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- ABSTRACT

4

Internally precracked thick-walled cylinders were fractured wndeér

uniaxial Stress conditions b?thawithoﬁt:and with intéxnal pressure to

~

determlne 't. he difference”in fracture characteristics. The surface
flaws were on the.inside»aiameter;ana*erientea so that a Mode I type
opening occurred when a steadily increasing axial tension load was
‘applie@ to the cylinder. The triaxial stress state at the crack tip
was modified by internally pressurizing to 60,000 psi.

A modified air-melted H-11 alloy steel known as Vascojet 1000,
heat treated to yield s’gre._ngt'h of 203,000 psi. was tested with wall
thicknesses of 0.125 and 0.150 inches. Surface flaw depths were from

0.012 inch deep to approximately the middle of the wall thickness in

" each specimen size.

Internal pressure increased the axial net fracture stress for

. ..

fractures under stress state conditions which were mixed plane-strain
plane-stress states. The application of flat-plate surface flaw anal-
ysis based on fracture mechanics gave unrealistically low estimates of

the stress intensity. Percent shear lip is not changed by internal

pressure within a cylinder. An empirical equation was proposed to es-

timate the fracture of pressurized cylinders based on the Von Mﬁéés

fracture stress. Subceritical flaw growth appears to have occurred in

the pressurized cylinders primarily in the flaw width direction. The

. . HE Ty g
COPressuriing mediis are pog-

complex ltoading and inferaction witnh Lhe pros:

¥

sible factors to explain the suberitical crack growth.

R - -
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' 1. INTRODUCTION

A. General

" Fracture failures of pressurized cylinders often originate

_f?bm;sufface flaws on the interior surfaces. One method of pre-

'-'under*uniaxial7loadiné conditions is
| 3 -
the stress intensity concept by using linear elastic analysis or

dicting fracture behavior™

by using plasticity models. The main difficulty in applying these

coneepts occur in computing the value of the stress intensity

factor for a given method of loading, crack configuration and

specimen geometry. Although stress intensity factors for various
/

combinationsh’5 are available, the stress intensity factors for

surface flaw configurations in curved surfaces would be very

7

complex§ and are not presently available. ©Sih and Setzer have
shown that the crack tip stress fields are equivalent to com-
bining modes I and II with a bending field. Modes I and II
result from the extension of the middle surface of the cylinder,
and the bending fields result from changes in the curvature of
the middle surface when neckiné occurs. They also observed that
the extension and bending effects would result in stress intensity
factors involving many parameters.

The introduction of biaxial or triaxial loading conditions

& |

at the crack tip pregsent further complications  in applying present

stress intensity concepts. Some work has been done with biaxial

| , e O o
loading by Kibler and BEoberts” on center cracked plates.  They

b

have zhown Lhal for biasxial loanding conditions, the existing

A




Linéar~elastic analyses and plasticity 15 de:Ls1 do not account for
| the strengthening effect produced by the biaxial loading for planme
stress fractures. Although surface flaws and triaxial loading
conditions normally occur in actual applications of pressurized
cylinders, little work has b een done relating the fracture charat-
teristics to the éomplexfloading conditions.

—

Since the surface flaw analyses are not available for curved
surfaces, the surface flaw analyses for flat plates was used as

an approximation. The plane-strain stress intensity factor’Ki as

proposed by ASTMll for semielliptical surface flaws in flat-plate test

specimens under remote axial Mode I loading is

a 1/2 Y
K. = 1.1y7 a(-Q-) (1)

where O 1is the gross applied stress, a is the flaw depth or the

semiminor axis of “the elliptical flaw contour and Q 1s a parameter

that is a function of flaw shape, ¢ and the 0.2% offset yield

L 5 o
p,

A

, . . t g . L2, 13 _
strengtih, Equation 1 was first proposed by Irwin™ ’77 and was

based on the elasticity solution derived by Green and Sneddon

The parameter Q is defined as

) _ g
Q= ¢ - 0.212 o (2)

sk




-l

C |

is the 0.2% offset yield strength and & is the complete

where O YS

elliptical integral of the second kind eorresponding to

T/o [ - 1/2

where ¢ is the semimajor axislef*ﬁhe.elliptical flaw contour and
O 1s the angular displacement from the semiminor axis. The maxi-
I occurs at the end of the semiminor axis of the

ellipse and at flaw instability, Equation 1 can be written

mum value of K

L\ L1/
K =11yro 59- (L)

-
where the subscript letter c¢ indicates crack instability conditions.

A crack area limit of 10 percent of the gross area and the specimen

size requirements shown in Figure 1 were proposed by ASTM for the

b4

use of kquation 1.
Theorctically, elliptical flaws with identical a/Q values
will have identical KC and the a/Q value of a flaw provides a
single parameter with which to correlate fracture data obtained
from surtface-{lawed specimens with di fferent floaw chapes. The
ability of the paramcter § Lo characterize Lhe severity of surface
15,16

flaws in flat specimens has been investigated by seversl authors

with the general conclusion that the Q parameter adequately ac-

counted for Lhe geverily of Lthe surface law Wity respect Lo Lhe
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crack;ﬁhaﬁes andmto_plane—stréin stfess.inteﬁsifyvcaiculaticns,
Two proposed modifications to Equatlon i were con s:i--'de:r'é-d- in
the specimen analysis. Paris and Sih" recommend that the fromt-
fﬁﬂé-freéﬁsurface'eorrectibngfactbr?in EquatiQn.h sh@ul& be a

function of the a/c ratio given by

[ 1 -0.12 (1~ a/c) ] (5)

A

instead of a constant value of 1.1l. .R:.e.mrlidal'll'5 proposed that the K

values should be multiplied by the correction factors

net area A

since the effect of the crack surface area is not accounted for by
Irwin in Equation 1. These correction factors were not applied to
Equation 4 since the influence of these factors was small for.the
a/c and area ratios used in this work.

!

C. Objcctlives

The objectives of this work were to study internally surface-
flawed cylinders in the following ways:
1. Net fracture stress, with and without internal pressure.
2. Attempt to npply fiat-plate surface Ulaw canuations Lo
eylindricnl gpecimens withoul internal pressure.

3. Alteration of fracture appearance with internal pressure.




li. Engineering predictions of fracture stress with internal

£ L I3e
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Pressure based on the Von Mises fracture st ress.
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‘II. EXPERIMENTAL PROCEDURE

A. Preparstion of Specimen

| The specimens were machined from one inch diameter bars of
air melted Vascojet 1000 alloy steel. The AISI designation of H-11

is normally used in literature for this martensitic steel. All

\.
g

bars were from the same heat and had a nominal composition of 0.40% C,

5.00% Cr, 1.30% Mo and 0.50% V. Figure 2 shows the speecimen geo-
metry and all specimens were machined the same with the exception
that two outside diameters were used: 0.750 and 0.800 inches.

The specimens were rough machined prior to heat treating with

extra material left on the inside diameter, outside diameter and on

both threads. The heat treating was done in two separate groups

in the following sequence:

1. Preheated to 1U450°F in a protective atmosphere
(dry argon).

2. Austenitize at 1850°F in the same atmosphere as
above (automatic temperature controls, range of 1840 -
1860°F), for 30-35 minutes.

3. Air cool to 100-150°F. \

L. Temper at 1100°F in air atmosphere (automatic temperature
controls, range of 1090-1100°F) for 2.% hours.

S. Air cool Lo below 0090,

6. Temper at 1100°F in air atmosphere (same as step ).

T. Air cool to roam temperanture.
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After heat treating, thé?insidéw&iametérs»wereihqnad,'the

outside diameters ground and the threads were ground. :Thﬁ;fatigue

' L

crack starter slot shown in FigumeVS?was;producé& by the electric

discharge_maChining‘(EDM) proéeSS'USing‘a-O;OO2wihch thick tantalum

“foil electrode. The EDM slots were 0.003 inches wide, 0.007 inches

o “ o e L | L
deep at the leading edge and had a 0.0015 inch tip radius’. Very

1ittleﬁstructural damage was introduced by the EDM process as

evidenced by photomicrographs.

Next the spécimens were fatigued to initiate and grow a sharp

crack by applying a varying axial tensile load at 10 cycles per

second. For the final portion of the fatigue precracking, all

specimens were fatigued with a maximum load corresponding to 40,000

psi gross stress (maximum estimated K value of 19,000 psi \/in.)
and a minimum load based on 2,000 psi gross stress. Specfmens

that have a plus sign in front of the number-of-cycles figure in

Tables 1 or 2 were fatigued at a higher stress level for less or

equal to 500 cycles to initiate the crack. Although the ASTMl{

fatigue crack requirements were not designed for surface flawed
specimens, these stress values, maximum estimated K value and range

are in general accord with the ASTY recommendations.

A sohematic of the nest egquinment is shown in Figure U where
the numbers used below in parenthesis refer to the schematic

drawing. ‘Tensile londy were applicd to the test specimen by

aydraulic cylinder (1). The hydiraulic pump

; . ) ¥ . !‘\' % * w“w L, ¥ - \ 4
ﬁ gs i;( ! 33%’«?& 15993 BRI d 'm-.»‘"l‘ Fom thia L *

L ]




supplying the six inch ¢ylinder was capable of supplying up.te-,

3500 psi oil pressure. The applied load was measured with a
Strainsert 100,000 pound capacity load cell (éy.and'phe load

measurements were recorded on a Brush L-channel strip chart re-

corder (3).

The pressurized specimens were internally pressurized as

closed end pressure chambers. The oil used was Mobil DT-E2L

hydraulice oil and no attempt was made to remove the moisture content.

4 The internal pressures for the test specimens were obtained by
supplying hydraulic pressure from a second hydraulic pump to the
35,000 psi capacity intensifier (L4). The output pressure from the
first intensifier was increased by a factor of four by a 100,000
psi capacity intensifier (5). The output pressure from the 100,000
psi intensifier entered the test specimen through a manifold and a
Norwood 100,000 psi capacity pressure transducer (6) recorded the
hydraulic pressure on the same recorder that registered the load
cell measurements. Special beryllium copper seals were used ap-
proximately one half inch from each end of the specimen on the in-

side diameter to hold the desired pressure levels inside the speci-

mens.
The hydreaulic pump unit supplying the six inch cylinder was

set at 3,300 psi pressure and the flow rate was adjusted to give

4

the specimen an average loading rate of approximately 600 pounds

I, | R Y -y AU N W e & : —_ e e Y ATt L )
p@z* geerrinnnad o Wltiavin ety IR STEEANS B by osbtrain rabtes oot )0y oaned U, (1014
A L

inceh/inch/minute in the 0.750 and 0.800 inch diametoer specimens
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respectively. Since the strain-rate sensitivity is small for

martensitic steels heat treated to yieldusbrengths‘in excess of

200,000 psiS, the stfainﬂratesvuéeaewill not adVersély'influende
the data and are equal to.or less than the conventional static
fracture test strain rate of 0.005 inch/inch/minute. The pump

capacity was sufficient to hold the 3,300 psi pressure constant

while building up pressure in the six inch cylinder. The hydraulic

pump unit supplying the 35,000 psi intensifier had a capacity of
3,000 psi pressure with varigdble flow rates and pressure. For the
internally pressurized experiments the total time under internal
oil pressure for each specimen was less than five minutes.

C. Measurements

Prior to the experiments the inside and outside diameters
were measured with micrometers and recorded. Hardness values were
recorded by taking the average of three readings on each end of the
test specimen. Fatigue data recorded for each sgecimen consisted
of the number of cycles, maximum applied force and the minimum
applied force. During the experiment the axially applied force
and the internal specimen pressure was recorded on the recorder at
a speed of five millimeters per second.

Fractographic resolution of the fractured surfaces was good
with properly oriented light and photographs were used at a known

. . - o 3 L4 «
“4' F MR - “. .k ‘.: i ‘ \‘QA_, - riqy s - R T ¥ } . I LT ] 2w 1 o £ %
Aty Lo (Y e Yier U lyer M 1Lind i} PNE 5: 1y LIler O TR IO i;,,'.u’.

maginn i

A toolmaker's microscope cambining optical magnification with

micrometer table movement was used to measure the EDM notch depth,
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:driticalfflathepth,‘Widthzofflatgfracture'surfaceiandﬁwidth~bf

the shear lip at the leading edge of the critical flaw., Most of

‘thegmeasurémentsAtaken;werExrepeatable but. two types of measure-

ments involved human judgement. ThE-majOr*chord:length of the

critical flaw was determined by a projected elliptical contour

based on the center portion of the flaw. Also, some of the cri-

tical flaw depths were_riot well defined and several measurements.
were averaged in these cases.

D. OSpecimen Analysis

1. General

K;. data has been reportedlBtfcr'fthH;Il'allby:steel tempered

at llOOOF and were deteyminedl9 to be valid plane strain Kic values.

The average‘of eight notch-bend three-point-loaded tests using one

inch square specimens was 73.2 ksi \/in. with the lowest value of

61.6 and the highest value of 80.1. The flaws in the above test
specimens were tangentially oriented to the rolling direction and
the flaws in the test specimens used in this work were similarly

oriented. However, the tempering times for the valid KIC values

c

were two hours plus two hours as compared to 2.5 hours plus 2.5

2 - A » k-l & Sl £ T ) - LATF 'S YR A c» -“j"' Ty 4 - Al Yy Ly b i 1 ¥ -y 3 PR S VY YRR B i =, g B e
hours for the specimens used in this work., Hardness measurements

were used to cestimabte yield strength from previously determined

ri,jk

relationships’ ™ as shown in Figure 5. An approximation that is

. .20
generally accepted

[

for o valid KT@ value is that the crack depth

Y * N Y I - [ / } ¥ iYL
y ARl e 205 (*' L 0 DU for
-+ .3

[

&
o
*
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.
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e
s
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P
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Baged on the reported K. vwalue and
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1

the above criteria, as an approximation, the minimum wall thickness

values in these specimens is 0.3k4 inches

1necessary\forfvalidKIc
while the thickest walliuséd‘inntheéé-expériments was 0.15 inches.
It is predicted that the specimens used in these experiments will
havefréctures:eXhibiting”mixedplaneestraiﬁ‘plane—stréss,mbdes.
The fracture mode transitionzghﬁas based on the percentage of

shear at the leading edge of the critical flaw as shown in Figure | §

6 and was calculated from

% shear = ——— (100) (1)

S + Y

where the shear 1lip depth S and the rapid flat fracture depth Y are

both measured in the flaw specimen semiminor axis direction of the

ellipse.

2. Unpressurized Specimens

The net axial critical stress Oy Was calculated by
&

Oy = — (8)
0.785(D" - d7) - 1.571 a c .

where F is the axial load, D is the outside diameter of the speci-

men, d is the ingside dimameter of the specimen, a is the flaw depth

and ¢ is one-half of the flaw width. The critical flaw contour was ;
based on an elliptical contour approximating the middle third of
the actunl flaw contour. The flaw depth (a) was measured as shown A

and the fiaw width (o) wan the arc length on Lhe inside i

in Figure
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K
-

specimen diameter of theprojeqted ellipﬂi¢a1;ccnéour,‘}The_gréésa

‘axial fracture stress was calculated by

¢ 0.785(D2 - a°)

K values were calculated by applying7Equainn.ﬁ to the curved
surface specimens using the values,of'é'and_Qc as defined above.
These values are called,Kéxp and are only approximate values in-

stead of sﬁrictly-cdrrecf'Kc values.

3. Pressurized Specimens

The net axial critical stress IZNVWaS-CHICulatéd b¥:

F + ,
o = £ (10)

G 0 %) = 1.571 (a)(c)

) 0.785(D2 - d

where F is the externally applied axial force recorded by the load
cell and P is the axial tension force on the specimen side walls
resulting from the internal pressure acting of the ends of the in-
terior chamber. Strain gages were used on some of the outside
diametrrs to prove that the axial force xesulting from the internal
pressure would not be measured by the load cell.

Strain gage data from the ugpressurized and pressurized speci-
mens are shown in Figure 7. The strain gage data for the un-
Pl‘t,r:zrmz'i e S“E’?“‘ﬂ‘jiz:w:a wis used Lo ecaledlate o Poisnson ratio of 0.31

and modulus of clasticity of 28 x 10 psi for the material. The

gross axial stress in the pressurized specimen was then calculated
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& | wh | b , )
from thefsﬁréin-gage;data.féﬁ the pressurized specimen and is

‘compared in Figure 8 with the gross axial stress calculated from
Equation 9. Tﬁe-gross~axialstresscalcﬁlatedframfthefstrain,‘
gages approximates the stress caleulated from Bquation 9 illus—
tratingﬁﬁhe~valiéity'of‘EquaﬁiOn 10.

The Von Migses fracture criterion CTV relates ‘the three prin=
ciple stresseszgjexisting;in a triaxial stress state by
" 2“ 1/2
t(o-a) +(o-a)

‘va',_ T | t a i

The relationship of (T& to KC and other parameters of the pres-

(11)

surized specimens were investigated in an attempt to predict frac-

!
ture stress values for pressurized cylinders when the gross axial

~

fracture stresses are known for the unpressurized cylinder. Stresses

-~

were calculated at the depth corresponding to the leading edge of
2k

the critical surface flaw . The radial stress, (%;, was calculated

from ‘ [
p (r.)° (r ) |
(12)

o = 1 - —2 |
P 2 |
- (r.) b2 i

where p is the internal pressure, r, is the inside radius of the

cylinder, r is the outside cylinder radius and b is the radius
e

corresponding to the leading edge of the critical crack. The

tangential stress, tT%, was calculated from




........

15 =

P (ri)

K (ro)g - (I'i)2 b

(l3yu

S
I |

section area and equal to the sum of the stress due to the internal

due ‘to ‘the externally applied force F using the relationship;

o it F _ﬁ Lo -
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I1I. RESULTS AND DISCUSSION
The experimental test results for the 0.750 and 0.800 inch
diame@er:Spéaimens-are5ShQWS inﬁTables.liand.Q;TGSpecfively; The
Calculatlons :',of. Kexp: axial gross stress, axial net stress, yield
strength, a/2c, @ 2, a./ Q, percent shear and Von Mises fracture
stress for the unpressurized and pressurized specimens are shown

in Tables 3 and L, respectively.

A. ANet StreSS.RélaﬁionshiQ

The net-section axial fracture stress versus crack depth to
wall thickness ratie,~ac/t,-is;given in Figure 9. Figure 10 was
plotted versus (aC/Q)/t«tO show the influence of the shape para-
meter Q. Both figures have the same general form with the Q@ para-

meter giving a more gradual rise for the pressurized data with the

deeper flaws and giving relatively larger (aC/Q)/t values for the

pressurized data than for the unpressurized data. The Q parameter
appears to better represent the severity of the crack and is used

in this investigation.

The pressurized specimens exhibited higher axial net-section
fracture stresses than the unpressurized specimens. This difference
in fracture otress bebweon She unpressurized and pressurised speci-
the eoriticoanl Ulaw lepths inereansed,  As the
critical flaw depths increased, the unpressurized specimens showed

slightly decreasing fracture stresses and the pressurized specimens

showed noticable increages in ractiyre glresgses,
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B. Unpressurized Specimen K Values.

The stress intensity parameter was calculated from Equation k

;andans.Qalled.KeXp}due.to,the application to the curve surfaced

specimens. In Figure ll,.Kexp'is‘plotted versus pereent shear.

Using the percent shear as‘thefbasis,fbrﬂplané—strain;plane—siress

fracture mode transition, all of the specimens exhibited mixed mode
fractures. The thickest specimen wall was not thick enough as

previously predicted to produce fractures with very small percent-

ages of shear or result in values that CQuld be:inter§%eted asIKIC

values.

Figure 12 shows the change in Kexp as the (aC/Q)/t flaw di-

mension increases. Assuming that the crack tip stress state ap-

proaches plane-strain conditions as the crack gets shallower or

the percentage shear lip decreases, the value of Kexp’an estimate of

KIC,is considerably less than 62 ksi\/in. Based on the previously

18

reported KIC value  , K values from Equation L appear to be too

low and cannot be used to predict valid critical stress intensity

values in the unpressurized cylinders. Consequently, no attempt

3 oo e v v e N BT St ST A ST T e R AP Ty . y
was madc Lo use these equations for the pressurized states,

':1 - - ] 1

L. Fy yoa ) ¥° P B PR

L ] ‘:J o e bW woeow 4 - = o w b
il

ent shear is plotted versus (ac/Q)/t in Figure 13.
The shear lip sizes for (a /G)/t values up to 0.50 were not in-
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valucs up to 0.hLO,
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Figures;lkaaﬁd{15?illustrate~the;effe¢t9¢quraqk depth on
- .'m . o B - . - v )

shear lips for cylinders with and without internal pressure. The

arrows denote the critical cracks. The fractﬁreesurfaces-had the !

2 smallest shear 1ip on the outside diameter of the specimen directly

opposite the deepest portion of the critical flaw. Away from the
critical flaw region, the shear lips on the outside diameter in- |

\
creased in size and were larger than the shear lips on the inside ]
:

diameter.

D. Von Mises' Criterion

As an engineering approximation the Von Mises fracture stress
defined by Equation 11 was compared for both pressurized and un-

pressurized specimens. Equation 11 when applied to unpressurized

cylinders is the same as the axial gross-section fracture stress,

(TG. In Figure 16, the Von Mises fracture stresses are plotted

versus (aC/Q)/t. It is proposed that a relationship occurs between

the pressurized and unpressurized specimens that appears to rep-

resent a constant displacement which can be described by

CTV = 0, + 23 ksi (15)

| This relationship is empirically based and no way has been

found for theoretically calculating this displacement of the pres-

I . . .
;sA‘H-"-—yc‘.4‘x"?f’,";""- 3 v‘it}ft
b ow e K owm P S S : L e ) o S Fu»t;

o

line. Purther work noeds be done using ifferent internal preg-

sures to determine if a more universal relstionship can be derived,
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E. Other Trends

Theucfitical flaw éontours differed betweeﬁtheuhpreséufized
and pressurized specimens as shown in Figures 17 and 18. ihe aﬁrows
show the 2¢ di»mensioné for the projected elliptical contours. The
pressurized specimens had wider critical flaws for similar flaw
depths. The flaw depths were slightly deeper in general for the
pressurized specimens'even though the'unpressurized specimens av-
eraged similar or more fatigue cycles. It'appears that suberitical
flaw growth25 occurred in the pressurized specimens either during
the time under internal pressure and/or during the axial loading.
Subcritical flaw growth could have possibly be introduced by the

hydraulic oil (stress corrosion cracking) even though the maximum

total time in contact with the o0il was five minutes and the maximum

time under the applied axial force was less than two minutes.
Subcritical {law growth could also have been caused by the

complex loading that existed at the crack front. The stresses

caused by internal pressure superimposed on the applied axial stress

result in a complex stress situation and therefore, the stress

PR ; .t ) IR DU L WY S T T L T S S L I S S S
intensity at the crack front cannot pe definitively described.

In addition, the pressurizing media acts also on the surtfaces of

the flaw producing forces that further complicate the situation.

Hartranft and Sin"  nhave proposcd that these forces acting alone

B . o 4 & § ; B AR ! - - : Y L
will chimpe the stress intensity profile in o way thal would

produce wiler flawg,
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IV. CONCLUSTONS

Internal pressure increased the axial net fracture stress for
internally precracked cylinders fractured under mixed mode stress
state conditions. The application of flat—pléte surface flaw
analysis based on fracture mechanics to the curved surface gave
unrealistically low estimates of stress intensity.

Percent shear lip was not changed by internal pressure within
& cylinder. An empirical equation was proposed to estimate the
fracture stress of pressurized cylinders based on the Von Mises
fracture stress.

Subcritical flaw growth appears to have occurred in the pres-
surized cylinders primarily in the flaw width direction. Inter-

action with the pressurizing media and the complex loading are

possible causes of the subcritical flaw growth.
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TABLE 1 - EXPERIMENTAL TEST DATA FOR .750 DIAMETER SPECTMENS o | i

LOAD
CELL

SPECIMEN
INTERNAL

CRITICAL FLAW
TOTAL

. ~ DUCTILE -
CHORD FRACTURE FRACTURE

FLAT

HARD- # EDM
BEE

DIA. DIl WESS  FATIGUE  FORCE PRESSURE  DEPTH DEPTH  ANGLE WIDTH  WIDTH
IMEN® in.) i B'C! CYCLES  (1bs.)  (psi) (in.) (in.)

O O 0 0 O O O
) 3

ALY

i

0.3500 L7, +7000 57700 0 .0079 036 T1l.4  0.063 0.022
TSL  ©.300 L6 +12000 57200 o] .0078 .0k9 Th.6 0.0k  0.028
751 0.500 46 +20000 55500 0 .0065 :053  73.2  0.032 0.034
TSL 0.500  L47.1 20000 55600 0 .0068 .058  T76.4 |

O O N =N O W

12500
51000
20000

60700
59800
58L00

.0072
.0072
.0067

©O O O O O O 0O O o O O O O

.012
.016
.023

(deg.)

(in.)

Th.6
T6.6

0.096

0.091

0.078

0.033

(in;)

0.015.
0.015

0.019

0.029

8P 0.755 0.301 k9.3 51000 52600 53400 .0073 .0L1 83.4 0.05% 0.023
9P 3.73C 0.500 LB.0 20000 52500 60000 .0073 .0Lk6 6.6  0.0L49 ¥0@023
10P 0.T5L  0.500  L4B.7 20000 50400 61000 .0068 .058  132.6  0.000 0.057
11?7 6.7 0.500 47.0 20000 L8700 66200 .0079 .060 132.0 0.000 0.056
12P C.7T31  0.300 48.1 10000 51100 58300 .00TT .061  120.5 o.oqo 0.056
13P 0.750 0.501 L8.0 20000 L9200 59800

.0073

.063

130.4

0.000

0.053




TABLE 2 - EXPERIMENTAL TEST DATA FOR .800 DIAMETER SPECIMENS |

LOAD SPECIMEN
CELL INTERNAL
FORCE PRESSURE
(1bs.) (psi)

CRITICAL FLAW
TOTAL
DEPTH
(in.)

FLAT DUCTILE
CHORD FRACTURE FRACTURE
ANGLE WIDTH WIDTH

(deg.) (in.)  (in.)

HARD- #
ESS FATIGUE
R'"C" CYCLES

o
- ¥
po ¢
.
-
:_;3
=
e

n S R
3

LA =
=4

EDM
DEPTH
(in.)

12000 74800 .0062 .013 68.2 0.11L 017

23 0.8 2,500 L7 sLOOQ 76200 .0068

2k 0.825 9.500 L6. 15000 72600 .0062 .0L8 T1. .068  0.028
0.83.  0.500  L46. +19000 70200

31P 0.83L  $.500 4B.8 10000 66500 60200 .00Tk .068 109.4 0.035 0.039
32p 0.820 0.3500 LT.6 19000 63000 67600 .0066 169.6
0 2

&)

A

)

D,
80
L ] iy

O W &= &= OO N = ™ w O

\
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+ 16000

19000
19000
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73600
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67800
67800
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60600

O O O O O O O O O O o o o

. 0064

.006L

.0067
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.0072
. 0064

.0065

O O O O O O O 0O O 0O 0o o o

.019
.027

.051
.059

.021
.036
.061.

.0TL
071

68.6
T1.

T0.

80.
19

100.4

o O O NN o

Ol.'

103

.097

.062
.055

.105
.086
Rolnh

. 000

O O O O O O o o o

.031

‘ 028

0.035

':o 06

023
024

.020

C.805  0.500 47 20000 70200 . 0069 . 060 Th. .055  0.028 |
P 0.801  0.501 48, 19000 68500
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TABLE 3 - CALCULATIONS FOR UNPRESSURIZED SPECIMENS

AXIAL

GROSS
XD STRESS
1 T

(ksi)

62.
T1.
81.
95.
105.
103.
106.
6.

90.
107.
103.
107.
107.

}rJ

-] \O0 O =~ W

& 0N ON WY 0

Oy O W

2L6
2Ls
L0
234
232
225
226
2Ls
L2
2L8
237
228
227
227

AXTAL
NET

STRESS

(ksi)

2L9
250
2L6
243
oLl
238
240
248
U5
253
L7
238
239
239

YTELD
STRENGTH
(ksi)

205
203
200
197
192
192
197
203
205
203
192
192
195
200

a/20

.036

0
0.047
0.073
0.115
0.150
0.166
0.17h
0.043
0.063
0
0
0
0
0

086
154
.166
.184
185

e = e R S S R e R e S e

P

.019
.029
063
129
.20k
241
.259
.026
.051
.08
.213
.2L3
.286
292

(a,/Q)

(in.)¢

0.

© O

© o o

016

.022
.030
043
.05k
055
.059
.018
.025
.035
.053
.05
.059
<058

PERCENT
SHEAR

(%)

13.
1k,
19.
25.
38.
51.
k6.
12,
18.
19.
29.
33.
36;
33.

4o Wb ®po N

VON' MISES
FRACTURE
STRESS

(ksi)

246
2&5
2ko
234
232
225
226
242
248
237

42284?L

227
227

Th




TABLE 4 - CALCULATIONS FOR PRESSURIZED SPECTMENS

AXTAL AXTAL ’ VON MISES

SPEC- K GROSS NET YIELD (8 /0) PERCENT  FRACTURE b
IMEN exp STRESS STRESS STRENGTH et SHEAR STRESS

= (kst vV in.)  (ksi) (ksi) (ksi) a/2c - ‘(in,); (%) (ksi)
gp 112.7 258 271 211 0.112 248
2C.5 262 276 203 0.137 252

10P 13k.2 253 283 205 0.100 2h0o
T.2 252 283 197 240
3€. L 25l 283 203 238
L& 2L9 282 208 234
28P 8g.% 262 267 205 266
259 267 211 256
258 277 203 :2%5
255 278 208 oh1
olig 288 200 236
255 288 203 - 240

.133 0.050 29.
.180 055 31.
.106 .0Th 100-.
.112 078 100.
.133 .0T6 100.
.125 076 100.
.05
113
.180
.189
.097
.125

.10L4
116
.110
.060
.103
.139
.1h2
.096
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O 0o o O o O

.030 16.
0b5s 2k,
.0T72 Ll
.078 52,
092 100.
089  100.
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