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Elastic-Plastic Stress Analysis and Fatigue Lifetime Prediction of
Cross-Bores in Autofrettaged Pressure Vessels

Seung-Kee Koh*
Department of Mechanical Engineering, Kunsan National University

Elastic-plastic stress analysis has been performed to evaluate the fatigue life of an auto-
frettaged pressure vessel containing cross-bores subjected to pulsating internal pressure of 200
MPa. Finite element analyses were used to calculate the residual and operating stress distribu-
tions of the pressure vessel due to the autofrettage process and pulsating internal pressure,
respectively. Theoretical stress concentration factors of 3.06, 2.58, and 2.64 were obtained at the
cross-bore of the pressure vessel due to internal pressure, 5094, and 10095 autofrettage loadings,
respectively. Local stresses and local strains determined from the elastic-plastic finite element
analysis were employed to calculate the failure location and fatigue life of the pressure vessel
with radial cross-bores, incorporating the low-cycle fatigue properties of the pressure vessel

steel and fatigue damage parameters. Increase in the amount of overstrain by autofrettage
process moved the crack initiation location from the inner radius toward a mid-wall, and
extended the crack initiation life. Predicted fatigue life of the fully autofrettaged pressure vessel
with cross-bores increased about 509, compared to the unautofrettaged pressure vessel. At the
autofrettage level higher than 509, the failure location and fatigue life of the pressure vessel
were not significantly influenced by the autofrettage level.

Key Words : Cross-Bore, Autofrettaged Pressure Vessel, Finite Element Analysis, Fatigue
Crack Initiation, Mean Stress, Fatigue Damage

1. Introduction

Largest tensile tangential stress at the inside
surface of the pressure vessel subjected to a pulsat-
ing high internal pressure causes a fatigue crack
initiation and growth from the inside surface.
Therefore, to counteract the large tensile tan-
gential stress at the inside surface, autofrettage
process which produces compressive tangential
residual stresses near the bore of the pressure
vessel has been commonly used (Davidson et al.,
1963). The autofrettage is a metal forming process
by overloading the pressure vessel with high inter-
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nal pressure, or by passing an oversized mandrel
through the bore of the pressure vessel. The
compressive tangential residual stresses near the
inside surface due to autofrettage process retard
crack formation and growth. However, the pres-
ence of structural discontinuities which are neces-
sary for engineering purposes of the pressure
vessel significantly changes the stress distributions
of the pressure vessel and reduces the fatigue life
of the pressure vessel due to the stress concentra-
tion. For the autofrettaged pressure vessel, the
structural discontinuities at the outside surface
have been reported as critical locations of early
fracture, shortened fatigue life
compared to the unautofrettaged pressure vessel
(Koh, 1996; Koh and Na, 1999). It can be
ascribed to the high magnitude of tensile tan-
gential stresses and plastic deformation at the
discontinuities from the combination of residual
stresses by autofrettage, operating stresses by

resulting in
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nternal pressure, and stress concentration.

The objective of this study is to analyze the
stress and strain distributions of cross-bores in
‘he high pressure vessel subjected to autofrettage
.oading and cyclic internal pressure of 200 MPa,
and thereby evaluate the effects of autofrettage
evel on the critical location of fatigue cracking
and the fatigue life of the pressure vessel. Even
‘hough direct comparisons of predicted and mea-
sured fatigue lives were not made in this study
lue to very costly experiments, the fatigue analy-
sis was expected to provide useful information for
he design of the autofrettaged pressure vessel
inder the pulsating high internal pressure.

2. Finite Element Analysis of Cross-
Bores in Autofrettaged
Pressure Vessels

Fatigue analysis of the autofrettaged pressure
vessel with cross-bores subjected to cyclic inter-
1al pressure loading requires thorough under-
standing of the stress distributions. A three-
limensional finite element analysis was perfor-
ned to find the stress and strain distributions of
‘he autofrettaged pressure vessel with cross-bores.
Figure 1 shows the autofrettaged pressure vessel
sontaining ten cross-bores, which penetrate the
vall of pressure vessel radially at an angle of 90
legree. In Fig. 1, g, b, and W are inside radius,
>utside radius, and wall thickness of the pressure
vessel, respectively, and 4 is the diameter of the
cross-bore in the pressure vessel. The wall ratio,
h/a, of the pressure vessel is 1.53, and the diame-
er ratio of the cross~bore to the pressure vessel,
1/2a, is 0.043. Fatigue cracking was expected to
dccur near the cross-bores due to the stress con-

Fig. 1 Configuration of high pressure vessel with
radial cross-bores (g=77.5 mm, p=118.2
mm, W=40.7 mm, 4=6.65 mm)

centration, and three sources of loadings from the
internal pressure of the pressure vessel, auto-
frettage process, and internal pressure of the
cross-bores were considered. The internal pres-
sure on the cross-bores was assumed to be the
same as that of the pressure vessel.

In this study, theoretical stress concentration
factors of the pressure vessel due to the internal
pressure and autofrettage loadings were deter-
mined from the linear elastic finite element analy-
sis. An elastic-plastic finite element analysis was
also performed to calculate the local stresses and
local strains, which were compared to those
obtained from an approximate method using the
linear elastic stress analysis.

2.1 Elastic stress analysis of cross-bore in
autofrettaged pressure vessel

The smooth pressure vessel prior to the intro-
duction of cross-bores was overstrained by auto-
frettage pressure in order to induce the compres-
sive tangential residual stresses near the inside
surface. The tangential residual stresses due to
autofrettage are derived as(Hill, 1967),

oe=ays{?fz—az(1 +725>[f’22—“b}i—1n J;l]
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where g, is the yield stress of the pressure
vessel steel and #, p are radius and elastic-plastic
boundary of the autofrettaged pressure vessel,
respectively. The stresses due to internal pressure,
P; are given by the following Lame equations
(Timoshenko and Gere, 1970).

Pi 2 2
Jo= bz—aa 1+75>

2

Figure 2 shows the finite element model of the
pressure vessel containing a cross-bore meshed
with three-dimensional eight-noded brick ele-
ments. Due to the symmetry of the pressure vessel,
only one-twentieth of the total geometry was
considered in the finite element model with
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Table 1 Linear elastic finite element solutions of maximum tangential stresses and theoretical stress concentra

tion factors at radial hole

Max. tangential stress, g, (MPa) Nominal stress, Sy (MPa)
Loading type K.
r=a r=(a+b/2 | r=b | r=a r=(a+b)/2 | r=b
Pressure (200MPa) 1535.3 1239.6 945.4 501.6 370.9 3016 | 3.02
Autofrettage 50 —779.0 358.2 2848 | —432.8 138.6 1127 | 2.58
(%0.8.) 100 | —908.4 4222 1122.6 | —562.5 331 4252 | 2.64
Pressure+ 50950.8S. - 1594.6 - - 509.5 - 3.13
Pressure+ 100950.S. - - 2187.8 - - 726.8 3.01
i i',il}; ¢ " csfn ,
ol || ";|, °© ‘:a o2 :29&9‘@&;—0—0—0—0—0—0—0«
X ’H 2T Nominal Hole
I —©- %08  —® - %08
e 100%0S =& 100%08
e e e w
Fig. 2 Finite element model of thick-walled pres- aw
sure vessel with cross-bores Fig. 3 Nominal and elastic tangential stress Distri

appropriate boundary conditions. The mesh was
refined until the convergence of the solution was
reached. The same internal pressure of 200 MPa
was imposed on both surfaces of the pressure
vessel and the cross-bore. Plane strain condition
was applied by constraining the axial deforma-
tion of the pressure vessel, since the open-ended
thick-walled pressure vessel was very long. The
ANSYS finite element program was employed to
perform the thermal and stress analyses (Kohnke,
1992; Koh, 1993).

Nominal tangential stress distributions along
the thickness away from the cross-bore are shown
in Fig. 3. As the amount of overstrain increased,
the magnitude of compressive residual stresses
near the inside surface of the pressure vessel
increased. The finite element solutions of the
tangential stresses along the thickness for each
loading case resulted in very close agreement with
the theoretical solutions in Eq. (1) and Eq. (2).
The differences between finite element and theo-
retical solutions were less than 294. Stress concen-

butions along a cross-bore of pressure vesse.
for each loading case

tration due to the introduction of cross-bore:
increases the magnitude of elastic stresses along
the cross-bores, as shown in Fig. 3, depending or
the types of loadings. The increasing level o
autofrettage amplified not only the magnitude o
compressive residual stresses near the inside sur
face of the pressure vessel, but also the tensil
residual stresses at the outside surface, whict
might be susceptible to fatigue cracking due tc
high tensile mean stresses in cyclic loading. There
fore, a caution should be required that the auto
frettage process rather decrease the fatigue life o
the pressure vessel containing structural disconti
nuities near outside surface.

Theoretical stress concentration factors of the
cross-bore at the location where the maximun
tangential stress occurs are listed in Table 1. Sinct
the diameter of the cross-bore was relatively
small, compared to that of the pressure vessel, the
stress concentration factor by the internal pressure
was about 3. Tangential stress contours of auto
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rettaged pressure vessel with cross-bore are

(b)

(©)

Tig. 4 Elastic tangential stress contours of (a)09%,
(b)509 and (c) 1009 autofrettaged pressure
vessels with cross-bores subjected to internal
pressure of 200 MPa

shown in Fig. 4. The autofrettage residual stresses
are compressive at the inside surface and tensile at
the outside surface, and the magnitudes of the
residual stresses at both inside and outside sur-
faces increase as the autofrettage level increases,
as shown in Fig. 3. Therefore, as the level of
autofrettage increases, the location of maximum
tangential stress along the cross-bore moved from
the inside toward the outside surfaces, resulting
from the influence of autofrettage residual stres-
ses.

2.2 Elastic-plastic stress analysis of cross-
bore in autofrettaged pressure vessel

In order to obtain the local deformation of the
autofrettaged pressure vessel in the vicinity of
cross-bores, an elastic-plastic finite element anal-
ysis was performed. Same mesh and boundary
conditions used in the elastic analysis were adopt-
ed in the elastic-plastic analysis. Kinematic strain
hardening rule and von Mises yield criterion were
employed in the elastic-plastic finite element
analysis. Since the pressure vessel was under
cyclic loading, a cyclic stress-strain relation deter-
mined from the strain-controlled fatigue testing
should be used in the analysis. Monotonic and
cyclic properties of the ASTM A723 pressure
vessel steel in Table 2 have been obtained in the
previous work (Koh et al., 1997), and the cyclic
stress-strain curve can be represented as

()"

where g, &, #/, and K’ are cyclic stress, cyclic
y

Table 2 Monotonic and cyclic properties of cylin-

der steel

Young’s modulus, £ (MPa) 197
Ultimate tensile strength, ¢, (MPa) 1264
0.29 offset yield strength, ¢,s (MPa) 1112
Elongation, EL (%) 15.5
Reduction in area, RA (%) 46

Fracture strength, g, (MPa) 1807
Fracture strain, e, 0.617
Hardness, HR, 43

Cyclic strain hardening exponent, 7’ 0.083
Cyclic strength coefficient, K’ (MPa) 1704
0.29 offset cyclic yield strength, g, (MPa) | 1014
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strain, cyclic strain hardening exponent, and

(b)

(©
Fig. 5 Equivalent stress contours of (a)0%, (b)
509% and (c)1009 autofrettaged pressure
vessels with cross-bores subjected to internal
pressure

cyclic strength coefficient, respectively.

Figure 5 shows the equivalent stress contours of
the pressure vessel subjected to a combined load-
ing of autofrettage overstrain and internal pres-
sure of 200 MPa. A steep gradient in the vicinity
of the cross-bore due to the stress concentration
can be observed in Fig. 5. Maximum equivalent
stress occurred near the inner wall of the pressure
vessel for the unautofrettaged case of 09OS.
However, the location of maximum equivalent
stress moved towards the outside wall of the
pressure vessel as the amount of overstrain in-
creased. Figure 6 shows the equivalent stress
distributions along a cross-bore of the auto-
frettaged pressure vessel subjected to internal
pressure. Four levels of overstrain, i. e., 25%,
509%, 75%, and 1009508, were considered. From
Fig. 6, the autofrettage process considerably
decreases the equivalent stress near the inner
surface of the pressure vessel, even though the
effect seems less pronounced at the high levels of
overstrain. A continuous increase in equivalent
stress near outside surface of the pressure vessel
was observed, as the level of overstrain increased.

Equivalent plastic strain contours for typical %
OS are shown in Fig. 7, compared to those for
unautofrettaged case. As the 9%5OS increases, the
magnitude of the maximum equivalent plastic
strain at the cross-bore increases and location of
the maximum equivalent plastic strain moves
towards the outside surface of the pressure vessel
as shown in Fig. 7. It should be noted that the

—&— 0S8 —% - TNOS

—-© = 2%08

O (MPa)
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Fig. 6 Equivalent stress distributions along a cross-
bore of autofrettaged pressure vessel subject-

ed to internal pressure
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nagnitudes and distributions of the equivalent

()

Fig. 7 Equivalent plastic strain contours of (a)0%,
(b)509% and (c) 1009 autofrettaged pressure
vessels with cross-bores subjected to internal
pressure

stress and plastic strain near the cross-bore
depend on the variables such as wall ratio(4/q),
diameter ratio(d/q), and autofrettage level (%
OS) of the pressure vessel. An elastic-plastic
analysis of a pressure vessel with one cross-bore
under monotonic internal pressurization by
Chaaban and Barake(1993) showed that the
amount of plastic deformation near the cross-
bore increased, as the diameter ratio and auto-
frettage level increased and the wall ratio de-
creased.

The ranges of cyclic stress and strain near the
cross-bore in the pressure vessel subjected to the
pulsating internal pressure were determined by
unloading the internal pressure using a stabilized
hysteresis loop curve, which was modeled as twice
the cyclic stress-strain curve in Eq. (3). Figure 8
shows the variations of maximum and minimum
strains along the cross-bore of the autofrettaged
pressure vessel, which is subjected to the cyclic
internal pressure loading of 200 MPa. Even
though the autofrettage process alleviated the
largest tensile stress at the inside surface of the
pressure vessel by inducing the compressive resid-
ual stress, the strain amplitude due to cyclic inter-

“nal pressure remained highest at the inside sur-

face. The maximum strain amplitude near the
inside surface was 0.0037 with cyclic plasticity,
but the cyclic straining for the region of (» —g)/
W >0.2 was essentially elastic. Strain ratio, R.=
Emin/ Emax, along the cross-bore ranged from 0 to
0. 65 for (—a)/ W =>0.2, resulting in consider-

0.020

0015

Strain, €

-0.008

00 01 02 03 04 05 06 07 08 09 10
(r-a)lW

Fig. 8 Variations of strain along a cross-bore of
autofrettaged pressure vessel due to pulsating

internal pressure



Elastic- Plastic Stress Analysis and Fatigue Lifetime Prediction of Cross-Bores in Autofrettaged--- 941

able tensile mean strains and mean stresses during
cyclic loading.

3. Fatigue Analysis

3.1 Low-cycle fatigue damage and mean
stress parameters

The finite element stress analysis showed that
the region along the cross-bore was susceptible to
fatigue cracking, ascribed to the stress concentra-
tion and high tensile mean stress depending on
the level of autofrettage. Fatigue life of the auto-
frettaged pressure vessel containing cross-bores
subjected to pulsating internal pressure can be
defined as the sum of the crack initiation life at
the critical location and the subsequent crack
growth life. In this study, however, the cycles to
crack initiation was considered as the fatigue life
of the pressure vessel for conservative evaluation.

Fatigue life from the fully reversed strain-
controlled test data is mathematically modelled
by Basquin and Manson(Fuchs and Stephens,
1980) as,

de— LN +e N 4)

where Ae/2 is the strain amplitude, and ¢ &5
b, ¢ are the low-cycle fatigue properties of the
ASTM A723 pressure vessel steel as listed in
Table 3, determined by using smooth cylindrical
uniaxial specimens(Koh, 1996). The low-cycle
fatigue damage is known to be significantly in-
fluenced by the mean stress. Autofrettage residual
stresses play the role of mean stress and thus
influence the fatigue life of the pressure vessel. In
order to take the mean stress into account, dam-
age parameters from Morrow, Smith-Watson-
Topper (SWT), and strain energy density were
considered in the fatigue life evaluation.

Morrow equation can be obtained from a
modification of the elastic strain-life term in Eq.

Table 3 Low-cycle fatigue properties from the
fully reversed fatigue test

Fatigue strength coefficient, ¢y (MPa) 2717.5
Fatigue strength exponent, § —0.1487
Fatigue ductility coefficient, & 0.8195
Fatigue ductility exponent, ¢ —0.9004

(4) by introducing the mean stress, ¢, (Graham,
1968).

%zf_f;:_@n_(m) b+e’s (2N (5)

A mean stress parameter proposed by Smith et
al. (1970) is expressed by the following form.

Omax€a= c(sz) 7 (6)

where gpax and g, are the local stress and local
strain amplitude at the critical location such as
the cross-bore hole in the autofrettaged pressure
vessel, respectively. The coefficient, C and expo-
nent, y in Eq. (6) for the material were deter-
mined as 95.1 MPa and —0.3571 from the fully
reversed strain-controlled tests, respectively, and
a good correlation with the nonzero mean strain
tests was obtained in the previous work (Koh et
al.,, 1997).

The damage parameter using strain energy
density, ¥, can be represented for a uniaxial
cyclic loading as (Ellyin and Golos, 1988),

T=A4W?+4We*
Ay n-=1/n’ n
= 201 nl)-f-(i{{ ) (AO')HT+—2IE\_O'2max
= kNS + Cy (M

where AW? is the plastic strain energy per
cycle, and gWe* is the positive or tensile elastic
strain energy per cycle. In the uniaxial cyclic
loading, 4W? is the area of the hysteresis loop,
and AW = omax’/2E for gn;n<0 and 4¢*/2E
for gn,>0. Mean stress effects are considered in
the tensile elastic strain energy term. Material
constants, x, and ¢ were determined as 550.4 MJ/
m® and —0.6098, respectively, for the ASTM
A723 steel from the fully reversed uniaxial fatigue

tests. A material constant, C,, defined as the
energy value corresponding to the fatigue limit of
the material, was neglected for the low-cycle
fatigue lifetime prediction of the pressure vessel in
this study.

3.2 Fatigue life prediction based on elastic
stress analysis and Neuber’s rule
Fatigue crack initiation life of the pressure
vessel was estimated using the local strain
approach by incorporating the low-cycle fatigue
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Table 4 Local stresses and local strains at a radial hole of autofrettaged pressure vessel determined from

Neuber’s rule and elastic-plastic finite element analysis

os Neuber’s rule Elastic-plastic finite element analysis
o} do/? da/2
) Emex e/ (MmI::l) (MP/a) Emex de/2 (fdm;;) (lea)
0 0.01045 0.00381 1096.5 752.1 0.00991 0.00382 1080.6 764.3
50 0.01117 0.00286 1107.9 572.8 0.00956 0.00321 1026.4 642.3
100 0.01952 0.00224 1191.9 447.8 0.01594 0.00283 11523 565.6
properties of the material and the finite element 10000
stress analysis results. In order to determine the __: K
local strains, both approximate and elastic-plastic 3 —am s
finite element analyses were used and compared. fu T B
Fatigue damage parameters accounting for the ﬁ; o | =]
mean stress effects were considered in the fatigue § -
life prediction. Effects of multiaxial stress state ¥
near the cross-bores of the pressure vessel were 2
taken into account by using equivalent stress and
o0 R R

strain in the fatigue analysis.

An approximate evaluation of local stresses
and local strains at the stress concentrator can be
made by using Neuber’s rule, stating that the local
stress, ¢ and local strain, ¢ can be represented in
terms of nominal stress, S and nominal strain, ¢
by the following equation (Neuber, 1961).

dode=KH4Sde) (8)

where K is the fatigue notch factor, which can

be related to the theoretical stress concentration

factor, K, determined from the elastic stress analy-
sis (Peterson, 1980).

K=148—L ©)

2
I+

where R is a notch root radius, i. e., cross-bore
radius of the pressure vessel, and p is a material
property given by 0.0254(2068/4,)!®* mm (Peter-
son, 1980). Therefore, the maximum local stresses
and strains at the cross-bore of the pressure vessel
are calculated by solving the cyclic stress-strain
relation of Eq. (3), and the Neuber parabola of
Eq. (8). It should be noted that a hysteresis loop
equation was used to calculate the ranges of local
stress and strain in the cyclic loading.

For 094, 5095, and 1009408, calculated local
stresses and strains using Neuber’s rule are listed

0 0020 30 o % & ™ o %N 0
Autofrettage level (%0.S.)

Fig. 9 Predicted fatigue lives of autofrettaged pres-
sure vessels with cross-bores based on
Neuber analysis

in Table 4, compared to those obtained directly
from the elastic-plastic finite element analysis.
The calculated local stresses and strains using
Neuber’s rule correlated fairly well with the elas-
tic-plastic analysis results. The slight overestima-
tion of the maximum values and underestimation
of the amplitudes can be ascribed to the general
behavior of Neuber’s rule which is based on the
plane stress condition.

Neuber’s rule is a convenient method of deter-
mining the local stress and strain which are used
for fatigue life prediction at the critical location.
For the autofrettaged pressure vessel, however,
the critical location of crack formation was not
obvious from the elastic stress analysis, since the
maximum values and the amplitudes of cyclic
stresses and strains were varying along the cross-
bore, as shown in Fig. 3. The elastic finite element
stress analysis showed that the location of maxi-
mum tangential stress at the cross-bore moved
from the inner radius to the outer radius of the
pressure vessel as the level of autofrettage in-
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creased. Thus, the location of maximum tan-
gential stress at the cross-bore was assumed as the
crack initiation region, where the fatigue life was
evaluated.

Figure 9 shows the predicted fatigue life of the
pressure vessel based on local stresses and strains
using the Neuber’s rule. In Fig. 9, the fatigue lives
predicted by the Manson, Morrow, and SWT
parameters increase as the autofrettage level
increases. This was attributed to the decrease in
strain amplitude at the critical location, which
moved toward the outside surface of the pressure
vessel, as the autofrettage level increased. How-
ever, the fatigue life of the pressure vessel predict-
ed by strain energy density parameter decreased,
as the autofrettage level increased. This was
mainly due to the relatively large elastic strain
energy density at the increased level of auto-
frettage. Predicted fatigue lives using Morrow,
SWT, and energy parameters ranged from 2,208
to 13,624 cycles. Significantly longer fatigue life
from Manson equation was evident, since the
tensile mean stress, which was detrimental to the
fatigue life, was ignored in the life prediction.

3.3 Fatigue life prediction based on elastic-
plastic stress analysis
Fatigue damage along the cross-bore of the
autofrettaged pressure vessel can be effectively
evaluated by using the elastic-plastic finite ele-
ment analysis. Fatigue damages for various over-
strain levels using Morrow, SWT, and strain

c_/(cr f‘-o)

0.0 0.1 02 03 04 0.5 06 07 08 0% 1.0
{r-a)y/wW
Fig. 10 Damage distributions along a cross-bore of
autofrettaged pressure vessls using Morrow
parameter

energy parameters are calculated along the cross-
bore as shown in Figs. 10, 11 and 12, respectively.
For the unautofrettaged pressure vessel, the lar-
gest fatigue damage occurred at the inner radius
of the pressure vessel. As the level of autofrettage
increased, the location of the largest fatigue dam-
age moved toward the mid-wall of the pressure
vessel. It is observed in Figs. 10 and 11 that the
fatigue damage calculated by using Morrow and
SWT parameters reaches the maximum at r=89.9
mm, i. e., about 0.3W away from the inner surface
of the pressure vessel, and the fatigue damage at
the critical location is of similar magnitude,
regardless of the autofrettage level higher than
50940S. This implies that the higher level of
autofrettage is not always necessary for fatigue
life improvement of the pressure vessel, and there
may exist an optimum level of autofrettage. When
the strain energy parameter is used for the damage
evaluation, the location of the highest fatigue
damage moves to the outside surface of the pres-
sure vessel as the autofrettage level increases as
shown in Fig. 12. This was attributed to the
continuous increase in the maximum and mean
stresses at the outside surface as the autofrettage
level increased, resulting in the increased elastic
strain energy density.

In Figs. 10 and 11, the less stiff gradient of the
damage curve along the cross-bore for the pres-
sure vessel with autofrettage level higher than
509%0S indicates that a broad cracking region
across the thickness may occur due to the evenly

50

e, (4P

G

0.0 01 02 03 04 03 s 07 08 09 1.0

(r-ay/W
Fig. 11 Damage distributions along a cross-bore of
autofrettaged pressure vessls using SWT

parameter



944 Seung-~Kee Koh

WaAW+AW? (MJ/m®)

00

(r-a)lW

Fig. 12 Damage distributions along a cross-bore of
autofrettaged pressure vessls using strain
energy parameter

distributed damage, compared to a localized
cracking at the inner surface of the unauto-
frettaged pressure vessel. An autofrettage level of
approximately 509508 seemed to be the optimum
for the fatigue life improvement of the pressure
vessel with cross-bores subjected to pulsating
internal pressure of 200 MPa considered in this
study. It should be mentioned that the optimum
level of autofrettage may vary, depending on the
wall ratio, diameter ratio, magnitude of internal
pressure.

Figure 13 shows the predicted fatigue life based
on the calculated damage using the elastic-plastic
finite element stress analysis. The fatigue life
defined as the cycles to crack initiation was
evaluated at the critical location of the largest
damage along the cross-bore in the pressure
vessel. Predicted fatigue life ranges from 2,290 to
4,899 cycles depending on 950S. When the Mor-
row and SWT damage parameters were used for
the life prediction, a 45 percent increase in fatigue
life by 509 autofrettage was obtained. At the
autofrettage level higher than 509508, however,
no further improvement was not found. Decrease
in fatigue life at the high 950S for the strain
energy parameter in Fig. 13 is attributed to the
large elastic strain energy component caused by
the high residual stresses near the outside surface.

Direct comparison of the predicted fatigue life
with the experimentally measured life of the auto-
frettaged pressure vessel with cross-bores was not
possible, since the experiments using the pressure

000
—
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;“ e Do
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- ..
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Fig. 13 Predicted fatigue lives of autofrettaged
pressure vessels with cross-bores based on
elastic-plastic finite element stress analysis

vessel with the same dimensions in the open
literature were not available. However, Under-
wood et al. (1996) measured the fatigue life of the
pressure vessel, whose geometry and internal
pressure were not the same as the one used in this
study. The experimentally observed locations of
crack initiation and crack shapes by Underwood
et al. were fairly similar to the prediction by using
Morrow and SWT damage parameters in this
study. Fracture surfaces from the fatigue tests
revealed that the fatigue cracking occurred at the
localized inside surface for the unautofrettaged
pressure vessel and at the broad region along the
cross-bore for the fully autofrettaged pressure
vessel as predicted in this study. Measured fatigue
lives including crack growth of the pressure ves-
sels ranged from 3,500 to 5,000 cycles for 30 to
50908 level, which were similar to the fatigue
lifetime prediction range in this analysis. It was
found that the strain energy density parameter
overestimated the mean stress effects, thus requir-
ing a modification of the elastic strain energy
component for more accurate fatigue life evalua-
tion.

Beneficial influence of autofrettage on the
fatigue life improvement of the pressure vessel
with cross-bores was not notable, since the favor-
able compressive residual stress near the inside
surface was removed by the cyclic plasticity due
to the high stress concentration and the detrimen-
tal tensile residual stress near the outside surface
of the pressure vessel was produced.



Elastic-Plastic Stress Analysis and Fatigue Lifetime Prediction of Cross-Bores in Autofrettaged--- 945

4. Summary and Conclusions

Elastic-plastic stress analysis of cross-bores in
autofrettaged pressure vessel subjected to pulsat-
ing internal pressure was performed using finite
element method. The local stress and local strain
obtained from the stress analysis were used for the
fatigue lifetime prediction of the autofrettaged
pressure vessel with cross-bores and the following
conclusions were drawn.

(1) Theoretical stress concentration factors of
3.02, 3.13, and 3.02 were obtained for the pressure
vessels subjected to internal pressure of 200 MPa
at 0, 50, and 1009 autofrettage levels, respective-
ly. As the level of autofrettage increases, the
location of maximum tangential stress along the
cross-bore moved from the inside to outside
surface of the pressure vessel due to the influence
of autofrettage residual stresses.

(2) The compressive residual stress due to
autofrettage alleviated the largest tensile stress at
the inside surface of the pressure vessel. However,
the strain amplitude due to cyclic internal pres-
sure remained highest at the inside surface. Cyclic
plasticity was observed near the inside surface of
the pressure vessel, but the cyclic straining along
the cross-bore for the region of (y-g)/ W =0.2
was essentially elastic with high mean strain and
mean stress.

(3) Local stresses and local strains near the
cross-bore calculated from Neuber’s rule and
elastic stress analysis were in fairly good agree-
ment with the elastic-plastic analysis. However,
locations of fatigue crack initiation were not
obvious from the elastic stress analysis, since the
variations of strain amplitude and stress distribu-
tion were complex along the cross-bore.

(4) Damage analysis along the cross-bore
using elastic~plastic finite element stress analysis
indicated that the fatigue cracking location moved
from the inner radius to the mid-wall of the
pressure vessel as the level of autofrettage in-
creased from 0 to 5094, resulting in extended
fatigue life by approximately 5095. However, no
significant influence on the fatigue life of the
pressure vessel with cross-bores was not observed

for the autofrettage level higher than 509%.
Predicted fatigue life ranged from 2,290 to 4,899
cycles, exhibiting a similar range to the experi-
mentally measured fatigue life.
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