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STUDY TO DETERMINE THE INFLUENCE
OF WELD POROSITY ON THE INTEGRITY
OF MARINE STRUCTURES

by

William J. Walsh, Brian N. Leis and J. Y. Yung

1. INTRODUCTION

The objective of this study is to obtain a better understanding
of the influence of weld porosity on the integrity of marine structures.
Understanding the effects of porosity on the mechanical properties of
weldments is important for the safe design of welded marine structures.
Information on the porosity effects for a weldment would be useful in
specifying welding processes and procedures. The'expected service condi-
tions of a weld could dictate the amount of porosity allowed. A welding
process which would be expected to result in porosity levels corresponding
to that allowable amount could be rationally determined and specified.
The inspection and maintenance of welded structures would also benefit
from a refined understanding of the detrimental effects of various sizes,
shapes, and patterns of porosity.

Previous investigations on the effects of weld porosity on
integrity of structures indicate that there is very little influence of
porosity upon brittle fracture properties[l]. However, porosity has been
shown to influence the fatigue properties of we]ds[1'7]. The motivation
for the present study comes from the potential of modern fatigue technol-
ogy and fracture mechanics principles to analytically predict the fatigue
performance of weldments. The literature provides sufficient information
on the dependence of fatigue performance on parameters such as size of
pores, number of pores, pore shape and pattern. These parameters will be
incorporated into a fatigue 1ife estimation model based upon fatigue and
fracture concepts.



2. DISCUSSION OF THE PROBLEM

2.1 Limits of Concern

The results of most of the studies examining the effects of
porosity conclude that porosity does not effect the mechanical properties
of a weldment unless the amount of porosity is extremely 1alr'ge[1'5 .
Regarding fatigue, the most critical location for a weld is generally the
weld toe. This abrupt change in geometry from the weld metal reinforce-
ment to the base metal results in a stress concentration and acts as a
fatigue crack initiation site. Pores are, by comparison, much less severe
stress concentrations.

The severity of the weld-toe stress concentration decreases with
decreasing weld reinforcement size. That is, the smaller the weld rein-
forcement, the less effect the weld toe will have in initiating a fatigue
crack. This fact suggests that if the weld reinforcement is shallow
enough, the stress concentration due to the weld toe will be less than
that resulting from a pore. The pore would then be the critical Tlocation
for fatigue.

Consider the following example. The stress concentration
factor, Kt' for a pore in an infinite body subjected to an axial stress
is 2.05 (for Poisson's ratio of 0.3). The stress concentration factor
for the toe of a butt weld subjected to axial tension[B] is 3.06 for a
0.5 inch thick plate, having a reinforcement width of 0.29 inch (60 degree
bevel) and height of 0.17 inch, and a weld toe radius of 0.02 inch. This
means that if a pore (Kt = 2.05) were present in the weld, the more highly
stressed location would still be the weld toe (Kt = 3.06). The reinforce-
ment height at which the stress concentrations would be equal for both
the weld toe and the pore is 0.11 inch. At this reinforcement height,
there would be an equal chance of a fatigue crack initiating at the toe
or at the pore. At heights below this value, the fatigue crack would be
expected to initiate at the pore.

This example is an over simplification of a rather complex
stress analysis problem. Factors such as bending stress, almost always
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present in actual service, and difficulty in accurately measuring the weld
toe radius have not been considered. Both of these effects would in-
crease the weld-toe stress concentration. The example does illustrate,
however, that unless the weld reinforcement is shallow, fatigue cracks
would not be expected to initiate from a pore.

2.2 Factors of Concern

Having discussed the fact that weld porosity is generally only
a problem when the weld reinforcement is shallow or removed, or when
porosity is excessive, the factors that must be addressed in analyzing
this specific problem will be outlined.

2.2.1 Fracture Mechanics

Porosity can be characterized as a blunt defect having no sharp
asperities which can be analyzed as cracks. Since cracks do initiate
from pores, at some point in the cracks growth, the assumptions of frac-
ture mechanics should be valid for describing the problem. Assuming that
the blunt defect is a sharp crack Qi]T give conservative answers, but
they may not be realistic. Some accounting must be made of the life spent
initiating and growing a crack from the pore to a fracture mechanics size
flaw. This initial period of growing a crack can be a significant part
of the total life, especially for high cycle fatigue.

The general finding in the literature is that porosity does not
behave like planar weld defects, such as lack of fusion, which are more
clearly crack-like. (See, for example, References 2 and 8.)

2.2.2 Pore Geometry and Interactijon

Porosity, though generally spherical in shape, can assume many
shapes and configurations. These include elongated pores, rows of single
pores or collinear pores, and pore clusters. Determining the effects of
various sizes and shapes of pores is an important factor affecting the
structural integrity of weldments. Unfortunately, almost no work reported
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in the literature has dealt directly with the mechanisms of crack growth
from potentially interacting voids. Instead, researchers have
concentrated on correlating total fatigue lives with parameters describing
the weld porosity. Examples arevpercent of porosity, reduction in area,
and maximum pore size. From these indirect measurements one may be able
to extract some of the rules governing the interaction of pores.

2.2.3 Residual Stresses

Residual stresses have been shown to significantly decrease the
fatigue 1ife of we]ds[s'lo]. Compared to welds not containing residual
stresses, tensile residual stresses can decrease the life, while compres-
sive residual stresses can increase the life. Measurements in HY-80 butt
welds have revealed longitudinal and transverse residual stresses locally
as high as the yield strength[B]. Similar results have been found for
mild steel butt we]ds[ll]. Residual stress magnitudes and distributions
can vary great]y[a'lo]. Generally, tensile stresses are seen at the
surfaces and compressive stresses at mid-thicknesses. Because of this
variation, the initiation and propagation of a fatigue crack may depend
on its position in the weld--i.e., on its position in the residual stress

field.

2.2.4 Threshold Crack Growth Behavior

Below some arbitrary crack growth rate, from an engineering
viewpoint, a crack is not of concern because it does not threaten the
integrity of the structure in a reasonable amount of time. Although there
is some debate concerning the determination of threshold stress
intensities, the concept is an important one for the present study.

It has been noted that under variable amplitude loading,
threshold behavior may not be as significant as under constant amplitude
1oading[12]. This is because there will probably be some large loads
which cause the small crack to grow; and as it does, more and more of
the load spectrum will produce stress intensities above the threshold
values.



2.2.5 Crack Retardation

Under variable amplitude loading similar to actual service
conditions, linear elastic fracture mechanics methods have been shown to
give overly conservative crack growth predictions under actual ship load
histories when load interactions are not accounted for[lz]. Large Toads,
such as bottom slamming, superimposed on smaller loads, such as low fre-
quency wave induced stresses, result in crack growth retardation, which
slow crack growth below rates that would be expected by additive linear
cumulative damage.

3. SCOPE

The objective of this study was to research and define the para-
meters which affect the fatigue performance of marine weldments containing
porosity. A model which accounts for the defined parameters was developed
and exercised to study the sensitivity of fatigue 1ife upon these factors.
The model uses both low cycle fatigue concepts and fracture mechanics
techniques to predict fatigue crack initiation and subsequent growth. It
is important to emphasize that all of the predictions performed during
this study were for weldments with the reinforcement removed. Weldments
with reinforcement left intact will generally fail at the weld toe which
proves to be a much more severe defect than internal porosity[l's].

The developed model was used to predict fatigue lives of tests
performed on a limited number of weld specimens containing internal
porosity as a calibration exercise. The predicted lives were generally
within a factor of two of the actual lives.

Four types of porosity were examined using the predictive
model: uniform porosity, a single pore, co-linear porosity and cluster
porosity. Fatigue life predictions are made for each of the porosity
types using different plate thicknesses, residual stresses, pore sizes,
and loading. For constant amplitude loading, three stress ratios are
used. A variable amplitude history based upon SL-7 stress data was
developed and applied in the model for all four types of porosity. The
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material used for all the predictions is EH36. Because the fatigue and
crack growth properties of a wide class of steels do not differ sig-
nificantly from this material, the trends developed are probably applicable
to many ship steels.

4. LITERATURE SURVEY

The work in the literature review was directed at definition of
the problem, identification of factors controlling fatigue life and
identification of available life prediction concepts and approaches to
deal with porosity. Areas of emphasis were: stress analysis and stress-
intensity solutions for volumetric stress raisers; weld induced residual
stress fields; nondestructive inspection sensitivity and threshold in the
laboratory and in field applications; materials, da/dN, and Kie for
marine materials, particularly those with porosity problems; and analysis
methods used to assess porosity effects on integrity.

4.1, Stress Analysis and Stress-Intensity Solutions for
Volumetric Stress Raisers

4.1.1. Stress Analysis of Cavities

Sternberg[13] and Savin[14] have made literature surveys on
theoretical stress concentration factors for cavities and holes. These
references Tist the papers related to three-dimensional stress concentra-
tions around spherical, spheroidal and ellipsoidal cavities in an infinite
or finite elastic medium. The mutual effect of two or more spherical
cavities in an infinite body and the interference between a spherical
cavity and external boundary are also included in these references.
Tsuchida and Nakahara[15] studied a three dimensional stress concentration
around a spherical cavity in a semi-infinite elastic body. Mokarov[lﬁ]
experimentally determined the stress distribution around a chain consisting
of three spherical pores and a chain consisting of two different pores.

Lundin[17§ described the primary types of porosity that may be
of concern in welding as follows: (1) uniformly scattered (distributed)
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porosity; (2) cluster (localized) porosity; (3) linear (aligned) porosity;
(4) wormhole (elongated) porosity. (Porosity in weld metals is generally
spherical or wormshaped. Elongated spherical porosity is rarely found in
the weld metal.) Masubuchi[IS? has shown that stress concentration
factors around porosity (under uniaxial loading) are generally below Ke =
4.0. Stress concentration factors around porosity are generally low. A
qualitative discussion of stress fields near cavities is presented in

Section 6 titled "Ellipsoidal Cavitijes".

4.1.2. Stress Intensity Factor for Volumetric Stress Raiser

Using a superposition method, Krstic[lg] obtained a stress
intensity factor solution for an annular flaw emanating from the surface
of a spherical cavity. Stress intensity factor handbooks[20'21] contain
three-dimensional solutions for circular and elliptical cracks in a solid.

4,2. Weld-Induced Residual Stress Fields

In Chapter 6 of Reference 22, Masubuchi has a comprehensive
discussion of the magnitude and distribution of residual stresses in steel,
aluminum alloys, and titanium alloys weldments. Local residual stresses
at the surface of pores are not reported in the literature.

The fatigue severity of porosity relative to other weld discon-
tinuities such as weld toe or ripple depends on both the stress concentra-
tion factors and residual stresses. Porosity which is located in zones of
high tensile residual stresses might be the critical sites for fatigue
failure. Babev[23] has found that the dimensions and distributions of
porosity had Tittle influence on the fatigue resistance of welds if it is
located in a high residual tensile stress field.

4.3. Nondestructive Inspection Sensitivity and
Threshold in the Laboratory and in
Field Applications

Barsom[24] has found that the probability of detecting small
discontinuities is remote. Porosity might obscure other defects. For
7



example, planar defects may be embedded in cluster porosity and can not
be detected using nondestructive methods.

4.4. Fatigue Crack Growth Data, Fracture Toughness, and
Strain-Controlled Fatique Behavior for Marine Materials
(Particularly Those With Porosity Problems)

Masubuchi[22'25] has extensively reviewed the materials used for
marine engineering. Marine welded structures are primarily made of steels,
aluminum alloys, and titanium alloys. The steels include carbon steels,
high strength low alloy steels, quenched-and-tempered steels, and maraging
steels. Aluminum alloys in the 5xxx series and the 7xxx series are used
extensively in marine applications. Among the titanium alloys, pure
titanium and the Ti-6A1-4V alloy have been most commonly used. Although
there are many causes of porosity in fusion welds, aluminum alloys and
titanium alloys are more active than steels and thus prone to weld
porosity.

4.4.1 Fatigue Crack Growth Data

Hudson and Seward[26'27] have compiled a 1ist of sources of
fracture toughness and fatigue crack growth data for alloys. This list
covers many marine metallic materials. Most of the fatigue crack growth
data is for the base metal. There is very little data available for weld
metals and heat affected-zone (HAZs). Maddox[28] has conducted tests on
a variety of structural C-Mn steels base-metals, weld-metals, and HAZs.
The test results show that the rates of fatigue crack growth in weld
metals and HAZs are equal or less than that in the base metal. Therefore,
the upper scatter band of fatigue crack growth rates for base metals can
be used to obtain conservative engineering estimates of the fatigue crack
growth rates in base metals, weld metals, and HAZs. Barsom[29] has
suggested upper scatter band equations for martensitic steels, ferritic-
pearlitic steels, and austenitic steels.



4.4.2. Fracture Toughness

In general, there are four types of fracture toughness tests used
for marine welded structures[30]: (1) the Charpy impact tests; (2) the
Drop Weight tests (DWT), or the closely related Dynamic Tear Test; (3)
fracture mechanics tests to measure critical stress intensity factors (Kc
or KIc) or critical values of the J-integral (JC or JIC); (4) the Crack-
Tip-Opening Displacement (CTOD or COD) test. Masubuchi, et a].[31] have
done a literature survey on the notch toughness of weld metals and the
HAZs, evaluated primarily by the Charpy V-notch impact test. Ship
Structure Committee Reports 248[32] and 276[33] present fracture toughness
characterization of ship steels and weldments using Charpy impact test,

DWT test, and explosion structural tests. References[26'27] list fracture
toughness for many of the marine metallic materials. Lawrence, et a1.[34]
studied the effects of porosity on the fracture toughness of three aluminum
alloy weldments using DWT energy and J integral.

4,4.3. Strain-Controlled Fatigue Behavior

Very few strain-controlled fatigue properties are available for
marine materials. References[35'36] provide several cyclic fatigue
properties for the base metals, weld metals, and HAZs of various steels
and aluminum alloys.

4.5. Analysis Methods Used to Assess the Effects of
Porosity on Structure Integrity

British Standards institute Document PD6493:1980[37] provides
guidance on some methods for the derivation of acceptance levels (fitness
for service) for defects in fusion welded joints. In the section below,
the analysis methods used to assess the effect of porosity on the fatigue
performance of weldments will be discussed.



4,5.1 Previously Used Methods

4.5.1.1. Harrison's "Quality Bands" Method -

Harrison[ll presented a fitness-for-service evaluation of
porosity as shown in Figure 1. The levels shown for quality bands denoted
as V, W, X, Y, Z and corresponding to 0, 3, 8, 20 and 20+ percent porosity
were drawn based on the available data. Figure 1 also shows the comparison.
of quality band method with fatigue test results. This method generally
gives conservative and lower-bound fatigue resistance estimates for
weldments with porosity.

4.5.1.2. Hirt and Fisher's LEFM Analysis

Hirt and Fisher[38] have studied the influence of porosity on the
fatigue behavior of longitudinal web-to-flange welds by assuming the
pores to be circular penny-shaped cracks. Linear elastic fracture
mechanics was used to calculate the fatigue crack propagation life. This
approach may be very conservative because the pores are generally rounded.

4.5.2. _ An Analysis Based on Total Fatigue Life - A Proposal

The most serious deficiency of the method of Hirt and Fisher is
the neglect of the period of life devoted to fatigue crack initiation and
early growth. A more accurate assessment of the effects of porosity on the
fatigue 1ife of marine structures could be obtained by adding estimates of
fatigue crack initiation life to the fatigue propagation life using methods
such as those of Lawrence, et a].[39] and Reemsnyder[40]. Both of these
methods provide estimates of the fatigue crack initijation life and consider
the important effects of mean and residual stresses. While LEFM provides
good estimates of Tong crack growth, methods developed by Leis[41] could
be used to improve the accuracy of fatigue crack propagation Tife estimates
for the portion of the fatigue crack propagation life in which the dominant
crack is located within the inelastic stress field of the notch (pore).
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5. ANALYTICAL MODELING BACKGROUND

The model used to predict the fatigue Tives of weldments used
during this study consists of two parts; the crack initiation life, Ny, in
cycles, and the crack propagation 1ife, Np, in cycles. The sum of these
two compoqents is the total life, Nt'

N, + Np = Nt . (1)

The crack initiation life is estimated using low cycle fatigue concepts and
the crack propagation life is estimated using linear elastic fracture
mechanics concepts. The intent of this section is to provide the low
cycle fatigue and fracture mechanics background used in the development

of the predictive model. In Section 7, titled Analytical Program, these
concepts will be applied to single pores, co-linear porosity, uniform
porosity, and pore clusters.

5.1 Initiation Life Model

Fatigue cracks generally initiate at a geometrical discontinuity
such as a notch or pore. These act as stress concentrations, raising the
stress in the region of the notch to levels above the nominal stresses.

The material at the notch root may deform plastically while the rest of the
component remains essentially elastic. Subjecting the region to cyclic
Toading resulting in plastic deformation will eventually result in a
fatigue crack.

5.1.1 Notch Analysis

Determining the stresses and strains in the notch region after
the onset of local plasticity requires a notch analysis technique. In the
elastic range, the notch stress can be calculated using the elastic

stress concentration factor, Kt’ The Kt value is simply a conversion
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factor between the maximum principal notch stress, o, and remote stress,
S,

o= K. S , (2)

and is determined using elasticity theory or by finite element analysis.
After the notch region material deforms plastically, however, the elastic
stress concentration factor no longer applies as a direct conversion
factor. The stress will rise at a lesser rate and the strain at a greater
rate than during elastic deformation where both stress and strain rates
were equal. Neuber's ru1e[42] is used to estimate the local stresses and
strains in this situation. Nueber's rule states that the elastic stress
concentration, Kt' will remain equal to the geometric mean of the instan-
taneous stress and strain concentration factors, Ka and KE' respectively,
1/2

Ky = (Ka Ke) ) (3)

Rewriting this relation in terms of stress and strain ranges as

K. = Ao A€
t
(AS Ae )

where AS is the nominal stress range, and Ae is the nominal strain range,
and recalling that

1/2

Ae = AS / E (4)

where E is the elastic modulus, Neuber's rule may be written for nominally
elastic response as

as2 K%
= Ao A€
S
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This expression relates the local stress-strain response at the notch
root to the nominal stress and elastic stress concentration factor.
Furthermore, representing the stress-strain response of the material with
power law hardening constants,

1/n

pe = Ao (A_”) (5)

E K

where K is the strength coefficient, and n is the strain hardening
exponent, the relation can be written with Ao as the only unknown,

2 1/n
AT K% = Ao (Lo, (b0
E E K

Solving for Ao is accomplished using an iterative technique such as
Newton's method.

5.1.2 Fatique Notch Factor

In fatigue testing, it is generally observed that the actual
lives of notched components are somewhat longer than would be expected
for the notch root stress calculated using the elastic stress concentration
factor, Kt‘ That is, notches have a less detrimental effect on fatigue
life than would be predicted. This effect is dependent upon both defect
size and material. To account for this difference, a fatigue notch
factor, Ke is often used in place of Kt for fatigue 1ife predictions.
The fatigue notch factor is defined as

_ %unnotched at a finite life (e.g. 107)
Kf = . (6)

notched

14



The value of Kf for a given notch geometry and material can be determined
experimentally or by the use of analytical relations. A commonly used

fatigue notch factor relation is Peterson's equation[43],

K¢ - 1
Ke =1+ ( — r) ' (7)

where a is a material constant dependent on strength and ductility and r
is the notch tip radius. The material constant a can be approximated for
ferrous-based wrought metals by an equation fitted to Peterson's data,

(%)

u

1.8 4
x 107 in. (8)

where Su is the ultimate strength in ksi units. Peterson's equation
indicates that small notches are least sensitive in fatigue, and that
ductile materials are less sensitive to notches in fatigue than strong
materials.

5.1.3 Notch Strains and Low Cycle Fatique

Using Nueber's rule for notch root stress-strain behavior along
with Peterson's equation for the fatigue notch factor, it is possibie to
estimate the stress-strain response of the notch root material subjected
to fatigue loading. It still remains to relate these local stresses and
strains to actual fatigue 1ife data. Because the plastically deformed
notch root material is constrained by the surrounding elastic material, the
notch root is nearly in a strain-control condition. The notch root
material is essentially cycled between strain 1imits analogous to strain-
control, Tow cycle fatigue testing. The assumption, therefore, is that
strain-life fatigue data obtained using unnotched, low cycle fatigue

specimens can be used to predict the cycles to crack initiation, N,, at a

-i:
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notch root. lLow cycle fatigue strain-life data is often represented by
the Coffin-Manson equation with Morrow's mean stress correction,

A€ ' c %= b
— = (2N + (——E—) (2N) (9)
where Ae/2 is the strain amplitude, € is the fatigue ductility coeffi-
cient, a% is of the fatigue strength coefficient, On is the mean stress,
2Nf is the reversals to failure, Nf is the cycles to failure, ¢ is the
fatigue ductility exponent, and b is the fatigue strength exponent. By
relating the strain calculated at the notch root to the strain-life data,
the number of cycles to initiate a fatigue crack at the notch can be
estimated. This is the basis of the initiation life predictions. The
strain-life data parameters, e%, a%, ¢, and b, are obtained either by Tow
cycle fatigue testing or by using estimates.[44]

5.2. Propagation Life Model

5.2.1. Fatigue Crack Growth Rate .

Paris and Erdogan[45] have shown that fatigue crack growth rates
are dependent upon the stress intensity associated with the fatigue crack
tip. The power-law relationship is of the form

B . (10)

where da/dN is the fatigue crack growth rate, AK is the stress intensity
factor range, and A and m are material constants dependent upon environ-
ment, stress ratio, tempéerature, and frequency. This relationship is
considered valid above an experimentally determined threshold stress
intensity value. Below the threshold value, fatigue cracks grow so
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slowly as to be of no practical consequence. The growth rate expression
used throughout this study has a correction factor to account for mean
stress effects,

da _ A AK"
dN I-R . !
where R is the stress ratio,
R = Spnin/Smax : (11)

5.2.2. Stress Intensity Factor

The general relationship for the stress intensity factor range
is written as

MK =Y AS (ra)l/2 | (12)

where Y is a geometry dependent factor, AS is the stress range, and a is
the crack length. The geometry factor Y is actually composed of a number
of separate multplicative geometry factors which account for the shape of
the crack, the thickness of the component or specimen, and the position
of the crack within the body. The value Y is written as

= (13)

where Ms accounts for.the free front surface, Mt accounts for the finite
plate thickness, M, accounts for the nonuniform stress gradient due to the

stress concentration of the geometric discontinuity, and ¢y accounts for
the crack shape.
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The M_ factor, which accounts for the front free surface, is

S
expressed by the re1ation[46]

Mg = 1.0 - 0.12(1 ~ a/2c)? (14)
where a/c is the ratio of the minor and major ellipse axes. The majority
of cracks examined in this study, however, are embedded in the material,

so the free surface correction is equal to unity.

The Mt factor, which accounts for the finite plate thickness, is
found in stress intensity handbooks such as[20'21]. The M, factor requires
a brief explanation. The need for such a factor arises because the
stress, o, near a discontinuity is greater than the remotely applied
stress, S, used to calculate AK. A crack tip growing through the stress
gradient is therefore subjected to higher stresses which result in a
greater stress intensity factor range, AK. Not accounting for this
increase in stress intensity would lead to unconservative predicted
growth rates near the discontinuity. The discrepancy in total 1ife would
be greatest for large notches because the stress gradient is sustained in
proportion to the absoluté notch size. The subject of stress intensity
factors in stress gradients is examined by Albrecht and Yamada[47]. The
method presented in Reference 47 is used to calculate Mk in the present
study.

The crack shape correction factor, ¢0, is expressed by the
integral

4, = jgr/z [1-(1-a%/c?) sine]1/2 dé (15)

where a is the length of minor axis of ellipse and ¢ is the length of the
major axis. .

6. STRESS FIELDS NEAR INTERNAL CAVITIES

Porosity is defined as cavity type discontinuities (voids) formed
by gas entrapment during solidification. The shape of the void is
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dependent on the relative rates of solidification of the weld metal and
the nucleation of the entrapped gas. The resultant stress field surround-
ing the pore depends upon the pore shape and the loading.

6.1. Ellipsoidal Cavities

The shape of porosity can be generalized for analytical purposes
as an ellipsoid. The coordinate system defining the cavity is shown in
Figure 2. Pore shapes can range from an oblate ellipsoid (a=b=1) to a
sphere (a=b=c=1) to a prolate ellipsoid (b=c=1) or any shape in between,
as shown in Figure 3. The elastic solution for the stress field around a
triaxial ellipsoidal cavity in an infinite medium has been found by
Sadowsky and Sternberg[48]. The stress in the plots in Figure 3, - is
the local stress resulting from an applied uniaxial stress, Sz' of unity.

Some general characteristics of the stress fields are worth
noting. Subject to a uniaxially applied stress of Sz, the maximum stress
concentration will always occur at the minor axis of the x-y plane ellipse,
point B. The stress o, therefore, is plotted relative to point B along
the y axis. In the limiting cases, when a=b=1 and c approaches 0, the
stress o, tends toward infinity, representing the case of an embedded
penny-shaped crack. As c approaches infinity, °, tends toward the remote
stress, Sz. When b=¢=1, and a also equals 1, the solution is that for a
sphere. As a approaches infinity, the solution coincides with that of a
hole in a plate with a stress concentration of 3.

These solutions are for cavities in an infinite medium. In
application to weld porosity, they are valid if the size of the cavity is
small in relation to the dimensions of the weldment.

6.2. Spherical Cavities in a Semi-Infinite Medium

The elastic solution for the stress field near a spherical cavity
in a semi-infinite medium has been found by Tsuchida and Nakahara[ls]
Figure 4 shows the effect of increasing stress concentration as the
distance between the surface and the pore decrease. The plot also shows
that the presence of the surface has little effect on the stress field
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FIGURE 2. ELLIPSOIDAL CAVITY AND CARTESIAN CO-ORDINATE SYSTEM

g=b=|
$ T
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FIGURE 3. LOCAL STRESS, oz, ALONG Y AXIS, FOR VARIOUS ELLIPSOIDAL
CAVITIES SUBJECTED TO NOMINAL STRESS, Sz, OF UNITY
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when the ratio of the pore radius to the distance between pore center and
surface is less than 0.4.

6.3. Cavity Interaction

The problem of cavity interaction is complex and correspondingly
there is little information available on the topic. Sadowsky and
Sternberg[48] examined the problem and solved two specific cavity spacings
for triaxial loading. Peterson[49] took these results and made approxi-
mations for the uniaxial case. The results are presented in Figure 5
along with solutions for holes. During the present study, cavity interac-
tion was assumed only for the case of cluster porosity where pores are
expected to be in close proximity to each other. Al1 other pores were
assumed to be non-interacting. Markarov[lﬁ] has demonstrated through
photoelastic techniques that cavities separated by two pore diameters do
not effect the stress distribution of the other.

7. ANALYTICAL PROGRAM

7.1. Application of Initiation-Propagation Model to Porosity

7.1.1 Initiation Life

Volumetric discontinuities such as pores act as relatively mild
stress concentrations because of their rounded asperities. A spherical
cavity, for instance, has a stress concentration factor of only 2.05 (with
Poisson's ratio of 0.3). The low stress concentration suggests that a
fatigue crack would take a large number of stress cycles to initiate.

For smaller pores more cycles would be needed because of the fatigue
notch size effect,'Kf. Larger pores would be expected to initiate cracks
sooner.
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7.1.2 Propagation Life

When'a crack does form, it initially has a high stress intensity
factor range, AK, while growing through the pore stress gradient. The
stress gradient, however, decays rapidly as is characteristic of volu-
metric defects. The larger the pore size, the longer the distance that the
crack is subjected to the higher stress because the gradient is sustained
in proportion to the absolute pore size. The crack shape is assumed to
remain circular while it propagates. A circular crack shape is the most _
energetically stable planar flaw configuration for Mode I crack growth.
Considering Equation 13, QO for a circular crack is 1.57 whereas °0 for
an elliptical crack with a small a/c aspect ratio is nearly 1.0. This
means that a circular crack will have only 0.6 times the stress intensity
factor range, AK, than an elliptical crack with a small aspect ratio and
an equal crack front (a) dimension.

A plasticity crack length correction factor was not used in the
crack growth calculations. The generally low stresses (nominally elastic)
used in this study results in a small plastic zone size at the crack tip.
The confined yield zone assumption means that LEFM is valid for most of
the propagation calculation.

7.1.3 Initial Crack Size

The initial crack size used in the propagation estimates was
taken as 0.05 times the pore diameter. This assumption starts the crack
at the same distance relative to the stress gradient in all cases. The
initial crack length is considered to be beyond the region were anomalous
crack %rowth behavior when analyzed in terms of LEFM occurs. Smith and
Miller 50] found that the transition length between anomalous behavior
and that governed by LEFM to be 0.065 times the diameter for a circular
hole. This distance would be expected to be somewhat less for a three-
dimensional flow such as a pore.
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7.1.4 Failure Criteria
The failure criteria for all cases is through thickness cracking.

7.2. Viability of the Fatique Life Model

The literature was searched for fatigue tests on weldments
containing porosity with sufficient documentation to apply the predictive
model. The most useful type of documentation was fractographs of the
surfaces which clearly showed the sizes, shapes, and positional
relationships of the porosity. Only two test programs[6'51] were found
which included such fractographs. A total of eight fatigue tests were
found to which the model could be applied. Neither of these test
programs, however, included material property data for the weld metal.
Both test series used E70 weld metal in a gas-metal-arc welding process.
The method for introducing porosity into the weld metal was interruption
of the shielding gas flow in both studies.

Because no fatigue material property data was available for E70
weld metal, E60 S-3 (2 pass) weld meta1[36] properties were used as the
baseline data. The mechanical properties of E60 S-3 (2 pass) weld metal
is shown in Table 1 and Figures 6 and 7.

Leis, et a].[ﬁ] performed axial fatigue tests on pipe wall
segments with girth welds in A106B steel. The weld reinforcement was
left intact, but the weld toe was ground to a large radius to cause
fatigue crack initiation from the internal flaws. Three tests contained
sufficient porosity that allowed application of the model. The
fractographs of these specimens are shown in Figure 8(a-c). The porosity
clusters are ellipsoidal in shape and include individual pores of
approximately 0.02 inches in diameter. Within the cluster area, the
percent porosity is approximately forty percent by area.

Ekstrom and Munse[SI] performed fatique tests on a double V butt
weld geometry. In this test program, the reinforcement was completely
removed to cause internal crack initiation. Five tests included welds
with severe porosity. The fracture surfaces for these test pieces are
shown in Figure 8(d-h).
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TABLE 1.

MECHANICAL PROPERTIES OF E60 S-3(2P) WELD METAL

Monotonic Properties

Young's Modulus,

Yield Strength (0.2%)
Tensile Strength
Reduction in Area

True Fracture Strength
True Fracture Ductility

Cyclic Properties

Cyclic Yield Strength

Cyclic Strength Coefficient
Cyclic Strain Hardening Exponent
Fatigue Strength Coefficient
Fatigue Strength Exponent
Fatigue Ductility Coefficient
Fatigue Ductility Exponent

Propagation Properties

Crack Growth Coefficient
Crack Growth Exponent

27400 ksi

59 ksi

84 ksi
60.7

126 ksi
0.933

53 ksi
179 ksi
0.197
149 ksi
-0.09
0.602

-0.567

2.69x10"12

5.8

188923 Mpa
408 MPa
579 MPa

60.7
869 MPa
0.933

373 MPa
1234 MPa
0.197
1027 Mpa
-0.09

0.602
-0.567

3.95x10~ 14

5.8
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(a) CPN=2 Stress Range 27.5 ksi,
Life - 2,115,600

(b) CPN-4 Stress Range 33 ksi,
Life - 54,600

(c) CPN-5 Stress Range 27.5 ksi,
Life - 334,100

FIGURE 8. FRACTURE SURFACES OF WELDS WITH CLUSTERS OF POROSITY
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(d) PS 5-1 {e) PS 5-2
Stress Range 34 ksi - Stress Range 34 ksi
Life - 713,300 Life - 325,500

(f) PS 5-3 - (g) PS 5-4
Stress Range 44 ksi ' Stress Range 29 ksi
Life - 80,300 Life - 633,000

(h) PS 5-5
Stress Range 27 ksi
Life - 1,024,900

. FIGURE 8. FRACTURE SURFACES OF WELDS WITH CLUSTERS OF POROSITY"
(Continued)
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Fatigue 1ife predictions were made for all eight tests using the
model described in Section 7.3.6. All the individual pores were assumed
to be spherical so an elastic stress concentration factor, Kt' of 2.05 was
applied. In those cases were interaction was assumed an additional
factor of 1.12 was applied. Table 2 1lists the experimental test results
.and the fatigue predictions for each test. For each test, the following
predictions are presented: piedicted fatigue 1ife at the specified test
stress range; predicted stress range for the specified fatigue life;
predicted fatigue life for specified test stress range treating the
porosity cluster as a gross ellipsoidal cavity with dimensions a, b, and
c; and fatigue 1ife predictions using only the reduced cross sectional
area without assuming a stress concentration. The results show that
treating the pore cluster as a gross ellipsoidal cavity is somewhat
conservative while considering the flaw as merely a reduction in cross
sectional area js very unconservative. Applying the model for cluster
porosity resulted in good estimate for fatigue life and, when viewed in
terms of stress, even better estimates. The absolute magnitude of the
predictions are not as important as the trends because of the uncertainty
in material properties. Figure 9(a) shows the comparison between
experimental and predicted fatigue lives and Figure 9(b) shows the
comparison between the experimental and predicted stress ranges for the
test life.

The predicted lives are dominated by the crack initiation
period. This is due mainly to the size of the defects with respect to
the cross sectional area of the specimen. The initiation life is
considered to be the number of cycles until the crack begins growing
radially away from the defect cluster. This includes the period of crack
coalescence between the pores. After the cracks between the pores
coalesce, the material at the outer portion of the periphery pores are
assumed to initiate a crack and grow toward the surface. At this point
the net cross sectional area is greatly decreased and the resultant higher
stresses propagate the crack rapidly until failure.

These predictions are based on a limited sample of weldments and
therefore can not be considered conclusive evidence that the predictive
model is viable or not. It should be noted, however, that assuming an
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TABLE 2. FATIGUE TEST RESULTS AND PREDICTIONS OF WELDS CONTAINING PORO

.

£

Specimen MNominal Stress Stress Area Percent Gross Actuval Fatigue Predicted Fatigue Life, cycles
Number Range, ksi Ratio  Porosity Flaw Din. Life, cycles Ni Kp Nt
CPN-4 3.7 0.1 8.3 a=0.87 54,600 Cluster Method: 136,003 68 135,15
b=0.075 Gross Flaw: 1,21 88 1,33
c=0,038 Percent Area: 3. et
CPH-2 21.2 0.1 8.3 a=0.80 2,115,800  Ciuster Method: 771,973 ns 772,20
b=0.083 Gross Flaw: 3,108 319 3,42
c=0.032 Percent Area: 2. 3ef
CPN-B 27.2 0.1 11.8 a=0.7b 334,100  Cluster Method: 463,788 17 463, 80:
b=0.12 Gross Flaw: 145 17 184
c=0.132 . Percent Area: 8.7ef
PS5-3 44.0 0.222 8.4 a=0.34 80,300  Cluster Msthod: 21,640 12 21,65
b=0.13 Gross Flaw: 1,174 12 1,18¢
c=0.078 Percent Area: 1.7ei
PS6-2 s -0.068 4.8 a=0.29 326,600  Cluster Method: 570,142 20 670,171
) b=0.14 . Gross Flaw: 1,634 2 1,583
c=0.062 Percent Area: 2.9e7
Ps5-1 34.0 ;U.BSG 2.2 a=0.27 713,300 Cluster Method: 717,814 394 718,208
b=0.12 Gross Flaw: 30,665 g4 a1, 25¢
c=0.12 Percent Area: 3.7e?
PS5-4 29.0 0.196 a1 a=0.43 833,000  Cluster Method: 444,028 119 444,145
b=0.12 Gross Flaw: 8,776 119 6,095
c=0.093 Percent Area: 71.7e1
PS5-5 27.0 0.250 4.5 a=0.39 1,024,900  Cluster Method: 2,177,281 142 2,177,423
b=0.12 Gross Flaw: 2,118 142 2,261

c=0.082 Percent Area: 1.8e9
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existing crack-like defect equal to the size of the cluster would Tead to
grossly conservative life estimates (equal to the propagation lives).

The model seems to reflect the correct trends for the fatigue lives of
the specimens tested. The results are even more encouraging when
considering percent error in stress range predicted to yield the fatigue
life of the sample. A number of uncertainties such as using approximate
mechanical properties data and estimating the percent area porosity and
pore sizes from photographs will certainly contribute to the scatter in
the predictions. The small sample size also compounds the problem. The
results are encouraging, but further testing is warranted to validate its
accuracy.

7.3. Parametric Study

From the literature review, the parameters which have been
found to influence the fatigue lives of weldments containing porosity
are: weld type, material, thickness, residual stress, loading, porosity
type, and pore size. In order to explore the effects of these parameters,
four distinct analytical procedures are presented; one each for the four
types of porosity being considered. Because of the limited amount of
actual test data, the procedures rely in large part on assumptions which
are considered to be consistent with the mechanisms of crack initiation and
growth. The assumptions for each procedure are presented in the ap-
propriate sections.

7.3.1. Matrix of Fatique Life Predictions

The matrix of fatigue life predictions is shown in Table 3. For
the constant amplitude loading, there are 144 separate cases to be
examined. Each case requires loading at four stress ranges to generate



TABLE 3. MATRIX OF FATIGUE PREDICTIONS

Parameters Options
Weld type Transverse butt weld
Steel EH36
Thickness 0.5 in., 1.0 in.
Residual stress +Sy, 0
Loading:
Constant amplitude R=-1,0, 0.5
Variable amplitude SL-7 history, 0 and
6.5 ksi mean stress
bias
Porosity Size, inch
Porosity Type 0.5-inch weld 1-inch weld
Uniform porosity 0.015 0.030 0.045 0.015 0.045 0.075
Single pore 0.125 0.1875 0.25 0.1875 0.25 0.30
Co-linear porosity 0.125 0.1875 0.25 0.1875 0.25 0.30

Cluster porosity 0.125 0.1875 0.30 0.1875 0.25 0.40




stress ranges; 80, 60, 40, and 20 percent of the yield strength were used
to construct S-N curves,

The geometry and coordinate system used in this study is shown
in Figure 10. Note that no width dimension is included on the plate. The
calculations for all life estimates in the parametric analysis are based
on the assumption of infinite width. This means that the size of the
pore and subsequent crack will not change the nominal applied stress, S.
The results can be applied to a finite geometry correcting for a decrease
in net cross sectional area.

A1l life predictions are made for a butt weld with the reinforce-
ment removed to model crack initiation from internal porosity. The size
and number of the porosity was chosen according to Section 2.6.4:
Radiographic Inspection for Porosity in the Rules for Nondestructive
Inspection of Hull We1ds[54]. Figures 11 and 12 show the porosity
acceptance charts from this code for the thicknesses examined in this
study. The code states that the maximum area percent porosity allowable
in any size weld is 1.5 percent. Three porosity sizes were used. One
was equal to the maximum allowable porosity size as defined in the code.
The other two sizes are chosen larger than the first one.

The S-N curves presented were constructed using a smooth fit to
the total lives. Cases where lives were greater than 108 are not shown on
the plots. The curves terminate at the greatest predicted life less than
108. Those predictions greater than 108 are indicated in the tables.

7.3.2. Material Properties

The material properties for ABS EH36 used in this study are
presented in Table 4 and in Figures 13 and 14. The material is assumed
to be homogeneous and isotropic. In reality, weld metal is seldom
homogeneous, due to non-equilibrium cooling rates, thermal gradients, and
the introduction of impurities. Also, the pressure of porosity suggests



Weld with
reinforcement
removed

FIGURE 10. GEOMETRY AND CO-ORDINATE SYSTEM OF BUTT WELD FOR FATIGUE LIFE
PREDICTIONS. THE WELD REINFORCEMENT IS REMOVED. THE WIDTH OF
THE PLATE IS ASSUMED MANY TIMES THE THICKNESS OF THE WELD
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Fore type Pore diameter
2.540:m (0.10 in.) Allowabée poTes
Assorted 1.02 mm (0.04 in.) 12
0.508 mm (0.02 in.) 45
- [ ] - [ ) . * - hd - . v -
) [ ] - L] - . X . : * : - . - . ¢ ¢
. - - . . . - - . o
Large 2.54 mm (0.10 in.) 6
® ® ®
® ¢ ®
Medium 1.02 mm (0.04 in.) 36
Fine 0.508 mm (0.02 in.) 143
FIGURE 11. CLASS A AND CLASS B POROSITY CHART FOR 0.5 INCH (12.5 MM) THICK

MATERIAL
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Pore type

Assorted

Pore diameter

3.17 mm (0.125 in.)
1.27 mm (0.05 in.)
0.762 mm (0.03 in.)

Allow.able pores
2

17
45

Large

3.17 mm (0.125 in.)

-1

1.27 mm (0.05 in.)

Fine

0.762 mm (0.03 in.)

127

FIGURE 12.

39

CLASS A AND CLASS B POROSITY CHART FOR 1.0 INCH (25.3 MM) THICK
MATERIAL




TABLE 4.

MECHANICAL PROPERTIES OF ABS EH36 STEEL

Monotonic Properties

Young's Modulus,

Yield Strength (0.2%)
Tensile Strength
Reduction in Area

True Fracture Strength
True Fracture Ductility

Cyclic Properties

Cyclic Yield Strength

Cyclic Strength Coefficient
Cyclic Strain Hardening Exponent
Fatigue Strength Coefficient
Fatigue Strength Exponent
Fatigue Ductility Coefficient
Fatigue Ductility Exponent

Propagation Properties

Crack Growth Coefficient
Crack Growth Exponent

{.ﬂ“(ﬂ m

L

(T
-

30,700 ksi
61 ksi
75 ksi
77 .4
186.3 ksi
1.49

49 ksi
132 ksi
0.162
103 ksi
-0.075
0.227
-0.462

1.76x10712

4.5

211,677 MPa
421 MPa
518 MPa
77.4
1285 MPa
1.49

338 MPa
912 MPa
0.162
713 MPa
-0.075
0.227
-0.462

2.92x10"14
4.5
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FIGURE 13. MONOTONIC AND CYCLIC STRESS-STRAIN RESPONSE FOR ABS EH36
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Strain Amplitude

R ABS EH36

Reversals to Failure, 2Nf

FIGURE 14. STRAIN-LIFE DATA FOR ABS EH36
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7.3.3. Single Pore

The single pore geometry and assumed crack growth pattern are
shown in Figure 15. The maximum pore size allowed for an isolated pore in
the Rules for Nondestructive Inspection of Hull We1ds[54] is given as
0.25t or 0.1875 inch, whichever is less. The pore sizes chosen represent
the largest allowable pore size and two larger sizes. The pore is assumed
spherical and positioned at the centroid of the cross section, The crack
growth pattern is assumed to remain circular throughout the crack

propagation stage. The finite thickness correction factor, Mt' for a
circular crack is approximated by the polynomial expression
M, = 1.46 - 1.85(a/(t/2)) + 1.79(a/(t/2))? . (16)

This expression is the result of a regression of solutions of different
crack depths found on pages 294-295 in Rooke and Cartwright!2!1 for
elliptical cracks in a semi-infinite medium. The stress intensity
solutions are presented in Figure 16. Note that the initial stress
intensity factor is quite high. As the crack becomes larger and grows
out of the region of influence of the stress gradient, the stress intensity
value decreases.

The results of the fatigue life predictions are presented in
Tables 5 and 6 and plotted as S-N curves in Figures 17-20.

7.3.4. Uniform Porosity

The uniform porosity geometry and assumed crack growth pattern
are shown in Figure 21. The porosity is assumed to be uniformly dis-
tributed throughout the weld. The Rules for Nondestructive Inspection of
We1ds[54] states that no more than 1.5 percent area porosity is allowed.
It also states that pores smaller than 0.015 inch may be disregarded.

The smallest pore size chosen is therefore 0.015 inch. Two other larger
pores are also considered for both thicknesses. The analysis assumes
that the maximum allowable area percent porosity is always present
throughout the weld. This reduction in net cross sectional area has the
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FIGURE 15. GEOMETRY AND ASSUMED CRACK GROWTH PATTERN (DASHED LINE) FOR
SINGLE PORE

1.9
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FIGURE 16. STRESS INTENSITY SOLUTION FOR SINGLE PORES IN A 1-INCH THICK
PLATE

44



417

Stress Ratio=-1
Residual StresscSl ksi

Stress Ratic=i
Residusl Strezs=51 ksi

Stress Ratic=0.5
Residuyl Stress=51 ksi

Stress Ratic=-1
Re=xidusl Stress=0 ksi

Stress Ratio=0
Residual Stress=0 ksi

Stress Ratio=id.S
Residusl Stress=0 ksi

TABLE 5.

Stress Range
B1.50
E1.20
40 .80
20.40

Stress Range
40.830
30.60
20.490
10.20

Stress Range
20.40
15.30
10.20

5.10

Stress Range
gi.60
61.20
48.80
20.40

Stress Range
40.80
30.60
20.40
10.20

Stress Range
20,40
15.30
10,20

5.10

Cksid

Cksid

Cksid

Chsid

Cksid

tksid

SINGLE PORE CONSTANT AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 0.5 INCH
ABS EH36

H-Init
2590
8935

79753
32537976

N-Init
25725
245351
13532427

H-Init
3346237

H-Init
IThE
48345
942751

H~Init
1224943
1BE7E 10

H-Init
22316405

Pore=0.125 inch

H-Prop H-TATAL
10709 13299
39001 47916

242320 322073

5482800 38020676
Pore=0.125 inch

H~-Prop H-TOTHL

121167 146892

442150 6B?501

2741500 16273927

» 100008000
Pore=0.125 inch

H-Prop H-TOTHL

1370860 4717097

» 100000000

»>106000000

>100000000
Pore=0.125 inch

H-Prop . H-TOTHL
10709 20475
39081 ardze

2492320 1185071

>1000000ad
Pore=0.125 inch

H-Frop H-TOTHL

121167 243610

442150 2309760

> 100000000
=100000000
Pore=0.12% inch
H-FProp H-TOTHAHL
13708EN 24187265
> 100000060
> 10000HIED
100000000

H-Init
2%ib2
farl

58668
25656672

H-Tnit
22024
201521
10576766

H-Init
2585648
raripusz

N-Init
BE91
42170
rP271%

H-Init
101635
14969932

H-Init
170013551

Pore=0.1875 inch

H-Prop H-TOTAL
3983 6345
14538 22509
30120 158988

2039600 27BI6472
Pore=.1875 inch

H-Prop N-TOTAL
45066 BYO9D

164480 366001

1013800 11596566

> 100000000
Pore=0.1875 inch

H-Prop H-TOTAL

509860 3095508

1860800 8gs5v9vs2

»>100000000
>100000000
Pore=0.1875 inch

H-Prop N-TOTHL
3983 12674
14538 Se708
30120 B62839

> 100000040
Fore=0.1875 inch

H-Prap H-TOTAL
45066 146701

164480 1634412

>1000a0g0Q
> 1a000000)
Pore=0.1875 inch
H~Praop H-TOTHRL
S09360 17511211
> 1000000600
» 100000000
> 100000000

H=-Init
2251
7554

63821
22652879

H-Init
20317
181869
9285156

H-Init
2258772
b7927004

H~Init
B17S
33270
696953

H-Init
92270
1297597

H-Init
149573639

Pore=0.250 inch

H-Prop H-TOTHAL
1362 Jeli3d
4964 12522
30800 94621
696900 23349779
Pore=0.250 inch
N-Prop H-TOTAL
15405 asrve2
56200 238069
348500 9633658
>100000000
Pore=0.250 inch
H~Frop H-TOTAL
1r<4280 2433052
635800 &E562884
>100000000
>1000000060
Pore=0.250 inch
H-Prop H-TOTAL
1362 a537
4968 44238
30800 727753
> 100000000
Pore=0.250 inch
H-Prop H-TOTRL
15405 107P67S
56200 1353797
> 100000000
> 100000000
Pore=0.250 inch
H-Praop H-TOTAL
174280 14747919
»>100000000
> 100000000
» 100600000
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Stress Ratio=-1
Residual Stress=51 ksi

Stress Ratio=0
Residual Stress=51 ksi

Stress Ratico=0.5
Residuyal Stress=51 ksi

Stress Ratio=-1
Residual Stress=0 k=i

Stress Ratio=0
Residual Stress=0 ksi

Stress Ratioz=D.S
Residunl Stress=0 ksi

TABLE 6.

Stress Range
g1.60
61.20
40.80
20.40

Stress Range
40.80
30.60
20.40
10.20

Stress Range
20.40
15.30
10.20

5.10

S5tress Range
B1.60
61.20
40.80
20.40

Stress Range
410.80
30.60
20.490
.20

Stress Range
2040
15.30
10.20

5.10

Cksil

(ksi)

k=il

Cksid

Cksid

Cksi)

SINGLE PORE CONSTANT AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 1.0 INCH
ABS EH36

H-Init
2362
7971

68496H
25656872

H~Init
22024
201521
105767E6

H-Init
2585644
TETY1R952

H-Init
8691
12170
Tr2713

H-Init
01R35
1463932

H-Init
17001351

Pore=0.1875 inch

H-Prap H-TOTAL
7323 36E5
26722 34693
165677 234545
3749100 23405972
Pore=D. 1875 inch
H~Prop H-TOTAL
az2841 104865
Jg2333 503854
1874400 124951166
> 100000000
Pore=0.187S inch
H-Prop H-TOTHL
937230 3522878
3420520 B21394v2
>10M0000000
>100000000
Pore=0.1875 inch
H~Prop H-TOTHL
7323 16014
26722 63892
165677 38396
>100000000
Pore=0.1875 inch
H-Prop H-TOTAL
32841 1249476
30@333 1772265
> IR0000H00
» 100000000
Pore=0. 1875 inch
H-Prop H-TOVAL
937230 173385481
> 1000000
= 100000000
> 1000800000

H-Init
2251
7554

63821
22652879

H-Init
20317
181869
9285156

H-Init
225ay7r2
67327084

H-Init
B175
39270
695953

H-Init
2270
1297597

H-Inmit
14573639

Pore=0.250 inch

H-Prop N-TOTHAL
4503 6794
16429 23983
101870 1656491
2305130 24953009
Pore=0.250 inch
H-Prop H-TaTAL
50336 71253
185877 I6TT46
1152510 10437668
> 100000000
Pore=0.250 inch
H-Prop H-TOTHL
576270 2835042
2103050 70030134
>100000000
> 100000000
Pore=0.250 inch
H-Prop H-TOTAL
4503 1z6v8
16429 55699
101870 798823
>10600a000
Pore=0.250 inch
H-Prop H-TOTRL
51936 143206
1853977 1483474
> 100000000
> 100000080
Pore=0.250 inch
H-Prop H-TOTHAL
576270 15149309
> 106000000
> 100000000

>100000000

H-Init
2196
7350

51393
21253360

H-Init
19498
172504
8v00163

H-Init
2107711
62977515

H-Init
7923
37867
661249

H-Init
B?B33
1217575

H~Init
13468239

Pore=0.300 inch

H-Prop M-TOTAL
3051 524
11131 18481
63020 13041:
1561690 2281505(
Pore=0.300 inch
H-Prap HM-TOTAL
34511 S900¢
1254934 29852«
780870 3481033
> 10003000
Pore=0.300 inch
H-Prop H-TOTAL
390450 2498161
1424620 B440233¢F
>10000000¢
> 100000001
Pore=0.300 inch
H~Prop H-TOTAL
Jos1 1097«
11131 4999¢
a0zl PIAN26S
>180000000
Pore=0.300 inch
H-Prop M-TOTAL
34511 122344
125938 1343513
> 100000000
>1000a000¢
Pore=0.300 inch
HyProp H-TOTHL
390450 138586873
> 100000300
> 100000000
> 1010008000
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FIGURE 17. S-N CURVES FOR SINGLE PORE GEOMETRY IN 0.5-INCH THICK PLATE AND
51 KSI RESIDUAL STRESS
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FIGURE 18. S-N CURVES FOR SINGLE PORE GEOMETRY IN 0.5-INCH THICK PLATE AND
ZERO RESIDUAL STRESS
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FIGURE 19. S-N CURVES FOR SINGLE PORE GEOMETRY IN 1.0-INCH THICK PLATE AND
51 KSI RESIDUAL STRESS
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FIGURE 20. S-N CURVES FOR SINGLE PORE GEOMETRY IN 1.0-INCH THICK PLATE AND
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FIGURE 22. STRESS INTENSITY SOLUTION FOR UNIFORM POROSITY. INSET SHOWS

THE DECAY OF THE STRESS INTENSITY AS THE CRACK GROWS AWAY FROM
THE PORE STRESS GRADIENT TOWARD THE SURFACE
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effect of raising the net section stress. (This assumption is not made
for the other three geometries where the area reduction caused by the
porosity is considered as negligible.)

The critical pore in this particular analysis is located in close
proximity to the surface of the weldment. The elasticity result of
Tsuchida and Nakahara[15] for a pore located 0.125 times the pore size
(diameter) from the surface (a = 0.8 in Figure 4) is used to calculate
the stress gradient to the surface. Since the pores relation to the
surface causes an‘increase in the stress concentration, it is assumed
that this pore will initiate a fatigue crack first. As this crack becomes
the dominant singularity, no other cracks initiate. The stress intensity
solution for the gradient near the surface is shown in the inset in
Figure 22. The stress intensity steadily decreases until the crack
breaks the surface. This near surface crack growth is assumed remain
circular. When the crack intersects the near surface, the stress intensity
solution is approximated as that of a semicircular crack in a slab. The
stress intensity solution for this crack geometry is also found in[21]
(page 298) and is represented by the expression

M, = 0.70 - 0.34(a/t) + 0.47(a/t)2 (17)

where a is the crack radius and t is the plate thickness. The stress
intensity solution for this geometry is shown in Figure 22,

The results of the fatigue life calculations are presented in
Tables 7 and 8 and as S-N curves in Figures 23-26. Many of the cases which
were analyzed proved to be non-propagating cracks, especially the small
pores and high stress ratios.

7.3.5. Co-linear Porosity

The pore geometry and assumed crack growth pattern for the co-linear
pores are shown in Figure 27. Lundin[17] indicates linear or aligned
porosity is usually associated with a root or interpass and found in
concert with lack of penetration or fusion. Caution should therefore be
exercised when trying to ascertain the structural integrity of a weldment
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Stress Ratio=-1
Residual Stress=Sl k=i

Stress Ratiao=0
Residual Stress=51 ksi

Stress Ratio=0.5
Residual Stress=Hil ksi

Stress Ratio=-1
Residusl Stress=0 ksi

Stress Ratia=n
Residual Stress=0 ksi

Stress Ratio=0.5
Residuel Stre=s=0 ksi

TABLE 7.

S5tress Range
B1.6
1.2
0.8
20.4

5tress Range
0.8
n.s
20.4
10.2

Stress Range
20.4
15.3
0.2
5.1

Stress Range
81.6
61.2
40.9
20.4

Stress Range
40.9
30.6
20.4
0.2

Stress Range
20.4
15.3
n.2
5.1

Cksi)

Cksi»

Cksil

Cksid

Cesid

Chezil

UNIFORM POROSITY CONSTANT AMPLITUDE FATIGUE LIFE |

THICKNESS = 0.5 INCH
ABS EH36
o e
Pore=0.015 inch
H-Init H-Prop H-TOTHL H-Init
2750 3isirl 320921 1397
>100000000 4497
» 100000000
> 100000400
Pore=0.015 inch
H-Init K-Prop H-TOTAL H-Init
28519 3590119 3616638 9512
>100000009 BaS92
>100000009
» 100000000
Pare=0.0115 inch
H-Init H-Prap H-TOTHAL H-Init
3964242 4032010 44596252 609118
>3100000000 15936323
> 100000000
»100000000
Pore=0.01% inch
H-Init H~Prop M-TOTAL H-Init
10544 318171 328715 4500
>100000000 19869
> 1000008000
»10000000G0
Pore=0.015 inch
H-Init H-Prop H-TOTAL H-Init
138567 3590119 IP2BELE 37243
.+ 100000000 390443
> 100000000
>100000000
Pare=(Q1.015 inch
H-Irit H-Prop H-~TOTAHL H~-1Init
2PRETISS 40632010 KE3 19966 3283835
> 100000000 136329370
» 1000490000
> 100000060

Pore=0.030 inch
H-Prop H-TATAL
143530 144927
525029 52952k

>100000000
>100000000

Pore=0.030 inch
H-Frop H-TOTAL
1626020 1635532
5932650 60012492
> 100000000
>100000400

Pore=0.030 inch
H-Prop N-TOTAL
18395470 19004568
BT131600 83067323
>1003300000
>100000000

Pore=0.030 inch
N-Prop N-TOTRL
143530 148030
525024 544898

> 100000000
> 130030000

Pore=0.030 inch
H-Prop H-TOTAL
1626020 1663263
5932650 5331093
> 100000000
> 1000001000

Pore=0.030 inch
H-Frop H-TOTHL
18395470 21679105
67131600 203460370
> 11000000
= 100000000



es

TABLE 8. UNIFORM POROSITY CONSTANT AMPLITUDE FATIGUE LIFE hREDICTIONS

Stress Ratio=-1
Residual Stress=51 ksi

Stress Ratio=0
Residual Stress=S1 ksi

Stress Ratio=0.5
Residual Stress=51 ksi

Stress Ratio=-1
Residual Stress={ k=i

Stress Ratio=0
Residual Stress==0 ksi

Stress Ratio=D.5S
Fesidual Stress=i) ksi

THICKNESS = 1.0 INCH

ABS EH36

Stress Range
81.6
6l1.2
40.8
20.4

Stress Range
40.8
39.6
20.4
0.2

Stress Range
20.4
15.3
10.2
5.1

Stress Range
B1.6
61.2
40.48
20.4

Stress Range
0.8
30.6
20.4
.z

Stress Range
20.4
15.3
10.2
5.1

Cksid

Cksi)

Cksil

Cksid

Cksia

Cksid

H-Init
2750

H-Init
28519

H-Init
39e4242

H-Init
10544

H-Init
138567

H-Init
2PEHTI56

Pore=0.315 inch
H-Prop H-TOTAL
301°7°7E Jn4ds2e

> 10000000
> 100000000
> 100000B00

Pore=0.015 inch
H-Prop H~TOTAL
3404936 3433455
> 110800060
> 101000000
>100000000

Pore=0.015 inch
H-FProp N-TOTAL
38535230 42999472
> 113000000
» 100000000
> 100000000

Pore=0.015 inch
K-Prop H-TOTAL
301776 312320

>100a00000
> 100300800
> 100000000

Pore=0.015 inch
H-FPraop H-TOTHL
3404936 543503
»100000000
>100000060
>100000000

Fore=0.4015 inch
H-Prap H-TOTAL
33535230 bEZ223186
> 100020000
> 1M30I0000
> 100000

H-Init
1017
Era by

H-Init
5960
3rv4are

H-Init
263338
B172568

H-Init
J046
12885

H-Init
21349
192393

H-Init
1269566
45936044

Pore=0.D45 inch

K-Prop H~-TOTAL
a3es2 84869
J0SeRD Joesyr
»>100000G600
>100000000
Pore=0.045 inch
H-Prop N-TOTHL
948497 354457
3459463 34995941
>1000000G0
>100000000
Pore=0.045 inch
K—Prop H-TOTAL
107252549 10988597
39141260 45313828
*100000G00
>100000000
Pore=0.0435 inch
H-Frap N-TOTRL
B3RS:2 86096
305760 318645
>100000000
»>100000000G
Pore=0.045 inch
H-Prop H-TOTAL
9434937 969846
3458463 IR50856
> 100020000
> 100000000
Pare=0.045 inch
H-Frap H-TOTAL
107252549 11994625
39141260 as077304
>100000000
> 102000000

H-Init
748
2339
13677

H-Init
3830
21668
566259

H-Init
120732
2516149

H-Init
2098
8584

86713

N-Init
12868
99670
5185915

H-Init
525745
16481270

Pore=0.075S inch

H-Prop H~TOTHL
46906 47654
171234 173573
1061765 1075442
>100Q0G0OGD
Pore=0.075 inch
H-Prop M~TOTAL
530838 534728
1936353 1958021
12007410 12573663
> 100000000
Pore=0.075 inch
H-Prop N-TOTAL
6003703 6124435
21910630 249426778
>100000000
>100000000
Pore=0.075 inch
H-Prop N-TOTHL
46906 49004
171234 179818
1061765 1148484
> 100000000
Pore=0.073 inch
H-Prop H-TOTAL
530038 543706
1936353 2036023
12007410 17193325
>1000000C0
Fore=0.075 inch
H-Prop H-TOTHAL
6003703 6529448
21910630 38391900
»>100000000
>1A0000000
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FIGURE 23. S-N CURVES FOR UNIFORM POROSITY GEOMETRY IN A 0.5-INCH THICK
PLATE AND 51 KSI RESIDUAL STRESS
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FIGURE 25. S-N CURVES FOR UNIFORM POROSITY GEOMETRY IN A 1.0-INCH THICK
PLATE AND 51 KSI RESIDUAL STRESS
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FIGURE 26. S-N CURVES FOR UNIFORM POROSITY GEOMETRY IN A 1.0-INCH THICK

PLATE AND ZERO RESIDUAL STRESS

54



—» =——Pore size

2 x pore size\ /2 x pore size

—

"] i [
o ST bt T Sy --.._'_\
s P 8 #"" L P"\\\ hY
4
{ 1 @ I.\ @ ) )
\ \\W, \w; W/ /
“ . np - V)
N T ——— - - -
hh ——

T s — e —

—_—Y
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FIGURE 28. STRESS INTENSITY SOLUTION FOR CO-LINEAR POROSITY. INSET SHOWS
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containing co-linear porosity based upon the pores alone. Assuming that
the weld may have a significant crack initiation period may be highly
unconservative if a planar defect such as lack of penetration is present.
The analysis technique presented here does not account for any planar
defects and should be considered in the light of the foregoing comments.

The pores are initially spaced two pore diameters apart so no
stress gradient interaction is assumed. The cracks initiating from the
pores are assumed to occur at nearly the same time and grow simultaneously.
Before the individual circular cracks join, there will be interaction
between the approaching crack tips resulting in an increased stress
intensity factor and accelerated crack growth. No stress intensity
solution was available for two co-planar cracks in a three dimensional
medium so this interaction was approximated by the solution two dimensional
sheet so1ut1on[21] The solution is represented by the polynomial
expression

M., = 1 +0.88(a/d) - 6.6(a/d)? + 23.3(a/d)3 - 32.9(a/0)* + 16.6(a/d)°  (18)

where a is the crack radius and d is the distance between pore centers.
The stress intensity solution is shown in the inset in Figure 28. This
assumption is conservative although somewhat tempered by the crack shape
factor QO in Equation (13). For a circular crack, % is 1.57 which
reduces the stress intensity by about 0.6.

After the individual circular cracks join, the crack shape
becomes elliptical (a/c equals approximately 0.4) and growth continues.
As with the circular cracks, the elliptical crack is assumed to undergo
self-similar growth. This assumption is less accurate since elliptical
cracks actually tend to grow into the more energetically stable circular
shape. The M correction factor for the elliptical crack is again found
1n[21] (pages 294-295) and is approximated by

= 1.22 - 1.10(a/(t/2)) + 1.80(a/(t/2))2 . (19)
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The stress intensity solution is plotted in Figure 28. The results of
the fatigue predictions are given in Tables 9 and 10 and as S-N curves in
Figures 29-32.

7.3.6. Cluster Porosity

The pore geometry and assumed crack growth pattern for the
cluster porosity analysis is shown in Figure 33. The cluster porosity is
the most difficult to model analytically because of the infinite variety
of pore sizes and configurations which clusters can assume. This variety
is apparent from the fracture surface photographs in Figure 8. The
geometry for the analysis presented here was chosen to model the three
dimensional nature of clusters (not all pores on the same plane) and the
possibility of interaction between individual clusters. The individual
pores are all equal size and are assumed to initiate a crack at the same
time. They are spaced a distance of 0.25 times the individual pore size
so the stress gradients will interact (see Figure 5). The interaction
results in an increased stress concentration factor and, therefore,
fatigue notch factor. " T

The initiation life for the clusters consists of two stages:
individua1'pore cracking coalescence; and initiation of a crack around
the periphery of the cluster. Because the stress concentration factor is
higher for the material toward the center of the cluster due to interac-
tion, that material is more severely damaged compared to the material on
the periphery of the cluster. The cycles to coalescence is calculated
using the higher, interaction-influenced, fatigue notch factor. Meanwhile
the periphery material has accumulated a lesser amount of fatigue damage
although not enough to have initiated cracking. Using the Palmgren-Miner
linear damage rule,

N(at stress level x)
N(failure at stress level x)

= 1 at failure (20)
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Stress Ratioz=-1
Residual Stress=51 ksi

Stress Ratio=0
Residual Stress=51 ksi

Stress Ratio=0.5
Residual Stress=51 ksi

Stiress Ratio=-1
Residual Stress=0 ksi

Stress Ratio=D
Residual Stress=0 ksi

Stress Ratio=0.5
Residual Stress=0 ksi

TABLE 9.

Stress Range
81.6Q
51.21
40.80
20.40

S5tress Range
40.80
30.60
20.40
10.20

Stress Range
20.40
15.30
10.20

.10

Stress Range
81.60
61.20
40.30
20,40

Stress Range
4,80
30.560
20.40
.20

Stress Range
20.40
15.30
10.20

5.10

Cksid

Cksi)

Cksid

Cksi)

Ck=id

Cks=id

CO-LINEAR POROSITY CONSTANT AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 0.5 INCH
NUMBER OF PORES = 3

ABS EH36

H-Init
2590
8835

79753
32937876

H-Init
25725
245351
13532427

H-Init
3346237

H-Init
3766
48345
942751

H-Init
122443
1867610

H-~Init
22816405

Pore=0. 125 inch
H-Prop H-TOTAL
5852 8442
21359 Jc1s4
132436 212189
2996330 35534206

Pore=0.125 inch
H-Prop H-TOTAL
66199 91324
241645 136996
1438360 15030787
>1083000069

Pore=0.125 inch
H-Prop H-TOTHL
484950 4095187

>100000000
»>1080000000
>100000000

Pore=0.125 irnch
H-Prop H-TOTHL
5852 15618
21359 69704
132436 1075187
> 100000000

Pore=0.125 inch
H-Prop H-TOTAL
bh199 138642
291645 2109255
> 100000004
> 100008000

Fore=0. 125 inch
H-Prop H-TOTAL
743950 23565355

> 10020000
3 Ll lxielalidn}
* 100000000

H-Imit
2362
™7l

68868
25656872

N-Init
22024
201521
10576766

H-Init
2585698
718952

H-Terit
BEI1
42170
re2ri9

N-Init
101635
14699352

H-Init
17301351

Pore=0.1875 inch

H-Prop H-TIOTAL
3307 h669
12070 21041
74BE20 143688
1693400 2v3asn2r2
Pore=0.1875 inch
H-FProp W-TATAL
ar4di1e 59440
136560 3313081
846500 11423266
>100000000
Pore=G.10875 inch
H~Prop N-TOTAL
423310 3009008
1545000 80263352
>100003000
>1000011000
Pore=0(.1875 inch
H-Prop H-TOTAL
3307 11998
12070 54240
74820 847539
>1000:011000
Pore=0.1875 inch
H-Prop N-TIOTAL
3r4d16 1343051
136560 1606492
>1000011900
>1000011000
Pore=(. 1875 inch
H-Prop H-TIOTAL
423310 1424661
=1000011000
»100000000

>10800000

H-Init
2251
7554

£3821
22652879

H-Init
20317
181869
9285158

H-Init
2258772
67927084

H-Init
a1vs
J3270
696953

H-Init
92270
1297597

H-Init
14573639

Pore=0.250 inch

H-Prop H-TOTAL
1648 3899
6016 13570
3r3og 101121
844100 23496979
Pore=0.250 inch
H-Frop H-TOTAL
18650 38967
68070 2449939
422000 707158
>100000300
Pore=0.250 inch
H-Praop N-TOTAL
211000 24649772
770100 6BRI7 184
> 100000000
>100000000
Pore=0.250 inch
K-Prop H-TOTAL
16483 9823
6016 45266
37300 T3I4253
> 100000000
Pore=0.250 inch
H-Prop H~TOTAL
18650 110920
68070 1365667
> 100000000

’ > 100000000

Pore=0.250 inch
H-Prop H-TOTAL
211000 14784639

> 100000000
>100000Q00
> 100000000



6§

Stress Ratio=-1
Residual Stress=51 ksi

Stress Ratio=0D
Residual Stress=51 k=i

Stress Ratio=0.5
Residual Stress=51 ksi

Stress Ratio=-1
Residual Stress=0 ksi

Stress Ratio=0
Residual Stressc0 ksi

SYtress Ratio=0.5
Eesidual Stressz=0 ksi

TABLE 10.

Stress Range
Bl.6
6l.2
40.8
20.4

S5tress Range
40.8
30.6
20.4
10.2

Stress Range
20.4
15.3
10.2
S.1

Stress Range
Bl.&
1.2
40.8
20.4

Stress Range
40.8
30.6
20.4
0.2

Stress Range
20 .4
15.3
0.2
5.1

Ckxid

Cksid

Cksi)

Cksid

Chk=1)

Cksi)

CO-LINEAR POROSITY CONSTANT AMPLITUDE FATIGUE LIFE PREDICTIONS

THICKNESS = 1.0 INCH
NUMBER OF PORES = 3

ABS EH36

Pore=0.1875 inch Pore=0.2%0 inch
H-Init H-Frop M~TOTAL H-Init N-Frap H-TOTRL
2362 3Ire4 6146 2251 2462 47t
rari 138086 21?v? 7554 B978 16532
6BBES 35535 1549463 63821 55EE6S 1194856
25656872 1937150 27594022 22652879 1259450 23912329

Porez=0.1675 imch Pore=0.250 inch
H-Init H-Prap H-TOTHL H-Init H~Prop H~-TOTAL
22024 42801 64825 20317 27834 48151
20152t 156215 357736 131863 101566 283435
10S7676E 968396 11545162 9235158 B29779 9914937
>100360000 >100000:200

Pore=0.1879 inch Pore=0.250 inch
H-Init H-~-Prop H-TOTAL H-Init N-Prop N-TOTAL
25856483 484219 3069867 2258772 314913 2573685
TB718952 1ve7380 B4a6332 67927084 1149080 63076 164
»100000000 >100000300
> 100000000 >100004G000

Pore=0.18B?5 inch Pore=0.250 inch
H-Init H-Prop H~TOTAL H-Init H-Frop H-TOTAL
8691 3vs4 12475 8175 2462 10837
12170 13806 55976 39270 8978 18248
rr2rid 85595 858314 596953 55665 752618
>100Q0000 > 100000000

Pore=0.1875 inch Porez=0.250 inch
H-Init H-Frop H-TOTHL H-Init N-Frop N-TOTAL
101635 2801 144436 32270 27834 120104
1469932 156215 1626147 1297597 101566 1399163
10000430080 >100000004Q
> 1001000008 > 100000000

Pare=0. 1875 inch Pore=0.250 inch
H-Irnit H-Prop H-TOTAL H-Init R-FPraop H-TOTRAL
17001351 484219 17435570 14573639 3149913 148868552
= 100000 >100000000
= 10000Qr00 >100000000
> 10006000 >103000000

H-Init
219e
7350

61393
21253360

H-Init
134398
172584
ar00ie3

H-Init
2107711
62977515

H-Init
923
3reev?
661249

H-Init
ara3s
1217595

H-Init
13468239

Pore=0.300 inch

H-Prop H-TOTAL
1903 4099
6943 14293
43048 104441
973990 22227350
Pore=0.300 inch
H-Frop H-TOTAL
21524 41022
78545 251129
487030 9187193
>100000000
Pare=0.300 inch
N-Prop H-TOTHL
243524 2351235
B88EL30 B3IBEE14S
>100000000
>1000ao0000
Pore=0.300 inch
H-Prop H-TOTAHL
1903 9826
6943 44810
43048 rD429¢
>1000000640
Pare=0.300 inch
H-Prop H-TOTAL
21524 109357
78545 1236120
>100000000
>100000000
Pore=0.300 inch
H-Ptrop H-TOTAL
243524 13711763
»>100000000
»>100000000
> 100000000
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where N denotes cycles, the outer material has been damaged an amount

N(coa'lescence)

N(fai1ure a periphery stress level)

Before initiating a fatigue crack, the outer material must satisfy Miner's
criteria (Equation 20). After the inner region of the pores coalesce,
the load path around the cluster will change because load can no longer
be carried between the pore ligaments. Although the stress field around
the cluster will admittedly be very complex, it is assumed for our purposes
to approximate the stress field around an e11ipsoid of comparable dimen-
sions. Observing Figure 33, the ellipsoid will be an oblate spheroid,
half as high as it is wide. In reference to Figure 3, it would be of the
shape a=b=1 and ¢=0.5. The remaining initiation life of the cluster
(before a crack begins growing radially) at this new higher stress
concentration level is calculated from Equation 20. The total initiation
life is taken as the cycles to cause coalescence and the cycles remaining
before the periphery initiates a crack. The crack growth stress intensity
solution is shown in Figure 34. Note the high initial stress intensity
factor. This is due to the high stresses resulting from the assumed
ellipsoid shape of the coalesced cavity. The stress intensity factor
decays rapidly and the solution becomes dominated by the Mt factor. This
is the same as the single pore Mt solution, Equation 16, because both are
circular cracks.

The fatigue life predictions for the cluster geometry are
presented in Tables 11 and 12 and as S-N curves in Figures 35-38.

8. VARIABLE AMPLITUDE LOADING

8.1. SL-7 Containership Instrumentation Program
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Stress Ratio=-1
Residual Stresxs=51 ksi

Stress Ratiaz=0
Residual Stress=5S1 ksi

Stress Ratio=0.5
Pesidual Stres;:Sl ksi

Stress Ratio=-1
Pesidual Stress=0 ksi

Stress Ratia=0
Residual Stress=0 k=i

Stress Ratio=0.5
Eesidual Streszs=( ksi

TABLE 11.

Stress Range
81.60
61.20
<40.80
20.49

Stress Range
40.80
30.60
20.40
10.20

Stress Range
20.40
15.30
10.20

S.10

Stress Range
81.560
61.20
40.80
20.490

Stress Range
40,30
30.60
20.40
10.20

Stress Range
20.40
15.30
10.20

5.10

Cksi)

k=i

Cksid

Chsi)

i

Cksid

CLUSTER POROSITY CONSTANT AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 0.5 INCH

ABS EH36

H-Init
3001
10332
944945
395495493

H-Init
Jne02
294409
1652493396

H-Init
4112120

H-Init
11398
55988

1136570

H-Init
146864
2284339

H-Init
2BETS574

Pore=0.123 inch

H-Prop H-TOTAL
2kh4 3265
26403 IeT42
184396 279341
4206900 43756443
Pore=0.125 inch
H~Prop H-TOTAL
96121 126722
306410 600819
2011560 18535956
>1m000000
Pore=0.125 inch
H-Prop H-TOTAL
1045220 5157340
> 100200000
> 10000000
> 100000000
Pore=0.125 inch
H-Prop H-TOTHL
264 11662
264013 B3391
184396 1320966
> 1000000010
Fore=0.125 inch
H-Prop H-TRTAL
96121 242985
30B410 2530749
> 100000000
> 1000000013
Pore=. 125 inch
H-Frop H-TOTAL
1045220 29720794
> 100000000
>100000008
> 1000000430

H-Init
2416
8113

674155
22645488

H-Init
21297
185885
2635536

H-Init
224491539
66980861

H-Init
B6h4
41356
714279

HN-Init
95043
13036896

H-Init
14362233

Pore=0.1875 inch

H-Prop H-TOTAL
146 2562
2455 10568
66133 133568
1420820 2406E308
Pore=0.16875 inch
H-Prop H-TOTAL
32096 53393
128011 313896
739750 10005286
>100000000
Pore=(.187S inch
N-Prop H-TOTAL
IBSPI0 2609949
1318920 €B299781
>100000000
>100000000
Pore=0.18?5 inch
H-Prop H-TOTRL
146 galo
2455 43811
66133 THO412
> 100000000
Pore=0.1873 inch
H~-Prop H-TOTAL
32096 127139
128011 1431697
>10Q000000
> 100000000
Pore=0. 1875 inch
N-Frop H-TOTAL
36570 14728023
» 100900000
> 100000000
> 100000000

M-Init
1993
bSbT

S0364
13854792

H-Init
15603
124795
5563810

H-Init
d5141
153810

N-Init
6804
31318
480025

N-Init
65459
BO2714
85562813

H-Init
7814651

Pore=0.300 inch

N~-Praop H-TOTAL

392 2032

140 6707

7arg 7743

171500 14026292
Pore=0.300 inch

H-Prop H-TOTAL

433 16036

12936 13773l

BS760 5643570

>100000000Q
Pore=0.300 inch

H-Prop H-TOTAL

1315703 1361844

r2zz9sz Ar3TerI2

>1000006000

>100000000
Pore=0.300 inch

H~Prop =~ M-TOTHAL

39 6843

140 31458

7379 487404

> 100000000
Porez=0.300 inch

H-Prop H-TOTAL

433 65892

12935 a15&50

8570 B56685TI

> 100000400
Pore=0.300 inch

H~Praop H-TOTAL

1315703 9130354

> 10000000

>100000000

>100000080
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Stress Rutio=-1
Residual 5StresszS51 ksi

Stress Ratico=0
Residual Stress=51 ksi

Stress Ratioz=l.5
Residusl Stress=S5l1 ksi

Stress Batioz=—-1
Residual Stress=0 ksi

Stress Ratic=N
Residusl Stress=0 ksi

Stress RBatio=N.5
Residuel Stress=0 ksi

TABLE 12.

Stress Range
B81.60
51.20
40.80
20.40

S5tress Range
40.80
30.60
20.40
10.20

Stress Range
20.40
15.30
10.20

5.10

Stress Range
B1.50
61.20
40.80
20.40

Stress Range
40 . 88
30.60
20 . 40
10.20

Stress Range
20.40
15.38
10.20

5.10

Cksid

ChkxiY

Cksid

Cksil

Chsid

tksi)

CLUSTER PORE CONSTANT AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 1.0 INCH
ABS EH36

H-TInit
2416
2113

E7455
22645468

H-Init
21297
185985
9265536

H-Init
22494159
5£98086 1

H-Init
8664
11356
v14279

H-Init
95043

1303686 -

H-Init
SBETSETY

Pore=0.18753 inch

H-Frop H-TOTHL
151 2967
47re2 12879
130613 198268
2787320 25432808
Pore=0. 1875 inch
H-Prop H-TOTAL
64368 A5665
251111 436996
1441270 10706806
»100000000
Pore=0.1875 inch
H-Frop H-TOTAL
6?5320 2919479
2791330 69772191
> 100000000
> 100008000
Pore=.1875 inch
H-Frap H-TDTAL
151 B81S
4762 46118
130813 8450492
>1000000a00
Pore=0. 1875 inch
H-Prop H-TOTHL
64363 159411
251111 1554797
> 100000000
> 10000000
Pore=il. 1875 inch
H~Prop H-TOTHL
ETS520 29350894
> 31000001300
>100Q02000
> 100000000

H-Init
2132
ro68

55727
164503848

H-Init
17380
143330
6649569

H-Init
1585675
45742008

H-Init
7404
4501
550875

H~Init
4430
Q50036

K-Init
9666141

Pore=0.250 inch
H-Prop H-TOTAL
112 2244
404 472
82902 138629
1885270 18335658

Pore=0.250 inch
H-Prop H-TOTAL
38824 S6204
151976 295306
925680 7575249
>100009000

Pore=z=0.250 inch
H-Prop H-TOTAL
442058 202773

1734370 47476378
>100000000
»>100000000

Pore=0.250 inch
H-Prap H-TOTAL
112 7516
104 34905
82902 633777
> 1m00Q00g

Pore=0.250 inch
H-Prap H-TOTAL
38824 113314
151976 1102012

>100000000

>100000000

Pore=0.250 inch
H-Prop H-TOTAL
4920586 11108199

>100000000
>108000000
>100000000

N-Init
1823
5954

44122
11041311

N-Init
13546
1040637
4395581

H-Init
1027360
28309538

H~Init
6004
2v571
900934

H-1nit
55270
643493
53651693

N-Init
5900281

Pore=0.400 inch

H-Prop H-TOTAL

S5 igva

196 6154

23137 67259

B5r720 11599031
Pore=0.400 inch

H~-Frop H-TOTAL

5640 19186

43862 147899

261050 4656631

>1000090000G
Pore=0.400 inch

N-Prop H-TOTAL

138664 1166624

495850 28805388

»100000000

> 100000000
Pore=0.400 inch

H-Prop H-TOTAL

a5 6139

196 2776T

23137 424091

>1000000049
Pore=0.402 inch

H~Prop H-TOTAL

S640 603910

43662 pATISS

261050 64112743

> 100003000
FPore=0.400 inch

H-Prop H-TOTAL

138664 6038945

>100000009

> 100000000

> 100000000
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FIGURE 35. S-N CURVES FOR CLUSTER POROSITY IN A 0.5-INCH THICK PLATE AND
51 KSI RESIDUAL STRESS
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FIGURE 37. S-N CURVES FOR CLUSTER POROSITY IN A 1.0-INCH THICK PLATE AND
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transatlantic and transpacific routes. A sample of this data was used to
generate a stress history to be used in the predictive model.

8.1.1. Data Characteristics

Stresses induced in & ship structural element have components
from a number of sources. These inc]ude[lz] local residual stress from
fabrication or welding, initial still water bending stress, varying mean
stress due to fuel burn off, the ships own wave system, diurnal thermal
stresses, low frequency wave-induced stress, and high frequency wave
induced stress. Of these only the wave induced stresses, both low and
high frequency will be used in constructing a stress history for the
model. The other sources will be considered as quasi-static, contributing
to the instantaneous mean stress rather being than a source of cyclic
loading.

High frequency wave induced stresses are caused by dynamic wave
loading against the ship structure. These can consist of bottom slamming,
shipping of water on deck, and flare impact. Dynamic loads produce
whipping and springing elastic motions of the hull, typically at higher
than the frequency of wave encounter. Low frequency wave-induced stresses
occur at the same frequency as wave encounter. These are caused by the
wave forces on the hull. The level of stress is directly related (although
not directly proportional to) the significant wave height of the en-
countered seaway.

The stresses recorded during the SL-7 instrumentation program are
the maximum peak stress and the maximum trough stress which occur during
a four hour recording interval. These maximum stresses do not necessarily
occur during the same cycle. In general, the maximum peak and trough
stress recorded will be produced by a dynamic, high frequency load.
Therefore, the majority of the reported data is high frequency data. A
limited amount of low frequency data, however,. has been reported[lz]. A
representative history can be constructed from the available low and high
frequency data.

The Tow frequency are directly related to the significant wave
height encountered by the ship. The significant wave height is the
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average height of the highest one third portion of the waves. Figure 39
illustrates the relation between the observed wave height and the root
mean square (RMS) stress value. This data was collected on board the SL-
7 SEA-LAND McLEAN during 1974; the first date year of the data collection
program. The frequency of occurrence for each wave height is reported
in[sz] and presented in Table 13. From tiie loading summary sheets
presented in Reference 12, the average number of wave cycles during a 20-
minute interval is 176 cycles, or 385,440 cycles per month at sea. Using
the cycle rate and the reported probability of occurrence for each wave
group, a low frequency loading spectrum can be calculated based on RMS
stresses.

The histogram[53] of maximum peak to trough stress recorded
during date year one aboard the SL-7 SEA-LAND McLEAN (port) is shown
Figure 40. Recall that each reported cycle is the maximum value, peak
and trough, recorded during a 4-hour interval. The average rate of
occurrence for high frequency or burst data is reported in Reference 12
as 18 bursts per 20-minute interval. This converts to 216 bursts for
every one burst recorded. In constructing the high frequency portion of
the Toading spectrim, the conservative assumption will be made that 216
bursts occurred at the same value as the reported maximum. The number of
cycles from the high and low frequency loadings are then combined on a
per month basis as shown in Table 14. Any overlap of the high and Tow
frequencies were assumed to be additive, i.e., an element of material
will be damaged equally by a dynamic load and a low frequency load of
equal magnitude.

8.2. Fatique Predictions

Fatigue predictions were made using the same material properties
and pore geometries as in the constant amplitude program. Reference 12
reported an average mean stress of 6.5 ksi. In service, the mean stress
actually varies as fuel is spent and from ballast changes. Predictions
were made at mean stress biases of 6.5 and 0. The stress history was
scaled from 1 to 1.75 to provide a wide range of predicted service lives.
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TABLE 13. AVERAGE RMS STRESS BASED ON PROBABILITY QF
OCCURRENCE FOR EACH WAVE GROUP

Average
RMS
Wave Probability of Occurrence Stress
Group of Wave Group ksi
I 0.6294 2.037
II 0.3133 ' 4.320
ITI 0.039 6.325
IV 0.0167 7.249
v 0.0012 11.093
VI 0.0004 10.694
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TABLE 14. VARIABLE AMPLITUDE LOADING
SL-7 McLEAN
YEAR ONE DATA
ATLANTIC ROUTE

Stress Range (ksi) Cycles/Month Relative Frequency

2 261604 0.626
4.3 120758 0.289
6 23024 0.055
7.2 . 6437 0.015
10.2 3208 0.007
14 1296 0.003
18 864 0.002
22 432 0.001
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The results are reported as blocks with each block representing 1 month
of service at sea.

No attempt was made to employ a crack growth retardation model
because the reported stress data consisted of either maximums recorded
over a long time period (high frequency) or an averaged stress (low
frequency). "As such, no effect of the loading sequence can be accounted
for.

8.2.1. Results

The results of the variable amplitude fatigue life predictions
are presented in Tables 15-22 and Figures 41-46. In general, the results
for the history without being scaled (scale = 1) represent lives many
times Tonger than any design lives, some on the order of thousands of
years. For the uniform porosity case where the smallest pores were
considered, some cracks were predicted to arrest after growing outside of
the pore stress field. As the scale was increased, lives on the order of
tens or hundreds of years were predicted.

9. PARAMETRIC DISCUSSION

The model used to predict the fatigue life of weldments contain-
ing porosity has been formulated to account for parameters which have
been demonstrated to affect fatigue Tife. Some aspects of the model
have been included based upon findings in the literature search dealing
specifically with porosity, such as the need for pore interaction in pore
clusters. The majority of the model's features are based upon historical
precedent of linear elastic fracture mechanics and life predictions in
notched specimens. In this section, the model's dependence upon the
various parameters is examined. Referring to Table 3, the following
parameters were varied in this study: thickness, residual stress, stress
ratio, pore size, and porosity type. The features of the model which are
influenced by these parameters will be highlighted with examples.
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Hearn Stress Bias
Cksid
6.5

Hean Stress BHias
Cksil
0.0

Hean Stress Bias
Cksid
6.5

Hean Strass Bias
Chsid
n.0

Scale trultiplied
by base historyl
1.75
1.50
1.25
1.00

Scale Cmultiplied
by base historyl
1.75
1.50
1.25
i.00

Scale Crultiplied
by base historyd
1.75
1.50
1.25%5

1.90

Scale (nultiplied
by base historyd
1.75
1.50
1.25
1.00

TABLE 15. SINGLE PORE
VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 0.5 INCH

ABS EH36
Pore=B. 125 inch

Pore=D.1875 inch Pore=0.250 inch

H-Init H-Prop H-TOTAL H-Init H-Prop H-TOTAL H-Init N-Frop H-TOTAL
:rd 124 211 7o 96 116 61 15 TE

aor 299 556 242 92 334 206 31 237
1613 =T | 2184 1240 210 1450 1038 7t 1109
15443 1657 17300 11526 580 12106 949497 196 9643

Pore=0.125 inch Pore=0.1875 inch Pore=0.250 inch

M-Init H-Prop H-TOTAL H-Init H—~Prop H~-TOTAL H-Init H-Prop H-TOTAL
180 322 502 1496 111 257 128 ar 165
607 as57 1464 483 237 720 914 76 490

J032 1755 4ray 2349 555 2904 1975 183 2158
27331 7egEv i5z1e 20558 1809 22367 16936 520 17456

TABLE 16. SINGLE PORE
VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 1.0 INCH

ABS EH36
Pore=0.300 inch

Pore=0.1875 inch Fore=0.250 inch

H-Init H-Prop H-TAGTAL H-Init H-Prop H-TOTAL H-Irnit H-Prop H-TAOTAL
3 B5 158 64 52 116 &0 s 35

252 iru q22 221 104 325 204 Tl 275
1295 87 1682 1119 23r 1356 22 161 1183
12094 10GE 13160 10273 649 10928 9289 439 9728

Pore=0.300 inch
H-Prop H-TOTAL

Pore=0.250 inch
H~TOTAL H-Init

Fore=0. 1875 inch
H-Init H-Prap H-TOTAL H~Inmit H-Prop

151 203 354 135 124 - 259 126 a3 209
501 427 928 442 250 £92 409 169 Sva
24944 1016 3965 2126 615 2r41l 1947 404 2351
21544 3ezdu 2479z 163589 1844 20233 166561 1160 1re21
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Hean Stress Bias
Cksil
6.5

Hean 5tress Bias
Cksil
0.0

Heart Stress Pias
Ckxi)
.5

Hean Stress Bias
Cksil
a.0

TABLE 17. UNIFORM POROSITY
VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS

Scale Chultiplied
by base history
1.75
1.50
1.25
1.0

Scale Cnultiplied
by base historys
1.75
1.50
1.25
1.00

THICKNESS = 0.5 INCH

ABS EH36

Fore=0.015 inch
H-Init H-FProp H-TOTHL
Hon—-propagating crack
Hon—-propagating crack
Hon-propagating crack
Hon—-propagating crack

Fore=0,.015 inch
H-Init H-Prop H-TOTHL
Hon-propagating crack
Hon-propagating crack
Hon-propagating crack
Hon-propagating crack

TABLE 18. UNIFORM POROSITY
VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS

Scale Cnultiplied
by base history
1.75
1.50
1.25
1.00

Scale (multiplied
by base histaryd
1.75
1.50
1.25
1.00

THICKNESS = 1.0 INCH

ABS EH36

Pore=0.015 inch
H-Init H-Prop H-TOTAL
Hon-propagating crack
Hon-propagating crack
Hon—propagating crack
Hon-propagating crack

Fore=0.015 inch
H-Init H-Prop H-TOTHAL
Hon-propagating crack
Hon-propagating crack
Hov-propagating crack
Hon-propagating crack

Pore=0.030 inch
H-Init N-Prop M-TOTAL
28 2459 2487
Non—-propagating crack
Mon-propagating crack
Hon~propagating crack

Pare=0.930 inch
H~Init H-Prop N~-TOTAL
Hon—~propagating crack
Horn-propagating crack
Hori~propagating crack
Hon~propagating crack

Pore=0.045 inch

H-Init H-Prop H-TOTAL
16 1189 1205
47 2716 2765
137 6997 3184

Hon-propagating crack

Pore=0.0495 inch
H-Init N-Prop H~-TOTAL
Hon~propagating crack
Hon-propagating crack
Hon-propagating crack
Hon-propagating crack

Fore=0.045 inch

H-Init H-Prop H-TOTAL
16 1315 1331
47 3040 I087

Hon-propagating crack
Hon-propagating crack

Pare=03.045 inch
H-Init H-Prop H-TOTAL
Hoh-propagating crack
Hoh-propagating crack
Hon-propagating crack
Hon-propagating crack

Pore=0.075 inch :
H-TOTAL

H-Init H-Frop
10 575 585
27 1256 1283
104 3265 3369
698 13426 14124

Pore=0.073 inch
H-Init H-Frop H-TOTAL
pied lgv2 1894
Hon-propagating crack
Hon-propagating crack
Hon-propagating crack



9L

Hesn Stress Bias
k=il
E.5

Hean 5tress Bias
Cksid
0.a

Hean Stress Bias
Cksid
E.5

Hean Stress Bias
ksl
a.n

Scale Cmultiplied
by base historyd
1.75
1.50
1.25
1.00

Scale Cmultiplied
by baze history
1.75
1.50
1.25
1.00

S5cale tnultiplied
by base historyd
1.73
1.50
1.25
1.00

Scale tmultiplied
by base historyd
1.79
1.50
1.25
i.00

TABLE 19.

CO-LINEAR POROSITY

VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS

NUMBER OF PORES = 3
THICKNESS = 1.0 INCH

ABS EH36
Pore=0. 1875 inch Pore=0.250 inch
H-Init H-Prop K-TOTRL H-Init H-Prop H-TOTAL H-Init
r3 46 119 (133 2a 94 63
253 94 347 228 58 286 217
1300 215 1515 1161 131 1292 109%
12147 540 12737 10710 359 11069 10042
Pore=0.187?5% inch Pore=0.250 inch
H-Init H-Prop H-TOTHL H-Init N-Prop N-TOTAL H~Init
152 111 263 139 (212 207 133
503 225 T28 456 138 594 434
2959 557 3016 2203 333 2536 2083
21637 1760 23347 19140 346 20086 17975
TABLE 20. CO-LINEAR POROSITY
VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS
NUMBER OF PORES = 3
THICKNESS = 0.5 INCH
ABS EH36-
Pore=i. 125 irnch Pare=0.1875 inch
H-Init H-Prop H-TOTHAL H-Init H-Prop H-TOTAL K-Init
ar g 155 T3 34 111 =11
aony 134 4495 253 re 330 228
1613 13 1926 1300 174 1474 11651
15444 956 154903 12147 480 12627 10710

H-Init
180
£07
HI3A
2734

Pare=n. 125 inch Pore=0.1873 inch

H-Prop H-TOTRL H-Init H-Prop H-TAOTAL H-Init
174 354 152 92 2494 139
I61 =% 503 1687 B30 456
948 3agl 2459 461 29290 2203

I%I2 F1266 21637 1486 23123 19140

Pore=0.300 inch

H-Praop H-TDTAL

22 85

<44 261

100 1196

2r4 16316
Pore=0.300 inch

H-Prop H-TOTAL

51 184

105 539

241 2324

a2 18697
Fore=0.250 inch

N-Prop N-TOTHL

13 a5

38 266

BT 1248

237 10347
Fore=0.251 inch

H-Prop N-TOTAL

45 184

92 54¢

227 2430

B31 19771
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Hear Stress Bias

(ksi)
6.5

Hear Stress Bias

ksid
0.0

Hean Stress Biasz

Cksi)

Hean Stress Rias

Cksil

5.5

0.0

Scale (multiplied

by base history> M-

1.75
1.50
1.25
1.00

Scale C(Hultiplied

TABLE 21. CLUSTER POROSITY

VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS

THICKNESS = 0.5 INCH

ABS EH36
Fore=0.125 inch Pore=0.1875 inch
Init H-Prop H-TOTAL H-Init N-Prop H-TOTRL
i 291 392 66 151 217
360 504 964 223 303 526
1301 1585 3486 1115 745 1660
1B3z2v 5527 23854 10119 2485 12604

Pore=0. 125 inch Pore=0. 1875 inch

by base historyl N-Init N-Prop H-TOTHL H-Init N-Prop N-TOTAL
1.75 210 358 1168 i39 487 E26
1.50 fil 2403 3114 448 1083 1531
1.25 Non-propagating crack 2126 3658 5784
1.00 Hon-propagating crack

TABLE 22.

Scale (nultiplied
by base historyl
1.75
1.50
1.25
1.00

Scale Crultiplied
by base historyd
1.73
1.50
1.25
1.400

Hon-propagating crack

CLUSTER POROSITY

VARIABLE AMPLITUDE FATIGUE LIFE PREDICTIONS
THICKNESS = 1.0 INCH

ABS EH36 :

Pore=0. 1875 inch Pore=0.250 inch

H-Init H-Prap H-TOTRAL H-Init H-Prop H-TOTAL

&7 ie0 227 52 i13 165
&2 338 566 173 229 402
1143 Y7o 1913 g41 557 1398
1044002 2329 12791 7374 1639 9013

Pore=d. 1875 inch Pore=0.250 inch
H-Init H-Prop H~TOTAL N-Init H-Prop H-TOTAL

142 470 612 112 342 454
158 934 1452 asz 709 1061
21vd ZE2T 4705 1617 is20 3437
18643 10vse 23401 13336 Te6r 20603

N-Init
93

141
213
SE6H

H-Init
94

288
1289
10324

H-Init
ar

119
551
4580

H-Init
81

245
1074
8390

Pore=0.300 inch

N-Prop
26

70

159
451

H-TOTAL
B9

211

825
129

Pore=0.300 inch

H-Prop
120
246
639

2625

N-TOTAL
214

534
1928
12349

Pore=0.400 inch

H-Prop
16

31

251
688

M-TOTAL
83

210

802
5268

Paore=0.400 inch

H-Prop
15¢
336
vea
2518

H-TOTAL
238

581
1862
10308



2.00 Single Pore
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FIGURE 41. ENDURANCE CURVES FOR SINGLE PORES IN A 0.5-INCH THICK PLATE FOR
SL-7 VARIABLE AMPLITUDE HISTORY CURVES CONNECTED BY CIRCLES
REPRESENT A MEAN STRESS BIAS OF ZERO
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FIGURE 42. ENDURANCE CURVES FOR SINGLE PORES IN A 1.0 INCH THICK PLATE FOR
SL-7 VARIABLE AMPLITUDE HISTORY. CURVES CONNECTED BY CIRCLES
REPRESENT A MEAN STRESS BIAS OF ZERO
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2.00

Co-LInear Poros!ty
Residunl Stress=5! ksl
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FIGURE 43. ENDURANCE CURVES FOR CO-LINEAR POROSITY IN A 0.5-INCH THICK
PLATE FOR SL-7 VARIABLE AMPLITUDE HISTORY, CURVES CONNECTED BY

CIRCLES REPRESENT A MEAN STRESS BIAS OF ZERO
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FIGURE 44. ENDURANCE CURVES FOR CO-LINEAR POROSITY IN A 1.0-INCH THICK
PLATE FOR SL-7 VARIABLE AMPLITUDE HISTORY, CURVES CONNECTED BY
CIRCLES REPRESENT A MEAN STRESS BIAS OF ZERO
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FIGURE 45. ENDURANCE CURVES FOR CLUSTER POROSITY IN A 0.5-INCH THICK PLATE
FOR SL-7 VARIABLE AMPLITUDE HISTORY, CURVES CONNECTED BY
CIRCLES REPRESENT A MEAN STRESS BIAS OF ZERO
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FIGURE 46. ENDURANCE CURVES FOR CLUSTER POROSITY IN A 1.0-INCH THICK PLATE

FOR SL-7 VARIABLE AMPLITUDE HISTORY, CURVES CONNECTED BY
CIRCLES REPRESENT A MEAN STRESS BIAS OF ZERO
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9.1. Thickness

Two plate thicknesses were investigated in this study. It is
important to note that since a specific width was not specified, the
width of the plate is assumed to many times that of the plate thickness.
The infinite width assumption means that the size of the porosity and
subsequent crack are small in comparison to the plate and therefore the
reduction in cross sectional area does not affect the nominal stress.

The thickness of the plate, therefore, has no affect on the initiation
1ife of the crack, all other parameters being equal. The difference in
1ife between plate thicknesses is due to the propagation life. For equal
pore sizes, it will simply take longer for a crack to grow toward the
surface in a thicker plate. There is also a longer region where the
stress intensity is not increased by the pore stress gradient or the back
wall effect.

The fatigue life predictions proved to be relatively insensitive
to the plate thickness. The larger thicknesses resulted in only slightly
longer lives. This is due to the fact that life predictions are not
greatly dependént upon the final crack length at failure (i.e., failure
criterion and back surface effects). When the crack becomes large in
size, the increased stress intensity drives the crack growth at an
increasingly higher rate until failure occurs. Conversely, life predic-
tions are very sensitive to initial crack Tengths. See the initial crack
length discussion in Section 7.1.

9.2. Residual Stress

———

As was noted in the literature survey, local residual stresses
at the surface of pores is not reported. Masubuchi[zzl indicated that
tensile residual stresses as high as the yield strength of the base metal
was measured near the centerline in butt welds. Two residual stress
levels were used in the present study: the stress relieved condition
(residual stress equals zero) and a residual stress equivalent to the
yield stress in EH36 (51 ksi). The effect of residual stress is only
accounted for in the initiation life calculations. Since the residual
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stress field is thought to vary throughout the weld, accounting for the
changing stress field in crack growth calculations would prove to be very
complex. Therefore, the residual stress is taken as zero for all the
propagation calculations.

For the initiation 1ife calculations, a residual stress dictates
the starting point for the loading. Figure %47 from Reference 10 il-
lustrates the effect of the residual stress upon the stress-strain response
of the material near the notch root of a weldment with reinforcement. An
analogy can be drawn between the notch root material and the material
near the surface of a pore since both act as geometrical stress concentra-
tions or notches. The plot shows the stress-strain response for three
materials; one strong, one tough, and one ductile; and the effect the
residual stress, O has on the set-up cycle. The result is a higher
local mean stress than would be realized in the stress-free condition.
The increase in mean stress is detrimental to fatigue 1ife (see Section 9.3
Stress Ratio). Figure 48 shows the influence of residual stress on the
fatigue life for a single pore as predicted by the model. Note the
increase in life as residual stress is decreased.

9.3. Stress Ratio

The stress ratio, defined as

R=S . /S

min max '

is incorporated into the model for both the initiation and propagation
calculations. The stress ratio is directly related to the mean stress,

smean' by

S
Smean = E%E_ (1+R) : 20

As the stress ratio increases, the tensile mean stress also increases. A
tensile mean stress is generally observed to be detrimental for fatigue
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life, provided that the strains are not great enough to cause complete
mean stress relaxation. It can be seen from Equation 9,

Ae ' Oc= O
7 - &N (“ir'm‘) (28

that a tensile mean stress decreases the effective fatigue strength
coefficient which is a measure of high cycle fatigue resistance. The
strain-1life equation is used to predict the initiation 1ife at the pdre
surface, so a tensile mean stress will predict lesser initiation lives
than zero or compressive mean stresses.

A high tensile mean stress is also found to increase crack growth
rates. The crack growth rate relation,

da A AK™

was developed to account for the higher observed crack growth rates at
higher stress ratios (and therefore higher mean stresses). Because both
Equations 9 and 10 are used in the predictions, the trend on all of the
S-N plots show a decreasing fatigue resistance with increased stress
ratio.

The S-N plots show that none of the R = 0.5 predictions result
in Tow lives (< 105). This seems to contradict the assertion that the high
stress ratio loading is the most damaging. Actually this is the result
of the method of choosing the stress levels for the predictions. Since
the maximum stress for the predictions are chosen as 0.8, 0.6, 0.4, and
0.2 times the yield stress of the material, the stress ranges for the R =
0.5 are smaller than the other stress ratios. Stress range is the most
influential parameter in the life prediction model. The small stress
ranges in the R = 0.5 predictions therefore result in long Tives.
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9.4. Pore Size

The influence of pore size affects both the crack initiation and
propagation estimates. The fatigue notch factor, K¢r was developed to
account for the observation that smaller notches were found to be less
detrimental in fatigue than larger notches of similar geometry. The
relation used in the model to account for this phenomenon (Equation 7),

K, -1
Ko =1+ &
f - T+ a/r .

was introduced by Peterson. It models the tendency of larger pores to
have lesser initiation lives.

The propagation lives are also affected by the pore size. The
effective flaw size, once the crack initiates or sharpens, is defined as
the sum of the pore radius and the emerging crack. The larger the pore
size, therefore, the larger the initial crack size and shorter growth
period required to reach the surface. The effect of decreasing pore size
on fatigue life is noted on all of the S-N plots.

9.5. Porosity Type

The effect of the type of porosity on fatigue 1ife as predicted
by the model can be inferred somewhat from Figure 49. The plot shows the
stress ranges at total fatigue lives, N, of 10,000 for the four porosity
types. This plot illustrates that the geometry or porosity type influences
fatigue. In view of the assumptions made for each of the pore geometries,
the uniform porosity geometry would be expected to have the greatest
fatigue resistance, and the cluster geometry the least for equal pore
sizes. For the larger pore sizes, the single pores would be expected to
have only slightly more fatigue resistance than a co-linear arrangement
of non-interacting pores of equal size. The infinite width assumption,
where area percent porosity is not accounted for, is important to consider
when making comparisons between the porosity types. For instance, the
reduction in cross sectional area for the co-linear pores would result in
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a higher nominal stress, and the single and co-linear curves would be
spread farther apart. If trends observed in this figure were extrapolated
over the range of pore sizes, it is reasonable to assume that the single
pore would show the greatest fatigue resistance, followed by the co-
linear porosity, the uniform porosity, and the cluster porosity.

9.6. Relation to the Rules for Nondestructive
Inspection of Hull Welds

The pore sizes chosen for the parametric study were based upon
the Rules for Nondestructive Inspection of Hull Welds, 1986, prepared by
the American Bureau of Shipping[54]. For uniform porosity, called "fine
porosity" in the code, pore sizes less than 0.015 inch in diameter are
not considered to be detrimental. This 0.015 inch pore was the smallest
size examined in this study. For all the uniform porosity cases, the
maximum allowed area percent porosity, 1.5 percent, was assumed. This
pore size was generally found to have lives greater than 108 except at
the highest stresses. The lowest predicted 1ife for this pore size was
320,921 for fully reversed loading at a stress range of 81.6 ksi. Larger
pore sizes were predicted to have decreasing fatigue resistance as seen
in the S-N plots. These predictions indicate that the 0.015 inch pore
size is a conservative value from a fatigue standpoint, for the minimum
pore to be considered in design.

The Tlargest isolated or single pore allowed in the code is 0.25
times the thickness of the plate, or 0.1875 inch, whichever is less. For
the 0.5 inch-thick plate, the largest allowed pore is 0.125 inch. For
the 1.0 inch-thick plate, the largest allowed pore is 0.1875 inch. Both
of these maximum allowed pore sizes were predicted to have fatigue lives
of about 105 for fully reversed loading at a stress range of 81.6 ksi,
the worst case considered. Larger pores are predicted to have correspond-
ingly lesser lives. The predictions indicate that these minimum values
are again somewhat conservative and would not prove to be fatigue critical,
at least for the material being considered.

The code also indicates that the concentration of porosity is not
to exceed that shown in the charts in Figures 11 and 12. The fatigue
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life predictions for clusters do indicate decreased fatigue life with
increased pore concentration because of interaction. However, as discussed
in Section 6.3, pores separated by a distance of two pore diameters do

not affect the others stress field. The charts shown in Figures 11 and

12 would disallow pore separated by any less than five pore diameters.
Again, this aspect of the code is conservative,

The assertion that the ABS code is conservative in its porosity
allowables from a fatigue standpoint is not to be construed as an endorse-
ment for its abandonment of even amendment. The presence of porosity,
especially cluster porosity, in weld metal suggests improper welding
practice and often masks other irregularities such as material degradation.

10. SUMMARY

The aim of this study was to examine the effect of porosity upon
the structural integrity of marine weldments. The parameters which
influence the fatigue life of weldments with porosity were found from
literature related specifically to porosity as well as traditional linear
elastic fracture mechanics and Tow cycle fatigue concepts. Using this
data, a model was developed to predict the fatigue lives of weldments
with porosity and with reinforcement removed. Specific analysis routines
were developed for 1ife prediction of single pores, uniform porosity, co-
Tinear porosity, and cluster porosity. The model was used to predict the
Tives of a limited number of actual fatigue tests of welds containing
severe clusters of porosity. The predictions agreed with the test results
nearly within a factor of two. The model was used to examine the depend-
ence of fatigue life on a number of parameters found to be influential.

A variable amplitude loading history was developed using SL-7 stress
history data. This history was used to generate variable amplitude 1life
predictions for the four types of porosity being considered.
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11. CONCLUSIONS

(1) Porosity is not fatigue critical in butt weldments which have
reinforcement intact. The stress concentration at the toe of the
reinforcement is much more severe than internal porosity so fatigue
cracks will initiate at the toe rather than a pore.

(2) For butt welds with reinforcement removed, the following parameters
have been found to influence fatigue life: material, thickness,
residual stress, stress ratio, stress range, pore size and type of
porosity.

(3) In view of the assumptions made regarding pore geometry, for equal
pore sizes, the single pore would be Teast detrimental in fatigue
followed by co-linear porosity, and uniform porosity. Cluster
porosity is predicted to be most detrimental.

(4) For the SL-7 variable amplitude stress history, all pore geometries
were predicted to last indefinitely. For members subjected to
stresses 1.75 times that of the base history, lives on the order of
tens of years were predicted. .

(5) 1In relation to the findings of this study, the Nondestructive
Inspection of Hull Welds, 1986, prepared by the American Bureau of
Shipping, was found to be conservative from a fatigue standpoint.
However, since the presence of porosity suggests improper welding
procedure, other problems may with the weld may be present. The
finding that the code is conservative from a fatigue standpoint is
not sufficient reason for amendment of the porosity allowables.

12. RECOMMENDATIONS FOR FUTURE WORK

To further substantiate the methodology presentated in this
report, there is a need for more fatigue test data of weldment porosity.
The authors were able to uncover only eight fatigue tests with sufficient
documentation to which to apply the model. This sample is far from being
statistically significant, It is recommended that a laboratory program
be initiated investigate the models sensitivity to its various parameters.
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A test program including a number of different ship steels and weld
metals would prove insightful.

A method for predicting the three dimensional pore geomerty
would greatly improve the usefulness of the proposed methodology. These
life estimates were made with fracture surfaces showing the positional
relationship of the pores. It would presently be difficult to determine
the geometry from radiographs to predict fatigue lives of components prior
to failure.

The problem of cavity interaction is not covered in any great
depth in the literature. Interaction is a complex stress analysis problem
perhaps best approached using photoelastic techniques. The availability
of solutions to this problem would enhance the physical soundness of the
methodology.
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APPENDIX

Step-by-Step Example of the Predictive Model

Single Pore

Parameters:
Stress range: 61.2 ksi
Stress ratio: -1
Residual stress: 51 ksi
Pore diameter: 0.1875 inch
Pore Kt: 2.054
Weld thickness: 1.0 inch

Step 1. Notch analysis

The notch analysis determines the strains expected at the
material adjacent to the pore surface. As discussed in Section 5.1.2,
the fatigue notch factor is often used in place of the stress
concentration factor when analysing fatigue loading. Solving for the
material constant 'a' in Equation (8),

1.8
a =(§?) x 1073 in. (8)

u

using the ultimate strength of the ABS EH36 steel in Table 4 as 75 ksi, a
= 0.01 inch. Using Equation (7),

Kt -1
Ke =14 ('T—i_ETr) , (7)

and the values above, the fatigue notch factor, Kf, is 1.95,

To determine the maximum and minimum strains at the pore surface
due to cyclic loading, Nueber's rule is used. Because the loading is
cyclic, the cyclic strength coefficient, K', and the cyclic strain
hardening exponent, n', can be used in the final form of Equation (3),




2 1/n
.—AS K% = Ao AU_ + _AO’_ .
E E K

The residual stress of 51 ksi is added to the left hand term giving,

(ask, + "r)z Ao Ao
E E K

Solving for Ao, the result is Ao = 56.51 ksi and A€ = 0.00716. The
reversal switches the coordinate axes of stress and strain, and the
equation is solved again, this time without the added residual stress.
This and all subsequent reversals use a value of the cyclic strength
coefficient, K;ev' equal to 2(1'"')*K‘. This is necessary because K' is
used to define the cyclic stress-strain curve which is constructed of the
tensile hysteresis loop tips. The actual material stress-strain response
during revesals follows a larger path when going into compression., The
results for the reversal local stress range and strain range are 89.08

ksi and 0.00534. The minimum local stress is therefore -32.56 ksi and
the minimum_]oca] strain is 0.0018. The local mean stress, O is 11.97
ksi. Figure Al shows the hysteresis loop for the material at the pore
surface for this loading case. Note that the residual stress state
initially includes a large plastic strain value. In reality, the residual
stress is generally below yield because at this stage the material stress-
strain response follows the monotonic stress-strain curve. The fatigue
life prediction model makes the assumption that the notch material assumes
cyclic behavior relatively early in the loading history, so it is used
throughout the analysis. The presence of the initial plastic strain does
not affect the numerical computations in estimating the crack initiation
life.

Step 2. Estimate cyc]es to initiation using low-cycle fatigue properties.

Equation (9), the Coffin-Manson equation with Morrow's mean stress
correction,
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AE t -0
N (ﬁg—'") (2N )" (9)

is used to solve for the estimated cycles to failure, Ne. This again is
an iterative procedure. For this example, the cycles to crack initation
is 7971 cycles. The resulting Nf is actually the number of cycles
required to initiate a fatigue crack at the pore surface since the
calculated strains are local to this region. The remaining weldment is
still intact at this cycle count. The rest of the analysis estimates the
number of cycles to failure by crack propagation through the weldment.

Step 3. Estimate cycles required to propagate crack to failure.

The crack propagation model is outlined in section 5.2. The
initial crack size assumption used throughout this study was 0.05 times
the pore diameter. The initial crack size for this case is 0.0094 inch.

To determine the stress intensity range for a given crack size and loading,
the geometry correction factor from Equation (13)

rels (13
%

is calculated. When the crack is in the region of the stress
concentration due to the pore, the stress intensity range solution is
dominated by the stress gradient term, My - Calculating the M, term
requires a numerical procedure[47] taking into account the stress gradient
away from the pore. The Mk term is calculated by superposition of the
notch stress gradient upon the crack. The expression is

n
)2 b. b .

2 oy ;
M= 7 771 bi (arcsin ! +A1 - arcsin —%— )

where bi is the position b along the crack, % is the stress at position
bi due to the notch (assuming no crack), and a is the crack length. In

A-4



this example, at the initial crack length of 0.0094 inch, the value of M
is 2.11. The finite thickness correction factor, Mt is negligible (equal
to one) at this small crack length. Also, the front surface term, M. is
equal to unity for an internal crack. The crack shape factor, Qo, for a
circular crack is 1.57. The geometry correction factor, Y, is therefore
1.34 at the initial crack length. This value decreases rapidly with
increasing crack length as shown in Figure 16. As the crack grows near
to the surface, the value of Y begins to increase. For comparison, apply
Equation 16 at a = t/2, the position of the crack front just before
breaking the surface. M, is 1.4, and My becomes near unity. The final
value of Y is therefore 0.89.

Estimating the number of cycles to failure by crack propagation
is accomplished by calculating the stress intensity factor range, AK, at
every cycle and incrementing the crack length according to the material
crack growth rate. The estimated propagation cycles to failure for this

example is 26722 cycles. The total estimated fatigue life is therefore
34693 cycles.
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