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Paper No. 
62-WA-164 

Fatigue Characteristics of Open-End 
Thick-Walled Cylinders Under 
Cyclic Internal Pressure 

Thick-walled cylinder fatigue data due to cyclic internal pressure for open-end 
cylinders in the range of 103 to 1()5 cycles to failure and having a diameter ratio of [.4 
to 2.0 at a nominal yield strength of 160,000 pounds per square inch is presented. 
Discussed and also presented are the effects of autofrettage on the fatigue characteristics 
of thick-walled cylinders. A utofrettage substantially enhances fatigue characteristics at 
stress levels below the corresponding overstrain pressure, the degree of improvement in
creasing the decreasing stress levels. The rate of improveme.tlt in fatigue characteristics 
increases significantly with diameter ratio in autofrettaged cylinders up to a diameter ratio 
of 1.8-2.0 and to a much smaller degree in the nonautofrettaged condition. The rate of 
improvement of fatigue characteristics above 2.0 is the same for both the autofrettaged 
and nonautofrettaged cases. 

It is shown that thermal treatment of 675 F for 6 hours after autofrettage does n.ot 
affect fatigue characteristics anrl that there is a correlation between the cyclic-stress level 
and the area and depth of the fatigue crack to the point of ductile rupture. The depth of 
the fatigue crack decreases with increasing cyclic-stress level. 

A means for using data from a unidirectional tensile fatigue test to predict the 
fatigue charat:teristics of thick-walled cylinders is discussel. 

THE current trend is toward the design of pressure 
vessels for use at higher operating stress levels. One of the most 
common techniques for extending the elastic load-carrying 
capacity is by autofrettage. For example, the operating pressure
to-weight ratio for cannon-type weapons has been substantially 
increased in recent years by the combined use of high-strength 
materials and autofrettuge. Similar advances have been made in 
other areas where the requirement exists for vessels capable of 
operating at very high pressures. 

the results of an experimental program aimed at the study of the 
fatigue characteristics of high-strength open-end cylinders of in
termediate diameter ratio. 

The fatigue characteristics of a closed-end cylinder cyclically 
stressed in the region of the endurance limit have been reported by 
Morrison, et al. [1].1 He has found that, in the region of the en
durance limit, the residual stresses associated with overstrain 
substantially enhance fatigue life. Similar results were found by 
Newhall and Kosting [2] for several rifled sections of cannon 
tubes, at somewhat higher stress levels. 

In light of the current interest in the use of highly stressed 
pressure vessels, the investigation to be described herein involves 
a study of fatigue characteristics of thick-walled cylinders in 
what is commonly referred to as the low-cycle fatigue range, that 
is up to approximately 1{)5 cycles to failure. Presented are data 
for open-end cylinders in the diameter-ratio range of 1.4 to 2.0 at 
a nominal yield-strength level of 160,000 pounds per square inch . 
Data are also presented on the effects of autofrettage on fatigue 
characteristics as a function of diameter ratio and cyclic stress 
level. The possibility of utilizing a simple tensile fatigue test to 

In many instances, the operation of highly stressed pressure 
vessels is cyclic in nature. In these instances, it is not enough to 
consider the yielding characteristics alone, but one must also 
take into account the problem of fatigue life and the manner in 
which it is affected by such techniques as autofrettage for in
creasing elastic load-carrying capacity. This report summarizes 
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---Nomenclature~----------------------------

C1 stress, pounds per square inch W wall ratio b/a d depth of crack, in. 
YS yield strength, pounds per NA nonautofrettaged r corrp,lation coefficient 

square inch A autofrettaged w wall thickness, in. 
UTS ultimate tensile strength, D ratio of lower limit of a con-

pounds per square inch fidence level to least-squares Subscript, 

E modulus of elastici ty, pounds value ( ), tangential 
per square inch .V cycles to failure ( ), radial 

II Poisson's ratio R radius of elllBtic-plllBtic inter- ( ). longitudinal 
p test pressure, pounds per square face, in. ( ). yield 

inch t confidence-level coefficient ( )" plastic 
b outside diameter of cylinder, S standard deviation ( )trp tangential residual plllStic 

in. x = logarithm to bllBe 10 of cycles to ( )rrp radial residual plastic 
a = inside diameter of cylinder, failure ( ). confidence level 

in . n = number of experimental points ( - ) least squares value of function 

Discussion on this paper will be accepted at ASME Headquarters until January 10, 1963 
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predict the life of thick-walled cylinders, und the mode of fatigue 
fracture for cylinders exposed to cyclic internal pressures is dis
cU88ed. 

Procedure 
Tost Specimens. The specimens utilized in this program con

sisted of a common one-inch internal diameter and diameter 
ratios of 1.4, 1.6, 1.8, Ilnd 2.0. 

The specimen material was of a 4340-type composition with 
the following no~inal chemical analysis in percent: 

to the former system, the pressure is released by removing the 
drive pressure in the intensifier instead of venting to atmosphere: 
thus resulting in a closed system. This results in the pressure 
not returning to zero between cycles, but to a value of approxi
mately 2500 pounds per square inch. However, since this system 
is used primarily above 80,000 pounds per square inch, a small 
residual pressure will have little effect, and the comparative re
sults from both systems are in the range of anticipated experi
mental error. 

Carbon 0.37 Nickel 2.39 
Manganese 0.72 Chromium 0.98 
Silicon 0 . 28 Molybdenum 0 .38 
Sulfur 0 .035 Phosphorus O.OHi 

l::!pecimens were heat-treated to a nominal yield strength of 160,-
000 pounds per square inch by austenizing at 1525 F, oil quench
ing, and tempering at 1075 F ± ' 25 deg. Tensile and Charpy 
test specimens were taken from each group of three specimens 
which were heat-treated in 40-inch lengths. 

After heat-treatment, sufficient material was removed from the 
bore to eliminate any decarburization. The final surface finish 
on the internal diameter ranged from 16 to 125 RMS. 

The autofrettaged specimens were overstrained 100 percent in 
the manner described in reference [3]. Those specimens that 
were thermally treated after autofrettage to reduce anelastic 
effects were subjected to a temperature of 675 F for 6 hours. 

Tost Apporatus. The pressure systems used in this program 
consisted of two basic types. The first is a Harwood Engineering 
Company System of 80,000 pounds per square inch capacity with 
a cyclic rate of up to 20 cycles/minute.. As shown in the back
ground of Fig. 1, the pressure source consists of an intensifier
type pump which feeds high-pressure fluid into the specimens 
through a manifold. As can be noted from the figure, four speci
mens may be tested simultaneously. The holding pre88 serves to 
support the pre88ure packings which effectively eliminates longi
tudinal forces in the specimen, thus resulting in the open-end 
condition for the sPecimens. Upon attaining the peak PreBSure, 
a valve is opened and the pressure dropped to near atmospheric 
level. The high-pressure fluid is an instrument oil. A schematic 
of this system is shown in Fig. 2. 

The second type is a Harwood Engineering Company System 
of 150,000 pounds per square inch capacity with a cyclic rate of 
up to 10 cycles/minute and consists of an intensifier-type pump
ing system which feeds pressure 'into the specimens. In contrast 

Flg. 1 Haldlng pre .. and specimens far 10,000 pounds per square Inch 
fatigue system 
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Instrumentation. 1 Pressure Control ond Recording. In the 80,000 
pounds per square inch system, pressure measurement is by 
means of Manganin wire-type pressure transducers. Two such 
transducers are used. One serves as input to the "Rotax" con
trol unit which regulates the automatic cycling of the pressure 
system through a self-balancing "servo" system equipped with 
electrical contacts and recording pen. The settinR of control con
tacts relative to the desired indicated pressure determines the 
point of opening and closing of the dump valve as well as stopping 
the main intensifier at the end of each pressure peak. The second 
transducer is used to monitor and record the total pressure cycle 
on an oscillographic recorder. 

The second basic type of pressure transducer, known as a bulk 
modulus cell, is used in the 150,000 pounds per square inch sys
tem. It is a mechanical device designed to sense the linear mo
tion produced by a cylinder with one end closed and exposed to 
the pressure being measured. This particular system uses a low 
pressure air transmitter and receiver unit to remotely record and 
control peak and minimum specimen pressure. 

The error in the measurement and recording of pressure is esti
mated to be approximately one percent in the calibration of the 
pressure transducer and two percent in the recording system due 
to the cyclic conditions. 

2 Strain Measurement and Recording. To insure that each 
specimen is at the anticipated test pressure, two strain gauges are 
mounted diametrically opposite each other at the mid-length of 
each specimen. The output of one gauge on each specimen is 
monitored on an oscillographic recorder. In normal operation the 
instruments are set to record the full elastic strain cycle. 

Theory 
Fatigue failure can be divided into two phases. The first phase 

consists of the microscopic initiation of the crack. The second 
stage consists of the propagation of the fatigue crack to the point 
where the specimen or component can no longer support the ap
plied cyclic load and failure occurs. To a great extent, this 
second stage is dependent upon the applied tensile stress and, 
therefore, would be affected by superimposed mean or residual 
stresses and stress gradients. It is this second stage that will be 
of primary concern in this paper. 

It is well known that a compressive mean stress increases the 
allowable cyclic-stress amplitude for a given fatigue life. Con
versely, a mean tensile stress decreases the allowable amplitude 
stress as shown qualitatively in Fig. 3, the fatigue strength 
diagram from H. Sigwart [4] where 0' .. is the mean and 0' the 
cyclic stress. 

In an overstrained thick-walled cylinder, the tangential and 
radial residual-stress distribution is described by the relation
ships [3] based on the Tresca yield criterion: 

0'. [b2 +R' r 
O',.p -"2 -b-'- + 2 log Ii 
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Fill. 3 Fotillue strength diagram 
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a' (b' - R' ll) ( b')] - -- -- +210g- 1+- (1) 
b' - a' b' a r ' 

and 

(J rrp 
0' [b' - R' r ...J! - - - + 210g -
2 b' R 

__ a_' _ (b! - R' + 2 log !!:...) (1 rb,')] (2) 
b' - a2 b2 a 

For the 100 percent overstrain condition, i.e., R = b, these rela
tionships become: 

O', .p = ~ [2 + 2 log i - b' ~ a2 (2 log ~) ( 1 + ~: )] 
(3) 

and 

0'[ r a' ( b)( b')] 0'" =....!! 210g - - -- 210g - 1 - - (4) 
p 2 b b' - a' a r ' 

Equations (3) and (4) are shown in Fig. 4 for a 2.O-diameter 
ratio in the 100. percent overstrain condition. As can be seen, 
the tangential residual stress is compressive at the bore. 

In view of the compressive residual stress, it would be expected 
that the overstrained, or autofrettaged, cylinder will withstand 
a higher cyclic pressure for a given life or a longer life for a. given 
stress level than the nonautofrettaged cylinder. Since, for the 
100 percent overstrain condition, the magnitude of the residual 
stresses increases with diameter ratio, it would also be expected 
that the increased life due to autofrettage would also increase 
with diameter ratio. 

By equating the tangential residual stress to the yield strength 
of the material in compression, it is found for the 100 percent 
overstrain condition, assun¥ng the simplified maximum shear
stress yield criterion, that Beyond a diameter ratio of approxi
mately 2.2, the cylinder will reverse yield upon the release of the 
overstrain pressure. Theoretically then, the increase in fatigue 
characteristics due to autofrettage will approach a maximum at 
the 2.2-diameter ratio level. As will be shown, however, due to 
what appears to be the Bauschinger effect, this critical diameter 
ratio appears to be in the range of 1.8-2.0 instead of 2.2. 

1.0 inch 80rt Dlamtter 

163.000 psi Yield St,tn,.,'h 

I~L-__ ~ ____ ~~ __ ~ ____ ~ __ ~~ __ ~ __ 
0.5 0.6 0 .7 0.8 0.9 1.0 1.1 

Rodius (inches) 

Fig. 4 Re.ldual .tress dlstrlbullon for Q 2.CklIQmeter ratio, 100 percent 
over.tralned cyUnder 
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Resl1ts an~ DiscIssion 
Analysis of V.-Ious Cycnc Porameters for Us. In Pr ... ntlng Fatigu. 

Data. In the presentation of fatigue data for thick-walled cylin
deI'8, several cyclic parameteI'8 may be plotted against life in 
terms of cyeles to failure. How the fatigue data for the non
autofrettaged cylindeI'8 appear when plotted in terms of various 
cyclic parameteI'8 is shown in Figs. 5 through 8. For simplicity in 
comparing the various cyclic parameteI'8, only the least-squares 
line for each diameter ratio corresponding to the regression of the 
cycles to failure on the pressure or stress level, along with the cor
relation coefficient, equation (6), for aU of the data in terms of the 
pertinent cyclic parameter, will be shown in this series of figures. 

Based on conventional statistical theory, the general relation
ship describing the least-squares line for the regression of x on y is: 

x = a + b(y - j) 

where for the purposes of this investigation 

y = log (cyclic parameter) 

a=ji= 
~y 

n 

(/) 

~.O 

2.5 

2.0 

1.5 

1.0 

~ .8 
...... . 1 

b .6 

.5 

.4 

.~ 

'-- ....... - .-

(5) 

.~ 

~ -
~ ... "" 

~ = ~x == ~ log (no. cycles to failure) and 

b 

n n 

~(x - ~)(y - j) 
~(y _ j)2 

The correlation coefficient (r) is defined by 

~(x - ~)(y - j) 
r = 

.y~(x _ ~)2(y _ j)t 
(6) 

and is a measure of the effectiveness or probability of the data 
being described by the defined least-squares line and, as will be 
shown, is an indication of the relative data spread for the various 
cyclic parameteI'8. 

The data could also be statistically analyzed in terms of the 
regression of y on x. However, because of the high correlation 
coefficients of the experimental results, varying from 0.91 to 
0.986, there are only minor variations between the regressions, 
and only one will be shown. 

For the purpose of minimizing the effects of minor property 
variations in the test specimens, and to enable comparison of the 
results of this work with those of other investigatoI'8, all cyclic 
parameteI'8 and the data presented herein will be normalized with 
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reBptlct to the ultimate tensile strength, except, where otherwise 
specified. 

In the simplest form, the data Illay be plotted liS cyclic pressure 
versus cycles to failure. Because a summary curve utilizing this 
parameter will be subsequently shown, it is sufficient to say, that, 
since the tangential stress is proportional to diameter ratio, the 
curve will consist of a series of widely separated lines correspond
ing to each diameter ratio. 

Fig. 5 shows normalized maximum tangential stress at the 
bore which is defined as 

P W' + 1 CT, 

UTS 
(7) 

UTS W' - 1 

as a function of cycles to failure, As would be expected, a large 
amount of the diameter-ratio dependence has been removed. It 
should be noted, however, that the least-squares line for the 
smaller diameter ratio is at a higher value than the larger diameter 
ratio. This is opposite to what would be expected, The actual 
initiation of the fatigue crack can probably be predicted by some 
cyclic stress or strain parameter independent of diameter ratio. 
The crack, however, must propagate over a larger area in the 
larger diameter. Intuitively then, the larger diameter ratio 
:should be at a higher stress and life level. Based on this, fatigue 
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failure is probably some function of a combined streas condition 
instead of a single principal streas. 

Fig. 6 shows the difference in the principal stresses at the bore 
as defined by 

CT, - CT. 2PW' 
---= 

UTS UTS(W' - 1) 
(8) 

118 a function of the number of cycles to failure , As can be noted, 
t.he diameter-ratio dependency is small with the larger diameter 
ratio logically exhibiting the higher fatigue-strength characteris
tics. 

Fig. 7 shows the data in terms of the normalized octahedral 
stress as defined by 

U~ {[(CT, - CT.)2 + (CT. - CT. )! + (CT. - CT,)!] ~ Fit (9) 

which, since fT. = 0, yields 

1 'I -- [CT • + CT 2 - CT CT I t (10) UTS' • ,. 

A strain parameter defined by 

CT, - IICT. (11) 
E 
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may also be used 11.8 shown ill Fig. 8. It should be noted, how
ever, that again, as in the case of u. versus life, 11.8 shown in Fig. 5, 
the smaller diameter ratios lie above the larger diameter ratios. 

As can be noted from the similarity of correlation coefficients 
which are related to the spread of the data for the various cyclic 
parameters shown in Figs. 5 through 8, it makes little difference 
statistically as to what cyclic stress or strain parameter is chosen 
to plot the data. The magnitude of the data spread due to di
ameter-ratio dependence is approximately the same in each case 
with only the order being different. For the purpose of this 
report then, all data, unless otherwise specified, will be presented 
in terms of the normalized difference in principal bore stress as 
defined by equation (8). 

IEfhcts of Autofrettag. on Fatlgu. Llf.. The effects of autofrettage 
on fatigue life, as compared to the nonautofrettaged condition, is 
shown in Figs. 9, 10, 11. and 12, respectively, for the diameter 
ratios of 1.4, 1.6, 1.8, and 2.0. A compilation of the least-squares 
lines for all diameter ratios in terms of the difference in principal 
bore stress~ and cyclic pressure is shown in Figs. 13 and 14, 
respectively. 

In the statistical data shown in the legend of these figures. S 
is the standard deviation as defined by 
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and tc is the confidence·level coefficient for a two-sided normal 
distribution which depends on the confidence level and the de
grees of freedom defined as the number of test points minus two. 
In the figures, the values of t shown are for 99.9 percent and 99.0 
percent confidence level. Coefficients for other confidence levels 
can be obtained from standard texts on statistics deaJing with the 
treatment of experimental data [5,6]. 

The limits for a given confidence band are closely approximated 
by the following relatioIll!hip where ~ is in log,o 

Xc = ~ :I:: t.s (13) 

which represents a straight line parallel to the least-Bquare.; line 
on the curves present-e<i. The relationship of cycles to failure to x 
is 

N = (I()%<) (14) 

For sinlplicity in using these curves, the value of Dc shown in the 
legend is the ratio of cycles to failure for the lower limit of con-
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fidence level indicated to the least-squares value at a particular 
stress or pretl8ure level. Since a two-sided normal distribution 
curve is assumed, the confidenr.e level associated with the lower 
limit of the number of cy<'les to failure alone is increased 
by half the difference to unity for the values given. For ex
ample, the lower limit of life with 99.95 percent confidence is 
given by the relation 

(15) 

As can be seen in the above-mentioned figures, there is an im
provement in the fatigue characteristics of autofrettaged cylinders 
as compared to the nonautofrettaged condition. The relative 
benefit increases with decreasing operating stress level and in
creasing.diameter ratio. The increase in life of the autofrettaged 
cylinders over the nonautofrettaged condition for several stress 
levels is summarized in Fig. 15. For example, considering the 
case of 2.O-diameter ratio operating at a normalized difference 
in principal stress of 0.9, which is approximately 10 percent below 
the elastic breakdown condition, as predicted by the von Mises 
yield criterion, the increase in life is a factor of 3.6. Proportional 
benefits are obtained in the allowable operating stresses to cause 
failure. Considering the same example, as above, for a life of 
50,000 cycles, the average operating stress level, as a result of 
autofrettage, may be increased 50 percent over that for the non
autofrettaged condition. 
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Fig. 16 is a plot of diameter ratio versus cycles to failure for 
several differences in principal stress levels. As can be seen, there 
is a slight diameter-ratio dependency for the nonautofrettaged 
cylinders which is attributed primarily to the greater distance 
over which the crack must propagate as the diameter ratio in
creases, before ductile rupture occurs. It is readily seen, how
ever, that the autofrettaged cylinders exhibit a very substantial 
diameter-ratio dependency with the benefit from autofrettage in
creasing with increased diameter ratio: From equation (3) this 
would be expected since the magnitude of the compressive re
sidual bore stress increases with diameter ratio. In the region of 
1.8 to 2.0-diameter ratio, the slope of the diameter ratio versus 
cycles to failure curve changes for the autofrettaged condition and 
approaches that characteristic of the nonautofrettaged cylin
ders. This indicates that the magnitude of the residual stresses is 
no longer increasing. However, by equating equation (3) to the 
yield strength of the material in compression, which is usually 
assumed substantially eq}lal to that in tension, it can be shown 
that the maximum residual stress is obtained at a diameter ratio 
of 2.2, based on the Tresca yield criterion. To some extent, this 
early ch~ge in slope is attributed to the BauBchinger effect 
which, from associated work that will be reported at a later date, 
appears to occur at the 2.0-diameter ratio or less for the 100 per
cent overstrain condition. The Bauschinger effect results in a 
lowering of the compressive yield strength which, in the case of an 
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overstrained thick-walled cylinder, limits the maximum level of 
the compressive residual bore stress beyond which the cylinder 
will yield in compression. Beyond the 2.0-diameter ratio then, 
it is anticipated that the slope of the autofrettaged curve will he 
the same as that for the nonautofrettaged condition. 

The study of the fatigue characteristics of thick-walled cylin
ders directly, as in the manner described herein, has several ex
perimental difficulties, the most significant being attrition of 
equipment. It would be desirable then to be able to predict the 
fatigue characteristics of thick-walled cylinders from some simpli
fied fatigue test. One possible approach to this problem will now 
be discussed. 

As the diameter ratio approaches 1, the radial component of 
the stress approaches 0 with only the tangential stress remaining. 
As shown in Fig. 16, the autofrettaged also approaches the non
autofrettaged condition as the diameter ratio decreases with con
vergence at W = 1. Since there is only one principal stress at the 
hypothetical case of W = 1, then it may be possible to correlate 
this condition with a uniaxial tensile-fatigue test. To a first 
approximation, the slopes of the diameter ratio versus cycles to 
failure curves for the nonautofrettaged condition are reasonably 
independent of stress level. Therefore, to determine the fatigue 
characteristics of thick-walled cylinders of a given material over 
a wide ranll:e of stress levels and diameter ratios would require 
only the running of a series of tensile-fatigue tests at different 
stress levels and to determine the slope, only one group of cylin
ders at a given diameter ratio and stress level. The slope of the 
!ijameter ratio versus cycles to failure curves is dependent upon 
cyclic-stress level for the autofrettaged condition. Consequently, 
two groups of thick-walled cyling,ers at widely different stress 
levels in conjunction with the tensile-fatigue data would be re
quired to establish, to a close approximation, the entire family 
of curves for a wide range of diameter ratios and stress conditions 
of the type shown in Fig. 16 for the open-end condition. i.e., 
0', = O. The feasibility of this simplified approach will be in
vestigated further. 

As the cyclic-stress level increases, the benefits from auto
frettage decrease, and at stress levels approaching that for the 
overstrain pressure, there is little benefit. This is to be expected 
since the nonautofrettaged cylinders at these stress levels will 
actually permanently deform; thus, being autofrettllged to a 
certain degree on the first pressure cycle. 

It should be noted that the least-squares lines shown in all of 
the figures intersect the ordinate which corresponds to 1000 
cycles at a stress value closely approaching that for the 100 per
cent overstrain condition, i.e., 
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(16) 

where 1.080'. In W equals the pressure for 100 percent overstrain 
(3). If the least-squares line were continued to the one-cycle 
condition, the stress level would be well in excess of the rupture 
pressure which, for the material considered herein, is only slightly 
in excess of the overstrain pressure. Instead of continuing on, 
however, for the cyclic rates considered in ' this investigation, 
there is a leveling off in the very low cycle region and the slope of 
the curve approaches 0 at stress levels in the neighborhood of that 
associated with the 100 percent overstrain condition. This very 
low cycle, high stress region is a subject of current stUdy. 

E"ect of Thermal Treatment After Autofrettage. It has been found 
.in another current investigation that thermal treating high
strength autofrettaged cylinders at approximately 675 F for a 
period of time tends to increase the elastic load-carrying capacity. 
As shown in Fig. 17, thermal treatment, however, has little 
effect on fatigue characteristics as is indicated by the overlapping 
of the thermally and nonthermally treated data for autofrettaged 
cylinders in the 1.4 to 1.8-diameter ratio range. Except for this 
figure then, the thermally and non thermally treated results were 
not considered separately. 

Effect of Surface Finish and Tensile-Strength Variations. The internal 
diameter surface finishes of the specimens utilized in this program 
varied from approximately 16 to 125 RMS as measured along the 
longitudinal axis. However, analysis of the data does not indi
rate any trends toward dependency of the results upon surface 
finish over the range encountered . 

The fatigue characteristics similarly appear to be proportional 
to the tensile-strength level for the range of ultimate tensile 
strength from 160,000 to 190,000 pounds per square inch. 

Comparison of Results With Other Inv.stigatlons. In Figs. 9, 10, 
II, and 12, the data of other investigators, Morrison [1], and 
Newhall and Kosting [2], are included. In the case of the Newhall 
and Kosting data for large open-end cylinders at ultimate tensile
strength levels of 115,000 and 154,000 pOUIids per square inch, 
the correlatiun with the data presented herein is excellent. The 
Morrison data, however, for both the autofrettaged and non
autofrettaged condition, lies suhstantially above the presented 
data. In di8cussing this apparent discrepancy une must consider 
that there are three substantial differences in the experimental 
conditions between the two iJfvestigations. Whereas Morrison's 
specimens were tested as closed-end cylinders, the results pre
sented herein considered the open-end condition, i.e., the longi-
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tudinal stl'ell8 is effectively zero. If the third stress is taken into 
account theoretically by the octahedral stl'ell8 parameter, equa
tion (9), the variation is 8lightly reduced. Except by test, one 
cannot be certain of the magnitude of the effect of this third stress 
on fatigue. Therefore, the magnitude by which the third princi
pal 8tl'ell8 associated with the clO8ed-end condition affecte fatigue 
is the 8ubject of a cUlTent investigation. Second, Morri80n 
used a cyclic pl'ell8ure rate of approximately 1000 cycles per 
minute R8 compared to 6 per minute for thi8 investigation. 
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Third, the bore of Morrison'8 8pecimen8 were lapped to a finish 
of approximately 1 to 4 RMS as compared to 16 to 125 RMS 
which could have a pronounced effect in terms of crack initiation. 
It is difficult to ascertain the magnitude of the contribution of 
these various differences to the higher fatigue characteristic8 re
ported by Morri8on. It is m08t likely, however, that the m08t 
important factor i8 the difference in surface finish. It is intere8t
ing to note that the discrepancy is 8ubstantially smaller in the 
case of the autofrettaged data as compared to the nonauto
frettaged condition. Thi8 is probably due in part to the ten
dency for the high compressive tangential residual stress to reduce 
the effectiveness of the rougher bore surface in enhancing crack 
initiation. 

Fractur. Analy.I., Representative fatigue failures for thick
walled cylinders of 1.4 and l.8-diameter ratio at low-cyclic and 
high-cyclic stre88 level8 are shown in Fig. 18. Ail can be noted, 
there are two characteristic zone8. The first zone, which appears 
lighter, has a 8mooth appearance with conchoidal markings. 
This zone; sometimes called the zone of decohesion [6], is charac
teristic of a cyclically propagating fatigue crack. The second 
and remaining zone has a fibrous texture which is characteristic 
of static rupture in a ductile thick-walled cylinder. 

From a macr08copic standpoint, the fatigue crack evidently 
propagates to the depth at which the remaining material is no 
longer able to withstand the internal pressure, and ductile rup
ture occurs. As would be expected then, there should be a 
correlation between the cyclic stre88 and the fatigue fracture area 
and depth. By examining a large number of fracture surfaces of 
the specimens &88ociated with this study, it has been found that 
there is an approximate linear relationship between the cyclic
stl'ell8 parameter and the crack depth divided by the wall thick
ness as shown in Fig. 19. There is, of course, seatter due to the 
experimental difficulty of determining the exact location of the 
boundary between the fatigue crack and fibrou8 rupture zone, as 
well as the 8tatistical nature of fatigue data. However, the 
scatter is not 80 great that the linear correlation cannot be readily 
detected over a wide range of cyclic-8tress levels and wall rati08. 
A similar linear relationship also existe for the cyclic-8tress 
parameter versus the crack area divided by the sq\lare of the wall 
thickness. 

It should be noted that only 'the fatigue crack causing final 
failure was considered in the above plote. Smaller cracks were 
also noted in several other areas of the specimen. An example of 
this condition is shown in Fig. 18, where several smaller fatigue 
cracks are readily visible. 
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Conclusions 
Data for the hydrostatic fatigue characteristics of high-strength 

thick-walled cylinders in the range of 103 to lOS cycles to failure 
are presented. Based 011 this invest.igation, the following points 
have been established. 

Autofrettnge significantly improves the fatigue character
istics of thick-walled cylinders at stress levels lower than those 
associated with the overstrain presBure. The degree of improve
ment increases as the cyclic stress level decreases. 

2 Using the difference in prin.;ipal bore stress as the cyclic 
parameter, the fatigue characteristics improve with increasing 
diameter ratio. This increase with diameter ratio is small in the 
case of the nonautofrettaged condition. In the case of auto
frettaged cylinders, the increase in fatigue life with diameter ratio 
is substantial. The rate of improvement in the autofrettaged 
cylinders approaches that for the nonautofrettaged condition 
beyond a diameter ratio of 2.0. 

3 The slope of the difference in principal bore stress versus 
cycles to failure curve appears to approach zero below 103 cycles 
to failure. 

4 Based on the similarity in the correlation coefficient, no 
single cyclic stress or strain parameter evaluated for the presenta
tion of thick-walled cylinder fatigue data offered significant ad
vantage over the others. 

5 Thermal treatment of the overstrained cylinders at 675 F 
for 6 hours did not affect fatigue characteristics. 

6 There is a correlation between the cyclic-stress level and the 
area and depth of the fatigue crack to the point of ductile rupture ; 
the depth of the crack decreasing with increasing stress level. 

7 Internal-diameter surface finishes varying from 16 to 125 
micro-inches RMS did not show a consistent pattern in affecting 
the fatigue life. 

Journal of Basic Engineering 

8 The fatigue characteristics appear to be proportional to the 
tensile-strength level for the range of ultimate tensile strength 
from 160,000 to 190,000 pounds per square inch. 
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