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ABSTRACT

An evaluation of the axial fatigue behavior of plain plates and
full penetration butt-welded joints in HY-130(T) steel is presented. The
weldments were fabricated using GMA and SMA welding processes. Fatigue tests
were conducted with sound weldments and weldments containing internal defects
including slag, porosity, and lack of fusion. Radiographic and ultrasonic
inspection techniques were used to study the initiation and propagation of
fatigue cracks originating at internal weld'flaws. Acoustic emission measure-
ments were taken for smooth and notched HY-130(T) specimens tested in static
tension and in fatigue. The results of preliminary tests of plain plates and
butt weldments of HY-100(T) [HY-110] steel are presented.

Comparison of the fatigue results for the HY-130(T) specimens with
equivalent data for HY-80 and HY-100 steel has indicated that, within the
range of lives from approximately lO4 to 106 cycles, the fatigue behavior of
as-rolled (mill-scale intact) plain plates of the three materials may be des-
cribed by a single S-N regression line. Surface treatments, including grit-
blasting and polishing, were found to significantly increase the fatigue lives
of the HY-130(T) plate specimens.

Wide variations in fatigue life were exhibited by the HY-130(T) and
HY-100(T) butt-welded specimens in which cracking initiated at internal weid
discontinuities. The scatter in lives could not be explained on the basis of
the type of weld defect initiating failure, nor could it be attributed to dif-
ferences in the weld metal composition or the welding process. However, through
application of the concepts of fracture mechanics, it was found that the fraction

of the total fatigue life spent in macroscopic crack propagation could be



estimated with reasonable reliability if the through-thickness dimension of
the crack-initiating defect, its position relative to the specimen surface,
and the nominal cyclic stress are known.

Results obtained from the monitoring of the acoustic emission from
specimens subjected to both static and cyclic loading have indicated that
this technique is potentially an effective tool for in-service nondestructive

testing of structural components.
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I. INTRODUCTION

1.1 Object of Study

The development of high-yield-strength steels intended for use in
naval construction has precipitated numerous investigations of the behavior
of these materials under various enviromnments and service loading histories.
This report presents a summary of the latest results in a continuing investi-
gation (1-8) of the resistance, under repeafed axial loadings, of plain plates
and weldments fabricated from several grades of the high-strength, HY-series
steels. The purpose of the current project has been to continue an inveéti—
gation of the influence of various types of internal defecté on the fatigue
behavior of butt welds of HY-130(T) steel, and to initiate studies of the fati-
gue response of plain plates and butt welds of HY-100(T) steel.

As part of the evaluation of the effect of weld defects, including
porosity, slag, and lack of fusion, on the fatigue resistance of the HY-130(T)
butt welds, the initiation and propagation characteristics of cracks origin-
ating at the various internal defect sites have been examined; radiograpﬁic
and ultrasonic inspection techniques have been used to identify the weld flaws
and to monitor the progression of internal fatigue cracking. In addition,
recently developed acoustic emiséion techniques have been used in an attempt

to determine the onset of internal cracking.

1.2 Scope of Investigation

A total of twenty-one HY-130(T) butt-welded specimens, most of which

contained intentionally deposited weld defects, were tested with the weld



reinforcement removed; the tests were conducted using a stress cycle of zero-
to-tension. Both gas metal-arc (GMA) and shielded metal-arc (SMA) processes
were used in the preparation of the test weldments.

The results of the fatigue tests of the HY-130(T) specimens failing
at internal defects have been compared on the basis of the type and size of
defect at the crack initiation site. The fatigue lives of these specimens
have been compared also to the fatigue behavior of butt welds in which failure
initiated at the toe of the weld reinforcement.and to the behavior of the
HY-130(T) plain plate material. For the weldments in which fatigue crack
initiation and propagation were studied, fracture mechanics concepts were
used to relate the propagation life to the size and position of the crack-
initiating defect for each of the stress levels studied.

Both plain plate specimens and butt weldments were examined using
the HY—lOO(T) material; as with the HY-130 (T) specimens, all tests were per-
formed using a zero-to-tension stress cycle. The fatigue test results of the
plain plates, having grit-blasted surfaces, have been compared with data from
earlier tests of HY-100 plates in which the mill-scale surfaces remained intact.
The HY-100(T) butt-welded specimens were fabricated using MIL-12018 electrodes
and the SMA welding process. The results of the fatigue tests for both as-
welded specimens and those in which the weld reinforcement was removed have
been compared to tests of similar weldments fabricated using the older HY-100
plate material. Due to late arrival of the HY-100(T) plate from the fabri-

cator, only limited data have been obtained for the weldments.
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II. DESCRIPTION OF TEST PROGRAM
2.1 Materials

Both the HY-130(T) and the HY-100(T) specimens were fabricated from
1 in. thick plate stock obtained from the U. S. Steel Corporation in accor-
dance with contract provisions. The chemical composition and mechanical pro-
perties of the HY-130(T) material used in the current investigation are
presented in Tables 2.1 and 2.2, respectively. Fatigue specimen numbers
designated by the prefix ND were fabricated with plates from heat number
5P2456; those identified by the prefix NE were from heat nunber 5P2004.

Plates from both heats were received descaled and painted (one coat).

. The chemical compositions of the GMA bare electrode welding wire,
supplied by Linde Division of Union Carbide Corporation, and of the covered
electrodes, supplied by the McKay Company, are given in Table 2.3. Both of
these electrodes are ''second-generation' electrodes which had been found ac-
ceptable for the welding of HY-130(T) steel.

The chemical composition and the mechanical properties of the HY-100(T)
plain plate material, supplied by the U. S. Steel Corporation, are presented
in Tables 2.4 and 2.5, respeétively. The plates were received with the sur-
faces grit-blasted; all specimens fabricated from this stock are designated
by the prefix LA. The chemical composition of the MIL-12018 covered electrodes
used in the preparation of the HY-100(T) butt-welded specimens is given in

Table 2.6.

2.2 Fabrication of Specimens

The details of the welded test specimens are presented in Fig. 2.1.

The fabrication technique for all specimens was similar except for differences



in the base metal and welding processes. Specimen blanks, 9 in. by 48 in.,

were first flame cut from the 72 in. by 96 in. steel plate stock (1 in. thick).
For the transverse butt-welded specimens, the blanks were sawed in half (9 in. x
24 in.) and the cut edges were machined to provide a double "V'" groove for

the weld deposit. The included angle of the groove was 60° for all procedures
examined. All welding was performed in the flat position with the specimens
loosely clamped in a jig which could be rotated about a horizontal axis (the
longitudinal axis of the weld). Tﬁe welding procedures used in the preparation
of the specimens are presented in Sections III and IV for the HY-130(T) and
HY-100(T) weldments, respectively.

After the welding operation was completed, holes were drilled in the
ends of the specimens, Fig. 2.1, as required for imsertion of the member in
~the fatigue testing machines. The specimens were then milled to shape so that
a 5 in.long straight section remained at mid-length to form a test section
which included the butt weld. No material in the region'of the test section
was removed by flame cutting. The net width at the test section.was governed
by the test load range and the capacity of the fatigue testing machine, the
width being made as large as possible within the capacity of the machine.

In the final stage of fabrication, the edges of the specimens in the
region of the test section were ground smooth and any sharp burrs filed off.
For those butt joints tested with the reinforcement removed, the specimen
faces were first milled, and then polished in the direction of subsequent

loading (longitudinal) with a belt sander.

2.3 Non-Destructive Testing Equipment and Procedures

Prior to fatigue testing all welded specimens were subjected to



radiographic examination using a sensitivity level of two percent. The
specimens were rated in accordance with the requirements for weld quality
established by the U. S. Steel Corporation (9) and NAVSHIPS Specification
No. 0900-006-9010. (10) The results of the defect examinations and weld
ratings are reported in the tables containing the fatigue results for each
specimen.

For the specimens examined radiographically during the course of
fatigue cycling (initiation and propagation studies), the X-ray equipment
was mounted on a portable platform and positioned so that the exposures could
be made with the test specimen mounted in the fatigue machine. The radio-
graphic apparatus, less a protective lead enclosure, is pictured in position
in Fig. 2.2. With this arrangement, radiographs were taken periodically during
the fatigue tests. The initial cyclic interval between radiographs was approxi-
mately 10 percent of the expected total life of the test specimen. After
crack initiation, radiographs were taken at shorter cyclic intervals to obtain
a measure of internal crack growth. This procedure was continued until the
fatigue crack was visible on both surfaces qf the specimen, thus indicating
crack progression through the‘entire thickness of the plate.

Several specimens %ere ultrasonically inspected to obtain another
indication of initial weld defect dgnsity and in an attempt to detect internal
fatigue crack initiation for comparison with the radiographic information.

The ultrasonic testing apparatus, together with the auxiliary equipment, is
shown in Fig. 2.3. A 5 MHz, 70° shear-wave miniature transducer was used in
the inspections. The transducer is mounted in a ball bushing and spring loaded

against the test specimen to ensure reproducibility of response from one scan



to another. This device is mounted on a movable platen which can be traversed
across the test surface while the specimen is in the fatigue machine.

The position of the transducer on the surface of the specimen is
sensed by two linear resistors, connected to the platen, and recorded on an
X-Y plotter. In this manner, the position of an individual response is pro-
jected and plotted on a plane parallel to the surface of the test specimen.

The apparent depth of this signal into the specimen is scaled from the oscillo-
scope screen.

The ultrasonic tests were performed with the welded specimen in the
fatigue machine and set at the maximum tensile load used for the particular
fatigue test under study. The specimen faces were polished, as described
earlier, to improve contact between the probe and the test surface, and to
minimize wear on the face of the probe. Light machine oil was used as an
acoustic couplant. As illustrated in Fig. 2.4, the weld area of a specimen
was scanned by traversing horizontally across the specimen face below the weld
and in 1/8 in. vertical increments until the weld area and adjacent heat affected
zones had been searched. The detector test range and trace position were ad-
justed so that the echo from a flaw lying between the transducer-plate con-

tact surface and the rear surface of the test plate was observed (see Fig. 2.4).

2.4 Fatigue Testing Equipment and Procedure

The fatigue tests were conducted using the University of Illinois'
250,000 1b. and 200,000 1b. lever—-type fatigue machiﬁes. The operating speeds
of the machines are approximately 100 and 140 cycles per minute, rgspectively.

The essential features of the fatigue machines are shown schemati~

cally in Fig. 2.5. The lever system provides a force multiplication ratio of



approximately 15 to 1. The load range is acjusted through the throw of the
eccentric, while the maximum load is controlled by the adjustable turnbuckle
mounted just below the dynamometer.

The testing procedure was similar for all specimens. After the load
had been set and the machine started, a microswitch was set so that the
machine would automatically shut off when a crack had propagated partially
through the specimen. The load was maintained within limits of about #0.5
ksi by periodic checks, with adjustments made when necessary. Fatigue failure
was taken, as reported herein, as the number of cycles at which the micro-
switch shut off the testing machine. Cycling was then continued until com-
plete fracture occurred so that the fracture surfaces could be examined and
photographed. 1In each case, less than a 1 percent increase in fatigue life
existed from the time of the microswitch cutoff to the point of complete sepa-

ration.

2.5 Method of Data Analysis

For materials subjected to constant amplitude, controlled stress
cycling, a linear log-log relationship generally may be established empiri-
cally between applied stress and fatigue response for failures occurring over
several orders of magnitude of life. In the present study, regression analyses
of the fatigue data obtained from tests of the plain plates and of the butt
weldments exhibiting toe-initiated failures were performed by applying the
method of least squares (11) to the linear logarithmic expression between
fatigue life, N, and applied (nominal) stress, S:

log N=C+ m log S

k s™

or N



where k = log"l C. Both 'k amd m are considered empirical constants which
are dependent upon the material and the type of specimen being tested, as
well as upon the nature of the loading spectrum.

S-N curves were generated with the above relationship using data
from specimens tested at cyclic stresses equal to or below the nominal material
yield strength as the upper limit, and for stresses equal to or above those

producing lives on the order of 106 cycles as the lower limit.
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III. STUDIES OF HY-130(T) PLAIN PLATES AND BUTT WELDS

3.1 Comparison with Previous Studies

3.1.1 Fatigue of Plain Plates

During the earlier stages of the testing program on the fatigue
behavior of plates and weldments using HY-130(T) steel, the plate stock used
for the test specimens was received with the surface mill-scale intact. Using
the regression analysis described in Section 2;5, S-N curves were generated
from the results of fatigue tests of plain plate specimens containing this
mill-scale surface; (8) the data are presented in Table 3.1, and the S-N
curve is plotted with the data in Fig. 3.1.* Also shown on the figure, as
dashed lines, are two standard deviation limits for the S-N curve.

To compare the behavior of the HY-130(T) plate material with the
fatigue response of the lower strength HY-series steels, the HY-130(T) data
of Fig. 3.1 aré compared in Fig. 3.2 to the test results of similar plain
plate specimens of HY-80 and EY-100 steel which were studied during earlier
investigations. (2, 4-8) As seen in Fig. 3.2, the fatigue lives at the seferal
stress levels examined are quite similar for the three steels. Since analysis
of the data sets for each of the steels individually resulted in essentially
coincident regression lines, a single S-N curve was generated to represent
the combined data for all of the as-rolled plates.

It should be noted that the single curve of Fig. 3.2 is representative

%

Specimen NC-35 (see Table 3.3), an as-welded butt weldment, has been included
in Fig. 3.1; this specimen failed on the base metal surface well removed
from the region of the weld. '

Numbers adjacent to the data points indicate the failure of two or more
specimens at approximately the same life.
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of the combined data specifically for the surface condition (mill-scale intact)
considered. Schwab and Gross, (12) and Haak, ¢t af., (13) found that, for
polished rotating beam specimens tested in air, the fatigue strength increased
with increasing tensile strength for lives beyond approximately lO4 cycles to
failure. This suggests, then, that surface condition influences considerably
the fatigue response of these materials, especially with regard to the number
of cycles to fatigue crack initiation.

To obtain a measure of tﬁe effect .of surface finish on fatigue,
several HY-130(T) specimens were tested with the plate surfaces either polished
or descaled (grit-blasted) and painted; the fatigue data for these tests are
given in Table 3.1. The tests conducted at a stress cycle of O to +80 ksi
resulted in an average fatigue life of 255,000 cycles for both treatments, or
a four-fold increase in life over the average exhibited by the specimens tested
With the mill-scale intact, as seen in Table 3.2. Similar variations in fatigue
resistance between as-rolled and polished plates have been reported for other
high-yield-strength steels as well. (14)

Examination of the fracture surfaces after testing generally revealed
single crack initiation sites for the polished and for the descaled and painted
specimens, usually occurring at or near a corner of the test section. The as-
rolled HY-130(T) plates, however, contained a loose mill-scale surface under-
lain by a coarse oxidized layer (see Ref. 6), the surfacé of which served as
the site for the formation of multiple fatigue cracks dispersed over the entire
specimen test section. Following the coalescence ofvseveral such cracks into

a single, continuous line, propagation then progressed through the cross-section
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of the specimen. Since the rate of crack propagation has been found to be
very nearly the same for the HY-80 and HY-130(T) steels, (15, 16) the similar-
ity in fatigue response of the as-rolled plates of the three materials may be
attributable to a like number of cycles being required to initiate cracking
(on a macro-scale), such initiation, in turn, being governed by the plate
surface conditions. Also, with the HY-130(T) specimens, the plate surface
treatments were apparently responsible for delaying the initiation of fatigue
cracking, thereby providing the increased fatigue life reported in Table 3.1.
From the above, it is evident that the fatigue behavior of these
high-strength steels, to be fully described, must be expressed not only in
terms of the applied stresses, but by the type and condition of £he test

specimen (and testing environment) as well.
3.1.2 Fatigue of Butt Welds - Failure at Toe of Weld

A summary of the results of fatigue tests of as-welded HY-130(T)
butt-welded specimens fabricated using second generation welding wires, and
which exhibited fatigue crack initiation at the toe of the weld reinforcement,
is presented in Table 3.3. A photograph of a fracture surface typical of
specimens failing at the toerf the weld is shown in Fig. 3.3. The NDT ratings
in Table 3.3 are based on the resul;s of radiographic inspection; specimens
failing the radiographic standards were tested without repair (except NC-41)
to provide some indication of the applicability of the standards in designing
for fatigue.

The data for the HY-130(T) butt welds which failed at the toe of
the weld are plotted in Fig. 3.4. No S-N curve has been fitted to this data

because only one specimen exhibited a fatigue life over 150,000 cycles and
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extrapolation of an S-N curve into the low stress, long life region was not
considered justified. (The dashed line shown in the figure is from Fig. 3.5.)
The data have been compared with the results of earlier fatigue tests of both
HY-80 and HY-100 butt-welded specimens which likewise exhibited fatigue crack
initiation at the toe of the weld; (1,2,3,7,8) these comparisons are shown in
Fig. 3.5.* As with the plain plates, the data for the three steels have been
combined to generate a single S-N curve. It is evident that, at cyclic maxi-
mum stresses of 60 ksi and above, ﬁhe fatigue results for the three steels are
essentially the same. Additional test data for the HY-130(T) weldments at
stresses below 60 ksi are needed to determine whether the fatigue lives of the
HY-130(T) specimens would be similar to those of the HY-80 and HY—lOO weldments
in the long life fatigue region.

In Fig. 3.5 it is seen that the range of fatigue lives obtained at
eéch of the stress levels studied is within the normal scatter expected of
specimens having a common joint geometry and similar weld reinforcement contour.
Comparison of the behavior of the weldments exhibiting toe initiated failures
with the S-N curve data for the plain plates in Table 3.4 (combined data-for
all steels, Figs. 3.2 and 3.5) shows a marked reduction in fatigue strength
for the as-welded specimens at the longer lives and corresponding to nominal
stresses which are well within the elastic range of each of the three steels.
At 500,000 cycles, for example, a fatigue strength of 27.5 ksi is indicated by

the S-N curve for the as-welded specimens, a value just slightly more than

The HY-130(T) data points in Fig. 3.5 which are not included in Fig. 3.4
represent weldments fabricated using first generation welding wires. (7)

Data points marked with an arrow in Fig. 3.5 represent as-welded specimens

in which failure initiated away from the toe of the weld (e.g., at an internal
defect, or in the test specimen pull-head) but which had lives at least equiv-
alent to those of the specimens actually exhibiting toe failures.
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one-half of the 50 ksi fatigue strength found for the base material. This
significant difference in behavior between the as-welded and the plain plate
specimens is attributable in part to the earlier activation of fatigue cracking
in the weldments, resulting from the concentration of stress introduced by the
geometry at the toe of the weld.

The difference between the fatigue resistance of the butt weldments
exhibiting failure at the toe of the weld and the base metal specimens diminishes
at the shorter lives corresponding to the higher stress amplitudes. In this
low cycle region, the number of cycles to crack initiation was observed to
occupy a proportionately smaller percentage of the total life of a specimen
than at the lower stress levels. With the major portion of life thus spent
in crack propagation at the high stress amplitudes, the similarity in behavior
of the plain plates and the weldments is to be expected. Moreover, if only
the crack propagation phase of the total fatigue lives were considéred, the

two specimen types should exhibit essentially the same behavior.

3.2 Fatigue of Butt Welds - Failure at Internal Defects

3.2.1 Results of Fatigue Tests

The welding procedures used in the fabrication of the butt-welded
specimens for the current series of.tests are shown in Fig. 3.6 (Linde bare
electrode wire) and Fig. 3.7 (McKay covered electrode). Both of the procedures,
using l-in. thick base material, were successfully qualified in accordance with
procedures recommended by the U. S. Steel Corporation (9) and those required
by the U. S. Navy for fabrication of HY-80 submarine hulls. (10) The quali-
fication tests included reduced section tension tests, side bend tests, macro-

etch specimens, and radiographic inspection; the quantitative results of
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these tests are reported in Reference 8.

The welding procedures described above were used also in the pre-
paration of test specimens containing intentional defects, except that
specific measures were taken (stripping of electrode coating, wetting of bare
wire, weaving back over a deposit to entrap slag, etc.) to deposit specific
types and quantities of flaws in the weldments. A list of the specimens pre-
pared for the current study, including the type and size of the detected
defects, is presented in Table 3.5. The defect types were identified by
radiographic examination and rated in accordance with the specifications
noted in Section 2.3. The comparators of Reference 17 were used as interpre-
tive guides to aid in the identification of the internal defects shown on
the radiographs. It should be noted that it was not always possible to hold
the defect sizes within the tolerances desired. Thus several test specimens
cbntained flaw sizes exceeding the radiographic standards while others were
found to be '"radiographically sound' even when measures were used which were
intended to introduce a specific type of defect in the weld deposit.

The welded specimens were tested with the reinforcement removed to
insure the initiation of fatigue cracking at internal defect sites, thus per-
mitting a direct comparison of the relative severity of the various defect
types on the fatigue response of the weldments. The results of the fatigue
tests, conducted at a stress cycle of zero-to-tension, are presented in Table
3.5. Also included are descriptions of the defects present at the locations
of crack initiation. (It can be seen that the radiographs taken prior to
testing did not always reveal the type of defect that was present at the
eventual location of fatigue crack initiation.) Specimens reported in Table

3.5 and in subsequent tables as having failed '"in weld metal" are those in
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which no physical internal flaw was discernible, with the unaided eye, on the
fracture surfaces. Subsequent metallographic inspection of the fracture sur-
faces and of transverse sections taken from these specimens indicated, in most
instances, that cracking initiated either at microporosity, or in the nugget
papilla or region of deep weld bead penetration common to GMA weldments fabri-
cated using the argon-oxygen gas mixture. Other investigators (18) have found
microcracking in the heat~affected zone adjacent to the nugget papilla in such
weldments. Therefore, in the absence of obvious macroflaws, such as slag or
léck of fusion, in specimens having the weld reinforcement removed, it appears
that the region of lower toughness and ductility associated with the nugget
papilla can be a preferential site for the activation of fatigue cracking.

In addition to the data of Table 3.5 from the current study, the
defect descriptions and fatigue test results for previously tested HY-130(T)
butt weldments (7,8) which also failed at internal weld defects are presented
in Tables 3.6 and 3.7. Table 3.6 contains data for specimens prepared using
both first and second generation welding wires and tested with the weld rein-
forcement removed; Table 3.7 contains the test results for similar specimens
tested in the as-welded condition. The analyses of the test data, presented
in the following paragraphs, include data for specimens prepared using both
the first and second generation welding wires because it was felt that the
nature of the internal weld defect at the fatigue crack initiation site, and
not the type of wire, pei 4¢, was the most significant parameter governing

the fatigue response of those weldments.
3.2.2 Analysis of Data

The fatigue test results for all of the specimens listed in Tables
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3.5, 3.6 and 3.7 which were rated acceptable in accordance with the radio-
graphic standards (9,10) are shown in Fig. 3.8. (The data are plotted on
semi-logarithmic axes simply for clarity of presentation.) The S-N curves
for plain plates (from Fig. 3.2) and for butt welds exhibiting toe failures
(from Fig. 3.5) are also presented. The most significant aspect of the data
presented in Fig. 3.8 is the very large scatter in fatigue lives at the several
stress levels investigated, encompassing some two orders of magnitude of life
at stress cycles of O to +50 ksi and 0 to +80 ksi. Such wide variations in
life are not unexpected in view of the many different types (and sizes) of
internal weld discontinuities present at the crack initiation sites. To ascer-
tain if a particular type of defect was associated primarily with failures
occurring at either extreme of the range of lives observed for tests conducted
at one stress level, the fatigue data have been grouped by defect type and
compared, in Figs. 3.9 and 3.10, for maximum cyclic stresses of 50 ksi and 80
ksi, respectively. The defect types specified in the figures are those actually
observed at the internal crack initiation sites regardless of the radiographic
descriptions of the welds. These defects were not always the ones which.ap—
peared to be most severe on inspection prior to cycling. Consequently, when
the fatigue data for specimens failing the NDT standards are included in the
comparisons of Figs. 3.9 and 3.10, they are seen often to have exhibited lives
equal to\or exceeding the lives of specimens rated as acceptable by the standards.
Inspection of Figs. 3.9 and 3.10 shows that the scatter in fatigue
lives of specimens with internal cracking is only slightly diminished when
the results are separated an the basis of the individual defect types. By
examination of Tables 3.5, 3.6 and 3.7, it can be seen also that there were

no differences in fatigue behavior which could be related to one or another of
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the several electrodes used in the preparation of the HY-130(T) weldments,
when failure initiated at comparable defects. The principal conclusion con-
cerning flaw severity afforded by the comparisons in Figs. 3.9 and 3.10 is
the broad generalization that planar discontinuities can be somewhat more
deleterious to the fatigue strength of a welded joint than the spheroidal
defect configurations associated with porosity.

It would be reasonable to assume that the total fatigue life of a
weld containing internal discontinuities is dictated by a variety of inter-
acting factors, including the dimensions of the defects, the proximity of one
defect to another and to the surface of the test specimen, and, for certain
states of applied stress, the nature of the residual stress field. For the
weldments tested in this program, an attempt was made to correlate, for an
individual type of defect, defect size with fatigue life at a specific stress
level. In Figs. 3.11 and 3.12, for tests conducted at 0 to +50 ksi and O to
+80 ksi, respectively, the fatigue lives of specimens initiating fatigue
cracking at isolated pores or clustered porosity are compared on the basis
of a simple two-dimensional representation of the defect (i.e., the total area
of all pores in the cluster observed on the weld fracture surface reported as
a percentage of the specimen cross-sectional area). Although a general trend
toward a reduction in fatigue life with increasing defect area may be noted, the
trend is far from consistent. An even less consistent correlation was encoun-
tered when the specimens were compared on the basis of defect area measured
from radiographs obtained by X-raying at normal incidence to the surface of
the specimen. This was to be expected, for cracks initiating at one elevation
in the weldment (on a plane through the weld and perpendicular to the faces of

the specimen) would progress normal to the direction of loading and be relatively
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unaffected by the presence of pores located at other elevations, unless
additional cracks had initiated at those pores as well. It is evident, there-
fore, that a planar measure of defect density such as total area reduction,
although adequately quantifying the degree of deviation of a weld from com-
plete soundness and, presumably, offering a measure of the integrity of the
weld under static load, cannot in itself be used to reliably predict the total
performance of the weldment under cyclic load:i.ng."c

A similar comparison between defegt size and fatigue life, for welds
containing lack of fusion or lack of penetration, is presented iﬁ Figs. 3.13
(tests at 0 to +50 ksi) and 3.14 (0 to +80 ksi), and for welds containing slag,
in Fig. 3.15 (0 to +80 ksi). In these figures the ordinate is the length of
the discontinuity parallel to the weld axis, measured on the specimen fracture
surface. As with porosity, it can be seen from Figs. 3.13 through 3.15 that
this measurement was not a particularly reliable indicator of fatigue behavior,
at least for the 1l-in. thick specimens tested and for which failure is assumed
to have occurred when a crack has progressed through the thickness of the plate.

If neither defect length nor area defined above are entirely satis-
factory indicators of cyclic response for weldments exhibiting internal crack
initiation, the question remains as to whether some one- or two-dimensional
parametric quantities representative of an internal defect can be satisfactorily
used to estimate fatigue behavior. In Section 3.3, it will be shown that ﬁhe

duration of crack propagation can be reasonably well described in terms of the

This observation is limited to the conditions considered in this study, i.e.,
the behavior of weldments in which the area reductions for porosity are of
the order of one percent or less. Other investigators have reported a
reasonable correlation between fatigue life and defect area for area reduc-
tions between approximately one percent and fifteen percent. (19)
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through-thickness dimension of the defect at the initiation site, the proxim-
ity of the defect to the surface of the specimen, and the ratio of defect
(initial crack) width to specimen thickness. With the notch geometry at the
tip of an advancing fatigue crack being the same, regardless of the configur-
ation of the original defect at the initiation site, it can be expected that
fracture mechanics concepts can be used to relate the rate of crack propagation
with crack width and nominal applied stress - the total number of cycles of
propagation available before failure then becoming a function of plate thickness
and the distance from the flaw to the specimen surface. For specimens contain-
ing identical defect types (having similar boundary geometries which could be
expected to foster crack initiation at the same number of cycles at a given
nominal stress) the total fatigue lives would thus be expected to vary as an
inverse function of the through-thickness dimension of the initial defect.
Comparisons between the experimental data and the propagation lives predicted
using expressions developed from the above assumptions are presented in detail
in Section 3.3.

Although the crack propagation stage of the fatigue life of speci- -
mens exhibiting internal crack initiation can be reasonably well defined as
indicated above, the number of cycles required to initiate active (macroscopic)
cracking at a defect site is more difficult to ascertain. This arises in part
from the difficulty encountered in quantifying those parameters critical to
crack nucleation, especially the notch geometry at the defect boundary, which
will, in turn, dictate the local cyclic strain history of the material immediately
adjacent to the flaw. For example, in some of the specimens tested, crack ini-

tiation was encountered at a single pore well removed from a seemingly more
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critical cluster of porosity; in other specimens cracking initiated along a
short line of incomplete fusion encompassed by a porosity cluster and hidden
from NDT detection by the cluster. Such problems should be alleviated in part
as continued improvements are made in the use of the various available NDT

techniques, thereby permitting more accurate definition of internal weld defects.

3.3 Studies of Fatigue Crack Initiation and Propagation

3.3.1 Introduction

The total fatigue life of a specimen can be divided into five phases:
cyclic slip, crack nucleation, microcrack growth, macrocrack growth and
failure. (20) For the purposes of the present study, the first three phases
have been considered as the fraction of the fatigue life spent in crack ini-
vtiation and the létter two phases as the fraction of the fatigue life spent in
crack propagation.

In terms of welds containing internal defects, the total fatigue
life can be divided into an initiation period in which the defect does not
enlarge perceptibly, and a propagation period in which a crack originatiﬁg
at the flaw enlarges until fracture has occurred. In high-strength steel weld-
ments tested at high stress levels, a significant portion of the fatigue life
may be spent in fatigue crack propagation; consequently, there has been much
recent interest in measuring the life spent in crack propagation and relating
this life to that predicted using current theories of fracture mechanics. (19,
21 - 24)

The purpose of this phase of the present investigation was to deter-
mine the point at which active fatigue crack growth initiates at internal

defects in HY-130(T) weldments; this was accomplished by periodically interrupting
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testing and radiographing the specimen using the procedure outlined in
Section 2.3. In this manner the fraction of the fatigue life spent in crack
propagation could be determined and compared with that predicted using

fracture mechanics analysis.
3.3.2 Test Results

Both radiographic and ultrasonic techniques were used to detect the
nucleation of fatigue cracks at internal defects; radiography was further
employed to examine the patterns of internal crack propagation beyond the
stage of initiation. A description of the ultrasonic equipment, of the X-ray
equipment, and of the procedures followed in the periodic examination of the
fatigue test specimens is presented in Section 2.3.

Fourteen HY-130(T) butt-welded specimens, tested with the reinforce-
ment removed, were subjected to radiographic inspection at periodic intervals
during the course of cycling; these specimens are indicated in Table 3.5.
Tracings of selected radiographs obtained during the progress of fatigue
cycling are presented in Figs. 3.16 through 3.29 for each of the fourteen
specimens. Also noted on the figures are the number of cycles at which the
fatigue cracks had penetrated to the surfaces of the test specimens as ob-
served visually.

Seven of the fourteen specimens used to study crack initiation and
propagation were examined ultrasonically both before testing and at the time
internal cracking was first indicated by radiography. Fér these inspections, -
the ultrasonic‘equipment was calibrated in accordance with the procedures and
sensitivity standards established by NAVSHIPS 0900-006-3010 (25) for the

inspection of full penetration butt welds. The scanning technique consisted
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of traversing the probe across the face of the specimen in the transverse
direction in 1/8 in. vertical increments until a response exceeding the dis-—
regard level (DRL) was detected. The probe position was then adjusted to
maximize the signal amplitude from the internal defect or crack; this posi-
tion was recorded on an X-Y plotter together with the depth beneath the surface
of the test specimen from which the peak response originated and the pulse
energy required to establish the response. Following this, the probe was
traversed both vertically and horizontally.from the point of peak response,
with the four positions at which the signal amplitude fell below the DRL being
recorded on the plotter. It should be emphasized that no attempt was made to
further identify the type of detected defect, nor were the points used to
identify the limits of a recordable indication intended to represent, necessar-
ily, the physical extremities of the actual defect or crack. The technique was
employed simply as a means of determining whether the initiation (or ea?ly
stage of propagation) of a ggtigue crack, as verified by radiographic inspec-
tion, could be detected by an increase in the amplitude of the ultrasonic
response in the vicinity of the initial flaw, and/or by a lengthening of the
distance over which the response remained above the DRL.

Sketches of the ultrasonic responses obtained before testing, and
after the presence of fatigue cracking had been determined by radiography,
are presented in Figs. 3.30 through 3.36 for the seven HY-130(T) butt welds
examined in this study. Also shown on the figures are sketches and photographs
oflthe specimen fracture surfaces; on the sketches of the fracture surfaces
are indicated the position of the weld defects, and extent of fatigue crack
growth at approximately the time of intersection of the progressing crack

with the specimen surface. The ultrasonic plots represent the projection of
P P P proj
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all detected responses above the DRL onto a cross-sectional plane through the
weld perpendicular to the longitudinal axis of the fatigue specimen. The
crosses represent the limits of the probe scan for which the echo amplitude
remained above the DRL. The numbers corresponding to each response indicate
a relative measure of the amplitudes of the peak signals; they are not a direct
measure of the pulse energy required to establish the responses. The letter
designation indicates the vertical position of the maximum or peak response
in the direction of the longitudinal axis of the test specimen. It should be
noted that many additional responses were established for most of the weld-
ments, including areas in which no corresponding radiographic indications of
defects were obtained. However, the peak amplitudes of these responses were
generally below the DRL and are not shown in the figures.

The second ultrasonic trace shown in the sketches for the various
welds generally indicates an increase in the relative height of the peak
signal and/or an increase in the distance over which the signal remained above
the DRL in the vicinity where fatigue cracking had been detected by radio—
graphy. However, at the time these traces were obtained, cracking was already
clearly evident on the corresponding radiographs, so that the increase in
signal amplitude does not correspond to the actual time of crack initiation.
Due to the considérable amount of time involved in obtaining a complete
ultrasonic trace using the manual traversing technique described earlier, no
attempt was made to obtain such ﬁraces periodically during the course of
fatigue crack propagation.

A summary of the results of the fatigue crack initiation and propa-

gation studies, including data from an earlier investigation, (8) is presented



25

in Table 3.8. Also included in the table are the defect sizes and locations
as measured on the specimen fracture surfaces after completion of testing.
The defect length represents the dimension measured parallel to the axis of
the weld, while the width is the dimension in the through-thickness direction.

The total and crack propagation segments of the fatigue lives of the
weldments are plotted in Fig. 3.37. As can be seen in the figure, there was
considerable variation in the total fatigue lives measured at the two stress
levels used, 0 to +50 ksi and O to‘+80 ksi. At O to +80 ksi, the total fatigue
lives ranged from 1,500 cycles to 170,000 cycles or over two orders of magni-
tude. The spread in the lives at 0 to +50 ksi is almost as great; the lives
ranged from 27,500 to 651,900 cycles or well over one order of magnitude in
life.

The measured propagation lives, on the other hand, exhibit much
less variation. At O to +80 ksi the propagation lives ranged from 2,250 to
9,300 cycles, less than one order of magnitude.* At 0 to +50 ksi, the propa-
gation lives ranged from 14,500 cycles to 44,000 cycles, again, less than one
order of magnitude.

The difference between the total lives and the measured propagation
lives of a specimen is the number of cycles spent prior to crack initiation
(or in undetected crack growth). For those specimens in which crack initiation

and propagation was studied (see Table 3.8), the period of life spent in crack

The reason that some total lives are shorter than any propagation life
shown in Fig. 3.37 is that the propagation life was not measured in all
specimens reported; thus the propagation lives for some short total life
specimens are missing.
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initiation varied from essentially zero cycles to over 38,000 cycles at

0 to +80 ksi and from essentially zero to over 74,000 cycles at O to +50 ksi.
As would be expected, the total lives and the number of cycles

spent in crack initiation and propagation are smaller at the higher stress

level than at the lower stress level. Also, there is a general, thoughvnot

entirely consistent, correlation between large flaws and short fatigue lives

as can be verified by inspection of Table 3.8. However, as noted earlier,

it was found that the critical fatigue crack did not always start at the

flaw which appeared to be most severe on the radiographs taken prior to testing.

Often the fatal crack would start at a defect not evident upon the initial

radiograph.
3.3.3 Fracture Mechanics Analysis

From the foregoing observations and the results of several recent
studies, (19, 21 - 23) it would seem reasonable that the effect of flaws on
the fatigue life of welds could be related to the maximum stress experienced
in the material adjacent to the defect, i.e., to the stress intensity assoc—-
iated with the defect. Moreover, it would seem that the type of the defect
should have little effect upon the advancement of the fatigue crack, once
initiated. Thus, the variation in the fraction of fatigue life spent in
crack propagation shown in Fig. 3.37 is independent of the initial flaw type.
Once an active fatigue crack has formed, the number of cycles to failure at
any given stress level depends only upon the rate at which the crack propa-
gates through filler metal and not upon the type of flaw initiating the crack,
pesn se.

The rate at which a fatigue crack will advance has been studied
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extensively by Paris, (26) who showed that the rate of crack growth advance
per cycle can be related to the range of stress intensity factor by the

following equation:

da n
— = C(AK
2 - ¢ [1]
where:
da
dn - rate of crack advance per cycle
C = material comnstant
n = material constant
AK = range of stress intensity factor.

Paris found that C and n remained constant over a wide range of
stress intensity factors; other studies (16) have further shown that these
constants vary little from one high-strength steel to another.

The range of stress intensity factor, AK, is a function of the crack
width and stress level. Therefore, for tests conducted at a constant stress
range, AK becomes a direct function of instantaneous crack length, and the

number of cycles of propagation may be expressed as:
a
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where:

I

N cycles spent in advancing the crack from a, to ac

half initial crack size (defect dimension in direction of
subsequent crack growth)

W
il

a half final crack size.

f

The number of cycles of repeated stress necessary to advance the
crack from an initial flaw size 2ao to a final crack size Zaf can be calcu-

lated using Equation [2] if an analytical function for the range of stress
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intensity factor can be found and integrated. In those cases where the inte-
gration of Equation [2] is difficult, a finite difference technique can be

used and the integration performed numerically with the aid of a computer.

a
£

sz* Aan [3]
a C(AK)

where:

Aa small finite advance of the crack.

Using either Equation [2] or [3] and letting a_. equal half the thick-

f
ness of the specimen, it is possible to estimate the number of cycles spent in
crack propagation during the fatigue life of a weld if the initial flaw size

in the through-thickness specimen direction, ZaO, is known, the material con-
stants C and n are known, and if an analytical function for the range of stress-
intensity factor can be found which fits the geometry and/or boundary conditions
of the physical situation.

Although exact solutions for a generalized flaw in a finite body are
not available, solutions for simpler cases which bound or closely model most
physical situations do exist.

A very simple model'for a flaw in a weld, a disc-shaped crack in an
infinite body, is shown in Fig. 3.38. The range of stress intensity for a zero-

to—tension stress condition (stress perpendicular to the plane of the crack)

would be: (26)

It

bR = 26 Vra (4]

where:
0 = maximum tensile stress

a = crack radius or half width.
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Substituting this function into Equation [2] and integrating:

ol n
af(l—i) _ g A=
N = 2 [5]

n (ZO)n
(=7 Ci =
s

m

A second model, that of a through crack in a body which is finite
in the direction of crack advance is shown in Fig. 3.39. The range of stress

intensity for a zero-to-tension stress situation can be expressed as: (27)

L
AK = oVra (sec %%)2, 0 <a<0.8 [6]
where:
b = plate half thickness.

Substituting this function (Equation [6]) into Equation [3]:

In Fig. 3.40 models of various types of flaws commonly encountered
in welds are shown. The through crack of Fig. 3.39, for which Equations t6] and
[7] were developed, models the continuous and intermittent iinear flaws shown
in Figs. 3.40a and 3.40b quite closely; but, it does not adequately model the
small, isolated pore. The disc-shaped flaw of Fig. 3.38, for which Equations
[4] and [5] were developed, is more realistic for the latter case. One charac-
teristic of both Equations [5] and [7] is that the crack propagation life
calculated is very sensitive to the choice of initial flaw size, a - A fatigue
crack spends the major portion of its propagation life as a very small crack and

the accuracy of the solution will therefore depend in large part upon accurately

modeling the initial size and geometry of the defect (see Fig. 3.41).
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3.3.4 Comparison with Experimental Results

As reasoned above, the initial size (in the direction of subsequent
propagation) and, to a lesser extent, the geometry of a flaw should determine
the length of the crack propagation period of the fatigue life. The fatigue
lives of Table 3.8 and Fig. 3.37 have therefore been replotted as a function
of initial flaw size for the two stress levels of 0 to +80 ksi and 0 to +50
ksi in Figs. 3.42 and 3.43. The initial flaw size Zao in these plots is the
initial width of the critical flaw seen on the ffacture surface of each speci-
men. This dimension has been plotted against the total fatigue life, and, for
those specimens in which propagation measurements were taken, against the life
spent in crack propagation as determined experimentally by radiography. The
propagation and total lives measured for a specimen have been connected by a
horizontal line, the length of which is the life apparently spent in initiating
an active fatigue crack (or in undetected, early crack growth).

Also appearing in Figs. 3.42 and 3.43 are three curves for the life
spent in crack propagation, N, which have been calculated using Equations [5]
and [7]. The values of C and n used in these calculations are those determined
by Barsom, Imhof and Rolfe (16) for HY-130(T) steel using a zero-to-tension
stress cycle and one-inch thick wedge-opening-loading (WOL) specimens, condi-
tions which are, with the exception of specimen geometry, similar to those
used in the present study.

At 0 to +80 ksi the total lives and, particularly, the propagation
lives, lie within a band that straddles the predicted results calculated using
the through crack in a finite plate model, Equation [7]. This model represents

a condition of severity at least equal to that of the most critical flaw
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encountered in this study (continuous lack of fusion, etc., see Fig. 3.40).
The fact that some of the specimens exhibited propagation lives less than
those predicted by Equation [7] may be explained in part by the limitations
of the NDT techniques used to detect crack initiation; i.e., crack extensions
of less than about 0.03 in. were generally undetectable on a radiograph,
which could result in appreciable error in the estimation of life spent in
propagation. It is more difficult to explain why the total lives of some of
the test specimens were less thanAthe propagation lives predicted by Equation
[71.

A possible explanation for the shorter lives may be that most flaws
were not positioned along the centerline of the weld as assumed for Equation
[7], but were actually asymmetrically located. The position of the center
of the flaw relative to the surface of the specimen is given in Table 3.8.
The centers of some flaws .are more nearly at the quarter-points of the speci-
men. With such flaws, the stress intensity factor for the edge nearest the
surface of the specimen is greater than that assumed in the calculation of
Equation [7] for a l1-in. thick plate. Consequently, a fatigue life shorter
than that predicted above could result. The magnitude of this effect can be
assessed by bounding the problem with the solution of Equation [7] for a
%—in; thick plate, the assumption being that a flaw of 2aO initial width with
its center at 0.25 inches from the surface of a l-in. plate could be
similar to but not worse than a flaw of Zao initial width at the centerline of
a %-in. plate.

Curves for this latter condition are also plotted in Figs. 3.42 and
3.43; it can be seen that the differences between the solution for a 1l-in.

and %-in. thick plate are most pronounced at the larger flaw sizes. For very

small flaw sizes the solutions are essentially identical because the effect of
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the boundary conditions upon the flaw's initial behavior is small. The solu-
tion for the %-in. plate very nearly bounds all the data.

The smallest defects which have been observed to initiate fatigue
cracks were very small pores. The initial geometry and the boundary conditions
for these flaws may be conservatively approximated by the disc-shaped crack in
an infinite body model assumed in Equation [5]. The difference between the
curves for Equation [7] and Equation [5] (in Fig. 3.42) at small flaw sizes
reflects the effect of the difference in geometry between point and line flaws.
Consequently, the curve for Equation [5] should represent the propagation life
of very small isolated pores better than should Equation [7]. As can be seen
in Fig. 3.42, the plot of Equation [5] bounds most of the fatigue data and
agrees particularly well with the fatigue lives of the smallest (spheroidal)
defects initiating fatigue fracture.

The same general remarks apply to the data presented in Fig. 3.43
for tests conducted at 0 to +50 ksi. Few lives were recorded less than that
predicted by Equation [7] for a l—in. plate. The data for the most part
lie between the curves for Equation [7] and Equation [5].

The two models used in the fracture mechanics analysis can be seen
to bound the data measured at both stress levels, as shown in Fig. 3.37. S-N
curves based on various initial flaw widths have been plotted usiﬁg the results
of Equations [5] and [7]. Most of the measured fatigue data lie between the
solution of Equation [7] for an initial flaw size Zao of 0.3 in. and Equation

[5] for an initial flaw size 2a0 of 0.001 in.

3.4 Acoustic Emission Studies

In a separate phase of the current investigation, a program was
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initiated to develop equipment and test procedures for the detection of acoustic
emission resulting from plastic deformation and crack propagation in HY-130(T)
steel. The relationship between acoustic emission and the stress and strain
history for the HY-130(T) base material was studied, for both notched and un-
notched tensile specimens. The experimental methods developed were extended

to zero-to—tension fatigue tests in which the same equipment was used to detect

the onset of crack propagation.

3.4.1 Experimental Procedure

Work by previous investigators of acoustic emission resulting from
deformation has shown that this phenomenon can be detected over a very broad
band of frequency, (28) a fact which allows the operation of the detection
equipment at a very high center frequency; this is advantageous to the conduct
of acoustic emission experiments since elaborate soundproofing and acoustic
isolation is avoided and most extraneous noises can generally be eliminated
with adequate filtering. By narrowing the bandwidth, increased signal to
noise (Nyquist) ratio can also be obtained. These two measurement techniques
have allowed the development of experimental methods that make acoustic emission
useful for failure detection and crack propagation monitoring.

The specimens of HY-130(T) steel were tested in an Instron machine
because of its relatively noiseless operation. A ferroelectric transducer
placed against the gage section of the specimen detected the emission pulses
in the frequency range between 40 kc and 150 kc. The electronic instrumenta-
tion used for the detection and recording of acoustic emission data is shown in

Fig. 3.44. The data was recorded on magnetic tape and played back into a
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strip chart recorder so that a permanent graphical record of emission could
be formed.

Three types of specimens were used: wunnotched tensile specimens,
single edge-notched specimens, and center-notched fatigue specimens. The basic
design for all three types of specimens was the same (see Fig. 3.45), being
24 in. long, .4 in. wide and with a reduced test section of 10 in. in length.
The 24 in. length of these specimens was selected to allow the transducer to
be as far away from the connecting pins as possible, thereby reducing the pickup
of extraneous noise, i.e., emissions from the testing machine and stressed areas
around the pins.

To further reduce extraneous noise and emissions, a preloading pro-
cedure first used by Dunegan (30) was performed on all of the specimens. This
procedure consisted of compression preloading the regions around the pin holes
in a specially designed device (see Fig. 3.46). The load imposed was 10 per-
cent higher than the maximum load expected during the test. Any emissions that
would normally be expected to originate from the grip region during a test

would thus be eliminated due to the Kaiser effect. (31)
3.4.2 Test Results

In Fig. 3.47 are shown plots of acoustic emission pulse count and
stress as a function of strain for an HY-130(T) steel unnotched specimen. To
obtain this plot, the total number of acoustic emission pulses was recorded
every 10 seconds during the test. The results are presented as a rate of

emission over ten second periods as a function of strain in the test specimen.

*
A complete description of the equipment and test procedures used in the

investigation is presented in Reference 29.
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The results show that the peaks in acoustic emission occurred shortly before
and after general yielding has occurred. This was followed by a period of
little detectable acoustic emission activity. This behavior continued until
failure. At failure a large number of counts were registered over a very
short time period. Experiments in attempting to get better recordings of this
time period by running a specimen very slowly (less than .02 in. per minute)
through fracture produced no improvement in the results.

In Fig. 3.48 are shown piots for acoustic emission and stress as a
function of strain for an edge-notched HY-130(T) steel specimen. The plots
in this figure can be seen to be quite different from the results for the
unnotched specimens. The level of acoustic emission activity built up rapidly
and remaiﬁed at a high level until failure.

Early experiments in monitoring center-notched HY-130(T) specimens
iﬁ fatigue gave no positive results. The purchase of a low noise amplifier,
however, did permit the detection of fatigue crack propagation in the center-
notched specimens. The strip chart record and plot of acoustic emissions per
cycle versus number of cycles in Fig. 3.49 shows that a definite increase of
emission activity was noticed approximately 70 cycles befére failure for a
specimen subjected to a stress cycle of 0 to +140 ksi. This activity increased
only during the loading portion of the stress cycle and ended when unloading

commenced.
3.4.3 Discussion of Results

The tests conducted to date have shown that the notched HY-130(T)

specimens produced a higher acoustic emission rate and a higher total number of
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acoustic emissions than the unnotched material at comparable strains during a
monotonic tension test. This agrees quite well with Dunegan's theory (30)
that acoustic emissions are caused by microdynamical dislocation activity.
This theory and the current data would therefore infer that acoustic emissions
are dependent upon plastic strains in the material.

In extending this technique to monitoring fatigue tests using the
center-notched specimen, it was expected that a large number, of acoustic emis-
sions would occur during the first loadings. This activity would eventually
die down as the material work hardened and because of the Kaiser effect. When
a fatigue crack has initiated, new material at the tip of the crack would be
plastically deformed and acoustic emissions should rise sharply. The amount of
deformation that will occur is dependent on the size of the crack, the type of
loading to which the test member is subjected, and the orientation of the crack
with respect to the principal stresses. The parameter expressive of the inter-
relationship among these variables is the stress intensity factor at the crack
tip. Therefore, since acoustic emission appears to be dependent upon the amount
of plastic strain in the material, and the plastic strain can be related to
the stress intensity factor, one should expect an increase in acoustic emission
with an increase in the stress intensity factor.

Using fracture mechanics it is known that the stress intensity
factor K is dependent upon the configuration of loading and body geometry, and
has been determined for many cases. For a Griffith crack of length 2a in a
plate subjected to a uniaxial tensile stress of ¢, the étress intensity factor

is:

ogvma

=~
il
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The radius (ry) of the plastic zone originating at the tip of the

crack (when the plastic zone is small compared to the crack lengtﬁ) is:

r ==t (
vy 2m Oys

K 2

)

where Oys is the material yield stress. It can be seen that an increase in K
results in an increase of ry, which in turn should result in an increase in
the number of acoustic emissions. »Therefore, as the crack pfopagates and
enlarges (''a" increases) the aéoustic emissions detected should increase ac-
cordingly.

Using Equation [7] developed in Section 3.3 for predicting the
fatigue crack propagation lifetime for a crack in a plate of finite width, it
was predicted that crack propagation would begin approximately 90 cycles prior
to failure for the center—-notched fatigue specimen mentioned in Section 3.4.2.
Thus, it would theoretically be possible to detect an increase in emission
activity 90 cycles before failure and an increasing acoustic emission rate as
the size of the crack increased. As seen in Fig. 3.49, it was possible to
detect an increasing emission activity beginning at 70 cycles prior to failure.
A closer examination of the emission data showed that not every cycle resulted
in the same emission pattern. Instead, alternating cycles were similar. This

phenomenon, if not an artifact of testing, should be further studied.
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IV. PRELIMINARY STUDIES OF HY-100(T) PLAIN PLATES AND BUTT WELDS

4.1 Fatigue of Plain Plates

To provide a comparison with data from earlier fatigue tests of
HY-100 material, four plain-plate specimens were fabricated from the grit-
blasted HY-100(T) plate material received for use in the present study (see
Tables 2.4 and 2.5). Two specimens were tested at a stress cycle of 0 to +80
ksi and two at 0 to +100 ksi.

The results of these tests are compared in Table 4.1 with the data
from the earlier tests of as-rolled HY-100 plate. (5) One of the specimens
in the current study, LA-3, failed at a line scribed on the surface of the
plate for fabrication purposes, suggesting that the life of the specimen may
have been shortened by the presence of the scribe line. The life of LA-3,
however, was longer than that for the other specimen tested at the same stress
cycle.

The data from the HY-100(T) fatigue tests are plotted in Fig. 4.1
for comparison with the data and S-N curve for HY-100 as-rolled plain plates,
including butt weldments that failed away from the weld at the mill-scale sur-
face. (7) At the 0 to +80 ksi stress cycle, the fatigue lives of the grit-
blasted plate specimens were about six times the average life of the as-rolled
plates. This is consistent with the higher lives experienced with descaled
and painted HY-130(T) plates compared to the as-rolled HY-130(T) material (see
Table 3.2). Additional tests are required to determine the degree to which
this improvement in the fatigue behavior of the HY-100(T) material extends to

stresses below 80 ksi.
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At the O to +100 ksi stress level, the lives of the two grit-blasted
plates are seen in Fig. 4.1 to fall within the two standard deviation limits
of the S-N curve for the as-rolled material. At stresses aﬁproaching the nomi-
nal yield strength of the base metal, inelastic deformations would be expected
to result in relatively shorter periods spent in crack initiation for both
surface treated and as-rolled plates, so that a convergence of the fatigue
lives for both types of specimen would be anticipated. Again, additional tests

are required to confirm this expected behavior at the higher cyclic stresses.

4.2 Fatigue of Butt Welds

The welding procedure used in the fabrication of the butt-welded
specimens for the current series of tests is shown in Fig. 4.2 (McKay covered
electrode). The procedure, using l-in.thick base material, was qualified in
accordance with procedures recommended by the U. S. Steel Corporation (9) and
those required by the U. S. Navy for fabrication of HY-80 submarine hulls. (10)
The qualification tests included the reduced section tension test, side bend
test, macroetch specimens, and radiographic inspection; the quantitative results
of the tension tests and side bend tests are reported in Table 4.2.

The welding procedure described above was used also in the prepara-
tion of test specimens containing intentional defects, except that measures
similar to those described in Section 3.2 were taken to deposit specific types

and quantities of flaws in the weldments.

4.2.1 Failure at Toe of Weld

Three HY-100(T) butt-welded plate specimens were tested in the as-

welded condition; two failed at the toe of the weld and one initiated failure
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at internal defects. The test data are reported in Table 4.3. The results

of the tests of the two specimens that failed at the toe of the weld are

plotted in Fig. 4.3 for comparison with the data and S-N curve for as-welded
HY-100 specimens tested in a previous study. (7) The fatigue strengths exhibited
by the current test specimens are equivalent to tﬁose of the earlier HY-100 weld-
ments; this was to be expected because fatigue crack initiation in these speci-
mens is governed primarily by the geometrical conditions (stress raiser) at

the toe of the weld, and is relatively insensitive to slight variations in the

composition of the filler metal or base material.
4.2.2 Failure at Internal Defects

The specimens used in this part of the study were tested with the
reinforcement removed and the plate surfaces polished to preclude the possibility
of fatigue failure initiating at the toe of the weld reinforcement. Six of the
seven HY-100(T) butt-welded specimens tested with the reinforcement removed
failed at internal defects; in addition, one as-welded specimen, LA-5 (see
Table 4.3), also failed at internal flaws and is included in the following discus-
sions. Table 4.4 presents the results of the fatigue tests and includes des-
criptions of the defects detected in the radiographic inspections and those
observed on the fracture surfaces. It is significant that the defect at which
failure occurred was not detected in the initial radiographs of five of the
seven specimens.

The results of the fatigue tests of the HY-100(T) weldments are
plotted in Fig. 4.4 with the data from previous tests (6,7) of similar speci-
mens fabricated with the earlier HY-100 base material. The data for the cur-

rent tests are within the scatter of the previous test results except for
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three specimens that exhibited considerably longer lives at the 0 to +80 ksi
stress cycle. As with the HY-130(T) weldments reported in Section 3.2, the
wide scatter in the fatigue lives of the HY-100(T) specimens may be attri-
buted to the nature of the defect at the crack initiation site, including the
type (geometry) and size of defect, its position relative to other weld flaws
and to the surface of the specimen, and the nature of the residual stress
field. In this regard, it may be noted that the range of fatigue lives exhi-
bited by the HY-100(T) weldments lies approximately within the scatter band
for the HY-130(T) specimens, Fig. 3.8, for both the 0 to +50 ksi and O to +80
ksi stress cycles.

Fatigue crack propagation was observed as described in Section 2.3
during the testing of two of the HY-100(T) weldments: LA-10 (tested at O to
+80 ksi) and LA-11 (at O to +50 ksi). The progression patterns of the fatigue
cracks are illustrated in Figs. 4.5 and 4.6 for the two specimens; the esti-
mated number of cycles spent in crack propagation is reported ip Table 4.5.

By comparing the fatigue crack propagation lives of LA-10 and LA-11 with those
observed for the HY-130(T) welds tested at equivalent stress levels (Table 3.8),
the data are seen to be within the same general range. Although no significant
conclusions can be drawn from the results of two tests, the data do appear to

of fer further support of the observation in Section III that, for cyclic stresses
within the nominal elastic range of each of the individual grades of the HY-
series steels considered herein, the fatigue behavior of weldments initiating
cracking at internal weld defects is strongly influenced by the nature of the
defect at the location of initiation, with material characteristics being of

only secondary concern.
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V. SUMMARY AND CONCLUSIONS

5.1 Studies of HY-130(T) Steel

5.1.1 Fatigue of Plain Plates and Butt Welds

The behavior, under repeated axial loads, of plain plates and butt
weldments fabricated using HY-130(T) base material has been studied and the
data compared to the test results for similar specimens of HY-80 and HY-100
steel. The results of the current fatigue tests, conducted at a stress cycle
of zero-to—tension, have indicated the following:

For the HY-130(T) material, surface condition was found to have
a marked effect on the fatigue resistance of the plain plate specimens. The
fatigue lives of polished plates and plates with descaled (grit-blasted) and
painted surfaces were essentially the same; at a stress cycle of 0 to +80 ksi,
the average life of the plates with treated surfaces was four times the average
for plates with mill-scale intact.

Within the range of lives from approximately lO4 to 106 cycles, the
fatigue behavior of the as-rolled plain plate specimens (mill-scale intact)
was similar for the HY-80, HYflOO and HY-130(T) steels; the combined data for
the three steels can be adequately described by a single S-N curve within this
life range.

The fatigue lives of HY-130(T) butt weldments (aé—welded) in which
crack initiation occurred at the toe of the weld showed little scatter. The
time to initiation of fatigue cracking appears to be governed primarily by
the surface geometry at the toe of the weld, and is relatively independent of
differences between the two welding processes (GMA and SMA) used in the fabri-

cation of the weldments.
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For maximum cyclic stresses above approximately 50 ksi, the fatigue
behavior of the butt weldments of the HY-80, HY-100 and HY-130(T) steels
exhibiting toe-initiated failures could be represented by a single S-N curve.
For these combined data, the reductions in fatigue strength relative to the
behavior of the plain plate specimens were most pronounced at the longer lives
reflecting, in part, the earlier initiation of fatigue cracking in the welds
at the stress raiser provided by the toe of the reinforcement. At 500,000
cycles, the average fatigue strengﬁh of the welded specimens was 27.5 ksi, in
comparison to the 50 ksi fatigue strength of the plain plates; at 20,000
" cycles, the fatigue strength of the welds increased to almost 90 percent of
the 100 ksi average fatigue strength of the plain plates, which is indicative
of a proportionately longer and similar life fraction spent in crack propaga-
tion for both specimen types at the higher stresses.

Wide variations in fatigue life at all test stress levels were exhi-
bited by the HY-130(T) butt-welded specimens in which cracking initiated at
internal weld discontinuities. The scatter in lives could not be explained
solely on the basis of the type of weld defect initiating failure, nor ceuld
it be attributed to differences in the weld metal composition or the welding
process. Further, the one- or two-dimensional characteristics of the defect
which are commonly used as the basis for radiographic NDT acceptance standards
(viz., defect length measured parallel to the weld axis, or total area of
defect) were found to be largely inappropriate for estimating the total life
expectancy of a weldment with internal flaws. The test data have indicated,
however, that the fraction of the total life spent in (macroscopic) crack
propagation could be estimated with reasonable reliability if the through-

thickness dimension (width) of the crack-initiating defect, the position of
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the defect relative to the specimen surface, and the nominal cyclic stress

were known.
5.1.2 Crack Initiation and Propagation

Measurements were made of the point at which observable (by radio-
graphy) fatigue cracks began to propagate from the boundaries of internal
weld defects in HY-130(T) weldments. The results have shown that a large
fraction of the total fatigue lives of these specimens is often spent in crack
propagation and, particularly at the higher stress levels and for the more
severe defects, the crack propagation period may in fact constitute almost the
entire fatigue life of the specimen.

The results of the experimental poftions of this study have been
compared with the propagation lives calculated using the concepts and equations
of fracture mechanics. The data agree well with these theories and several
conclusions may be drawn from the results:

1. The effect of flaw width (dimension in the through-thickness
direction) and the ratio of flaw width to the plate thickness
are dominant in controlling the length of the period spent in
crack propagation at a specific stress level.

2. The position of the flaw relative to the centerline of the weld
is an important parameter in determining the propagation life.
Larger flaws positioned off the centerline of the weld should
propagate to failure more rapidly than oneé located in exactly
the middle of the plate. For very small flaws this is not as
important an effect.

3. For very small flaws, where the finiteness of the plate does
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not affect the flaw during its early stages of crack propagation,
the actual geometry of the flaw, i.e., whether it is elongated
or spherical, is influential in determining the propagation life.
For flaws which are large relative to the plate thickness, the
geometry of the flaws influences the propagation life only to a
minor extent.

Further study and more refined experimental techniques will be re-
quired to determine more accurately the period of life spent in initiating an
active fatigue crack and the role of flaw size, flaw geometry and stress level
in determining that life.

Until such time as the factors controlling this initiation period
are better understood and permit the length of that period to be predicted,
the fatigue lives of weldments failing at internal flaws may be estimated by
néglecting the crack initiation period and using the concepts of fracture
mechanics to (empirically) predict the number of cycles spent in crack propa-
gation and, hence, the minimum expected total life. Furthermore, from the
demonstrated sensitivity of the propagation life to initial width of the flaw,
it would seem that the fatigue life of a weldment in service should be assumed
to be no better than that resulting from the largest flaw (through-thickness
dimension) which may be permitted or remain undetected by the post fabrication

nondestructive inspection standards used.
5.1.3 Acoustic Emission Study

The results of preliminary studies of the acoustic emission character-
istics of HY-130(T) steel indicate that there is a definite difference in

acoustic emissions from notched and unnotched specimens in a static tension



46

test. These results agree with the belief that acoustic emissions have a
definite correlation with intermnal dislocation activity. In addition, the
results obtained from monitoring a specimen subjected to fatigué cycling
indicate that acoustic emission monitoring may be used effectively to detect
the onset of crack propagation and, therefore, is a potentially valuable tool
for in-service nondestructive testing of structures subject to fatigue.
Further studies in this area should be undertaken to provide additional infor-

mation regarding the capabilities and limitations of this inspection technique.

5.2 Studies of HY-100(T) Steel

Preliminary studies of the fatigue behavior of plain plates and butt
weldments of HY-100(T) steel have been conducted. These studies have included
examination of the fatigue lives of welded specimens containing internal weld
defecﬁs, together with measurements of the separate stages of initiation and
propagation of cracks originating at the internal flaws. The results of the
tests, conducted at a zero-to—tension stress cycle, have indicated the following:

As with the HY-130(T) material, surface treatment was found to improve
the fatigue behavior of the HY—lOO(T) plain plate specimens. At a stress cycle
of 0 to +80 ksi, the average fatigue life of two plates with grit-blasted sur-
faces was approximately six times the average life of HY-100 as-rolled plates
(mill-scale intact). The improvement in behavior resulting from this surface
treatment apparently decreases, however, at cyclic stresses approaching the
yield strength of the steel.

Butt-welded HY-100(T) specimens exhibiting fatigue crack initiation

at the toe of the weld reinforcement had lives equivalent to those obtained
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for similar weldments fabricated using an earlier grade of HY-100 steel.
Furthermore, as noted above, these lives were within the same range as the
lives exhibited by comparable welds in HY-80 and HY-130(T) steel in which
fatigue cracking also initiated at the toe of the wel&.

Butt-welded specimens (including those fabricated with the HY-100(T)
and the earlier HY-100 base plate material) exhibited considerable scatter
in fatigue lives in tests where crack initiation occurred at internal weld
defects. The wide variations in 1ife were comparable to those exhibited by
similar specimens of HY-130(T) steel; this suggests that the same geometric
variables, including defect configuration and position, are primarily respon-
sible for the crack initiation and propagation characteristics of both materials
within the range of cyclic stresses studied. Comparisons of the crack propa-
gation lives of two HY-100(T) butt-welded specimens with similar measurements
fér HY-130(T) weldments were found to offer support to the conclusions of
other investigators that the rate of crack propagation is approximately the

same for each of the three high-strength steels considered herein.
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TABLE 2.1

CHEMICAL COMPOSITION OF HY-130(T) BASE METAL
(Data Supplied by U. S. Steel Corporation)

Heat Number - 5P2456 5P2004
Fatigue Specimen ND NE
Designation

Chemical Composition,

percent

C 0.10 0.11

Mn 0.84 0.88

P 0.007 0.003
S 0.004 0.006
Si 0.24 0.35

Ni 4.92 4.95

Cr 0.54 0.53

Mo 0.50 0.50

v 0.08 0.08

Ti 0.04 -

Cu 0.06 0.07




TABLE 2.2

MECHANICAL PROPERTIES OF HY-130(T) BASE METAL
(Data Supplied by U. S. Steel Corporation)

Properties in Longitudinal Direction

Heat Fatigue Plate Yield Tensile Elong. Reduction Charpy V-Notch

Number Specimen Thickness Strength¥* Strength in 2 inches in Area (ft-1bs @ 0°F)
Designation (inches) (ksi) (ksi) (percent) (percent)

5P2456" ND 1 140.4 149.2 20.0 64.4 83

5P2004+ NE 1 141.6 152.0 20.0 63.8 90

*
0.2 percent offset.

Plates received descaled and one coat painted.
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TABLE 2.3

*
CHEMICAL COMPOSITION OF ELECTRODES FOR WELDING HY-130(T) PLATES

Manufacturer Linde Division, Union McKay Company
Carbide Corporation

Electrode Designation Linde 140 McKay 14018

5/32", 3/16"

1" _ :
Electrode Type 1/16" bare-electrode wire covered electrodes

€S

Heat Number ' 106140 1P1375

Lot Number 291085 272485 21475"

Batch Number 1149 9908 3167 3166

Chemical Composition

(percent) 5/32" 3/16" 5/32" 3/16"

C : 0.11 0.083 0.078 0.077 0.81
S 0.007 0.004 0.007 0.003 0.004
P 0.008 0.004 0.005 0.003 0.003
Mn 1.72 1.98 2.00 1.91 1.85
Si 0.36 0.47 0.46 0.42 - 0.39
Ni. 2.49 2.12 2.02 2.08 1.92 .
Cr 0.72 0.68 0.75 0.71 0.73
Mo 0.88 0.44 0.45 0.43 0.43
v 0.01 _— — — —
Cu 0.08 — — — -

*

Data supplied by manufacturer.
T Lot 21475 used on McKay-welded specimens up to ND-46, except ND-38. Combination of Batch No. 1149 and Batch
No. 3166 used on other McKay-welded specimens. ‘
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TABLE 2.4

CHEMICAL COMPOSITION OF HY-100(T) BASE METAL

(Data supplied by U.S. Steel Corporation)

Heat Number 5P3524 N15423
%
Fatigue Specimen LA HY
Designation
Chemical Composition,
percent

C 0.10 0.20
Mn 0.79 0.30
P 0.005 0.010
S 0.011 0.014
Si 0.28 0.21
Ni 3.36 3.00
Cr 0.90 1.67
Mo 0.41 0.50
\Y 0.09 -
Ti - -
Cu - 0.11

xManufacturer‘s designation for steel: HY-110



TABLE 2.5

MECHANICAL PROPERTIES OF HY-100(T) BASE METAL
(Data supplied by U.S. Steel Corporation)

Properties in Longitudinal Direction

Fatigue Plate Yield Tensile Elong. in Reduction
Heat Specimen Thickness Strength - Strength 2 inches in Area Charpy V-Notch
Number Designation (inches) (ksi) (ksi) (percent) (percent) (ft-1bs @ 0°F)
5p35241 LA 1 110 124 22.0 68.4 98
1\115423.hL HY 3/4 110.0 127.5 23.0 ' 71.1 83

Gg

*
0.2 percent offset.

TPlates received grit blasted. Manufacturer's designation for steel: HY-110

t (5)

Plates received as-rolled; used in previous study
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TABLE 2.6

CHEMICAL COMPOSITION OF ELECTRODES FOR
WELDING HY-100(T) PLATES

(Data Supplied by Manufacturer)

Manufacturer ‘ McKay Company
Electrode Designation 12018
Electrode Type Coated Electrode

Heat Number -

CHEMICAL

COMPOSITION C .07
S .022
P .015
Mn 1.50
Si 40
Ni 2.00
Cr .45

Mo .40




TABLE 3.1

RESULTS OF FATIGUE TESTS OF HY-130(T) PLAIN PLATE SPECIMENS

Stress

LS

Specimen Surfa?e Cycle Life Location of Failure
Number Condition . (cycles)
(ksi)

NA-8 As-Rolled** 0 to +100.0 26,800 At mill scale surface in test section
NA-7 As-Rolled 0 to +100.0 21,000 At mill scale surface in test section
NA-1 As-Rolled 0 to + 80.0 64,200 At radius of test section
NA-2 As-Rolled 0 to + 80.0 60,900 At mill scale surface in test section
NC-13 As—-Rolled 0 to + 80.0 59,800 At mill scale surface in test section
NA-5 As-Rolled 0 to + 80.0 51,100 At polished edge of specimen test section
NC-14 As-Rolled 6 to + 80.0 50,500 At mill scale surface in test section
NA-10 As-Rolled 0 to + 50.0 1,247,800+ Failure in pull-head
NA-6 As-Rolled 0 to + 50.0 712,000+ Failure in pull-head
NA-4 As-Rolled 0 to + 50.0 515,000+ #%* At mill scale surface in test section
NA-9 As-Rolled 0 to + 50.0 345,500 At mill scale surface in test section
NA-3 As—-Rolled 0 to + 50.0 280,900 At radius of test section
NA-11 Polished 0 to +100.0 176,000 At radius of test section
NA-14 Polished 0 to +100.0 110,500 At radius of test section
NA-13 Polished 0 to + 80.0 304,300 At radius of test section
NA-15 Polished 0 to + 80.0 208,800 At two locations on polished edge of test section
NE-1 Descaled & Painted 0 to + 80.0 330,800 At polished edge in test section
NE-5 Descaled & Painted 0 to + 80.0 252,700 At radius of test section
ND-3 Descaled & Painted 0 to + 80.0 249,000 At radius of test section
ND-2 Descaled & Painted 0 to + 80.0 187,800 At a corner in test section

*
Specimens designated by prefix NA, NC and

*®

KKk

*
Mill-scale intact on specimen surfaces.

ND were tested in earlier studies (6-8)

Cycle counter on fatigue machine broke during test-failure occurred between 484,000 and 627,000 cycles.
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TABLE 3.2

FATIGUE OF HY-130(T) PLAIN PLATES -
STRESS CYCLE: O to +80 ksi

Mill-Scale Polished Descaled and
Intact Painted
Specimen Life, Specimen Life, Specimen Life,
No. Cycles No. Cycles No. Cycles
NA-1 64,200 NA-13 304,300 NE-1 330,800
NA-2 60,900 NA-15 208,800 NE-5 252,700
NC-13 59,800 ND-3 249,000
NA-5 51,100 ND-2 187,800
NC-14 50, 500
Avg. 57,300 Avg. 256,500 Avg. 255,100




TABLE 3.3

RESULTS OF NDT EXAMINATION AND FATIGUE TESTS OF HY-130(T)

TRANSVERSE BUTT WELDS IN THE AS-WELDED CONDITION(a)
FAILURE AT TOE OF WELD
Sooei Welding Radiographic Examination Stress
Np Eeﬁen Procedure Defect Defect Area Cycle Life
um (see Ref., 8) Description (percent) Rating (ksi) (cycles)
NC-32 P130(T)-USS-A Sound weld - P 0 to +80.0 25,800
NC-33 P130(T)-USS-A Sound weld - P 0 to +80.0 19,600
ND-23 P130(T)-USS-A Sound weld - P 0 to +80.0 16,300
NC-38 P130(T)-L140-A Sound weld — P 0 to +80.0 29,100
NC-39 P130(T)-L140-A Sound weld - P 0 to +80.0 21,000
NC-45 P130(T)-M140-A Sound weld - P 0 to +80.0 25,800
NC-36 P130(T)-USS-A Weld undercut, 0.03" deep x - ' F(b) 0 to +60.0 115,300
0.4" long
NC-42 P130(T)-L140-A Sound weld(c) — P 0 to +60.0 70,000
NC-41 P130(T)-L140-A Sound weld - P 0 to +60.0 69,200
NC-50 P130(T)-L140-A Single pore, 0.04" d. - 0.041 P 0 to +60.0 56,200
NC-34 P130(T)-USS-A Porosity cluster 0.33 F 0 to +50.0 526,100
NC-49 P130(T)-M140-A Sound weld —— P 0 to +50.0 119,500
NC-35 P130(T)~USS-A Single pore, 0.04" 4. 0.037 P 0 to +58.0 138,200(d)

a

b

Data from previous study

Visual inspection rating.

@)

“Weld originally contained surface crack 1—1/4” long; area repaired by grinding to

d, . e s .
Failure initiated on surface of base metal removed from toe of weld.

sound metal and rewelding.

6S



TABLE 3.4

COMPARISON OF FATIGUE STRENGTHS OF
PLAIN PLATES ‘AND BUTT WELDS

Combined pata for HY Series Steels

Type of Specimen

Fatigue Life,

Fatigue

Percent of Plain Plate

Cycles Strength, ksi Fatigue Strength
Plain Plate, mill scale 20,000 100 -
intact 50,000 82 -
100,000 71 -
200,000 61 -
500,000 50 -
2,000,000 37.5 -
Butt Weld, as-welded 20,000 86 86
(failure at toe of weld) 50,000 62 76
100,000 48.5 68
200,000 38 62
500,000 27.5 55
2,000,000 (16.5) 44

a .
Estimated.

09



TABLE 3.5

RESULTS OF NDT EXAMINATION AND FATIGUE TESTS

OF HY-130(T)

TRANSVERSE BUTT WELDS WITH REINFORCEMENT REMOVED o
Welding Radiographic Examination Stress Life . .
SES;éZin Proce?ure(a) e grap Defact Area Rating Cycle (cyeles) Location of Failure
(see Figs.3.6,3.7) Description (percent) ks i)
ND-27 P130(T)-L140-A Sound weld ——— P 0 to +80.0 86,300 In weld metal
ND-43 P130(T)-L140-A Intermittent lack of fusion, 0.25", - F 0 to +80.0 28,900 At lack of penetration, 0.7" long;
J 0.16" long & at single pore, 0.04" d.
ND-41 P130(T)-L140-A Lack of fusion, 0.3" long, & irreg. 1.55 F 0 to +80.0 9,030 At intermittent lack fo fusion, 0.94"
shaped void, 0.26" x 0.14" total length; secondary crack at
+ irreg. shaped void 0.3" x 0.2"
ND-36 P130(T)-L140-A Lack of fusion, 0.25" long; & 3 0.214 F 0 to +80.0 6,600 At lack of fusion, 0.35" long
" dispersed pores, 0.04", 0.05" d.
ND-44" P130(T)-L140-A Intermittent lack of fusion, ——— P 0 to +80.0 5,800 At intermittent lack of fusion, 0.4"
N 0.12", 0.08" long total length
ND-37 P130(T)-L140-A Lack of fusion, 0.16" long; & poro- 0.198 P 0 to +80.0 5,600 At intermittent lack of fusion, 0.45"
+ sity, pores 0.01" to 0.03" d. : total length
ND-40 P130(T)-L140-A Elongated void 0.6" x 0.06" 1.3 F 0 to +80.0 5,380 At irreg. shaped void, 0.6" x 0.10"
ND-42 P130(T)-L140-A Lack of fusion, 0.18" long; & 0.033 F 0 to +80.0 4,450 At intermittent lack of fusion,
. pore, 0.03" d. 0.58" total length
NE-10 P130(T)~L140-A 4 dispersed pores, 0.03" - 0.05" d. 0.22 P 0 to +80.0 3,250 At intermittent lack of fusion,
0.96" total length
NE-9 P130(T)-L140-A 4 dispersed pores, 0.02" - 0.04" d. 0.173 P 0 to +80.0 1,760 At intermittent lack of fusion, 0.74"
total length; & at minute porosity
" . .
ND-39 P130(T)-L140-A Lack of fusion, 0.5 long; & 3 irreg. 1.8 F 0 to +80.0 1,500 At intermittent lack of fusionm, 1.17"
shaped voids, 0.35" x 0.08", .
0.18" x 0.1". 0.08" x 0.06" total length; & at 2 irreg. shaped
’ voids, 0.34" x 0.16", 0.2" x 0.08"
ND-33 P130(T)-L140-A Sound weld A—— P 0 to +80.0 133,000+ Crack through half of width at radius
X : of test section, test not completed
ND-46" P130(T)-M140-A 2 irreg. shaped voids, 0.2" x 0.1", 0.90 P 0 to +80.0 42,800 At intermittent slag, 0.18" total
4 0.08" x 0.06" length; & at 2 pores, 0.03", 0.02"d
ND~47++ P130(T)-M140-A Slag deposit, 0.05" x 0.04" 0.076 p 0 to +80.0 10,400 At slag deposit, 0.06" long
ND—45+* P130(T)-M140~-A Irreg. shaped void, 0.22" x 0.1" 0.80 P 0 to +80.0 6,750 At slag deposit, 0.22" long
ND-38 P130(T)-M140-A Slag deposits, 0.06" x 0.04" (2); & 0.239 P 0 to +80.0 5,700 At slag deposit, 0.06" long
3 pores, 0.02" d.
NE-8 P130(T)-M140-A 4 dispersed pores, 0.03", 0.02"d.; & 0.406 P 0 to +80.0 4,970 At slag deposit, 0.44" long; & at
at slag deposits, 0.08" x 0.06", 2 pores, 0.02" d.
0.04" x 0.03", 0.04" x 0.05"
ND-BQ P130(T)~M140-A Sound weld - P 0 to +80.0 158,600 At radius of test section
NE-7t P130(T)-M140-A Slag deposits, 0.1" d, 0.08" d, 1.54 F 0 to +80.0 2,870 At slag deposits, 0.12" x-0.09",
0.04" d, & 0.03" x 0.02"; & ©0.04" x 0.02", 0.01" d.; & at
porosity cluster, 16 pores 2 pores 0.01" d., 0.02" d.
+t 0.01" to 0.04" d.
NE-11 P130(T)-M140-A 2 cracks l_weld axis, 0.50" long; 1.53 F 0 to +80.0 4,830 At pore, 0.01" d.; secondary crack
4 & slag deposit 0.52" x 0.06" at 3 pores, 0.01" d.
NE-12 P130(T)-M140-A 2 cracks | weld axis, 0.54", -— F 0 to 480.0 4,400 At slag deposit, 0.50" x 0,08";

0.48" long; & lack of fusion, -
0.38" long

secondary crack at pore, 0.06" d.

a Welding procedures altered to intentioﬁally introduce specific weld defects.

Specimen subjected to periodic radiographic examination during cycling.

4

Specimen subjected to periodic radiographic examination during cycling, & to ultrasonic

spection before cycling and after radiographic indication of fatigue cracking.
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TABLE 3.6
RESULTS OF NDT EXAMINATION AND FATIGUE TESTS OF HY-130(T) TRANSVERSE BUTT WELDS

WITH REINFORCEMENT REMOVED ® —_

FATLURE AT INTERNAL DEFECTS

Specimen Welding(b) Radiographic Examination - Stress Life ) )
Number Procedures Defect Defect Area Cicl? (cycles) Location of Failure
(see Refs. 7,8) Description (percent)  Rating (kst)
ND-9 P130(T)-USS-A Sound weld - P 0 to +80. 170,000 In weld metal
ND-6 P130(T)-USS-A Sound weld -— P 0 to +80. 95,300 At minute dispersed porosity,
<0.01" d.
ND-26 P130(T)-USS-A 2 pores, 0.04" d. 0.121 P 0 to +80. 95,000 At lack of fusion, 0.10" long.
ND-22 P130(T)-USS-A Sound weld —_— P 0 to +80. 69,000 In weld metal
ND-24 P130(T)-USS-A 2 pores, 0.07", 0.02" d. 0.238 P 0 to +80. 17,800 At lack of fusion, 0.25" long;&
at irreg. shaped void, 0.35"
x 0.03"
ND-13 P130(T)-L140-A 4 dispersed pores, 0.01" to 0.03" d. 0.66 P 0 to +80. 110,000 At single pore, 0.03" d.
ND-11 P130(T)-L140-A Sound weld ——— P 0 to +80. 4,300 At intermittent lack of fusion,
1.05" total length
ND-16 P130(T)-M140-A Crack, 0.20" long l.weld axis —— F 0 to +80. 6,200 At elongated slag deposit, 0.3" long
ND-25 P130(T)-USS-A 6 dispersed pores, 0.02" to 0.05" 4. 0.15 P 0 to 450. 651,900 At 3 separate pores, 0.02", 0.03",
0.05" d.
ND-8 P130(T)-USS-A Lack of fusion, 0.38" long - F 0 to +450. 59,500 At lack of fusion, 0.97" long
ND-21 P130(T)-USS~-A Irreg. shaped voids, 0.45" x 0.12", 1.5 F 0 to +50. 43,800 At void, 0.35" x 0.2"
0.1" x 0.06"; crack, 0.12" long;
& 2 pores, 0.04" d.
ND-20 P130(T)~-USS-A Lack of penetration, 0.76" long; 0.61 F 0 to +50. 36,000 At lack of penetration, 0.3" long;
. & irreg. shaped void, 0.24" x 0.1" & at irreg. shaped void, 0.2"x0.1"
ND-12 P130(T)-L140-A Lack of penetration, 0.4" long; & 2 0.048 F 0 to +50. 219,200 At lack of penetration, 0.52" long
pores, 0.04", 0.02" 4.
ND-28 P130(T)-L140-A 6 dispersed pores, 0.02" to 0.05" d. 0.18 P 0 to +50. 72,300 At intermittent lack of fusion,
0.5" total length
ND-10 P130(T)-L140-A Intermittent lack of fusion, 0.3" 0.072 P 0 to 450. 27,500 At intermittent lack of fusion
long; & 2 pores, 0.04" d. . 0.65" total length
ND-18 P130(T)-M140-A Crack, 0.4" long | weld axis; & slag 1.23 F 0 to +50. 83,800 At slag deposit, 0.55" long
deposit 0.35" x 0.15"
ND-17 P130(T)~M140~-A 2 cracks, 0.35", 0.3" long | weld axis; — F 0 to +50. 71,300 At 2 cracks | weld axis; secondary
& elongated slag, 0.95" long crack at slag deposit, 0.95" long
ND-19 P130(T)-M140-A Crack, 0.3" long | weld axis; & slag 1.45 F 0 to +50. 52,000 At slag deposit, 0.7" long
. deposit, 0.4" x 0.15"
ND-14 P130(T)-M140-A Porosity, pores 0.02" to 0.04" d. 0.22 P 0 to +50. 33,500 At porosity cluster, 0.38% area
reduction
ND-15 P130(T)-M140-A Porosity, pores 0.01" to 0.10" d. 0.94 F 0 to +50. . 32,400 At porosity cluster, 0.92% area
‘ ' reduction
NC-22 P150-AX140-D Porosity,pores 0.01" to 0.08" d. 1.78 F 0 to +80. 9,500 At dispersed pores, 0.02", 0.04"
0.045", 0.05" d.
NC-21 P150-AX140-D Lack of fusion, 0.5" long; & single 0.21 F 0 to +80. 3,900 At lack éf fusion, 0.9" long
pore, 0.07" d.
NC-23 P150~AX140-D Lack of fusion, 0.6" long; & porosity, 0.29 F 0 to +50. 21,000 In weld metal at linear discontinuity,
pores 0.01" to 0.05" d. 3.5" long
NC-20 P150-AX140-D Porosity, pores 0.02" to 0.05" d. 0.41 F 0 to +50. 6,600 In weld metal at linear discontinuity,
2.4" lon
NC-19 P150-AX140-D Porosity, pores 0.01" to 0.05" d. 0.75 F 0 to +43. 2,272,500 At single,gisolated pore, 0.08" d.

a.
Data from previous studies

b.

(7,8)

Welding procedures altered to intentionally introduce specific weld defects.
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RESULTS OF NDT EXAMINATION AND FATIGUE TESTS OF HY-130(T) TRANSVERSE BUTT

TABLE 3.7

WELDS

€9

a
IN THE AS-WELDED CONDITION( ) —— - FAILURE AT INTERNAL DEFECTS
Welding Radiographic Examination Stress
Specimen Procedure Defect Defect Area Cycle Life
Number (see Refs. 7,8) Description (percent) Rating (ksi) (cycles) Location of Failure
ND-30 P130(T)-USS-A Single pore, 0.03" d. 0.038 P 0 to +100.0 4,100 In weld metal
ND-29 P130(T)-L140-A Sound weld —— P 0 to +100.0 6,150 At lack of fusion, 0.09" long
ND-31 P130(T)-M140-A Crack, 0.35" long L weld axis; & weld -— T 0 to +100.0 3,150 At crack perpendicular to weld
undercut, 0.02" deep x 0.25" long axis; & at single pore, 0.02" d.
NC-31 P130(T)-USS-A Sound weld — P 0 to +80.0 14,700 At lack of fusion, 1.0" long
NC-46 P130(T)-M140-A Sound weld —_— P 0 to +80.0 22,000 At 2 isolated pores < 0.01" d.
NC-44 P130(T)-M140-A Sound weld ——— P 0 to +80.0 9,000 At lack of fusion; 0.09" long; &
. at single pore, 0.02" d.
ND-1 P130(T)-M140-A Weld undercut, 0.02" deep x 0.08" long — p 0 to +80.0 6,200 At lack of fusion, 0.08" long
NC-40 P130(T)-L140-A Sound weld - P 0 to +60.0 12,300 At intermittent lack of fusion,
0.6" total length
ND-4 P130(T)-M140-A Sound weld —— P 0 to +60.0 57,500 At lack of fusion, 0.05" long; &
at single pore, < 0.01" d.
NC-48 P130(T)-M140-A Sound weld -— P 0 to +60.0 27,000 At lack of fusion, 0.09" long
ND-5 P130(T)-M140-A Sound weld —— P 0 to +60.0 +19,900 At lack of fusion, 0.14" lon
g
NC-47 P130(T)-M140-A Sound weld —— P 0 to +60.0 18,400 In weld metal at linear discon-
tinuity, 0.10" long
NC-43 P130(T)-L140-A Lack of fusion, 0.16" long —-—- P 0 to +50.0 52,000 At lack of fusion, 0.06" long
NC-15 P150-AX140-D Porosity, pores 0.01" to 0.03" d. 0.07 P 0 to +50.0 34,200 At 5 dispersed pores, 0.02" (2),
0.03" (2), .04" d.
NC-11 P150-AX140-D Porosity, pores 0.02" to 0.04" d. 0.12 P 0 to +50.0 14,800 In weld metal at linear discon-
tinuity 1.63" long
NC-12 P150-AX140-D Sound weld - P 0 to +50.0 12,400 In weld metal at linear discon-
tinuities, 1.4'", 0.7" long
NB-3 P150-X150-B Sound weld — P 0 to +50.0 6,900 At lack of fusion, 2.75" long
NC-4 P150-AX140-C Porosity, pores 0.01" to 0.06" d. 1.26 F 0 to +80.0 13,400 At lack of fusion, 0.66" long; &
at 4 pores, 0.02", 0.04"(2), 0.06"d
NC-5 P150-AX140-C Porosity, pores 0.02" to 0.04" d 0.28 P 0 to -+80.0 10‘600 A § i
e L o . . s t lack of fusion, 2.25" long
NC-3 P150-AX140-C Porosity, pores 0.01" to 0.06" d. 1.20 F 0 to +80.0 5,400 At lack of fusion, 0.82" long; &
t di d
NC-7 P150-AX140-D Porosity, pores 0.03" & 0.11" d. 0.44 F 0 to +80.0 9,900 Inawelssgzzzi pores
NC-6 P150-AX140-D Sound weld -— P 0 to +80.0 4,050 In weld metal at 2 parallel linear
. ' discontinuities, each 1.30" long
NB-6 P150-X150-A Porosity, pores 0.01" to 0.05" d. 0.914 F 0 to +80.0 19,900 At 3 dispersed pores, 0.025", 0.02",
0.015" d.
NB-7 P150-X150-A S?und weld ~—— P 0 to +80.0 5,100 At lack of fusion
gg~§ Png—XlSO—A S}ngle pore, 0.03: d. 0.031 P 0 to +80.0 3,000 At lack of fusion, 2.25" long
- P150-X150-B Single pore, 0.06" d. 0.122 P 0 to +80.0 10,100 At lack of fusion, 0.32" long; &
) at several dispersed minute pores
gg_g gi;gziiggzg goung weld —— P 0 to +80.0 2,200 At lack of fusion, 0.45" long P
ound weld ~—— P 0 to +80.0 10,100 At lack of fusion, 0.23" long

a. ‘
Data from previous studies

(7,8)
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TABLE 3.8

RESULTS OF FATIGUE CRACK INITIATION AND PROPAGATION STUDY
OF HY-130(T) TRANSVERSE BUTT WELDS CONTAINING INTENTIONAL WELD DEFECTS

Stress Crack Prop- Defect Defect Defect
Specimen Cycle agation Life Total Life Type Length Width Defect Position
Number Welding Procedure (ksi) (Cycles) (Cycles) (a) (in.) (in.) (in. from surface)
ND-8 P130(T)-USS-A 0-50 14,500 59,500 L .97 .05 .50
ND-21 P130(T)-USS-A 0-50 16,300 43,800 v .35 .20 .40
ND-20 P130(T)-USs-A 0-50 31,000 36,000 LP .30 .06 .38
ND-12 P130(T)-L140-A 0-50 <44,200 219,200 LP .52 .04 .50
ND-28 P130(T)-L140-A 0-50 + (b) 72,300 L .50 .125 .28
ND-10 P130(T)-L140-A 0-50 22,500 27,500 L .65 .05 .37
ND-18 P130(T)-M140-A 0-50 23,800 83,800 S .55 .05 L46
ND-17 P130(T)-M140-A 0-50 43,800 71,300 S .95 .10 .36
ND-19 P130(T)-M140~A 0-50 34,500 52,000 S .70 .07 .36
ND-14 P130(T)-M140-A 0-50 15,000 33,500 P .175 .175 .27
ND-15 P130(T)-M140-A 0-50 25,400 32,400 P .08 .08 .26
ND-25 P130(T)-M140-A 0-50 + 651,900 P .05 .05 .50
ND-9° P130(T)-USs-A 0-80 + 170,000 P <.001 <.001 Lb44
ND-6 P130(T)-USS-A 0-80 9,300 95,300 P <.001 <.001 .50
ND-26 P130(T)-USS-A 0-80 + 95,000 L .10 .05 .20
ND-22 P130(T)-Uss-A 0-80 + 69,000 P <.001 <.001 .38
ND-24 P130(T)-u3S-A 0-80 + 17,800 v .35 .025 .32
ND-13 P130(T)-L140-A 0-80 + 110,000 P .03 .03 .35
ND-11 P130 (T)-L140-A 0-80 + 4,300 L 1.05 .12 .28
ND-16 P130 (T)-ML40-A 0-80 + 6,200 S .30 .02 .40
ND-27 P130(T)-L140-A 0-80 + 86,300 P <.001 <.001 .50
ND-43 P130(T)-L140-A 0-80 + 28,900 P .04 .04 .50
ND-41 P130(T)-L140~A 0-80 2,530 9,030 L .94 .175 .33
ND-36 P130(T)-L140-A 0-80 6,100 6,600 L .35 .16 .30
ND-44 P130(T)~L140-A 0-80 4,550 5,800 L .40 .08 .29
ND-37 P130(T)-L140-A 0-80 4,600 5,600 L .45 .10 .36
ND-40 P130(T)-L140-A 0-80 2,380 5,380 v .6 .10 .50
ND-42 P130(T)-L140-A 0-80 + 4,450 L .58 .10 .35
NE-10 P130(T)-L14C-A 0-80 2,250 3,250 L .96 .05 .35
NE-9 P130(T)-L140-A 0-80 + 1,760 L .74 .08 .29
ND-39 P130(T)-L140-A 0-80 + 1,500 L 1.17 .20 .41
ND-46 P130 (T)-M140-A 0-80 4,850 42,850 S .18 .05 .25
ND-47 P130(T)-M140-A 0-80 4,950 10,400 S .06 .05 .32
ND-45 P130(T)-M140-A 0-80 5,730 6,750 S .22 .08 .35
ND-38 P130(T)-M140-A 0-80 5,200 5,700 S .06 .04 .24
NE-8 P130(T)-M140-A 0-80 3,220 4,970 S L44 .02 .50
NE-7 P130(T)-M140-A 0-80 2,620 2,870 S .12 .09 .40
NE-11 P130(T)-M140-A 0~-80 3,230 4,830 P .01 .01 .22
NE-12 P130(T)~-M140-A 0-80 2,900 4,400 S .50 .08 .41
a.
S = Slag
P = Porosity
Vv = Void
L = Lack of fusion
LP = Lack of penetration
b + Not measured



TABLE 4.1

RESULTS OF FATIGUE TESTS OF HY-100(T) PLAIN PLATE SPECIMENS
Specir Surf Stress Life
pe01m?n) Cg;diiion Cycle (cycles) Location of Failure
Number ** (ksi) Y
HY-4 As Rollcd(h) 0 to +80.0 46,400 At radius of test section
HY-6 As Rolled 0 to +80.0 57,100 At mill scale surface near radius of test
section
HY-7 As Rolled 0 to +76.5 81,200 At mill scale surface near radius of test
section
HY-5 As Rolled 0 to +50.0 546,300 At radius of test section
HY-2 As Rolled 0 to +50.0 253,100 At radius of test section
HY-3 As Rolled 0 to +50.0 180,000 At mill scale surface near radius of test
section
LA-17 Grit Blasted 0 to +100.0 70,000 At radius of test section
LA-4 Grit Blasted 0 to +100.0 43,000i(c) At radius of test section
LA-3 Grit Blasted 0 to +80.0 532,500 At polished edge at scribe line
LA-2 Grit Blasted 0 to +80.0 402,000 At polished edge of test section

a'Specimens prefixed HY designate HY-100 steel plates tested in earlier study.(s)

b

Coupps . . .
Microswitch failed to turn off machine;

‘Mill scale intact on specimen surfaces.

failure occurred between 38,000 and 48,000 cycles.

<9
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TABLE 4.2

RESULTS OF WELD QUALIFICATION TESTS OF HY-100(T) WELDMENTS

Reduced Section Tension Tests

Location
Electrode Welding Ultimate Tensile Area of
Designation Procedure Strength, ksi Reduction Fracture
McKay M12018  P110-M12018-A 131.0 51.3%  Base Metal
Side Bend Tests*
Electrode Welding Total Maximum
Designation - Procedure Angle Load, lbs. Remarks
McKay M12018 P110-M12018-A 180° 9000 no cracks
" " 180° 9000 no cracks
" " 180° 9260 no cracks
" " 180° 9340 no cracks
*

Bend test radius: 2t



TABLE 4.3

RESULTS OF NDT EXAMINATION AND FATIGUE TESTS OF HY-100(T)
TRANSVERSE BUTIT WELDS IN THE AS-WELDED CONDITION

Radiographic Examination Stress Life

Specimen
Number Procedure Defect Description  Defect Area  Rating Cycle (cycles) Location of Failure
(see Fig. 4.2) (percent) (ksi)
LA-5 P110-M12018-A Sound Weld - P 0 to +80.0 - 19,000 At lack of fusion, 0.06" long;
& at porosity, pores <0.01" d.
LA-6 P110-M12018-A Sound Weld - P 0 to +80.0 16,300 At toe of weld
LA-9 P110-M12018-A Sound Weld - P 0 to +50.0 93,500 At toe of weld

L9



TABLE 4.4

RESULTS OF NDT EXAMINATION AND FATIGUE TESTS OF HY-100(T)
TRANSVERSE BUTT WELDS WITH REINFORCEMENT REMOVED

89

Specimen Welding (a) Radiographic Examination Stress Life
Number Procedure ‘& Defect Description Defect Area  Rating Cycle (cycles) Location of Failure
(see Fig. 4.2) (percent) (ksi)
LA-8 P110-M12018-A Sound Weld - p 0 to +80.0 176,900 At slag deposit, 0.08" x 0.025"
LA-14 P110-M12018-A Sound Weld - P 0 to +80.0 109,600 At single pore, 0.02'd, adjacent
to specimen surface
LA-12 P110-M12018-A 2 pores ~0.01"d. 0.008 P 0 to +80.0 101,700 At irreg. shaped void w/slag,
0.05" x 0.02"
LA-7 P110-M12018-A Sound Weld - P 0 to +80.0 >12,000 At intermittent lack of fusion
<22,000(b) and slag, 0.56" total length
LA-10+  P110-M12018-A  Irreg. shaped slag 0.98 P 0 to +80.0 3,400 At lack of fusion, 0.26" long;
deposit, approx. & at slag deposit 0.25" x 0.33"
0.15" x 0.15"
LA-13 P110-M12018-A 2 pores, ~0.01"d. 0.008 0 to +50.0 >2,194,800 1In specimen pull-head
LA-111t  P110-M12018-A Irreg. shaped slag 0.33 F 0 to +50.0 135,900 At slag deposit, 0.37" x 0.05"

deposit, approx.
0.29" x 0.04"

a'Welding procedure altered to intentionally introduce specific weld defects in several specimens.

b

‘Cycle counter malfunction - failure occurred between 12,000 cycles and estimated 22,000 cycles.

+'Specimen subjected to periodic radiographic examination during cycling.



TABLE 4.5

RESULTS OF FATIGUE CRACK INITTATION AND PROPAGATION STUDY

OF HY-100(T). TRANSVERSE BUTT WELDS CONTAINING INTENTIONAL WELD DEFECTS

Specimen Welding Stress Crack Prop- Total Life  Defect  Defect Defect Defect Position
Number Procedure Cycle agation Life (cycles) T e(a) Length Width (in. from surface)
(ksi) - (cycles) yP (in.) (in.)
LA-10 P110-M12018-A 0 to +80.0 1,950 3,400 S 0.25 0.33 0.4
LA-11 P110-M12018-A 0 to +50.0 21,900 135,900 S 0.37 0.05 0.5
a5 = slag

69



©
@
|
|
2010)))
I
-
o
g
©
©
®

:j——cie@®~/ \@@@@

L 3-,'3" Dia. Holes

I )@ . ]

Note:
3 ]/b"for tests conducted at maximum stress up to 60 ksi

2" for tests conducted at maximum stress = 80 ksi

FIG.2.] DETAILS OF FATIGUE TEST SPECIMENS

0L



71

A 487 . L A Sl B A

b) Specimen and X-Ray Film Holder

FIG, 2.2 SETUP FOR RADIOGRAPHIC STUDY OF CRACK
PROPAGATION
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b) Unit In Position For Testing

FIG.23 ULTRASONIC TESTING EQUIPMENT
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FIG. 3.3 FRACTURE SURFACE OF HY-130(T) BUTT-WELDED
SPECIMEN EXHIBITING FATIGUE CRACK INITIATION
AT TOE OF WELD
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Pass Voltage Volts Current, amps Rate of Travel, in./min,
I 275 285 13
2 29 320 13
3 29 325 13
4,5 29 330 13.5
6-13 - 29 320 13.5
Welding Wire : Linde 140
Electrode Size: i/16" Shielding Gas: 98 % Argon
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interpass Temperature. 225°F
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WELDING PROCEDURE PI30(T)-LI40-A
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FIG. 3.10 INFLUENCE OF TYPE OF DEFECT ON FATIGUE BEHAVIOR OF HY-130(T)
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Location _/\:-
of Initiation

Number of Cycles

N=O .

N = 1000

N = 2000

N = 3280 (Fatigue Crack
Visible on Specimen
Surface)

N = 5000

N = 5500

N =6000

N =6500 (Fatigue Crack
Through Plate Thickness)

FIG. 3.16 TRACINGS OF RADIOGRAPHS TAKEN DURING FATIGUE

TEST OF SPECIMEN ND-36
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Number of Cycles

N=0

N 22000

N = 2500

N =2980 (Fatigue Crack
Visible on Specimen
Surface)

N = 4000

N =4500

N = 5000

N =5470 (Fatigue Crack
Through Plate Thickness)

FIG. 3.17 TRACINGS OF RADIOGRAPHS TAKEN DURING FATIGUE

TEST OF SPECIMEN ND-37
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Number of Cycles

N =0
L 4
Location of
o [nitiation N = 1000
o N =2000
—. N= 2500

N =3460 (Fatigue Crack
Visible on Specimen Surface)

|

4500

5000

|

N = 5500 (Fatigue Crack

; 5% % Through Plate Thickness)
/

FIG.3.18 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN ND-38
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Location

of Initiation i

Number of Cycles

N=0

N = 1000

N = 2000

N = 4000

-

N = 4500 (Fatigue Crack

- Visible on Specimen

Surface )

N = 5000 (Fatigue Crdck
Through Plate Thickness)

FIG. 3.19 TRACINGS OF RADIOGRAPHS TAKEN DURING FATIGUE

TEST OF SPECIMEN ND- 40
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FIG. 3.20 TRACINGS OF RADIOGRAPHS TAKEN DURING FATIGUE
TEST OF SPECIMEN ND-4I
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Number of Cycles

- - | N=0

Location of Initi)otiy .

N=3000 (Fatigue Crack
Visible on Specimen

Surface)
S N = 3500

N = 4500
EW\

S N =5000

N = 5500

N =5800 (Fatigue Crack
Through Piate Thickness)

FIG. 3.2 TRACINGS OF RADIOGRAPHS TAKEN DURING FATIGUE
TEST OF SPECIMEN ND- 44
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Number of Cycles
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Jlniticﬁon - N = 3000
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Surface)
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B et | N = 6000
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FI1G.3.22 TRACINGS OF RADIOGRAPHS TAKEN DURINGV
FATIGUE TEST OF SPECIMEN ND-45
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Number of Cycles

" N =20
Location of\..b N =36,000
Initiation

- S N = 40,000

=

N = 41,000 (Fatigue Crack

—%_5—— Visible on Specimen Surface)

- N = 41,500

N =42,000

N = 42,500

Through Plate Thickness)

/ N = 42,830 (Fatigue Crack

FI1G.3.23 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN ND-46
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Number of Cycles

@ . 1 N 2 0

Location of
i Initiagtion N = 6300

N = 7350 (Fatigue Crack

—_— . Visible oh Specimen Surface)
———— N = 8300

N = 8800

N = 9300

N = 39800

N =10, 300 (Fatigue Crack

, Vﬂ\ Through Plate Thickness)

FIG.324 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN ND-47
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Number of Cycles
o ()5 -
VoD N =0
¢ A0
8., N = 500
R
i . N = 1000
< N = 1250
O '
~ el N = 1500
cf':‘_%g%:,; N = 2400 (Fatigue Crack on
Specimen Surface)
o5
—‘Eﬁh—— N = 2650

FIG.3.25 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN NE-7
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Number of Cycles

oy
J‘/.

IJ,

L ]
-
—

———,

Location of lnitio?iorﬁ

X

N =0
N = 1000
N =2500

N = 3500 (Fatigue Crack
Visible on Specimen Surface)

N = 4000

N = 4500

N = 4800 (Faiigue Crack
Through Plate Thickness)

FIG.3.26 TRACINGS OF RADIOGRAPHS TAKEN DURING

FATIGUE TEST OF SPECIMEN NE-8
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Number of Cycles

L J

Location of —s=——"

Initiction

N =0
N = 2000
N =2500

= 2870 (Fatigue Crack
Visible on Specimen Surface)

N = 3165 ( Fatigue Crack
Through Plate Thickness)

FIG 3.27 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN NE-IO
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Number of Cycles

T

e

N =20

N = 2000
N = 2500
N = 3000
N = 3500
N = 3800
N = 4500

N = 4700 (Fatigue Crack
Through Plate Thickness)

FI1G.3.28 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN NE-II
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Number of Cycles

‘ — ! N = 2000
‘ i N = 2500
s ,” & N = 3000

3500

<
—
z
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FI1G.3.29 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN NE-12




SPECIMEN ND-38
Stress Cycle: O to + 80.0 ksi

Key.

Fracture Surface

1} internal weld flaws visible on fracture surface
2) Extent of fatigue crack propagation at intersection with surfcce

Ultrasonic Readings

1) Location and extent of responses as indicated on detector scope. .
2) a. Number designation corresponds to magnitude of peak response as md:rated on
detector scope
b. Letter designation corresponds to vertical location on specimen surface

(a) Fracture Surface
Slag
Ultrasonic Indications
(b) 8@6845’2 O Cycles

Weld

- B

-0

%01

FIG. 3,30 FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED FOR SPECIMEN ND-38



SPECIMEN ND-38 (Cont.)

Ultrasonic {ndications

(c)

1000 Cycles
8’95

FIG. 3.30 (cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN ND-38

S0T
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Photograph Of Fracture Surface

FIG.3.30(cont.) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN ND-38



SPECIMEN ND-45
Stress Cycle: O to + 80.0 ksi

Key.

FIG. 3.3l

Fracture Surface

1) Internal weld flaws visible on fracture surface
2) Extent of fatigue crack propagation at intersection with surface

Ultrasonic Readings

i} Location and extent of responses as indicated on detector scope
2) a. Number designation corresponds to magnitude of peak response as mducoted on

detector scope
b. Letter designation corresponds to vertical location on specimen surface

(a) Fracture Surface
/ Slag
Ultrasonic Indications
(b) ool O Cycles

FRACTURE SURFACE , AND ULTRASONIC INDICATIONS RECORDED FOR

- B
-D

C 4 Weld

LOT

SPECIMEN ND-45



- SPECIMEN ND-45 (Cont.)

Ultrasonic Indications

(c) . 2040 Cycles

FIG. 3.3l (cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN ND-45 .

80T
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Photograph Of Fracture Surface

F1G.3.3! (cont.) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN ND-45



SPECIMEN ND-47
Stress Cycle: O to + 80.0 ksi

Key:
Fracture Surface

1) Internal weld flaws visible on fracture surface
2) Extent of fatigue crack propagation at intersection with surface

Ultrasonic Readings

I} Location and extént of responses as indicated on detector scope. :
2) a. Number designation corresponds to magnitude of peak response as md:coved on
detector scope
b Letter designation corresponds to vertical location on specimen surface

Slag Fracture Surface
(a)
Ultrasonic indications
(b) B_,§8 O Cycles

Weld

- B
=D

OTT

FIG. 3.32 FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED FOR SPECIMEN ND-47



SPECIMEN ND-47 (Cont.)

Ultrasonic Indications

(c)

Blos— 223 Bioe B|o3
—it -—“

6900 Cycles

FIG. 3.32

(cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN ND-47

ITT
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Photograph Of Fracture Surface

FIG.3.32 (cont,) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN ND-47



FIG. 3.33

SPECIMEN NE-7
Stress Cycle: O to + 80.0 ksi

Key:
Frocture Surface

1) Internal weld flaws visible on fracture surface
2) Extent of fatigue crack propagation at intersection with surfoce

Ultrasonic Readings

I) Location and extént of responses as indicated on detector scope
2) a. Number designation corresponds to magnitude of peak response as mdncated on
detector scope
b Letter designation corresponds to vertical location on specimen surface

Fracture Surface
(a)
\~Minute Porosity
- Ultrasonic Indications
Al95  AlS2 _L
(b) j_\_\_a 90 c'sl O Cycles
(o11°]

O

4 Weld

- B

€1t

FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED FOR SPECIMEN NE-7



SPECIMEN NE-7 (Cont.)

Ulitrasonic Indications

Al C|93
(c) I |§85 500 Cycles
€57 ¢le5

FIG. 3.33 (cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN NE-7

711
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Photograph Of Fracture Surface

FIG.3.33(cont,) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN NE-7



SPECIMEN NE-10
Stress Cycle: O to + 80.0 ksi

Key:

Fracture Surface

i} Internal weld flaws visible on fracture surface
2) Extent of fatigue crack propagation at intersection with surfcce

Ultrasonic Readings

1) Location and extént of responses as indicated on detector scope.
2) a Number designation corresponds to magnitude of peak response as mdlcoted on
detector scope
b. Letter designation corresponds to vertical location on specimen surface

LLack of Fusion

Fracture Surface

(a)

Ultrasonic indications

cl89
(b) . Ql_gag' Ql%_QPZ + O Cycles

FIG. 3.34 FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED FOR SPECIMEN NE-I0

A

|
C { Weld S
E

9TT



SPECIMEN NE-10 (Cont.)

Ultrasonic Indications

(¢) | qu_ clss 2000 Cycles

FIG. 3.34 (cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN NE-I0

LTT
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Photograph Of Fracture Surface

FIG.3.34 (cont,) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN NE-IO



SPECIMEN NE-II
Stress Cycle: O to + 80.0 ksi

Key:

Fracture Surface

1) Internal weld flaws visible on fracture surface = . o S ®

2) Extent of fatigue crack propagation at mtersechon with surfoce SR (7

Ultrasonic Readings

1) Location and extént of responses as indicated on detector scope. S +

2) a. Number designation corresponds to magnitude of peak response as mdlcoted on A B

detector scope C 4 Weld |

b. Letter dosanahon corresponds to vertical location on specimen surface .. . . ... E 0

/Tronsverse Crack

[
(=

Fracture Surface °

(a)
Slag
Minute Porosity
Ultrasonic Indications
[\1—88

(b) Alss §1§3 Kré-?l?a‘o 0 Cycles

FIG. 3.35 FRACTURE SURFACE,AND ULTRASONIC INDICATIONS RECORDED FOR SPECIMEN NE-II



SPECIMEN NE-11 (Cont.)

Ultrasonic Indications

A9
s lae
(c) B N ‘sl'és 588 2000 Cycles
' B88 csas B'89

FIG. 3.35 (cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN NE-II o

0ct
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et
S

s

Photograph Of Fracture Surface

F16.3.35 (cont.) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN NE-II



SPECIMEN NE -
Stress Cycle: O to + 80.0 ksi

Key.

Fracture Surface

1) Internal weld flaws visible on fracture surface . o . o @

2) Extent of fatigue crack propagation ot intersection with surfoce S . o (?

Ultrasonic Readings

1) Location and extént of responses as indicated on detector scope.. . .. .. .. . '

2) a Number designation corresponds to magnitude of peak response as md|ccted on A [ 5
~ detector scope C 4 Weld
b Letter designation corresponds to vertical location on specimen surface o E =

- Transverse Cracks

/

Q)

Slag

[4AS

Fracture Surface

(a)

Pores

Ultrasonic Indications

(b) —EfTOT; O Cycles

FIG.3.36 FRACTURE. SURFACE, AND ULTRASONIC INDICATIONS RECORDED FOR SPECIMEN NE-I2



SPECIMEN NE-12 (Cont.)

Ultrasonic Indications

(c) ‘ —l_s 04 2000 Cycles

FIG. 3.36 (cont) FRACTURE SURFACE, AND ULTRASONIC INDICATIONS RECORDED
FOR SPECIMEN NE-I2

€CT
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Photograph Of Fracture Surface

FIG.3.36(cont,) FRACTURE SURFACE, AND ULTRASONIC
INDICATIONS RECORDED FOR SPECIMEN NE-12
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» (in.) Equation 7 Eq.5
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% u v Total Life R
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s a Propagation Life .
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FIG. 3.37 TOTAL AND CRACK PROPAGATION PORTIONS OF FATIGUE

LIFE OF HY-130(T) BUTT WELDS INITIATING FAILURE
AT INTERNAL WELD DISCONTINUITIES
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FIG. 3,38 MODEL FOR FLAWED WELDMENT : DISC-SHAPED
CRACK IN AN INFINITE BODY
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20~7 F i

.
AK = o +/ma (sec—’-zr—g—)2

(O £ a =£0.8b)

FIG. 3.39 MODEL FOR FLAWED WELDMENT : THROUGH
CRACK IN A FINITE PLATE
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/4{/ 71

5 ¢ 200j € |2q; ¢ |2a;
vd
(A) r (B) (c) (D)
o o (o) o

FIG. 3.40 TYPES OF FLAWS FOUND IN WELDMENTS

(A)
(8)

(C)
(D)

CONTINUOUS LINEAR DEFECTS AT THE CENTER OF THE WELDMENT, e.g., LACK OF FUSION, CONTINUOUS SLAG.

INTERMITTENT LINEAR DEFECTS AT THE CENTER OF THE WELDMENT, e.g., INTERMITTENT LACK OF FUSION,
INTERMITTENT SLAG, LINEAR POROSITY.

ISOLATED PORES AT THE CENTER OF THE WELDMENT, e.g., SMALL VOIDS, PORES, VERY SMALL DEFECTS OF ALL KINDS.

CONTINUOUS LINEAR DEFECTS LOCATED OFF CENTER IN THE WELDMENT.
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10 , .
‘L 1" = Specimen Thickness (Complete Fracture)
8+ m
Nd o —
0.2" O.1" _Initial Flaw Size 002"

o

Crack Width 2a (inches)

0 | [ :
0] 5 (0] (5

Cycles Spent in Crack Propagation x 10°

FIG. 3.41 EFFECT OF INITIAL FLAW SIZE ON CRACK
PROPAGATION LIFE OF FLAWED, ONE-INCH THICK
HY-130 (T) WELDMENT
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FIG. 3.42 CRACK PROPAGATION AND TOTAL FATIGUE LIVES AS A
FUNCTION OF INITIAL FLAW SIZE (WIDTH)

STRESS CYCLE. O TO + 80 ksi
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ASARNNNNNANN

OO i

6

I.  Transducer
3. Electronic Filter
5. Digital Counter

2. Amplifier
4. Oscilloscope

6. Microphone
7. Tape Recorder

FIG. 3.44 BLOCK DIAGRAM OF INSTRUMENTATION
SETUP FOR ACOUSTIC EMISSION MEASUREMENTS
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-—J L.IZS"

(b)

0] 04"

a O\ |

.4“—-‘ L— — 3" 4~ b—-—rL.zso“

(a) (c)

(a) Unnotched Tensile Specimen
(b) Center Notched Fatigue Specimen
(c) Single Edge Notched Tensile Specimen

F1G.3.45 TEST SPECIMENS USED IN EXPERIMENTS
OF ACOUSTIC EMISSION
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FIG. 3.46 PRELOADING MECHANISM FOR SPECIMENS
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FIG. 3.47 ACOUSTIC EMISSION AND STRESS AS A FUNCTION OF

STRAIN FOR UNNOTCHED HY-I30(T) STEEL
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F1G.3.48 ACOUSTIC EMISSION AND STRESS AS A
FUNCTION OF STRAIN FOR NOTCHED
HY-130(T) STEEL
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F1G.3.49 PLOT OF ACOUSTIC EMISSION FROM AN HY-I130(T) SPECIMEN
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Maximum Stress, ksi

200 T |
.\\
100 T~
| . \ J
80 o o e [ — ~ A
| ™~———
I \\\
60
\\
. ~——_ o \\ T~ -
— ~——_ i N
40 B —
\
'\ 7\.
B Slope | —0.265
\
20
Stress Cycle: Zero—-To-Tension
Steel: HY-100 ; HY-100(T)
[T @ As-Rolled (Mill-Scale Intact) Data
From Previous Study(s’
A Grit Blasted
| |
IO|o " 80 100 200 400 600 80O 1000 2000
Cycles To Failure, In Thousands |
FIG. 4.1 RESULTS OF FATIGUE TESTS OF HY-100 (T) PLAIN PLATE SPECIMENS
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(__ Test Section [

l T
| Sa—
5 fe—oI
S !
j —

" 1 —T—

\\Vr

|

( 6" Continuous Weld Passes

SONRN

V

1/8" Root Opening

rArrows Indicate Direction of Welding

Pass Electrode Size, in. Current, amps Rate of Travel, in./min.
I 5/32 140 5
2 5/32 140 5
3 3/16 220 7

4 -10 3/16 220 7

Welding Electrode: McKay 12018 Coated Electrode

Voltage: 21 Volts

Polarity . DC Reversed

Preheat Temperature. 250°F

Interpass  Temperature. 250°F

Heat Input. 40,000 Joules/In. (Maximum)

All Welding in Flat Position

Underside of Pass | Ground With Carbide Wheel Before Placing Pass 2

3/6" ]
l

Preparation of Joint Before Welding: *

O'QOS Cross Hatched Area Removed by
Milling on Corners A,B,C,D

Beveled Joint Surfaces Filed and
Cleaned With Acetone

Not to Scale

FIG. 4.2 WELDING PROCEDURE PI10-MI20I8-A



Maximum Stress, ksi

200 T T ! T T I I T | I T

100 ~

I : ‘><LA—6
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> g\ -Slope:-0.398
40 ™~ ~. ~
N~ 9

20

ovt
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Stress Cycle: Zero—-to-Tension \

Steel : HY-100; HY-100(T)
A Present Tests

® Previous Tests (7)

T~
“ S
~

44—

10 | | | | J | 1 | |

10 20 40 i 60 80 100 - 200 400 600 800 1000 2000

Cycles To Failure, In Thousands

FIG. 4,3 FATIGUE TEST RESULTS AND S-N CURVE FOR HY-100 (T) TRANSVERSE BUTT WELDS
(AS-WELDED) INITIATING FAILURE AT TOE OF WELD
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Maximum Stress,

100 T T T T Y T T T T T T T T T T T

80 A A\ b A |
w N
- £LA-7 \

(est.) L—Plain Plate,
i Mill-Scale Intact
: ( See Fig. 4.1)

) » | \\
. e o noo\o 90

\\ N

B

T

40
Stress Cycle: Zero -to- Tension ' \
Steel 1 HY-100; HY-100(T) Butt Weld,
A Present Tests -(rgZng;:Juij)__/
™ ® Previous Tests (6, 7) )
F . Failed radiographic standards \
20 } t + bt + . —t + } + 4 4 + +

! 2 4 6 8 10 20 40 60 80 100 " 200 ) 600 800 1000
Cycles To Failure, In Thousands

FIG. 4.4  FATIGUE TEST RESULTS FOR HY-100(T) BUTT-WELDED SPECIMENS EXHIBITING CRACK
INITIATION AT INTERNAL WELD DISCONTINUITIES
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Number_of Cycles
. N=0

v | N =500

¥ N =1200

N = 1700
“‘F =220
- N = 2700
TN N = 2950
Af’:%’mQ\ N = 3250

FIG.4.5 TRACINGS OF RADIOGRAPHS TAKEN DURING
FATIGUE TEST OF SPECIMEN LA-IO
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Number of Cycles

had N = 110,000
—ep— v N =118,030
' (Crack On Specimen
Surface )
T ‘N = 122,018

f/’ MY N=127,035

N=132,487
( Fatigue Crack Through
Plate Thickness)

N = 135,850
( Micro-Switch Cut Off)

N=137,229

FIG. 46 TRACINGS OF RADIOGRAPHS TAKEN DURING FATIGUE
TEST OF SPECIMEN LA-II
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macroscopic crack propagation could be estimated with reasonable reliability if the
nominal cyclic stress, and the through-thickness dimension and position of the crack-
initiating defect are known.
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