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FRACTURE ANALYSIS OF SURFACE-AND THROUGH-CRACKS

IN CYLINDRICAL PRESSURE VESSELS

By

J. C. Newman, Jr.
NASA Langley Research Center

Hampton, Virginia 23665, U.S.A.
ABSTRACT

A previously develcped fracture criterion was applied to surface- and
through-cracked cylindrical pressure vessels to see how well the criterion
can correlate fracture data. Fracture data from the literature on surface
cracks in aluminum alloy, steel, and epoxy vessels and on through cracks in
aluminum alloy, titanium ailoy, steel, and brass vessels were analyzed using
the fracture criterion. The criterion correlated the feilure stresses to
within +10 percent for either surface or through cracks over a wide range of
crack size and vessel diameter. The fracture criterion was also found to
correlate failure stresses from flat plates (center-crack or double-edge-
crack tension specimens) and cylindrical pressure vessels containing through

cracks within + 10 percent.



INTRODUCTION

Fallures of many pressure vessels have been traced to surface cracks or
to through cracks. These cracks initiate at structural discontinuities
such as holes, material defects, or other abrupt changes in configuration
and may propagate to failure under operating stress levels. In designing
to prevent such failures, the designer must be able to predict the effects
of crack size on structural strength. Linear-Elastic Fracture Mechanics
(LEFM), which utilizes the concept of the elastic stress-intensity factor,
has been used to correlate fracture data and predict failure for cracked
plates and structural components when the crack-tip plestic deformations are
constrained to small regions (plane-strain fracture [1]). However, when
plastic deformations near the crack tip are large (plastic zone greater than
plate thickness) the elastic stress-intensity factor at failure (KIe) varies
with crack size and structural dimensions [2-4]. To account for
the variation in KIe with structural dimensions, the elastic-plastic étress-
strain behavior at the crack tip must be considered.

An equation which accounvs for the effects of plastic deformation on
fracture was derived in references [4] and [5]. This equation relates K

Ie

to the elastic nominal feilure stress and two material fracture parameters
and is designated the Two-Parameter Fracture Criterion (TPFC). The TPFC has
correlated fracture data for surface- and through-cracks, for different
specimen types, and for a wide range of materials [L-T].

The purpose of the present paper is to apply the TPFC to surface- and

through-cracked cylindrical shells subjected to internal pressure (Fig. 1)



to see how well the TPFC can correlate such fracture data. Fracture data fof
pressurized cylinders made of various materials (eluminum alloy, titanium
alloy, steel, brass and epoxy)Awere taken from the literati~= (see Table I).
Some of the literature sources reported fracture data on flat plates (Fig. 2)
in addition to the data for cylinders. To determine if the failure stresses
in the cylinders may be predicted using fracture data for the flat plates,
experimental and predicted failure stresses in the flat plates were compared.
The predicted failure stresses were computed using the two material fracture
parameters determined from the cylinder data. In order to apply the TPFC to
fracture data, the elastic stress-intensity factors for these crack configura-
tions must be knowm.

The elastic stress-intensity factors for through crecks in pressurized
cylinders have been obtained theoretically by Folias [18] and Erdogzn end
Kibler [19] for crack lengths less than about five times the squere root of
the product of vessel radius and thickness. In the present paper an
empirical equatica giving elastic stress-intensity factors for through
cracks has been obtained using the numerical results from [19] and some
experimental fracture tests on brass vessels [16]. The resulting equation
applies over a range of crack lengths about twice as large as those con-
sidered in [18] and [19].

The elastic stress-intensity factors for surface cracks in pressurized
cylinders have not been cbtained theoretically, but some experimental stress-
intensity factors have been determined from surface cracks in brittle epoxy
vessels [17]. In the present paper an empirical equetion giving elastic
stress-intensity factors for surface cracks hes been developed usirng tne
results from [4] and [19]. The results from this equation are compared with

the experimental stress-intensity factors from [1T7].
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SYMBOLS

initial depth of surface crack, m

initial half-length of surface or through crack, m
shell-curvature correction factor for a through crack
shell—curvatu;e correction factor for a surface crack
complete boundary correction on the stress-intensity factor
height of uniformly-stressed specimens, m

fracture-toughness parameter, N/m,3/2

elastic stress-intensity factor, 1‘1/1:13/2

elastic stress-intensity factor at failure, N/m3/2

combined front-face and back-face correction on the stress-
intensity factor for the surface crack

front-face correction on the stress-intensity factor for the
surface crack

fracture-toughness parameter

internsl pressure, N/m2

elastic surface-crack shape factor

radius of cylindrical pressure vessel, m

gross stress, N/m2

nominal stress at failure in cracked plate or cylinder, N/m2

nominal stress required to fail the uncracked plate or vessel
(Su =0, for center-crack and double-edge-crack tension

specimens and Su = 1.15 ou for pressurized cylinders)

tempere*ure, K
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shell thickness, m

specimen width, m

through-crack shell parameter, ~f&:
surface-crack shell parameter, o
Poisson's ratio

uniaxial tensile strer~t*, N/m2

uniaxial yield stress, N/m2

ratio of KIe to KF



TWO-PARAMZVER FRACTURE CRITERION

The Two-Parameter Ffécture Criterion (TPFC) was developed and success-
fully applied to plane fracture specimens containing either surface- or
through-cracks in metallic materials [L-7]. The TPFC accounts for the effects
of plastic deformation on fracture properties. The equation is

K.[e (1)

KF=—-—S—' for Snid

ys
1- m(gg-)
u

where Kie is the elastic stress-intensity factor at failure, Sn is
the nominal (net-section) failure stress, §, is the nominal stress required
to feil the uncracked vessel, and KF and m are the two material fracture
paraméters. The fracture parameters K? and m are assumed to be constant
for a given combination of material, thickness, temperature, and rate of
loading. To obtain fracture parameters that are representative for a given
material and test temperature: (1) the nominal failure stress must be less
than cys’ (2) the fracture data must all be from the same specimen thickness,
and (3) the test data must encompass a wide range of crack lengths or
specimen sizes. Reference 4 shows how the fracture parameters are determined
by a least-squares procedure for a given set of fracture data. To define
the complete fracture behavior for a material, KF and m must be determined
as functions of thickness, temperature and load rate.

if m equals zero in equation (1), ¥, equals the elastic stress-
intensity factor at failure and the equation applies to low-toughness
(low KF) materials (plane-strain fracture). However, if m equals unity,

the equation applies to extremely ductile or high-toughness (high KF)



materials. Thus, the fracture parameters, KF and m, Jointly describe the
crack sensitivity of the material.

The denominator in equation (1) reflects the influence of the nominal
failure stress on fracture toughness. The variation of the denominator with
nominal stress for a typical material is shown in Figure 3. When the nominel
stress i: less than the uniaxial yield stress, O&s’ the function ¢ (ratio
of KIe t.o KF) is & linear function of nominal stress (solid iinej.
However, when the nominal failﬁre stress is greater than the yield stress,
the function ¢ Dbecomes nonlinear and is dependent upon the stress-strain
curve of the material and the state of stress in the crack-tip region, as
discussed in [4, 6]. For thin materials, where the state of stress in the
crack-tip region is biaxial, the expected behavior is estimated by the dash-

dot curve. An equation approximating the dash-dot curve is given in [6] by

KIe cxs Sn
= —= - — < <
¢ X 3 (1 -m Su) for oys 8, <8, (2)

and is shown in Figure 3 as the dashed curve. For thick materials, where
the state of stress in the crack-tip region is triaxiel, the fracture behavior
for Sn > cys is expected to lie closer to the solid line. The solid verti-
cal line truncates the nominal stress at S,. In this paper, equation (2)
was used whenever Sn was greater than oys'

In order to apply equation (1) to surface- and through-cracks in
pressurized cylinders, the nominal stress required to fail the uncracked
vessel, Su’ and the elastic stress-intensity factor, KIe’ for these configura-

“ions must be determined. For pressurized cylinders, Su wag 1.15 times

the ultimate tensile strength (Uu). It was determined by calculating the




nominal (L%cg) stress required to satisfy the Mises yield criterion (where

~ the yiéifi‘}"sti'esa was replaced by 0,) assuning a 2:1 blaxial stress ratic.

~The elakt c;:";stressa-intenaity fﬁctbr”eqﬁé%iéﬁs for these configurations are

':ﬁieéenﬁed?in the next section.
ELASTIC STRESS-INTENSITY FACTORS

The foﬁn{?f the elastic streés distribution near a crack tip thatr
contains the stngss-intensity factor, KI’ and the square-root singularity
is well known |2]. (The determination of KI is the basis for Lineer-TZzsti:
fraCture Mechanics.,) The stfess—intensity factor is a function of load,

structural configuration, and the size, shape, and location of the crack. I

genersl, the elastic stress-intensity factor can be expressed as
K, =8, /icF (3
e n

for any Mode I crack configuration where Sn is the nominel stress, : is
the initiel crack length (defined in Figure 1), and F is the bouriszv-
ccrrection factor. The boundary-correction factor accounts for the inll.uence
of various boundaries and crack shape on stress intensity. The following
sections give the nominal gtress equation and the boundary-correction fectcr

equations for the surface- and through-cracked cylindrical pressure vessel.

Through Crack in a Pressurized Cylinder
For the through crack (axiel) in a cylindrical shell subjected tc
internal pressure, Figure 1(a), the elastic stress-intensity factcr et

fzilure is given by equation (3) where the nominal stress is

= LR- L
S, =% (%)




and

, 1/2
F=f=[1+0.5A+1.,29 G 0.0TL 13] (5)

for 0 <\ <10 where A =c//Rt. Equation (5) accounts for the effects
of shell curvature [18, 19] on stress intensity. Poisson's ratio was
assumed to be 1/3. The details on the development of equation (5) are

given in the Appendix.

Surface Crack in a Pressurized Cylinier
For the internal or external surface crack (axial) in a cylindrical
shell subjected to internal pressure, Figure 1(b), the elastic stress-
intensity factor at failure is also given by equation (3), where the nominal

stress is given by equation (4) and

= /8_
F-/;;Me £ (6)

The square-root term converts the through-crack expression to that for =
surface-crecs, Me is the combined front-face and back-face correcticn
factor, and fs is the shell-curvature correction factor for a surfece
crack. Uhe elastic shape factor, Q, was given in [20] as the square of the
elliptic integral of the second kind. An expression was chosen in [L] as

a simpie aprroximation for Q and is given by

e 1.6k a
Q=1+ 1.47(3) for =<1.0

>

1.6k
Q=1+ 1.‘47(-;-) for
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The expression for M, was developed in [4] end is given by

My D+ (A Somydy @

where q was determined empirically in {U4] as
3
q=2+8(4:-) - (9)

The term Ml is the front-face correction, the % term is the backface

correction. The expression for M1 ig given by

M, =1.13-0.1(3) for 0.02<2<1.0

o

(10)

_ [ e . &
Ml-\/;(l+0.03 a) for c>1.o

The shell-curvature correction factor for a surface crack, fs’ is given by

s 3 1/2
= - 1
£, = [1+0.52 2 +1.29 A7 - 0.074 A]] (1)
for 0< A, 210 where A = —;ﬁ-% . Again, Poisson's ratio was assumed

toe be 1/3. The form of )‘s was obtaineé by assuming that tkhe surface
crack could be replaced by an "equivalent" through crack of equel area.
Ag -:— approaches unity, )‘s approaches A and equation (6) reduces to
equation (5). In the Appendix, equation (6) is compared with some

experimentally determined correction factors for a brittle epoxy.



C 2 [
F=(Q1 - W ) sec o

for 0 < gg_< 1.0 and H/W > 2. The secant term is the finite-width

correction on stress-intensity factor and was obtained from [1].
Double-edge-crack tension.- For the dcuble-edge-crack tension specimen

(Fig. 2(v)), the elastic stress-intensity is givea by equation (3), where

Sn is given by equation (12), and F was obtained by a boundary-collocation

enalysis of a configuration with H/W = 0.625. (Fracture data analyzed

from [15] used this particular ~onf:juratior.) The stress 3 was assumed to

be uniformly epplied. An equation fit to the collocation results gave

F=1.13 (2 - -33) sec 12 (14)

for © 5_%£'§_O.M and H/W = 0.625. (Stress-intensity factors for E/W

ratioc of 1, 3 and infinity are given in [2].)
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Fracture data on préssurized cylinders nade of miousmterials and
containing either surface- or through—ciaéks'— weretaen from jche ntemtxﬁ-e
and- were anaiyzed using the TPFC (egns. (1) and (2)). The fracture parameters
Kf and m, for a éiven material, thickness, and test temperature ere
determined from the fracture data:usiﬁg a best-fit procedure descfiﬁed in [&].
 These vaiues of Kp and m vere.then used to calculate failure stresses
for the same fracture tests to see how well the TPFC correlated the failure
stresses. Where fracture data on flat plates (center-crack tension or edge-
crack tension) were available, experimentel and predicted failure stresses
for the flat plates were compared. The feilure stresses were computed using
the two material fracture parameters determined from the cylirder data. The
failure stresses were calculated by substituting equation (3) into egquations

(1) and (2), and were given by

= g g < )
Sn v for §) —-oys (15)
/e F + =
“u
end
. 2 o ,

5, \/(my) +2yS - my for Oy <& <8, (26)

vhere

_ KF o
y= —L£— (17)
28 Jnc F



“A__‘leblej 3ma.rizes the materials, thicknesses, teat temperatures and crack

conﬁsurations tha.t were analyzed. Figures h-ls show the correlation obtainec

flfbr each set of fr;‘tnre ’;Table I’also 1ndica,es ‘Which fracture aata

= vere cbtaine& using sha.rp faw-cut sliﬁ instead oF fatigne cra.cks. :

| fhreﬁgh Cr‘cks

Pressurized cx;inders. ‘Figures 4-T7 show fracture data on pressurlzed
cylinders containlng through cracks. The figures show the nominal failure
stress normalize? o Su\(l.ls Uu) plotted against half lengtﬁ of crack, c.
The symbols saow the féexﬁure date and the curves are best fits of
the TPFC using the values of K, and m determined from these data. A knee
occurs in all curves when the nominal stress is equal to the yield stress of
the material (transition from equation (15) to equation (16)), but some are
hardly perceptible. The calculated failure stresses were generally within

+ 10 percent of the experimental feilure stresses.

Pressurized cylinders and flat plales.-— Figures 8-13 show fracture data

on pressurized cylinders and flat plates made of the same material and
thickness and tested at the same temperature. Both the cylinders and flat
plates contained through cracks. The figures show nominal failure stress
normalized to Su plotted against half length of crack, ¢. For the flat
plates Su = cu_ and for the cylinders Su =1.15 cu. The fracture parameters,
KF end m, were determined from an anelysis of the fracture data on the
pressurized cylinders. The fracture dats on the flat plates were insufficient

to cbtain the two pezrameters beeaufe~oh&( 3ne Sﬂecimen size and crack length

was tested. The solid curve or curVes\guct’;l? calculations from the TPFC
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~—— for various vessel radii. The agreement was considered good. The dashed
curve on each figure shows the predicted results for flat plates (R = )
using the values of Kp and m determined from the cylinde;-s. The circular
symbols show the experimental results for the flat plates. The predicted

results were w.thin + 10 percent of the experimental failure stresses.

Surface Cracks
Piérce [11] conducted éryogenic fracture tesﬁs on surface cracks in
201L-T6 material. Figure 1» shows the nominal failure stress normaliéed to
S, (1.15 ou) plotted against cF2, where ¢ is the half length of crack
and F is the boundary-correction factor (egn. (6)). The TPFC indicates

) .
that this type of plot (—9- against cF2) gives a single curve for various
S

u -
%- and %‘ ratios. The open and solid circular symbols denote experimental

date cn externally or internally loceted surface cracks, respectively. The

surface crack data included variations in crack shene (0.07 <

2<0.9) and
crack size (0.36 5_%g5 0.98). The curve shows the calculations from the
TPFC using the values of KF end m determineé from these data. The
calculeted failure stresses were within + 10 percent of the experimental
failure stresses.

Xiefner, Maxey, Eiber, and Duffy [1L] conducted surface-crack fracture
tests at room temperature on steel pressure vessels. Figure 15 shows the
nominel failure stresses normalized to Su plotted against cF2. The
surface-crack data included variations in crack shape (0.02 5,%-§_O.lh)
end crack size (0.38 5_%-5_0.82). The symbols denote the fracture date and
the curve shows the calculations from the TPFC. The agreement was considered

good.



e s e s - CORCLUDING REMARKS e e

A Two-Parameter Fracture Criterion (TPFC) that relates the elastic
stress-intensity at failure, the elastic nominal failure stress, and two
material parameters was used to analyze fracture data on surface-cracked and
through-cracked cylindrical pressure vessels. Fracture data from the
literature on steel, titanium alloy, aluminum alloy, brass, or epoxy vessels
tested at either room or cryogenic temperature were a.na.ljzed. The TPfC
correlated the data well (generally within + 10 percent of the experimental
failure stresses) for a broad range of materials, including some that were
extremely ductile. The fracture criterion was also found to correlate
fracture date from flat plates and cylindrical pressure vessels within

+ 10 percent for the same material, thickness, and test temperature.

1k



DEVELOPMENT AND VERIFICATION OF BOUNDARY CORRECTIONS ON STRESS-
| INTENSITY FACTORS

Through Cracks
Folias [18] and Erdogan and Kibler [19] have obtained the elastic
stress-intensity factors for a longitudinal (axial) through crack in a
pressurized c&linder (Fig. 1(a)) for ,-A < b.5, Figure 16 shows the shell-
curvature correction (or boundary-correction factor) on stress intensity as
a function of A. The symbols are numerical values obtained from [19] for

v = 1/3. The shell-curvature correction factor, F, was determined by
F =Fp + 2 |Fy) (16)
‘ T 2 I'B

vhere F,, is the coantribution due to the membrane solution (or normal

T
forces) and FB is the contribution due to bending. Reference 21 has
shown that including -~ne half of the tending contribution was necessary
to correlate crack-growth rates from pressurized cylinders and flat plates.
The bending term contributed ounly about 10 percent to the total correction
factor.

The solid curve in Figure 16 is an equation chosen herein (eqn. (5))
to fit the numerical values. The solid curve was within + 5 percent of
the numerical values. Reference 21 has shown that the effects of Poisson's
ratio (Vv = 0 to 0.5) on the curvature cbrrection was less than 5 percent

from the values given in Figure 16. Therefore, equation (5) was assumed to

apply for any material.

15
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-For -A->L,5, an experimental technique was used herein to verify the -

applicability of equation (5) for calculating the shell-curvature correction
factors. Figure 17 shows the curvature correction factor plotted against A.
The éymbols sﬁbw the experimentally derived correction factors from through
crack fracture data on brass cylinders {16] using the TPFC. The correcéion

factors are given by
Sn
(1-mz)
i Kp 5,

f=F= (a7)
%ﬁE

The freacture parameters, KF and m, were determined from ar analysis of
the fracture data with A f_h. The craék length, c, and the corresponding
feilure stresses, S , were obtained from [16]. The solid curve shows the
correction factors calculated from equation (5). The solid curve is in
good agreement with the experimentel data. Therefore, equation (5) was

assumed to apply for any material with A < 10.

Surface Crack
Terby [17] has experimentally determined stress-intensity correction
factors for surface cracks in pressurized cylinders made of a brittle epoxy.
The critical elastic stress-intensity factor for this meterial, KIe =1.02

/
‘ HN/IZ3l 2

» was obtained from four-point notch bend fracture tests [17]. This
meterial was brittle (m = 0). The experimental correction factors for the

surface cracks were obtained from equation (3) as

K
Ie = 1.02 (18)

F =
5 Ve S_vTe
n n
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" "where "S!;' ‘and ¢ weré obtained Trom the fracture tests on the epoxy
vessels. Table II shows a comparison between the experimentally determined
correction factors and those calculated from equation (6). The theoretical

correction factors were within + 10 percent of the experimental values.
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TABLE I.- MATERIALS, THICKNESSES, TEST TEMPERATURES AND CRACK CONFIGURATIONS.

Material Thickness Temp. | Pressurized cylinders [ Flat plates
mm K Surface Through Through Ref.
crack crack crack
7075-T6 0.4-0.6 RT X(a) 8
2024-13 0.3-0.4 RT X(a)

A 2014-T6 LD RT X(a) )
L 2014-T6 153 20 X X 10
2014-T6 155 77 X X 10
2014-T6 1.5 77 X 11
T 5A1-2.5Sn 0.5 20 X X 10
I 5A1-2.5Sn 0.5 77 X X 12
301 C.6 RT X 13
3 X-52 9.5 RT X(a) 14
E X-52 9.5 RT X(a) 14
_ [Bot-rolled()| 6.4 77 X X 15
Brass 0.025 RT X(a) 16
Brittle Epoxy 15 RT X 17

(a) Sharp saw-cut slits instead of fatigue cracks

(b) 0.25C, 0.025i, 0.85Mn

PRECEDING PAGE BLANK NOT FILMED




TABLE II. - COMPARISON OF THEORETICAL AND EXPERIMENTALLY
DETERMINED BOUNDARY-CORRECTION FACTORS FOR
SURFACE CRACKS IN PRESSURIZED CYLINDERS MADE

OF A BRITTLE EPOXY [17] (a)

EXPERIMENT THEORY THEORY
) ;; F F EXPERIMENT
13.2 14.6 0.959 0.932 0.97
12.2 14.2 0.878 0.863 0.98
Bi.1 14.5 0.846 0.855 1.01
10.9 14.5 0.846 0.823 0.97
10.5 15.9 0.808 0.841 1.04
11.5 14.4 0.831 0.839 1.01
10.7 14.5 0.785 0.819 1.04
6.9 9.5 0.682 0.695 1.02
6.9 8.3 0.708 0.68Y9 0.97
2.3 8.3 (.672 0.689 1.03
5.4 8.5 (, 621 0.677 1.09
(a) R=68.3mm and t = 15 ‘am
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(a) Center-crack tension (b) Doubie- 2dge-crack tencion

Figure 2.- Through-crack configuraticns in flat plates.
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