UNIAXIAL CYCLIC TES™S OF 7,62 mm (0.300 INCH) 2219-T42

SPECIMEN
NUIBER

3AX
-7

THICKNESS, ¢
mm (inch)

7.4
(0.293)

mm (Inch)

WIDTH, W

127.3
(5.01)

SIZING

TEST
PARAMETERS

DURING®

CRACK DFEPTH, o
mm {Inch)

mm {inch)

L3
o~
-
-
Y]
Z
wi
-t
b4
u
«
[+ -4
(%

14,73
(0.580

a/2¢

Max STRESS, Opa,

CRACK SHAPE

s10P

14.73
(0. 580)

0.104

MN/rn2 {Ksi)

(48.2)

e

STRESS RATIO,
O min,/ O Max

TEMPERATURE, T
K (°F)

cveu

START

14.73
(0,580

0.104

STOP

28.96
(1.140)

0.257

249
(36.1)

3AX

7.42
(0.292)

127.3
(5.01)

SIZING

START

14.73
{0,580

0.086

332

STOP] '

14,73
(0. 580)

0.109

(48.2)

CYCLE

START

14.73
(0, 580)

0.109

249

STOP

30.99
(1.220)

0.239

36.1)

3AX

7.49
(0.295)

127.3
(5.0n

SIZING

START

1.295
(0.051)

14,88
(0. 586)

0.087

STOP

1,600
{0.063)

14,88
(0.586)

0.107

332
(48.2)

CYCLI

START

1,600
(0. 063)

14,88
(0, 586)

0.107

249

STOP

7.493
(0.295

29.13
(1,147

0.257

(36.1)

3AX
-10

7.44
(0.293)

127.3
(5.00)

SIZING

START

1.321
i0.052)

14,73
0. 580)

0.090

332

STOP

1.651
(0.065)

14,73
(0. 580

0.112

(48.2)

START

1,651
(0.065)

14,73
(0. 580

0,112

249

CYCLIN

sTOP

7.442
(0.293)

26,92
(1,060

0.276

(36,1)

3AX
-n

7.65
(0.301)

127.3
(5.01

SIZING

START

2,845
10, 112)

7.595
(0,299

0.375

332

STOP

2,972
0. 11N

8.179
10.322)

0.364

{48.2)

START

2,972
o.NN

8.179
{0.322)

0.364

249

ICYCLI

STOP

7.645
(0,301

23.88

(0. 940)

0.320

36.1)

295
(72)

ENVIRONMENT

AlR

REMARK'S

3,960 Cycles
to
Breakthrough

5,546 Cycles
to
Breakthrough

Breakthrough

GOL
Estimated

525 Cycles
to
Brea through

3,633 Cycles
to
Breakthrough

204



Table 17: Continuved
o x
= P & odls |z
~ T X 4 f.:” 12 -
2« ﬁ:g 3z TEST Ezlez € la2 Zold ¥
_g_g ZE|cs| rarameners [ 12 S [ (5N SE Z REMARKSS
N 3 e| DWING: 55 % E 5S1° 2 g sl =
sdENE NN
0 [
2,769 7.54
GZING START) 5 1090, 29| 9-3¢8 | 332
sTop | 3.12¢ }8.18 48.2)
3AX ]7.82 |1273 ToP (0,123)ko0.322) 0.382 3, 775'Cycles
v (+]
-12 1(0.308) | (5.01) START g-:g) 3"22 0.382 | 249 Breakthrough
CYCLIN (0, (0,322) 0
stop| 7.823 125,40 36.1
(0.308) 1. 000) | 0-308
2.769 |7.65
sizinG b |o.109) fo.301) {9362 | 332 GOL
Estimated
stop|3.124 |8.18 (48.2)
mx |7.2 273 0123 f0.329 0382 " gt 4
-13 }{0.304) |(5.01) 3,124 18,18
' : START) 0" 123) fo.322) | %382 | 249 630 Cycles
Yei! 7.722 | 26.42 s | ° to
pl7. ) )
STOP 1 0-308) |1 043 0- 292 Breakthrough
2.921 |8.20
ART| 2- .
STARTH o0-115) [0, 323)[°-3% | 332 GOoL
SIZING 3.251 [9.14 (48.2) 295 Estimated
P . . .
JAX 7,70 |127.0 STO (0.128) }(0. 360) 0.356 72) AR Y
-14  [(0,303) | (5.00) 3.251 [9.14
START 0.356
0.128) |0, . 249 369 Cycl
fcveu (0.128) 10.3¢0) -1.0 o
stop|7.696 125.78 36.1) S throuch
(0.303)|(1.015) 0.298 Breakthroug
1,524 |8.89
S v .
SIZING TART 0. 060 J10.350) [0- 172 | 332
1,727 | 8.89 (48.2) o
3AX [7.72 1273 STOP (0.068) [(0.350) 0.194 Grip Failure at
4,076 Cycles
17 |e-sea 6.0 START «'ﬁfﬁé (8'330) 0.194 | 249
foveu : |
1.727 |13.79 (36.1)
STOP [ 757 Lo s [0-310
T.851 18,97
GZING START| 0. 065) |(0.353)° '8 | 332
2.007 | 6.97 (48.2)
S P . .
ax 7.77 |23 TOP 1 6. 079 (0. 353{ 0 224 ) 3,929 Cycles
to
20 [(0.306) |(5.01) 2,007 | 8,97
koveu STARTY o 079) | (0. 353) |0- 224 | 249 . Breakthrough
STOP 7.772 124,33 |0.319 (36.1H
(0.306)}0. 958)
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Table 17: Continued

‘g x
~ R °§ odl: |z
A - - P R 1 )
é‘" Rl TEST szlos|s [42|5el8 |2
2B Z 2| oS Paramerrs | B S | Z S (W 12N Sg-‘ 3 REMARKS
O ~— ) - -t - —
N B O I P N S R R
73 (W] X 2 1= =
= s g S |E["°|& |2
1.575
SZING STARTY 0. 062) GoL
1.778 Estimated
3AX 17.77 127.3 sTOP (0:070) _________
21 }0.306) ](5.00
(5.01) START “’)-g;g) (3'5465) 0.203 | 940 1,113 Cycles
CYCLIN - : -1.0 to
stop | 7.772 |24.13 36.1) Breakthrough
(0.306) }(0, 950){ 0 322
1,600 | 8,84
Estimated
stop|1.803 |88 | . |(8.2)
3AX |7.65 [127.3 ©0.07h)0.3am]°- 4 | EEEE | oo -o-..
22 |(0.201) |(5.01 1.803 | 8,84
(0.20M) §( ')cvcu START) 0" 671y |0, 348)[0- 204 | 249 o 1,310 Cycles
i * to
7.645 | 24,89 )
STOP| O somlio s80)|0- 207 @6.1) Breakthrough
START) 1.651 19.30 0.178
SIZING (0,065)}(0,366)} "~ 332
1.930 | 9.30 :
aax 1770 liz7.3 STOP | - verlio: 36| O-208 48.2) AR | 21,533 Cy=les
. - to
23 |0.303) |5.01) srary] 1-98019.30 1o o0
; . Breakthrough
0.076)(0.366
leyeun (0.076)0. 36¢) 166 1 o
stop| 7.69 | 24.23 1 5,0 | @4.1)
(0.303)](0,958)|
1.600 | 8.89
AR . -
sz Lo |0:063) | 10.350)( - 19 | 332
1.651 | 8.89 48.2
— to
24 |©0.3095.01) START) 000 1 6 3901|0186 | 166 Breakthrough
YCLIN : - 0
- stop|7.-6% [2.97[ . |24 :
(0.303) |.0.920){ 0229
1.651 | 8.94
. START| 0" 05y L0 352)/0-185 | 332 GoL
SIZIN om0 Estimated
stor |1 8.94 |0 10 |48.2
ax | 7.75 a3 ©0.074]0.352> " | Bzl | leoo. o.-o..
- 1.880 |8.94
25 1(0,305)1(5.01) START 0.07 |0.352) 0,210 166 22,659 Cyc'as
feyeu : : -1.0 to
sTOP )] 7.747 122,99 0.337 (24, 1) Breakthrough
J(0.305) f(0.905)]"
206
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Table 17: Continuved

g x
"’; I (VY] « T:.: b -
2 |83123] W0 (BT (23(F 52|50 5¢| 2
EX R IR P Bt IVE-8 E-E-3 Rt Beg |EX|SE| 8 | remans
R B DURING: | & E AN &
RZ :E%E ING Qe .‘jsg\o,‘gxi &dxl 3
et | ot
1.651 | 8.84
RT - .
CLZING STARTY o 065} 0. 348) 332 E<30L
1.880 §8. 48,2 stimated
ax |7.67 1273 stor| 1.0 16-8 lo.z12 | e
26 |0.302 |(5.01) START ;g;sg 8.8 lozi| Test Section
eveUN (0.074) }(0.348) 6 1.0 Fatigus Faiiure
6.426 | 19.76 (24.1) at 21,
STOP. .
(0.253) }0.778) 0.32¢ Cycles
1.651 | 8.99
oo Pl csnf0:350) - 14 | 322 _cot
1.880 |8.99 148.2 stimated
3ax |7.72 |127.3 STOP o o7 |0.350(0-2% | 8.2
27 |(0.304) | (5.01) 1,880 | 8.99 T
feveun statTfoiorafo;asa -2 L se | g Fatiges Falure
2 L]
ST0P | 6 v i79 |0+ 22 -9 at 2830 Cycles
1,727 18,94
sTart] 1. .
SIZING 0. 068 |i0.352)|% 17 | 332
2.032 | 8.94 48.2) 205
STOP
3aX |7.72 273 TOF 1 0. 080 |10.252) |- 27 1 (72 | AR | 125,187 Cycles
28 |(0.304) | (5.00) s1ar1| & Seonlo. 262 1027 | 124 sraakthrough
cycll : 220 0
s |72 |24 | |08
©.304]0,975)(°:
1,753 | 8.94
sTART| - . ,
TARTY o 069 | (0. 352)} - 196 | 332 oL
SIZING Est ~ated
cro|2.08 f8.94 | . 1ue.2
3ax | 7.67 |127.3 0.082)}(0.352)] % i
-29 0,302 1(5.01 2,083 | 8.94 \ Grip Fatigue
(0.302) }(5.61 STARTY 0" 082 10.352)] %+ 533 | 124 Foilure at
CYCLIN -1.0 40,089 Cycles
s7op| 3-404 12,01 0.284 (18,0 !
(0. 134 |0, 473)} 0+
1.651] 8.69
sTART| ! .
SIZING PARTH 0.069)(0.350)| - 8¢ | 332 Esgﬂ?ﬂl;od
rop 1o [s. |0, | “e.2}
aax |7.75 27,3 ©.074)|0.3501| "
-30 0.305) § (5.01 1,880 | 8.8 R Test Section
( ) ( ) START (0.074) (0'350) 0.‘]2 ‘24 Fangue
ﬁcw:u w08 [17.02 16.0 -2.0 Foilure at
. . . 25,840 Cycl
STOP | o 2cmy (0. 670 { 0- 278 yeles

QRIGINAL PAGE 8§
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Table 18: UNIAXIAL CYCLIC TESTS OF 1,02 mm (0.040 INCH) INCONEL X750 STA

[t xX
o~
v T s =12 2 o 4
1 EE B e 5 EEH E R R E EN B
23 Z £ | < | PARAMETERS aclZcld gee 12N 58] 2 REMARKS
wSjluYlsY A N M R AR B
&> | - eloc¢ DURING - UElx EJUS Z]ws)ex 3
wElZelTE SE|leEl2°ls2 |50 ]2 2
O = S |2 R &
o —

SIZING (0.024)} (0120 850
C’OP 0.686 3.05 0.225 (123.3
1B1C |1.02 ps.4 (0.027)](0.120) 10,903 Cpcles
-1 }40.040) |(1.00) o 23 b 03 9
sTART{O- .05 o225
. CYCLI (0.027 }(0.120) 517 0 Breakthroul
(75.0)

stop|1.016 [3.38 1o 30

START

SIZING (0.022)0.123)) - " } 850
0.559 I3.12 (3.3
187C |1.02 [25.4 STOPY 6.0 0. 12| 7° Test Torminated
2 |0.00|(1.00) 0.559 [3.12 After
Lves SIARTY o 02201z 177 | 345 | 261,320 Cycles

sTOP|0.762 3.12 g 244 {50.0)

(0.030)}(0.123)
START]0.559 |3.33
SIZING {0,022)}(0,131)
STOP 0.559 13.33
81C |1.02 ]25.4 6000|630

-3 | (0.040)](1.00) START ?0‘_5:;2, ?6,3?31)

YCL
stop|1.016 ]3.86

(0.040)}(0. 152)

STARTI0.559 |3.33
SIZING (0.022)}(0.133
0.559 {3.33
(0,022)J(0.131)
0.559 13.33
(0.0223{(0.131)

1.016 |3.86
&Jop) - :
! (0.0403}i0,152)

295
AR 778 Cycles
72 o

Breckthrough

62,048 Cycles
to

Break through

187C |1.02 }25.4 STOP
-4 ](0.040)] (1.00)

START

CYCLI

0.584 [3.30
SIZING (0,023)}10. :30)
stop |~ 584 13.30

iBTC | 1.02 P1.75 TOPY 0,023,010, 130) 6,294 Cycles

7 |0.040]1.25) 0.584 330 to
START| - - 0.177 Breakthrough

517
beveu 0.023)J0.1300] "’ a0

(75.0)

START

STOP 1.0V6 ]3.99 0.5
(0.040)(0 57y :

208



Table 18: Continued

¢ 2
o~
(]

- -~ - "~ -

-~ ~ = O ~ o a -

w I = & .= )= Z
gz lizlzz] . |ezles|s |42)55]|8 |2
2 Z o] PARAMETERS A c | Z | & oo =551 Z PEMARKS
3183153 - vl e BT R PRI A B
& v EJD E DURING - v E v ElOUN w Z e sS|ww =3
AZ I & = (E u E < ° x 5 f_:i [ s

= > at - g a g S0l 2 z

(V) & (V) o w

SIZING " 123 3

181C | 1.0¢4 | 25.4 stoPp ?’55;_ :(’62!528 0.100 |12 2,127 Cycles

R O U2é; LA

-8 J(0.041:] (1.00 : te
SIARIIO.fpr 3.25 o 'w &ecklhrwd'n

©.02h]0. 1284 517

CYCL)

STOP]1.041 13.76 |o.277 (75.0)

(0.041] (0. 148§

10,610 [3.30
STARTIO- : l
azine Bt fio 020/, 1304 O- 180 | 8%

(123.3)
1871C | 1.04 | 25.4 stor}0.635 [3.30 o ;02 |5
©0.025 01304 13,388 Cycles

-9 }(0.041 ] (0.00) 0.835 [3.30 o
STARTH 6 023)] (0. 130§ O- 192 | 724 Breaktiwough

JCYCLY +0.5
STOP ],04‘ 3.56 0-293 “05.)‘

(0.041)1(0_140

sTART]O0-339 13.30 14 449
(0.022)](0. 130

SIZING
stop0.559 13.30 1o 140 25
1BTC }1.02 |25.4 ©0.022} 01300 - o2 AR | 509 Cycles
-1 }(0.040)] (1.00) 0.559 13.30 to
STARTY 0. 0221] 0. 130) O- 14 | 724 Breakthrough
TCYCLI -1.0
STOP 1.016 ]3.56 0.286 (105.0)
(0.040)} (0. 140}
START|0.533 13.20 [¢ 147 50
SIZING (00213} (0. 126 8
0.533 [3.20 (123.3)
1BTC { .02 {254 STORY 6.02010.126) °-'¢ 3 11,192 Cycles
-12 | (0.0400{ (1.00) 0.533 [3.20 to
ART|Y: - 0.167
kveund .02 0.126 us |, Brekthrough
STOP 1.016 13.68 0.276 (50.0
(0.040)] (0.145)
0.533 |3.25
SZING STARTY 5 o2nf o, 128 % '** | 850
. STOP }0.533 13.25 1o 144 |(123.3) TesfMuc!'tine
81C | 1.02 | 25.4 0.02n](0. 128) Malfunction,
213 | 0.040)} (1.00 . Specimen Over-
3 |10-040101.00) START{Q:333 13.25 14 144 looded at 49, 156
(0.021}(0. 128) 517 ’
YCLI 4+0.5 Cycles
stop [0.660 13.25 g 203 | 75.00
(0.026)}(0.128)
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Table 18:Continued

Max

TEST
PARAMETERS

DURING -

SPECIMEN
NUMBER
mm (Inch)
mm (inch)
mm (Inch)
mm (inch)

a/2c

THICKNESS, t
WIDTH, W
CRACK DEPTH, a
CRACK LENGTH, 2¢
Mox STRESS, O
MN/m?2 (Ksi)
STRESS RATIO,
OMIN/oMox
TEMPERATURE, T
K (°F)
CNVIRONMENT
g

CRACK SHAPE

CvyCL 75.0 c

SIZING

stop j0.559 13.28 a123.3)
IBic | 1.02 125.4 0.022)}(0.129) ~ 7,318 Cycles
a5 §0.0e0 | (1.00 0.559 [3.28 [ 11 to
ke START) o 02| 0. 12 2 V7' | 517 Breakihrough
(75.0)

START[0-384 | 3.33

SIZING

1BTC | 1.02 ]25.4
-16 1(0.040)](1.00)

AR 2,174 Cycles
to

Breckthrough

kevel STARTY 502 0,131 > 724 | oo
1(105.0) -

STOP 1.016 [3.468 0.276

START 0-433‘ 3.30 0.146 i
SIZING 0.019,1{0. 130 850

123.3)
stor [0.483 [3.30 {4 146 {¢
18X 1.02 |31.8 {0.019](0,130) 0-

- 0.040)] {1.25)
1 { e START 0.483 }3.30
FYCL

3,660 Cycles

146 .
©.0t9}0.130)]° 724 Breakthrough

(105.0)
3.56 10286

stop|!.016
{0.040)|0. 140)

0.508 ]3.53
STARTY 6 0200}(0. 139

SZING 0.508 | 3.53

2 |©.04n}(1.2 = to
( 1.2 START]O-508 §3.53 1o yea | . Breokthrough

Ycu (o,oono. 139)

-1.4
1.041 | 3.81 (75.0)f ="
STOP 1 6.0ani}0. 1500 -7

210



Continued

Table 18:

:

Test Mochine
Malfunction,

Specimen Over-
looded ot

21,377 Cycles

LINIWNOYIANG

AIR

(40) ¥
1 ' NNLvydwil

wow b\:_ib
‘OILYY SSRILS

-1.0

(193) «e\zz
*OWp 'ss3yls oW

2.3

sz /0
3dVHS NOV¥D

0.156

(Yout) ww -
37 'HIONIT XOVH¥d

128)]0- 136 | 850

3.

1;5 0.156 | 345

0.

{

SJO"” {50.0

(You) ww
° 'H1d3Q NOV¥D

0.50813.25
{0.020))0.

(0.020)k0. 128)

)

.508
(0.020

(0.025)1(0.13

o
r4

3

a
B

PARAMETERS

START

stop]0.508 §3.25

0
START 0

stop|0.635[3.43

SIZING

CYCL

(4o 1) ww
M ‘HIQIM

318

(Yaup) ww
1 'SSAINMNDIHS

(0.041) | (1.25)

YyIWNN
NIWIDdS

18X

3-

21



Table 19: UNIAXIAL CYCLIC TESTS OF 3,30 mm (0,130 INCH) INCONEL X75¢ STA

SPECIMEN
NUMBER

<BTC
-1

THICKNESS, ¢
mm (Inch)
wiDTH, w
mm (Inch)

(0.133)

TEST
PARAMETERS

DURING -

mm {inch)
mm (inch)

CRACK DEPTH, o
CRACK LENGTH, 2¢

1.574
0.062)

1.626 17.82
(0.064)}(0.308)

o/2¢
Maox STRESS

CRACK SHAPE

0.208

’ aMux

MN/m? (Ksi)
STRESS RATIO,
oMil‘\/anx
TEMPERATURE , T
K (°F)

CYCL

1.626 }7.82
{0.064)}(0.308)

0.208

STOP

3.378 § 9.50
{0.133)§(0.374)

0.356

2BTC
-2

57.2

33
©.i31]2.25

SIZING

START

1.702 18.28
(0-0671}(0.326)

0.206

STOP

1.702 [ 8.28
(0.067)}(0.326)

0.206

kevew

START

1.702 | 8.28
(0.067}(0.326)

0.206

STOP

3.327 § 10.59
{0.131)}{0.417)

0.314

-1.0

281C
-3

57.2
(2.25)

SIZING

START

1.702 La.c
(0.0671}(0.332)

0.202

STOP

1.829 |8.43
{0.072)}(0.332)

0.217

850
(123.3)

IcycLl

START

1.829 [8.43
0.072)10.332)

0.217

STOP

3.378 j 10.64
{0.133){0.419)

0.317

345
(50.0)

B7C
-4

3.33 1 57.2
(0.131)}(2.25)

SIZING

START

1.626 }8.36
(0.064)K0.329)

0.195

ST1OP

1,626 18.36
(0.065)K0.329)

0.198

850
(123.3)

&:YCL

START

1.651 | 8.36
(0.065) §0.329)

0.198

STOP

3.327 {10.03
(0. 131) (0.395)

0.332

724
(105.0)

287C
-5

57.2
{2.25)

3.38
(0.133)

SIZING

START

1.626| 8.18
(0.064)}(0.322)

0.199

STOP

1.626 ] 8.18
{0.064)§(0.322)

0.199

850
(123.3)

kcycu

START

1.626]8.18
(0.064)(0.322)

0.199

345

sToP

3.3781 10.24

(C.133y (0. 403)

0.330

(50.0)

-1.0

295
(72

ENVIRONMENT

AIR

REMARK S

14,272 Cycles
To
Breakthroush

4,641 Cycles
To
Breokthrough

145,919 Cycles
To
Breokthrough

2,704 Cycles
To
BBreaktiwough

29,233 Cycles
To
Breakthrough

212




Table 19: Continved
o x
- o N\ g - X - -
z a 1EST iA = _ = S ;';: .Q- 3 w 5
53123123 HEHER R ENENE
3 55 T PARAMETERS Qs 'ﬂé I E N\ g‘&’u 3 REMARKS
#31uTlas] ommnc (¥e|-elSSl°Z]eslEx] S
wZ L EfS E « E v E]l €« °])x ac >
- z o P-4 o 2lnol= 4
1.574] 8.33
STARTY " ool (0. 328] O- 189
SIZING
stop| )60 | 8-33 15 192
27C | 3.35 | 57.4 (0.083)] (0.328} ™ 650 Cycles
-6 |(0.132) 1 (2.26) 1.600 | 8.33 To
START] " el 0.2280 0192 | 724 Breakthrough
CYCL (os.of -
STOP 3.353 1 10.36
©.132)] (0. 408) %34
T.651 | 8.20
START 0.201
SIZING (0.0¢5)(0.323)
1.676 | 8.20
281c | 3.35 | 57.4 STOP o veal0.37m| 0-204 15,065 Cycles
-7 {0.132) | (2. 26) l.676 1 8.20 To
' START (0.062) (0.323) 0.204 15 |-2.0 295 |AR Breokthrough
feve! 3 3531.1; 10 w.0| |7
stoe] 3- . :
(0.132)(0. 37| %-3%2
1.702 | 8.28
START
0.067}(0.226)] %- 2% | 850
SIZING 123.3
stop| 1-702] 8-28 1 o] 2,768 Cycles
287C 13.38 57.4 0.067}0.326)§ - AlR . TOY
D Al A start| \-702] 8-28 14 70 Breokthrough
(0.067)}(0.326) 517 |-1.4
feveung 75.0)
stop] 3-378 [ vos |, o 17
(0.133)}0.435)|""
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Table 20:

STAINLESS STEEL BMm

UNIAXIAL CYCLIC TESTS OF 0.71 mm (0.028 INCH) CRYOSTRETCHED

o x
- o | 3 S I
7 - z |E _|e |IB% Q3a r4
|2z lzz TEST cas|loz|e 22|55 b3
22 | 2515 pavamerers |82z 2]z B2 222 2 REMARK S
]|z s S lEs|lelEE axls<l 6
§§ S]_:’EQE DURING égsgég‘:%gi %‘z ;
w ES © Z
= 5 |3 |15 127177 |= &
=
0.203 | 1.14
. 0.178
9 STARTY0-008)}(0.045) 1379 N
~N 0.203] 1.14 (200.0 2
N plo-
N Isio (:008) J10.045)| ©-178 1
o 0.203 | 1.14
AR 0.178
wcic] on fz2] £ T T]t0.008) f0.045) 1234
"2 |4 8 |stop|0-23] 114 b (79.0
& (0.008)}(0.045)| °- AIR oo
© 0.203 | 1.14 CYCLES |
2 |5TARTo 008 |(0:045)] 9178 | 450 1O BREAK.
pry 100.0)
O 0.711 | 19 ( THROUGH
S 177 .02 (0.077)'0-3"‘ :
0.203 | 1.17
9 ARTLo.008)|0 046)} O 174} 1as2 78 N
N [eropl0-203 [ 117 2.2 (-320)} =2
& (0.00e){(0.048){ 0-17
O 0.203 | 1.17
Z IstarT 0.174
el on fnsl 5 (0.008) §(0.046) 1234
9.0
-3 }(0.028)}{0.47) o |sroe J(%.g%g)'(g .0136 o174 (179.0) 25 | g
& . .
(72)
O 0.203 | 1.17
START 0.174 6104 CYCLES
:‘Z. (0.008) }(0. 04¢) (‘%%00) 0.5 TO BREAK -
154 0.711 § 1.73 4 . THROUGH
& 15707 [0 om0 dea O 412
0.202]1.07 0.190
Q™A (0 0oe)ft0-042) V442 2o
N 0.203 | 1.07 (209.2) =320)
& |5TOP [(0.008)}(0. 042} 0190
0] 0.203 | 1.07
IcTIc | 0. {119 Z  ISTART o008 (0. 042)f °-17° | 1234
y ) o 179.0)
-4 foomfo.a] § foopfo20a o7 [ 107
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Table 21: UNIAXIAL CYCLIC TESTS OF 2,54 mm
301 STAINHLESS STEEL BM
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Table 2)1: Continued
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Table 22:  UNIAXIAL CYCLIC TESTS OF 2219-T62 ALUMINUM WITHOUT SIZING CYCLE
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Table 222 Continved
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APPENDIX A: DESIGN AND STRESS ANALYSIS OF SPHERICAL CAP SPECIMENS

Four different spherical cap specimen configurations were utilized in this experimentc!
progr.m to determine the influence of a 1 to 1 biaxial stress field on the static

fracture stress/flaw size relationship. These specimens were pressurized internally to
develop membrane stresses and were designed primarily around the following require -

ments:

(1) Uniform stiesses in the vicinity of the apex (where the surface flaw would
be located ) when pressurized up to 90% of the ultimate strength of the

material at the apex.

(2) No failure at the spherical shell to flange transition when pressurized up
to 90% of the ultimate strength of the material at the apex.

(3) Minimize the effects of the radius of curvature on the fracture results,

The radii for these spherical cap swecinens were selected so that the static fracture
results were > 90% of flat specimen results, Folias (Ref, Al) has shown that

a significant reduction in failure stress can result in a curved panel contfaining o
through crack. This analysis by Folias is applicable only to the finear elastic

case and does not really apply to failures occurring in the plastic stress regicn in-
vestigated in this program, but in lieu of any other available analysis the one by
Folias was used, Since these specimens had a surface crack rather than a through
crack, an effective or equivalent through crack was arrived at so the Folias analysis
could be applied. !t was assumed that a surface crack (shape equal ‘o 0,20) which
iust penetrates the thickness has an equivalent through crack area equol to the semi-

elliptical surface crack area, or that

= ?_T( -
2, 7 (2) (A-1)
where : 2ce = equivalent through crack length
2c = surface crack length
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The relationship between spherically curved and flat panel failure stresses by
Follas is expressed by the equation shown below for A< unity,

O CURVED PANEL _ ! o (A-2)
o FLAT PANEL (I + 0.49 Az)
where : g = stress

12( 1 —pz)ce4

4
A r2 t2
r =  radius
t = thickness
[0 = Poisson’s -atio

For the curved specimens investigated, A was assumed less than vnity and the relationskip
and the failure stresses is presented

between the surface crack parameter
rt
in Figure Al, If the crack parameter is maintained below about 0.87, the failure

stress in a curved ponel will be greater than 90% of the flat panel failure stress.
This was ihe basis for the spherical cap radii selections, It should be mentioned
that the hoop overwrapped cylindrical tanks, as well as the non-overwrapped all-
metal tanks fested in this xperimental program, also met this requirement for

maximum permissible crack parameter,

The extent of the spherical segment was selected at 120° for ease of fabrication with
an apex cap of constant thickness over an arc of 60°; both selections were based on
the desire to have a relatively uniform stress field in the vicinity of the apex. To
establish the membrane stresses throughout the spherical cap, a computer shell analysis
was run for each configuration, This structural analysis program, BOSOR 3 (Refer-
ence A2), performs an elastic stress analysis. The meridional and hoop stresses on the
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inside and outside surfaces for the various spherical cap specimens are presented

in Figures A2, A3, A4 and A5, These graphs are shown for intemal pressures
that cause stresses at the apex of about 276 MN/m2 (40 ksi) and 690 MN/m2
(100 ksi) for the aluminum and Inconel materials, respectively; both just befow the
material yield strength,

Uniformity of stresses in the fest area was limited to T 10% of the apex stress

(pr /2t) over an arc length equal to a minimum of 4 times the onticipated crock

length. This requirement was arrived at based on the work done by Masters (A3)

which established an acceptable width-to—crack length ratio (W/2c) of about 5 for

finite width uniaxial specimens,

To further evalvate the uniformity of stresses in the vicinity of the cap apex,

strain gages were applied to a checkout specimen (configuration 1AB), which did

not contain a surface crack and which was then pressurized until the uniaxial ulti-
mate strength of the material was reached at the apex. At various pressure incre-
ments the various strain gage values were recorded. The highest pressure at which
strain values were recorded with the structure acting elastically was 6.9 kN/m2

(1000 psi) whereas the specimen was ultimately pressurized to 1600 psi, well into

the plastic sirain region. The measured stresses due to the 6.9 |<N/m2 (1000 psi) loading are
presented in Figure A2 along with the analytical results at the same pressure, The
back-to-back strain gages at the apex did not indicate any bending (cll gages showed

the same amount of strain at a given pressure loading) and the stress at this point is

equal biaxici tens’on defined by the equation:

o, = 0, =4 (A-3)

where: p internal pressure

apex thickness

suoscripts x and y denote x and y orienfations,

223



Using the general elostic stress/strain relotionships presented below, the modulus
of elasticity was calculated to be 91,0 GN/m2 (13.2 x !06 psi) based on the
strain dato obtained at the specimen apex.

=1 -
& = (o, ~no) (A
e = L(o -po) (A-5)
y &y x
where : € = elastic strain

m
)

modulus of elasticity

This valve of modulus of elasticity is higher than that recorded for the uniaxial
specimens which had an average valve of 73.1 GN/mZ (10.6 x 10° psi). This
same phenomenon was also observed for the aluminuem cylinder tests reported in the
interim Report,

The elastic stresses at locations away from the apex of the bulge specimen were
determined using Equations A4 and A-5 and the measured elastic strains. The valve

of the modulus of elasticity used to determine inese stresses was 91.0 GN/m2

(13.2 x 10° psi); the valve determined ot the apex. Values of modulus of elasticity
can vary 10 to 20% in controlled tensile tests and therefore the experimentclly deter-
mined stresses might also show this kind of variation. Taking this info account, reason-
ably good agreement is obtained between the experimentally and analytically determined
stresses presented in Figure A2. In some cases the experimental values exceed the
analytical ones and in other cases the opposite was true,

The experimentally determined siresses at 6.9 kN/m2 (1000 psi) are replotted in

Figure A6 versus arc length from the apex along with the plostic stresses calculated

at the maximum pressure attained; 11.0 kN/m2 (1600 psi). The plastic stresses at 11,0
kN/m2 (1600 psi) were determined by applying the deformation theory for plcstic flow (Ref,
A4) os outlined below in the following paragrophs.
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The three principal plastic stroins were determined from equations:

cx = l:x -CEx (A-6)
= - £ -

Ey 5, Ey (A-D

€, = ‘Ex -ty (A-8)

where: ¢ = plastic strain portion
& = elastic strain portion
€ = total strain

subscripts x, y and z denote x, y and z orientations,

The effective strain (€ ) was then determined from the expression

I Y TP
= ((Ex + sy +E ) (A9
where for equal biaxial tension ¢ . "€ v The result is shown below
€ =2¢ (A-10)
X

The effective stress ( o) was determined from the expression

- 1 2 a2 o) (A9
o =\7§. (ox-oy) +(oy oz) +(Gz Ox) {

where for the equal biaxial tension state ( & < oy) existing ot the specimen apex

and oz = 0 reduces to:
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=0 == (A-12)

The plot of effective stress and strain is shown in Figure A7, Using the effective
strain based on Equation A-9, the effective stress was then determined at the loca-
tion in question using Figure A7, The relationship between the plastic strain and
stresses can be expressed as follows:

E; - _ZT‘ lox - 0.5 (oy - Gz)] (A-13)
-
& =T [oY - 0.5 (az - ox)l (A-14)

where k is a measure of the plastic moduius of the material.

WUsing Equations A-13 and A-~14, the unknown k con be eliminated and the rela-
tionship between ¢ and ay is obtained as expressed below:

ox - 0.50

= ——T—l (A"'é
3 o, - 050 )

Y 14
it o = GC.
4

Knowing the effective stress value determined previously, the actual stresses are
determined using Equations A-11 and A-16. As indicated in Figure A6, the plastic
stressas are reasonably uniform within the accuracy of the measured strain valves, It

is realized that true strains should be used in evaluating the plastic stresses, but since
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the engineering and true strains are essentially equal for the strain values obtained
in this test, the engineering strains were used in the calculations,

One interesting result of the instrumented pressure test is illustrated in Figure A7;
where the effective stress and effective strain are plotted. Along with the effec-
tive stress/strain values determined at the specimen apex, the effective stress/strain
relationship for a uniaxial specimen from the Interim Report is plotted. This compari-
son illustrates there is an apparent strengthening of the equal biaxial result over that
of the uniaxial result. The deformation theory of plastic flow states that the effec-
tive stress/strain relationship is invariont for a moterial. As discussed earlier, the
elastic modulus of elasticity also appeared to increase for a biaxially loaded struc-
ture compared to a unioxially loaded one.

In summary, the spherical cap specimens were designed to provide a uniform 1 to |
biaxicl stress field in the immediate vicinity of where a surface crack would be
introduced and at the same time minimize any curvature effects on the static fracture

results obtained and this was achieved.
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APPENDIX B: EXAMPLE OF SERVICE LIFE CALCULATION

A detailed example of how to determine the service life of an overwrapped
tank with a load sharing liner utilizing the data contained in this report

is presented herein,

The pertinent parameters established for this example are:

Material

2219-T162 Aluminum Base Metal

Ultimate Strength

431 MN/m2 (62.5 ksi)

Yield Strength

297 MN/m2 (43.7 ksi)

Liner Thickness

4.57 mm (0,180 inch)

Sizing Stress Field

Equal Biaxial (1:1)

Sizing & Operating Temp,

295 K (72°F)

Sizing Stress

345 MN/m2 (50 ksi)

Max. Operating Stress

166 MN/m2 (24 ksi)

Min, Operating Stress

-166 MN/m2 (-24 ksi)

The first step is to calculate the critical crack size screened during sizing

from Equation 8:

o, = 0, - S(/Q)
345 MN/m2 = 431 MN/m> - 47.8 MN/m” /Q) <" GOy
m = m . T (0 ; Units
ksi cr Us
50ksi = 62.5ksi - 176 — (a/Q). ( Customery )
inch i Uni
its
(.:./Q)icr = 1.80 mm (0.071 inch)
PREC
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where the valves of O’S and 0'0" are given and S is defined in Figure

45 for the given material, thickness and biaxiality condition. For the example
prescnted herein it is assumed that the initial crack shape (cn/?c)i is 0.1,

Cther cck shapes (0.3 and 0.5) should be investigated to determine which

shope yields the least cyclic life, To determine the critical crock depth

screened by the sizing cycle, it is necessary to determine the crack shape parameter
(Q) which is a function of a/2c and O s/ 07‘ . Since the sizing stress exceeds
the material's yield strength, the os/o-ys ratio is greater than unity. The crack
parameter, Q, is undefined ot O /(1’ys ratios greater than unity and therefare it
will be assumed that ‘rs/oys is unity and Q determined from Figure 16:

Q, = 0.89

The critical crack depth (a:r) is then:

o’ (a/Q);:r Q,

1.80 mm (0.071 inch) 0,89

S = 1.60 mm (0.063 inch)

The critical crack length is:

25 = 106
] ]
25" = 16.0 mm (0.63 inch)

This crack Jepth is considerably less than the liner thickness of 4,57 mm (0,180

inch) which indicates that the sizing cycle does screen a crack,

Once the critical crack depth that is screened by the sizing cycle is established,
the next step is to determine how many operational pressure cycles the pressure
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vessel can withstand without leaking or failing catastrophically, This involves

a numeric infegration procedure where the crack growth potential (liner thick-

ness minus the crack depth screened by the sizing cycle) is divided into o

number of increments and the operational cycles required to grow each increment

is calculated, It is first necessary to establish the monner in which the crack

shape changes as the crack grows. As poinfed out in Paragraph 7.3, the crack
shape approoches a steady state value when cycled regardless of the initial crack shape.
For the 2219-T62 aluminum, this value is 0.35, W this crock shape wos assumed
when the crack penetrated the thickness, the crack length would be 13.1 mm (0,514
inch). This is less than the initial value of 16,0 mm (0.630 inch) ond, therefore

it will be assumed that the crack length does not change while crack depth growth
tokes ploce. Table Bl illustrates the numeric integration fo defermine the operating
cyclas necessary to couse liner leakage. The stress intensity valves (K) are calcu-
lated using Equation 6:

_ wa \1/2
Kmt'xx = 1.1 omux(_-Q_) Mkm

The numeric integration shown in Table Bl is based on a omin/ omox (R) ratio

of zero so that the result can be compared directly with the parametric life analysis
presented in Paragraph 7.5. The cyclic crack growth rates (da/dN) are caiculated
for each increment of crack growth using Equation 7 with B = 1 (R =0 condition):

da _ n
N T O,
where Kav is the average stress intensity for the increment and the empirical
constants tor the given material, thickness and temperature are obtained from

Figure 70 as presented below:

n = 3.38
-9 mm Si

23x10 (o)
(MN/m: ) Units

0O
]
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Us

= 1.Bx10”7 nch ( Customary )
(ksi Vi) " Units

As Table Bl indicates, the cycles to grow the crack from its initial size to the
point of penetrating the thickness is 6515 cycles. From Figure 96 for the some
conditions, a cyclic life of 5700 cycles is obtained. The result from Figure 96
is slightly conservative to cover all the conditions presented.

To obkin the service life for the given R ratio of -1.0, it is necessary to
determine the appropriate value of the parameter B in the cyclic crock growth
rate equation. From Figure 81 for an R = -1.0 ond a amax of 166 MN/mz
(24 ksi), the value of B is 1.9, Therefore, the cyclic cruck growth rates cre
1.9 times faster at an R = -1.0 thon ot an R = 0 and the service life based on

Equation 13 is:

I8 Oreles — 3429 cycles

Under the stated operating conditions, the service life of the liner is 3429

cycles bosed on an assumed initial crock shape of 0,1, As indicated by Figure
98, if an initial crack shape of 0.5 was assumed, the service life at cn R = 0

is 1300 cycles whick is considerably less than the 5700 cycles arrived at when
assuming an initial crack shape of 0.1, Thus, a complete assessment of a liner
must include assuming various initial crack shapes and calculating the service life,
In addition, the weld metal as well as the base metal should be investigated.

The cyclic lives determined do not account for any cyclic crack growth rate data
scatter, As suggested in Paragraph 7.3, the cyclic life calculated above should
be reduced by a factor of 2 in arriving at a guaranteed life.
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One additional check should be made to verify that the liner indeed leaks rather
than rails catastrophically. From Table Bl, the stress intensity value ot crack
breckthrough is 24,8 MN/|||3/2 (22.6 ksi Vin). This is less than an apparent
toughness of about 55.0 MN/m3/2 (50.0 ksi Vin), the value at which catostrophic
failure is assumed to result, and therefore leckage does occur prior to catastrophic
failure.
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TABLE B1:  CYCLIC LIFE CALCULATION FOR EXAMPLE (R= 0)

a Aa g, _0!
mm MN/m : J
ancH) | aneh) < (FIG,16 ) (FIGA7) [MN/m¥ ] MN/m¥/? n/CYCLE | (CYCiLes
INCH
(KSIVIN) CYeLe)
‘Q] ‘&%) 0.30
0.119 ] (12.99) (7.14) 1681
(0.075) [ 0.30 : 1,090 | 0.417 | 1,116 ]g.oo
2.21 (0012 [ (13.70) I 15.78 255 e
(0.087) [ 0.30 . 1.130 | 0.483 | 1.156 | 1690 (14,36) (10,03)
2.51 | (0.012) [ (15.0D) I 17,25 344 :
.09 o301 %' 1170 | 0.550 | 1.203 | (1% (15.70 | (13.55) 8
2.82 ] 10.012) .38) [ 18.74 %55 p
o oo %17 1.215 | 0,617 | 1.252 “9-44; (17.05 | (17.91)
372 1(0.012) 166 | 0.8 (17.7) ™ 20.18 584 po
(0.123) o301 ©'9° | (29 1.260 | 0.683 | 1.300 |,20-89 |_(18.36) (23.00)
3.43 |(0.012) (19.00 21,51 725 20
0135 5301 0 1.310 | 0.750 | 1.340 |,22.12 | 19.57) | (28.54)
3.73 | (0.012) (20.13) ™ 22,66 B85 o
0147 o301 %28 1.365 | 0.817 | 1,374 ('g-“g) (20.62) | (34.06)
.04 ](0.012) . 23,56 987
©359) o5 0252 a0 | 0.883 | 1,30 | 2373 (2140 | (38.86) 309
4.34 | (0.012) (21.77) | 24,23 1085 281
©0I7) [z LY 1.480 | 0.950 | 1,403 (gggg) (22.05) | (42.72)
4.57 | (0.009) - 24,68
. 0.286 24,84 . 1155

> AN = 6515 CYCLES



APPENDIX C  SYMBOLS

A = Failure loci empirical constant

a = Semi-elliptical crack depth

a/2c = Crack shape

o/Q = Crack size

a/t = Fraction of crack depth

B = Cyclic crack growth rate empirical constant to account for
R ratio effects

BM = Base metal

C = Cyclic crazk growth rate empirical constant

c = One-half semi-elliptical crack length

cOD = Crack opening displacement

D = Diameter

da/dN = Cyclic crack growth rate

E = Modulus of elasticity

GOL = Growth on loading

K = Stress intensity

Kie = Engineering fracture toughness

k = Plastic constant

L = Length

m = Failure loci empirical constant

M m = Deep flaw magnification factor

MOF = Mode of failure

N = Cycles

n = Cyclic crack growth rate empirical constant

ow = Overwrapped

P = Tank pressure

Q = Crack shape parameter

R = Minimum to maximum stress ratio

r = Radius

RT = Room temperature
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Failure loci emoirical constant
Temperature

Thickness

Width

Weld Metal

Crack opening displacement constant
Change or difference

Crack opening displacement

Total strain

Effective Strain

Plastic strain

Flawed shell porometer

Poisson's ratio

Stress

Effective stress

Crack shape parameter

SUBSCRIPTS

Average ps = Prestress

Critical s = Sizing

Critical ult = Ultimate

Equivalent x = Direction parallel to crack plane
Final Y = Direction perpendicular to crack
Initial plane

Adjocent ys = Yield strength

Maximum

Minimum

Operating
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