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ABSTRACT

In this report, the results obtained from wide-plate
tension tests undertaken for the purpose of simulating the full-
scale performance of steel used in ships' hulls are presented.
Information as to initiation and propagation of fast fracture in
wide steel plates was first obtained through a series of nine-
teen tests performed on a newly developed wide-plate testing
machine. The test material was the pressure vessel steel, ASTM
A212 Grade B in 3/4-inch thickness. This information, and the
techniques developed, were then applied to a total of eighteen
tests using ABS Class C steel, having a thickness of 1-3/8-inch.
A1l specimens were 10 feet wide and 3 were stiffened longitudi-
nally. Test temperatures ranged from -100°F to a room tempera-
ture ambient of +75°F. A fatigue crack or a brittle bead was
used as a crack initiator and large residual stresses were in-
troduced.

In general, the tests indicated that, at sufficient-
ly Tow temperatures, a fast fracture could be produced in ASTM
A212 Grade B and ABS Class C steels if a sufficiently sharp ini-
tiation site was located within an area of relatively high ap-
plied and/or residual stress. Based on the results of the tests
conducted, it is concluded that the ABS Class C material is not
sensitive to fast fracture at temperatures well below service
temperatures. Therefore, this material may be used to effect a

fracture safe design for modern ship hulls.
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I. INTRODUCTION

During the past two and a half decades, many investigations have been
undertaken by both governmental and private laboratories in an attempt to ex-
plain the so-called brittle fracture phenomenon and to add information hopefully
beneficial to the designer of modern, large size, heavily loaded structures.
Though not unrecognized before this period, the severity of the problem was
made graphically evident by the large number of catastrophic failures that
occurred in welded steel merchant vessels during the early days of World Waxr (1)

Also, in ensuing years, added impetus has been provided by a host of tech-
nological advances, the success of which are often directly dependent upon the pre-
vention of - or at least a knowledge of - this type of service failure. The effort
discussed herein was directed toward providing the information needed to make it
possible to design fracture safe ships.

To a large extent, the mechanism of brittle-like behavior has been quali-
tatively explained, first by Griffith(3) in his work concerning amorphous materials
such as glass, then later by Irwin(4) and others on polycrystalline materials such
as metals. For the former, the analytical treatment is quite simple and direct -
and the results check reasonably well with experiment., For metals, however, the
picture becomes considerably more complicated because of the inherent ability of
a metal to plastically deform with a resultant redistribution of imposed strains.
Analysis, therefore, becomes dependent on a knowledge of the behavior of the
plastic zone. Factors such as size, shape and rate of growth of the plastic zone
must be included and all are, in turn, dependent upon the particular material un-
der consideration. Chemistry of the material, its metallurgical cleanliness and
thermal treatment influences the toughness of the material which is the measure
of a material's ability to withstand both initiation and propagation of fracture.

For a given toughness, fracture will or will not occur depending on a host of other
variables, such as the state of residual stress, type of load (static or dynamic),
environmental conditions and design details. In short, the problem is extremely
complex. A large number of parameters are involved and the interrelation be-
tween the parameters is not well established.

For the above reasons, much effort has gone into improving the metallur-
gical aspects of engineering materials and much progress has been made toward
the improvement of toughness. Also, a great deal of work has been directed to-
ward mathematically describing the conditions necessary for precipitation of
fracture for both elastic and plastic conditions, see references 5 and 6. In addi-
tion, many investigators have studied various means of determining material
characteristics through the use of small scale tests such as the Navy Drop Weight
Test ’, the explosion bulge test(8) and, perhaps the still most common, the
Charpy-Vee notch impact test. Work has been accomplished on the correlation
of small size specimen test results, Ref. 9, and additional effort, principally
that of the University of Illinois, has been directed towards the performance of

*For a comprehensive summary of other works, see the ASTM Special Technical
Publications No. 381 and 410.
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tests on large sized plate-type specimens. The University of Illinois work will
be mentioned later in this report and will be discussed briefly in comparison
with the results of the tests described herein.

In the present study, the objectives were to:
1) Develop a structural test that would simulate service be-

havior, particularly in regard to the levels of applied stress
at which brittle fractures initiate.

2) Determine the requirements for brittle fracture propaga-
tion and for the arrest of a running brittle fracture.
3) Study the material structural behavior below the transition

temperature to determine the stresses and crack length
which the material will support before undergoing fast frac-
ture.

4) Verify the reproducibility of the results within relatively
narrow limits.

5) Attempt correlation of the test results with results obtained
from smaller, well known, tests such as the Charpy-Vee
notch and drop-weight tests.

The five objectives above were to be undertaken considering more than one
type of test specimen and to include tests on more than one material thickness.

II. TEST MATERIALS

A. Exploratory Test Material

As stated in the Introduction, modern materials benefit greatly from im-
proved techniques and quality control measures. Not only are modern materials
made ''stronger! from the standpoint of yield or ultimate strengths but, in general,
they are less notch sensitive and, by virtue of a generally lower nil ductility tem-
perature, are capable of greater energy absorption at service temperatures.
These qualities imply an inherent non-susceptibility to rapid fracture. It was not
known at the beginning of this program that fracture could even be initiated in the
materials to be studied. Because of this situation and, to demonstrate the capa-
bility of the testing machine, it was decided to conduct some preliminary wide
plate tests using a material generally considered to be fracture sensitive. Accord-
ingly, the pressure vessel steel, ASTM A212 Grade B was chosen and commer-
cially available mill stock, conforming to all applicable ASTM specifications, was
selected and purchased. This material had a reported NDT of +40°F as measured
by the Navy Drop Weight Test Procedure, and was in the standard normalized con-
dition. Chemical analysis and mechanical properties are given in Table A-2 of
Appendix A and a plot of the Charpy-Vee impact energy versus temperature is
shown in Figure A-12, same Appendix.

Appendix A also contains a description of the nineteen tests performed on
this material along with a summary and discussion of the ensuing results. Rapid
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fracture was effected, the capability of the testing machine was demonstrated and
considerable insight was gained into the general requirements which could lead to
fast fracture in the ABS Class C tests discussed in the following Section.

B. Material

At the conclusion of the exploratory tests on the pressure vessel steel
ASTM A212 Grade B, a report was made to Advisory Group IIT, Ship Hull Research
Committee, who recommended that testing be initiated on the ABS Class C ships'
hull material. They also felt that information of most use would be generated by
testing the 1-3/8" material which, by applicable specifications, would not require
a normalizing treatment. Such plate, therefore, was purchased from stock-on-
hand at the Avondale Shipyards, Inc., New Orleans, Louisiana. The material
chemistry and associated mechanical properties were determined and are as re-
ported in Table 1 and Figure 1. The results of explosion bulge tests performed
on the material are given in Appendix B, Figure B-9,
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TABLE 1. CHEMICAL COMPOSITION AND MECHANICAL
PROPERTIES OF THE ABS CLASS C TEST MATERIAL
Materijal Form: 1-3/8-inch As Rolled

Chemistry
Carbon 0.19
Manganese 0.70
Phosphorus 0.011
Sulfur 0. 009
Silicon 0.20
Aluminum 0. 05
Mechanical Properties
Longitudinal Transverse
Ultimate Tensile Strength,
psi 67,800 67,400
Yield Strength, psi, at
0. 2% offset 35,300 35,000
Approximate Yield
Strength, psi, apparent
from large specimen
tests 41,300
Elongation, % in 8 inches 35.5 34.6
15 ft/lbs Charpy-Vee Tran-
sition Temperature, °F -20 +10
Nil Ductility Temperature,
°F, when estimated to be
60°F less than 50% FATT +15
Nil Ductility Temperature, +20 to +40 depend-
°F, from Navy Drop Weight ing on Specimen
Tests size
Nil Ductility Temperature,
°F, from Explosion Bulge Tests +60

ASTM Grain Size ' 5
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III. TEST PROCEDURE AND TEST RESULTS

A. Discussion of the ASTM AZ212 Grade B Exploratory Tests

As stated previously, one of the objectives of the program was to deter-
mine whether or not fast fracture could actually be initiated in full scale tests of
plate material used in a modern day ship. The severity of defect required to
trigger a fast fracture was unknown as was the influence of some of the obviously
more important variables such as temperature, defect length and applied and/or
residual stress. Material chemistry and fabrication history also play an impor-
tant part, but the inclusion of all such facets was beyond the scope of this inves-
tigation. Therefore, it was decided to first establish the general requirements
for fracture initiation by means of tests on an alloy felt to be more susceptible
to rapid fracture, viz., the previously mentioned pressure vessel steel, ASTM
A212 Grade B. The ensuing results would then be used as a guide for tests on
the ships' hull material and emphasis therein could be directed towards repeat-
ability and the effects of a variation in temperature and notch length. Appendix A
contains a complete description of each test and the results of the tests.

The results may be sunumarized by noting that a very sharp ended defect
was found to be a prime requirement for the cccurrence of a brittle fracture. For
instance, fracture did not result from a 12-inch central slot with ends sharpened
by jeweler's saw nor from a test in which the specimen was subjected to arc strikes,
gouges, slag, inclusions or porosity. Fatigue cracks, however, were a success-
ful means of triggering fracture especially when a high residual tension stress was
also present, Although the data showed a great deal of scatter, in most cases,
an applied stress of 90 percent of yield or greater was required. This means, of
course, that the material could not be classed as particularly notch sensitive.
Also, a reduction in temperature had the expected effect of tending to lower frac-
ture stress for a given defect length.

Crack arrest was a phenomena studied during the program, but in only a
single case (Test A17) did a true arrest occur. In several other cases, distinct
"pop-ins' (and, hence, momentary arrest) were noted but these were followed by
complete fracture at a slightly higher load. Details of the test set-up and test
procedures are given in Appendix A along with the overall test results. In all
tests the specimen was welded to the attachment plates of the test facility after
strain gages were installed. Cooling, if required by the test, was effected by
placing narrow trays of dry ice over and below the plate surfaces until the de-
sired temperature was reached. This could be easily varied by the simple ex-
pedient of raising or lowering of the trays, then waiting until the temperature was
stable as indicated by thermocouples imbedded in upper and lower surfaces of the
plate,

During the test, the load was slowly applied - the average test lasted
about fifteen minutes - and strains were recorded on a continuous strip-type re-
corder. The temperature was checked periodically to insure that the specimen

had not warmed during the test.
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B. Discussion of the ABS Class C Fracture Tests

Based on the results of the exploratory tests performed on the ASTM AZ212
Grade B steel, a program for testing of the ABS Class C material was formulated.
A fatigue crack was used as an initiation site and a determination of the effect of
residual stresses was made. An attempt was also made to establish the repeat-
ability of the test results. The effect of temperature on {racture was investigated
and crack speed was measured. Test specimen variations included:

1) A weld along the longitudinal centerline of the specimen, parallel to
the loading direction

2) A stiffener(s) parallel to the loading direction

3) Central and edge slots of various lengths.

Eighteen tests were performed on the ABS material, fifteen of which were
of the plain plate configuration and three of a longitudinally stiffened version.
These are discussed in detail in Appendix B. Eleven tests resulted in [racture
completely across the 10-foot specimen width and, in addition, one test resulted
in ¢rack initiation followed by arrest within a distance of 18-inches. The latter
test, however, was performed under rather extreme, but seemingly realistic ser-
vice conditions, both as to residual stress and temperature. Residual stresses
around the tip of the fatigue crack were deliberately maximized and the test was
performed with the initiation site and material for a 2-foot distance immediately
ahead of the fatigue crack at a temperature of -100°F. The balance of the speci-
men was kept at +70°F so that a crack, if initiated, would run into a warm area
and, perhaps, arrest; this did oceur as shown in Figure B-8.

In the stiffened plate tests, fracture initiated in two out of three cases and
propagated across the plate and stiffeners alike. In both tests, the test tempera-
ture was below the lowest temperature determined (by drop weight tests) to be
the material NDT*  In Test B15, no attempt was made to minimize residual
stress and the gross section fracture stress was 21,500 psi. In the other, Test
Bl6, a definite attempt was made to reduce residual stress and the fracture stress
was higher (37,100 psi)ﬁhough the test temperature was lower (-35°F) for B16
versus +10°F for Bl5.

In the tests in which a longitudinal weld was made along the specimen cen-
terline, the principal difference in fracture was that the crack followed an irregu-
lar path across the specimen width rather than the usual, well defined, path nor-
mal to the loading direction. In addition, branch cracks at roughly 45 degrees to
the main crack, were noted to the extent that in Test B10, a triangular section
dropped from the side of the specimen opposite the initiation site. This may be
seen in Figure B-5.

“EFrom the results of explosion bulge tests, the material NDT was +60°F,
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The procedure for providing the fatigue crack initiation site for this series
of tests was the same as used for the ASTM AZ12 Grade B exploratory tests. This
consisted of welding into a cutout, made on one edge of the specimen, a slotted
""patch" plate which contained a fatigue crack at the tip of the slot. The fatigue
crack was generated by means of a hydraulically-supplied pull-release action
which opened and closed the tip of the slot.

Residual stresses which, of course, accompanied the welding of patch into
specimen, were varied by means of a change in patch geometry. For instance,
when it was desired to minimize residual stress, extension members were welded
to the patch before installation into the specimen and the resultant weld shrinkage
(which gave rise to the residual stress) was then distributed over a greater length,
hence with lesser unit strain and subsequent stress. The variations used in the in-
dividual tests and the resultant strains (converted to stresses) are discussed in the
description of tests, Appendix B.

Temperature was varied by means of dry ice trays set above and below a
section of the specimen in line with the direction of probable propagation of fracture.
Temperature was sensed by thermocouples imbedded into the specimen and suffi-
cient time for stabilization was allowed before loading. Generally, this was on the
order of 1-1/2 to 3 hours depending on the desired decrease below room tempera-
ture conditions.

The measurement of crack speed was effected by means of crack wires
which, when broken by the advancing fracture, would produce an unbalance of an
electrical circuit, the output from which was recorded on a 14-channel Leach tape
recorder. Fracture speeds, when measured, ranged from 4,000 - 5,000 ft/sec.

The data obtained from the tests on ABS Class C ships' hull material are
summarized in Table 2 following and are discussed in greater detail in Section IV.
In general, considerable scatter in the data exists. It is believed that this scatter
can be attributed to the pronounced effect of residual stress (or strain) variations,
Fractures, when they occurred, were at high levels of applied stress, considerably
above those normally used in design. The fractures were basically flat with little
evidence of shear lips and no indication of a thinning of the cross section.



Avg, Stress, psix 10-3

Table 2. Tabulation Of The ABS Class C Test Results
Test Temp., Length of the Load,
No. Date *'F v« Patch Plate, In, Lb x 10'EJ Fracture ?
Bl 3-22-67 +40 12 6. 65 Yes
B2 4-20-67 +40 8 5.28 Yes
B3 5-12-67 +40 8 3.90 Yes
B4 7-11-67 +35 12 5.73 No
B5 7-26-67 +40 24 6.18 No
Bé 8.24.67 +40 120 6. 80 No
B7 10-5-67 +1¢ 120 7.55 No
B8 10-11-67 -35 120 6. 90 Yes
B9 11-9-67 +10 120 7. 10 Yes
B10O 11-29-67 +10 120 6.50 Yes
Bll 12-14-67 +5 12 4. 10 Yes
Bl2 1-9-68 +10 - 3.78 Yes
Bl3 1-25-68 +15 -- 5,27 Yes
Bl4 3-4-68 +40 120 6.95 No
Bl5 4-15-68 +10 120 372 Yes
Bl6 5-22-68 -35 120 6. 73 Yes
Bi7 8-20-68 +10 120 6. 80 No
Bi8 9-9-68 -100 i2 3. 10 No
Note:

% of Yield Strength

Attained Across the:

~ Gross Net Gross Met
Section Section Section Section
40, 3 42. 4 97.5 102, 6
32.0 33.7 77.5 81.7
23.6 24.9 57. 4 57.2
34.7 34,7 84.0 84,0
37.5 39.4 90. 8 95,4
41,2 43,3 99.7 104, 9
45, 8 48,1 111. 0 116.7
41. 8 44, 0 101, 2 106, 5
43.0 45,3 104, 1 110, 0
39.4 4]1.5 95, 4 100, 4
24,8 29.2 60,0 70.7
22.9 25. 4 55.5 61.6
31.9 45,7 77. 2 110. 8
38.3 40, 1 g2. 8 97.1
20,5 21,5 49, & 52.0.
37.1 38.9 89.8 94, 3
41, 2 43.5 100. 0 105. 0
18. 8 19.8 45,3 47. 9

All tests performed on specimens of 10 x 10 foot planform. Material thickness and form: 1-3/8-inch as-rolled plate.

Ky
psi A in x 10-3

196

156

203
209
191.5

209
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IV. ANALYSIS OF THE RESULTS

Of the thirty-seven tests which have been described in the preceeding
pages, ten performed on the pressure vessel steel ASTM AZ212 Grade B and
eleven performed on the ABS Class C ships' hull material resulted in fracture.
This is not a sufficient number to constitute a statistical sampling and, in addi-
tion, a large amount of scatter was present in the data. Certain consistencies,
however, are apparent and it is felt that certain generalizations can be made.
For instance, repeatability does exist to the extent that fracture at a temperature
near the NDT may consistently be induced il an attempt is made to provide a
sharp initiation site (such as a fatigue crack) located in the presence of a high
residual strain field. Conversely, if either of the above requirements is pur-
posely minimized, fracture at a temperature near the NDT consistently does not
occur. Also, particularly for the ABS material, a stress significantly greater
than normally used in design must be superimposed upon the residual stress
(strain) field before fracture is likely to result. This, of course, is an ideal
situation from the standpoint of the designer who, generally, is using design
stresses considerably below the yield strength of the material.

As mentioned, scatter is present in the results to the extent that specific
correlation between individual tests does not appear to exist. This is also true
with respect to correlation with the results of conventional small scale tests but,
in either regard, it is to be remembered that the sampling is very small. Figures
2 through 12 present the data. As noted in these figures, the dotted lines encircle
tests of like configuration within a given test material and are numbered accord-
ing to the following key. @ is the AZ12 and 4is the ABS materials, respectively.

1 Specimens with 40-inch central slot, brittle weld beads
each end, Tests A2 - A5, inclusive,

2 Specimens with 5-1/2-inch edge slot plus 1/2-inch fatigue
crack, Tests A9, Al3, Al5 and A18.

3 Single specimen, Test A19, with 12-inch central slot,
fatigue crack each end.

4 Single specimen, Test A8, with wedge-induced crack
10-inches in length.

5 Stiffened specimens with 5-1/2-inch edge slot plus 1/2-inch
fatigue crack, Tests B15 and 16.

6 Single specimen, Test Bll, with 17-1/2-inch edge slot
plus 1/2-inch fatigue crack,

7 Specimens with central slot of 2a = 12 inches, Test B1Z, and
2a = 36 inches, Test B13.

8 Specimens with 5-1/2-inch edge slot plus 1/2-inch fatigue
crack, Tests Bl, B2, B3, B9 and B10.

9 Single specimen, Test B8, with 6-inch edge slot plus l-inch

brittle bead.
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V. COMPARISON WITH OTHER WIDE PLATE TEST RESULTS

The effort discussed herein is but one of many concerning the brittle-like
behavior of wide plates subjected to tension and it is therefore of interest to com-
pare the results obtained with those as determined by others. Of particular in-
terest, and perhaps the most direct in relation, is the work performed at the Uni-
versity of Illinois and reported, Ref. 10 thru 13*. These tests, though of narrower
width, i.e., 72" versus the 120" width used for this study, afford some basic com-
mon generalizations, the most important of which is that a residual tensile stress
was found to be an aid to fracture initiation. The corollary, i.e., that residual
compression retards initiation and then slows fracture once fracture is effected,
was not demonstrated in the present investigation because the weld induced residual
stresses were always tension. Another similarity was the fracture appearance.

In the present investigation, the fractured surface was always rough normal to the
surface of the specimen and characterized by the familiar chevron pattern. Shear
lips, when they occurred, were invariably short in length and thinning of the cross
section was not visible. These features, in general, seem to correspond quite
well with the University of Illinois fracture work, Fractures produced in this in-
vestigation propagated at about the same speed and, as in the University of Illinois
tests, dropped off towards the unnotched side of the plate.

Another similarity between the two groups of tests concerns the departure
of the fracture path from a straight line upon the introduction of a weld transverse
to the probable path. For instance, in two unstiffened cases which also incor-
porated a centerline weld, near fragmentation resulted. In one case a large tri -
angular area dropped completely from the specimen. In contrast, however, it is
interesting to note that in two tests involving stiffened plates, such was not the
case; instead, the fracture propagated straight across the specimen and did not
deviate upon approaching a stiffener,

Because of material differences and differences in crack initiator geometry,
no common basis for comparison of the data generated in the course of this investi-
gation with that of the University of Illinois work exists. In the latter work, initia-
tion was by means of a saw cut extended at the ends by further sawing with a
jeweler's saw; in this investigation, the much sharper, and therefore more severe,
fatigue crack was used. Also, as mentioned before, the specimen was wider and
the investigation was confined to two specific materials, viz., ASTM AZ212 Grade B
and ABS Class C hull material; these were not tested at the University of Illinois.

In regard to the Japanese tests described in Ref. 15, these are of consider-
able interest but are not directly comparable to those of this investigation because
of the smaller specimen size of about 18 x 20 inches by 0. 8-inch in thickness.

They are mentioned mainly to call attention to the fact that the pressed-notch
technique was successfully used and that crack speed was found to increase with de-
creasing temperature and/or level of applied average stress.

*This work is summarized, Ref. 4 and again, with additional work by the Univer-
sity of California, Esso Research, DTMB and others including some Japanese tests

in Ref. 15.
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VI. CONCLUSIONS

A, Exploratory Tests on the ASTM A212 Grade B Material

It is apparent from the test results that fast fracture of the ASTM A212
Grade B material can occur at temperatures above the material NDT provided a
fatigue crack resides within an area subjected to a relatively high stress field
made up us residual and/or applied stress. Given these requirements, the frac-
tures which resulted during the test program occurred under applied gross sec-
tion stresses ranging from, approximately, 40 to 75 percent of material yield
strength, This is a rather wide variation which, it is felt, can be accounted for
only in part by changes in notch length or test temperature. It is believed that the
principal source of scatter results from differences in the intensity of residual
stress produced by the welding. Such reasoning, though somewhat speculative, re-
sults from a consideration of the following:

1) Although the central slot lengths for Tests A4 and Al9 were
40 and 12-inches, respectively, fracture occurred at a gross
section stress of 30,000 psi for Test A4 and but 19,800 psi for
Test Al19. There was, however, a five degree difference in
test temperature, but it is not felt that the five degree difference
in temperature accounts for the approximately 10,000 psi differ-
ence at which fracture took place.

2) Two tests, of identical configuration, Al3 and Al5, were per-
formed at +40°F; both resulted in fracture, but at quite different
gross section stresses, namely, 21,300 and 30,600 psi, respectively.
In addition, Test ALZ, though identical in all outward respects to Al3
and Al5, did notresult in fracture. Obviously, a portion of this
variation could be attributed to material differences, but it is felt
that such differences, in themselves, are insufficient to explain the
entire range of fracture stress variation.

3) In Tests Al6, Al7 and Al8, only one fracture resulted although all
specimens were ostensibly identical. In the test in which {racture did
result (Test A18), the gross section fracture stress was low, par-
ticularly so when it is noted that the specimen load direction was
parallel to the major direction of loading. Presumably then, if all
things are equal except for a 5°F lower test temperature, the frac-
ture stress of A18 would exceed that for Tests A13 and Alb; it did,
by a small amount (25,500 vs. 21,300 psi) for Al3 but not for AL5,

Tt is also apparent from the test results that the effect of a change in test
temperature is, as would be expected, to lower fracture stress if the temperature
is lowered and to raise fracture stress if the temperature is raised. This is
clearly shown by the trend established during Tests A2 - A5, inclusive and by the
fact that Tests A10, All and Al4 did not result in fracture at a test temperature of
+75°F while the similar tests, Al3 and Al5 did at a temperature of +40°F.

As mentioned earlier, one of the program objectives was to establish the
correlation between small scale tests and the results of the wide plate tests of
this investigation. However, correlation does not appear to exist, see Figures 2
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through 12 which plot the test results versus various pertinent parameters. It
will be noted that the results are scattered and random to the extent that no clear-
cut trends are discernible.

Also, as a program objective, was a study of the requirements for crack
arrest. True arrest occurred only in Test A17, but this was as a gross section
stress of 46,500 psi which is the material yield stress. Meaningful conclusions
as to arrest, therefore, cannot be drawn,

The fractures that occurred during tests of the ASTM AZ212 Grade B ma-
terial were, in general, flat faced with very little or no evidence of thinning of
the cross section. Shear lips were virtually non-existent except in the tests per-
formed at +75°F where, when fracture did result, a lip 1/2 to l-inch in length
occurred in the area adjacent to the initiation site.

B. Tests on the ABS Class C Material

It is apparent from the results of tests on the ABS Class C ships’ hull ma-
terial that, like the ASTM AZ212 Grade B steel, fasl fracture may result if a sharp
initiation site exists (fatigue crack or sharper) in the presence of a high residual
stress field. The required applied stress, however, is a larger portion of the
yield, in fact full yield stress or above in some cases., This is evident from a con-
sideration of the results of Tests Bl - B3, inclusive, and Tests B5 and B6. All
were performed at a test temperature of +40°F and were of identical configuration
except for length of patch plate. The patch length was increased for B5 and Bb in
order to minimize residual welding strains and determine whether or not lesser
strains would result in higher fracture stresses. The attempt was successful be-
cause Tests Bl, 2 and 3 resulted in fracture at percentages of 98, 78 and 57,
respectively, of the material yield. Tests B5 and B6, however, did not result in
fracture.

As for the AZ12 Grade Bsteel, temnperature seems to play a part in the
fracture behavior of the ABS material. For instance, in no case did a fracture
occur at a room temperature ambient of 75°F but in all other tests, except one,
which were performed near NDT or below, fraclure did result. Fracture stresses,
however, were high regardless of test temperature; the minimum stress occurred
in Test B15, a stiffened plate configuration tested at +10°F. In the two tests at
the coldest temperature (-35°F) fracture stress was at or near yield stress.

Again, as for the ASTM A212 material, no correlation with small scale
test results seems possible. 1In this regard, it is felt that correlation may well
be obscured by the role played by residual stress (or strain) - and residual stress
{or strain) seems to be the dominant variable.
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APPENDIX A

RESULTS AND DISCUSSION OF THE EXPLORATORY TESTS
PERFORMED ON THE PRESSURE VESSEL ALLOY
ASTM AZ212 GRADE B

In the following pages, nineteen wide plate tests performed on the alloy,
ASTM A212 Grade B are described and the results obtained therefrom are pre-
sented. All tests were made on specimens 10 x 10 feet in planform that had a
thickness of 3/4-inch., All specimens were of the plain plate type.

There was a twofold overall purpose in the testing of this material. First,
it was desired to determine the type of defect required to initiate fast fracture and,
second, to investigate the effect on fracture load and fracture characteristics of
the more important variables such as residual stress, temperature and initial
flaw length. With these things in mind, four distinct series, involving the nineteen
individual tests were then conducted. These are outlined below as to purpose of
the test, specimen geometry and preparation, type of instrumentation used, spe-
cific test conditions and test results.

Al Series 1 - A Central Slot Configuration -~ Tests Al - AG

Series 1, the initial test series, consisted of five tests performed primarily
for the purpose of determining the nature of defect required to trigger a fast frac-
ture. Also, as mentioned in the text of this Report, a secondary purpose was in-
volved, viz., to determine the behavior of the test machine itself.

Al 1 Preparation and Installation of the Specimen

For the first test, a transverse central slot 12" in length was in-
troduced into the specimen. Eleven inches of this length, 5-1/2" each way from
the specimen center line, was cut by torch and an extension through the resultant
flame hardened area was then made with an ordinary hack saw. Next, each end
was [urther lengthened 1/16" by jeweler's saw; this produced an initiation site
with tip radius of about 0. 003"

The specimen was next welded into the test machine taking care
to make certain that the midplane passed through the axis of pins which attach the
fore and aft connecting beams to the machine proper. This insured that the bend-
ing moment, introduced by subsequent application of the test load, would be mini-
mized.

The specimen was now ready for instrumentation and this is de-
scribed in A. 1. 2 following, However, as will also be discussed shortly, fracture
did not occur during the first test and the slot, therefore, was simply welded shut
and about 8" away a parallel slot was cut for use in the second test. This slot had
an overall length of 42', 1' of each end of which was, after cutting, re -welded
with Hardex N hard [acing weld rod. Upon cooling, a brittle area with an accom-
panying severe residual stress field was thereby produced; this formed the initia-
tion site.
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Subsequent specimens, A3, A4 and A5 were of like configuration
and were all performed on the same basic test plate. In each case, from Test A2
on, fracture did result and the specimen was simply re-welded and a new slot cut
in an unaffected area. This served to conserve material and, in addition, did not
necessitate the cutting out of an old specimen and re-welding in of a new.

A1, 2 Instrumentation

Because the prime objective of tests on the ASTM A212 Grade B
material was to study factors involved in fracture initiation rather than a resultant
stress distribution, elaborate instrumentation of the specimen was not deemed
necessary. Always, however, seven resistance strain gages were installed across
a section remote from the slot and, in addition, near the ends of the slot, midway
to each edge and 1" away from each edge. No instrumentation was placed on the
underside of the specimen because, as previously stated, it was felt that the
applied bending moments would he small.

A.l1.3 Test Conditions

The first and last test of Series 1 was performed at room tempera-
ture and Tests A2, A3 and A4 at temperatures of -65, +10 and +30, respectively.
For the below-room temperature tests, cooling was effected by means of dry ice
placed in trays positioned near both upper and lower surfaces of the specimen.
These trays were about 2 feet in width and could be raised or lowered at will to ob-
tain a particular temperature as indicated by thermocouples imbedded in both sur-
faces of the specimen at the quarter, half, and three-quarter points across the
width. Though relatively simple, this means of temperature regulation proved
quite effective; when necessary, it was sometimes complemented by means of an
insulating blanket laid over one or both trays.

Al 4 Test Results

Fracture from the first configuration did not result although the
load applied was 4. 18 x 106 lbs. This is the apparent yield load of the specimen
as indicated by the seven strain gages located across an unnotched section remote
from the 12" flaw, and is equivalent to a gross section stress of 46,500 psi.
Though somewhat greater than the yield strength of about 44,500 psi obtained by
small specimen tests, a stress ol 46,500 psi reflects, nodo doubt, an averaging of
tensile properties along the strain gaged cross section., If is to be noted, inci-
dentally, that the load as indicated by an observed hydraulic cylinder pressure of
1425 psi was 4. 28 x 10° Ibs. This is in good agreement with the strain gage re-
sults and confirms the assumption that bending moments are srmall if care is taken
to properly position the specimen during installation.

Tests A2 through A5, inclusive, all resulted in fracture at loads
as given in the tabulation of Figure A-1 of this Appendix. Except for the magnitude
of failure loads, no differences were noted. In this regard, it is to be noted that
one test of this series, Test AZ, resulted in fracture at a very low value of applied
stress, viz., 27% of yield based on the gross section area. As evidenced by the
complete absence of shear lips or thinning of the cross section, this was the only
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truly brittle-like test of the entire program. All other fractures were basically
flat and shear lips, where evidenced, were very short and immediately adjacent to
the tip of the initial flaw.

A2 Series 2 - An Unnotched Configuration with Lateral Stiffener -

Tests A6 - A8

This series, which involved three individual tests, was undertaken as a
means of further studying fracture initiation. It was planned to introduce weld de-
fects by means of poor welding techniques and, also to determine qualitatively the
effect of weld induced residual stresses.

A.2,1 Preparation and Installation of the Specimen

In order to insure that previous loadings of the Series 1 tests in no
way affect the results of this series, the old material was removed from the test
machine and a new plate installed. A 3 x 3 x 1/4" angle was then welded across
the midsection, in a direction normal to the load axis, using the poorest possible
weld procedure by a totally inexperienced welder. This resulted in undercutting,
numerous random arc strikes and gouges, and liberal amounts of slag and incly-
sions; also, an improper rod was used in order to insure high residual stress be-
cause of excessive and uneven heat. In.short, a deliberate attempt was made to
provide a multiplicity of initiation sites, particularly at the specimen edges., Frac-
ture, however, did not occur at either of two test temperatures (mentioned later)
and a 10" torched slot was cut parallel to, and about 8" away from, the angle [or
the third test of the series. The tip of this slot was then extended by hack saw and
cooled with liquid nitrogen. Next, a wedge was driven inward to initiate a starter
crack., Though it was intended to produce a crack only about an inch in length, the
result was one nearly 8" long with tip headed towards the welded-on angle.

A.2.2 Instrumentation

Instrumentation for this series of tests was the same as that used
for the previous series.

A.2.3 Test Procedure

A test was first run at +75°F, then again, using the same speci-
men, at +10°. The final test, i.e., the one with the wedge induced crack discussed
above, was performed at 0°F. Cooling procedures were as outlined in the Series
1 tests, see Section A. 1.

As indicated above, fracture did not result from Test A6, the first
of the series, nor did it result from Test A7. On Test A8, however, initiation was
effected with a resultant fracture very much like those of Series 1. In this regard,
however, it was of interest to note that the crack did not parallel the stiffener but
veered away along a path that, at least ostensibly, was in a region of lower residual
stress. No explanation to this happening is offered except the obvious, viz., that
this was the path of least resistance.

A,2.4 Test Results
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Test Ins. °F Fracture ? Lbs x 10-6 Section Section
Al 12 +75 No 4,18 100.0 111.0
A2 40 -65 Yes 0.75 17.9 26,9
A3 40 +10 Yes 2.60 62,1 93, 4
A 4 40 +30 Yes 2.70 64,5 96. 8
A5 40 +75 Yes 3.10 74,1 111.0

(*)Based on an apparent full size specimen yield strength of 46, 500 psi.

Fig. A-1. Specimen Configuration and Summary of Results - Series 1 Tests on the
ASTM A212 Grade B Material.



A summary of the fracture loads and test conditions is included in
Figure A-2.

A3 Series 3 - Edge Notched Specimens with a Fatigue Crack

Initiator - Tests A9 - Al8

In this series of tests, it was desired, first, to determine whether or not
fracture could be initiated by means of a fatigue crack and, second, if so, to find
if the results were at all repeatable. Temperature was to be varied so that some
tests would, and others would not, result in fracture and it was felt useful to de-
termine differences which might result from a change in applied load from
"across'' to "with'' the major direction of rolling.

A.3.1 Preparation and Installation of the Specimen

Because it was not practical to attempt to generate a fatigue crack
in the full sized 10 x 10 foot specimen, it was decided to torch cut a slot lengthwise
ina 1 x 2 foot patch, then induce the fatigue crack at the bottom of the slot by
means of a pull-release action supplied by a hydraulic cylinder suitably mounted
in an external frame. Such a frame was devised and, for the first specimen, a
slot 5'" in length was cut. The actual generation of the fatigue ecrack turned out to
be a fairly simple task; a crack 1/2" in length could be grown in about four hours
and, later, this time was shortened by use of blocks of dry ice strapped to the
sides of the patch. Next, the patch was spliced into a cut-out made at the edge of
the specimen and the assembly was then ready for installation.

All specimens in this series were made in like manner except
that the subsequent nine had torch cut slots 10", instead of 5", in depth. Installa-
tion was in the identical manner as discussed in Section A. 1. 1. The series was
started using new material and this was re-used for Tests A9 through A15, all of
which were loaded normal to the major direction of rolling. New material was
then used for Tests Al6, 17 and 18 with load, for these cases, applied along the
direction of rolling.

A 32 Instrumentation

With one exception, instrumentation for all tests of this series
consisted of the previously described pattern of seven strain gages located re-
motely from the notched section. The exception was for Test Al5 where, in order
to check the assumption that little bending resulted from the applied tensile load,
strain gages were mounted on the underside of the specimen. Location of these
gages is as shown in Figure A-3.

A.3.3 Test Conditions

Three temperatures were used during this series of tests, viz.,
a room ambient of 75°F, a temperature of +40° and, for tests conducted with the
load parallel to the direction of rolling, +35°F.
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% of Yield Strength(*)
Attained Across the:
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Test Ins. o Fracture ? Lbs x 10'6 Section Section
A6 - +75 No 4.18 100. 0 -
A7 - +10 No ' 4,18 ~100.0 -
A8 10 0 Yes 3.18 76.1 82.8

(*)Based on an apparent full size specimen yield strength of 46, 500 psi.

Specimen Configuration and Summary of Results - Series 2 Tests on the

Fig. A-2. )
ASTM A212 Grade B Material.
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% of Yield Strength(*)
Attained Across the:

Temp. , Load 6 Gross Net
Test Ins. o Fracture ? Lbs x 107 Section Section
A9 5.5 +45 Yes 3,12 74,5 78. 1
A 10 10.5 +75 No 4,18 100.0 109.5
All 10.5 +75 No 4. 18 100. 0 109.5
Alz2z 10.5 +40 No 4.18 100.0 109.5
A 13 10.5 +40 Yes 1.92 45.9 50.2
Al4 10.5 +75 No 4.18 100. 0 109. 5
Al5 10.5 +40 Yes 2.15 65. 7 72.0
Al6 10.5 +40 No 4,18 100. 0 109. 5
A17 10.5 +35 No 4.18 100. 0 109. 5
A 18 10.5 +35 Yes 2.29 54. 8 60. 0

(*)Based on an apparent full size specimen yield strength of 46,500 psi.

Fig. A-3. Specimen Configuration and Summary of Results - Series 3 Tests on
the ASTM A212 Grade B Material.
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A3 4 Test Results

The previously mentioned Figure A-3 not only shows the specimen
configuration and a tabulation of test temperatures, but also summarizes results
obtained for this series. Therein, definite trends will be evident, For instance,
fracture did not result in either of three tests conducted at +75°F but was achieved
three out of four times at temperatures near 40°. In all seven tests, the load di-
rection was across the major direction of rolling and fracture, therefore, was
propagated in the “weak' direction. For the following three tests, however, the
rolling direction was changed so that a crack had to propagate across the "strong"
direction. Changing direction resulted in one test involving fracture and two tests
with no-fractures; this is what might be expected if 40°, or thereabouts, was close
to or within a rather sensitive temperature range. Actually, this appears to be the
case because, as shown by the results of small sized specimens, see Figure A-12,
though the indicated NDT for the particular heat involved was 20°F, there was a
large amount of scatter in the data. From the standpoint of repeatability, then,
it would seem the odds are slightly in favor of fracture for the case of a fatigue
crack initiation and a test temperature near NDT. If the temperature is +75° or
above, however, there appears little likelihood of such occurrence, regardless of
load direction with respect to rolling direction.

One other point of particular interest is that a distinct '"pop-in"
was noted during the first test of the series (Specimen A9) using an edge slot with
[atigue crack. This occurred at about one third load, i.e., 1 x 10” lbs which is a
gross section stress of 11,600 psi. The ""pop~in" extended the slot about two feet.
No change in the load required to hold the specimen in its cracked condition was
noted during an inspection of the crack and, when loading was resumed, no further
extension was evident before fracture., Then, on Test A17, a ""pop-in' occurred
but further load application failed to trigger fracture. The crack, however, did
extend about 12-inches before blunting, thus resulting in true arrest.

Concerning the Test AL5 which was instrumented on both surfaces,
the strain gage data indicate that little bending resulted from application of the
load. The strain data are given in Figure A. 3.1 which shows, also, a typical
stress distribution across the specimen width.

A 4 Series 4 - A Center Slotted Specimen with Fatigue Crack

Initiators - Test A19

This series of tests was performed to compare with earlier Series 1 Tests
in which brittle weld beads had served as crack initiators,

A 4.1 Preparation and Installation of the Specimen

For this test, two 1 x 1 foot patches with 5-1/2" torch cut slots
were fabricated and a fatigue crack 1/2" in length was generated in each patch.
Except for the shorter overall length, these were identical to the patches of the
previous series. A cut-out was next made in a new 10 x 10 foot specimen and the
patches were welded in. This produced a slot of 12" total length as shown in Fig~
ure A-4. Rolling direction for both patch and specimen proper was oriented to be
parallel to the direction of loading.
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Fig. A-4. Specimen Configuration and Summary of Results - Single Test of
Series 4 on the ASTM A212 Grade B Material.
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A.4.2 Instrumentation

The instrumentation for this test was identical to that for the
Series 1 tests.

A.4.3 Test Conditions

Although the primary purpose of this test was for comparison with
those of the Series 1, it seemed also desirable that the test be conducted at the
same temperature as edge-notch Test A18. Both were installed with loading
parallel to the major direction of rolling and, if a test temperature of +35°F was
used, a comparison of edge notched versus center notched results would then be
afforded. Hence, +35°F was used.

A4 4 Test Results

Upon loading, fracture occurred on specimen Al9 at 1. 78 x 10
Ibs, a value lower than for either Test A4 or Test A18. The specimens used in
Tests A4, Al8 and Al9 all had center slots. Specimen A19, however, had fatigue
cracks at each end of the slot and A4 and Al8 did not. Though it might appear
that the lower fracture load for A19 resulted from solely for reason of a sharper
initiator, such is not felt to be the case. As will be pointed out later, residual
stresses are shown to play too great a part for sharpness of initiator to be the
sole governing variable.

A5 Recapitulation of Results of Tests on the A212 Grade B Material

In summary, nineteen tests in all were performed on the above material,
ten of which terminated in rapid fracture at loads well below the unflawed section
yield load. As will be noted later, no precise pattern is readily apparent. Always
though, if fracture did occur, the resultant surface was basically flat with shear
lips evident only for an inch or two near the tip of the original flaw. There was no
visual evidence of thinning of the cross section though the specimens did not meet
the ASTM STP 410 requirements for the plane strain case. Definitely, the need
for a very sharp ended crack initiator is indicated and, as would be expected, it
seems apparent that, in general, the fracture stress is greater at the higher test
temperatures.

Table A-1 summarizes the test series and Figures A-5 through A-10 are
photographs of some of the resultant fractures. Figure A-11 is a photograph show-
ing the central slot configuration used for Test A19. As was mentioned previously
(Section III), Figure A-12 is a plot of the Charpy-Vee and Navy Drop Weight data.
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Table A-1.

Tabulation Of Results Of Tests Performed On The
3/4-Inch Thickness ASTM A212 Grade B Material.

Delfect Intator
Test
Material Heai Number(2) Load Temp ,
Dale “ain Test Plate Palch Plate Directiond®  Type and Length, In, Type and Lenglh, In, *F
11.22-6b A-0260 NOT USED Normal Central Slot, 12 Szw Cul, 142 5
11-22-46 ‘ o Brittie Bead, 1 65
P1-30-b6 i , 40 | 10
tz-5-6b . , 40 | 130
! t
12-7-66 Central Slat, 40 Britile Bead, 1 475
1667 Angle Welded §20 Poor Weld, 120 +75
Acrona Spec.
L-9-67 Angle Welded 120 Poor Weld, 120 +10
Acrosn Spec,
1-13-67 NO'T USED Angle as Above, 10 Impact Gen- 10 ¢
& Edge Slot erated Crack
1-17-67 A-0260 Fdge Slot, 5.5 Fatigue Crack, L/2 +45
i
1-20-67 A-D260 P-4023 } 10.5 1 175
X i
|-23-67 P-4023 I | +75
: 1
1-24-57 H | 40
1 E
1-26-47 ; +40
I |
L-27-67 | | | +75
2147 | Normal i 140
2oLt b i Paralial : ! 140
i i
2 2167 ; . 435
1 1
1-3-67 Edge Slot,  10.5 H +35
I
3-9-67 P-4023 P-4023 Parallel Central Slat, 12 Fatigue Crack, 172 +35

(.} See Takd: A-l for mechamczli properiy data

[b} With respect lo the direclion of prancipal rolling

{+} fasdi ou <n apparent full size specimen yl

(6! Fur -ingle edge noteh: Ky= 112 {ma)
Tus eeitral neteh; K = 1,050 (wa }/2

14 strength of 46,500 pai

Avg.
Stress
Test __ peixap-d
Load, Gross Hel
Lb x 107 Fracture * Section Section
4.18 Mo 46.5 51,6
.75 Yes 8.3 12.5
2. 60 Yes 2B.9 43.4
2.70 Tes kL 45,0
310 Yes 3.5 517
418 No 46.5 --
4.8 No 46.5 --
3,18 Yes 35,3 38.5
312 Yes 4.7 36.5
4.18 No 46.5 50.8
4.18 No 46.5 50,48
4.1B No 4b.5 50.8
192 Yes 21.3 231.4
4.18 Mo 46,5 50. 8
z.75 Yes 30,6 33.5
4.18 Ho 16,5 50.8
418 No 46,5 50.8
z.29 Yea 25.5 27.9
1.78 Yen 19.8 z2.



TABLE A-2. CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES
OF THE 3/4-INCH IN THICKNESS ASTM A212 GRADE B MATERIAL

Chemistry

Carbon
Manganese
Phosphorus
Sulfur
Silicon
Aluminum

Mechanical Properties

Ultimate Tensile Strength, psi

¥1d. Strength, psi, at 0. 2% offset

Approx. Yld. Strength, psi,

apparent from large specimen tests

Elongation, % in 8 inches

15 ft/1b Charpy-Vee Transition

Temp., °F {See Fig. A-12)

Nil Ductility Temperature,

when estimated to be 60°F less

than 50% FATT

Nil Ductility Temp., °F, from

Drop Weight Tests

ASTM Grain Size

Heat Number

A-0260 P-4023
0.22 0.26
0. 86 0. 80
0. 008 0. 009
0. 025 0. 022
0.30 0. 25
0. 02 0.02
Heat A-0260 Heat P-4023
Longitudinal Transverse Longitudinal Transverse
72,100 72,100 78,200 77,900
40,100 40,500 44,300 44,800
46,500 46,500
34,0 32.5 33.0 32.0
+50 +25
+15 +10
+10 +20
5 6

_88 -



Fig. A-5.

Overall View Of A Typical Fracture - Test A2, Configuration: Central
Brittle Weld Bead, Each End; Test Temperature: -65°F; Fracture Stress:
The Gross Section, 12,500 #f£si Avg. On The Net,

Siot With
8,300 Psi On



Fig. A-6.

Appearance 0f A Typical Fracture Surface - Test A3; Configuration: Central
Weld Bead, Each End; Test Temperature: +10°F; Fracture Stress: 28,900 Psi
Section, 43,400 Avg. On The Net.

STot With Brittle
On The Gross

_017_



E B _Fracure with inclined
T R f surface approx, 3-1/4"

Brittle bead at end
of central slot

Fig. A-7. Appearance Of The Fracture Surface - Test A5; Configuration: Central Slot With Brittle Weld
Bead, Each End; Test Temperature: +75°F; Fracture Stress: 34,500 Psi On The Gross Section;
51,700 Psi Avg. On The Net.

-1t~
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~;\_-‘4'.
Stiffener attached by purposely ‘s !
poor weld technique .

Wedge:ind;lced cr
to here

Fig. A-8.

Crack; Test Temperature: 0°F; Fracture Stress:
Avg. On The Net.

Overall View Of The Fracture - Test A8; Configuration:

ack

Edge Slot With Wedge Induced Starter
35,300 Psi On The Gross Section; 38,500 Psi
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Pre-cracked panel with
fatigue startercrck

Forked path taken
by final fracture

General View Of The Fracture - Test A9; Configuration: Fatigue Crack
The End Of A 5" Edge Slot; Test Temperature: +45°F; Fracture Stress:
Section; 36,500 Psi Avg. On The Net.

Initiator Generated At
34,700 Psi On The Gross

-£p-



Fatigue Crack At End OF

Yiew Of An Arrested Crack - Test Al7; Configuration:
+35°F: Stress At Arrest:

A 10" Edge Slot; Test Temperature:
The Gross Section {46,500 Psi Is The Specimen Yield Stress}.

46,500 Psi On

_.1717_
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Charpy-VYee And Drop
Exploratory Tests.
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APPENDIX B

RESULTS AND DISCUSSION OF THE TESTS PERFORMED
ON THE ABS CLASS C SHIPS' HULL MATERIAL

In the following pages eighteen wide plate tests performed on the ships'
hull material, ABS Class C, are described and the results obtained therefrom are
presented. All tests were conducted on specimens 10 x 10 oot in planform by
1-3/8-inch in thickness; three were stiffened by means of two bars 6-inches in
height x 1-3/8~inch in thickness welded to the upper surface of the plate in a direc-
tion parallel to the load line. The other fifteen specimens were of the plain plate

type.

In the pages following, each test is outlined in brief as to specific purpose,
specimen preparation, test conditions and more significant results. The results
have been previously summarized, see Section IV.

B.1 Test Bl

Test Bl, the first of the series using 1-3/8-inch ABS Class C plate ma-
terial, was performed for the purpose of determining whether or not fast fracture
could be initiated as in the ASTM AZ212 Grade B material. Accordingly, a 10 x 10
foot specimen was welded into the test facility and a 12 x 12 inch patch, with fatigue
crack generated at the tip of a 5-1/2-inch torch cut slot, was spliced into the speci-
men. Strain gages were affixed at several locations across a section remote from
the fatigue crack and in three places directly ahead of the probable path of fracture.
The specimen was cooled to the NDT of +40°F, the load slowly applied and, at
6.65 x 10° lbs, [racture did result. This is shown in the photograph of Figure
B-1, this Appendix.

During installation of the specimen bowing resulted from welding to the
test facility and there was an inadvertent preload introduced when, as the welds
cooled, the specimen shortened, and the hydraulic loading cylinders bottomed out.
In magnitude, this preload was about 1. 5] x 10© 1bs as evidenced from the fact
that no strain gage output was apparent until the loading cylinder pressure during
test reached 500 psi. (By virtue of the test machine geometry, 100 psi hydraulic
pressure is equivalent to 302,000 lb load on the specimen).

As to information derived from the test, that of most significance is the
fact that fast fracture can occur at a temperature near NDT in an ABS Class C ma-
terial. For Test Bl, however, the unnotched section stress field was 6. 65 x 106
lbs + an area of 165 sq. in.; this is an average of 40, 000 psi stress, somewhat
above the 35,300 psi yield at 0. 2% offset determined by tests on small scale speci-
mens.

B.2 Test B2

Test B2 was performed for the purpose of determining whether a decrease



Fig. B-1.

Pre-cracked
patch

Overall View Of The Fracture - Test Bl; Specimen Configuration:

The Tip Of A 6" Edge STot; Test Temperature:
Section; 42,400 Psi Avg. On The Net.

Fatigue Crack Generated At
+40°F; Fracture Stress: 40,300 Psi On The Gross

_817_
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in length)k of the patch plate would materially affect the value of the fracture load
when the temperature remained at +40°F as before. Also, it was desirable to
eliminate the inadvertent preload of Test Bl, to minimize the tendency of the speci-
men to bow during the welding process and to measure the magnitude of stress in-
duced near the crack tip when the patch was spliced into position. Therefore, a
new 30-inch wide test panel with gages pre-installed on both top and bhottom sur-
faces, was welded into the basic 10 x 10 foot test section. As low a heat as pos-
sible was used in making the welds and peening was employed after each pass. An
8 x 12 inch patch, with fatigue crack generated at the tip of a 5-1/2 inch torch cut
slot, was instrumented with weldable type strain gages applied near the tip and the
patch was then spliced into the specimen.

The test terminated in fracture at 5. 28 x 10° 1bs, (see Figure B-2), a
value somewhat less than for Test Bl., However, this is not surprising because
residual stresses surrounding the fatigue crack tip were, if anything, somewhat
higher than in the previous test because of the decreased patch width, The mag-
nitude of these stresses, however, was not determined due to loss of the strain
gages during welding; also, bowing was not eliminated in spite of the care used in
welding. The bowing was obvious visually and was likewise apparent in the derived
strain data which showed that the area under the curve of stress across the un-
notched section at fracture indicated an applied load of 3. 78 x 109 rather than 5. 28
b s lO6 lbs. However, the strain gages on the underside of the specimen measured
yield stress or greater, thus giving an average gross section stress of about
31,000 psi. This value, multiplied by the specimen area, gives a load of 5.2 x 106
lbs which is in good agreement with the value indicated by the leoading cylinder
pressure.

Noteworthy of Test BZ is that a '"pop-in'' occurred at 4. 53 x 106 1bs which
is a nominal stress of 27,500 psi. The crack extended two feet, thus producing a
new notch length of 30 inches. No decrease in load on the specimen accompanied
the extension of the crack.

B.3 Test B3

As in Test B2, Test B3 was performed for the purpose of investigating a
variation in patch geometry, in this case an increased width. The previously used
g-inch length patch was removed and a new and slightly longer full-width panel
was installed in the same mmanner and with essentially the same instrumentation as
before. Warpage from welding of the panel to the basic specimen did not appear
excessive, but, after making the patch cut-out and splicing in an 8 x 24 inch patch,
a large amount of distortion was evident. As in previous tests, this had a decided

effect on the test results which, unfortunately, indicate little except that the failure
stress (at a test temperature of +40°F) of 23, 600 psi was lower than in the two pre-

vious tests. Once more, because of the heat from welding, no meaningful data
were obtained from the gages that were intended to measure the weld-induced

*Length "1" is measured along the load axis, therefore it is sometimes the

shorter dimension.



Fig. B-2.

Appearance 0f The Fracture Surface - Test B2; Specimen Configuration:

Fatigue Crack Generated
At The Tip 0f A 6" Edge STot; Test Temperature: +40°F; Fracture Stress: 32,000 Psi On The
Gross Section; 33,700 Psi Avg. On The Net.

05~
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residual stresses at the fatigue crack tip. It may be postulated that the residual
stress field around the tip of the fatigue crack encompassed more material because
of the wider (24 versus 12 inches) patch; therefore, a fracture load lower than for
Test B2 resulted.

B.4 Test B4

Test B4 was performed for the purpose of determining if fracture could be
initiated from a Charpy-Vee notch pressed into the side of the specimen. If so, it
was felt that much of the weld induced distortion could be eliminated, thereby
making the strain gage data more accurate, meaningful, and easier to interpret.
Accordingly, a new unnotched patch and panel was spliced into the specimen used
for Teslt B3 and a hydraulic cylinder was attached to an outrigger which, in turn,
was welded to the test facility. A Charpy-Vee notching die was pressed to a depth
of 0. 080 inch into the patch with a 50,000 1lb load; the panel was then cooled to
+35°F and the load slowly applied to a value of 5.75 x 10~ 1bs. Though this was
close to yield in the unnotched section (34, 700 psi), fracture did not initiate.

B.5 Test B5

This test was performed for the purpose of determining whether or not an
increasc in patch length to, say 24-inches - and, hence, an accompanying decrease
in the welding induccd residual stress field about the fatigue crack tip - would
retard or perhaps preclude the initiation of fracture. Another panel was therefore
prepared with fatigue crack, as before, generated at the end of a 5-1/2-inch slot.
Again, weldable gages were installed near the tip of the fatigue crack and the patch
was spliced into a new test section to which strain gages had been affixed both top
and bottom surfaces. No fracture resulted even though a 6.18 x 10% load, which
corresponds to an average gross section stress of 37,500 psi, was applied. Defor-
mation from welding was considerably less than in the previous tests and this was
also apparent in the strain data because the underside strain gages affixed to the
unnotched section read very nearly the same as their top surface counterparts,

The measurement of residual stress at the crack tip this time was successful. The
strain gage readings indicated a stress of about 28, 000 psi tension on the upper
surface and 10, 000 psi compression, lower surface. Though not uniform as would
be hoped, the values were at least below yield, thus indicating that the attempt to
minimize the weld strains was success/[ul.

B.6 Test B6

This test was essentially a re-run of Test B5 and was performed for the
purpose of confirming the fact that lowering the residual stresses induced by weld-
ing seemed to inhibit the initiation of fracture. Also, it was planned that, if frac-

ture did result, measurement of the speed of propagation would be useful informa-
tion. Past experience, however, indicated that to simply replace the patch would

lead to excessive distortion as well as high residuals. For this reason, a l12-inch

otwmitr wra e ot mtrear] frmtryy Fhea cracrtra e Al mrA matrecrlh e S ton o e o (sl s e ey 3



~52-
B.7 Test B7

Test B7 was performed for the purpose of determining if fracture would
result using the Test B6 configuration at a lower temperature, say NDT minus
30°, which is +10°F. A new patch with full length extensions was therefore pre-
pared and spliced into the old B6 specimen. Residual stresses near the fatigue
crack tip were again successfully measured and this time, were fairly low, viz.,
2500 psi on the upper surface, 16,500 psi on the lower surface; both were com-
pression. After cooling, a load of 7.55 x 107 lbs (i.e., a gross section stress of
45, 800 psi) was applied but fracture did not occur.

B.8 Test B8

As mentioned previously, instrumentation for the measurement of crack
speed had been installed on the Bé specimen and it was desirable that this be used.
Test B8, therefore, was conducted primarily for the purpose of generating a
fracture without regard to the control or measurement of residual stlesses.
Therefore, a 6-inch torch cut slot was made on the side of the specimen opposite
the Test B7 patch. The last inch of the slot was then filled with Hardex N weld rod
as had been done for the Series } ASTM AZ212 Grade B specimens. Temperature
was reduced to -35°F and load applied. As would be expected, fracture did result,
but the load at fracture was 6.9 x 10~ 1bs, a value surprisingly high. On a reduced
net section area of about 109" x 1-3/8" or 150 sq. in., this is an average stress of
46,000 psi. Fracture speed was found to be approximately 4000 ft/sec and, as
indicated by the chevron pattern of the fracture, initiation occurred at the brittle
weld bead. An overall view of the fractured specimen is shown in the photograph,
Figure B-3.

B.9 Test B9

In general, Tests B5 through B8, inclusive, had at least loosely established
the fact that failure at the NDT of +40°F was not likely to occur if an effort was
made to reduce residual stresses at the tip of the fatigue crack. For these tests,
residual stresses had been minimized by adding an extension to the patch, then
splicing the assembly of patch plus extension pieces into the specimen proper.

Test B9 therefore, was performed for the purpose of determining the effect of a
lowered temperature, viz., to +10°F, keeping the same configuration except that,

in this case, a longitudinal weld was made along the specimen center line. In
regard to this weld, it was felt that the possibility of initiation would not be

affected by the weld because of the physical distance from the fatigue crack. If
fracture did initiate, however, it would be of interest to determine the effect on
both path and speed as the crack crossed the weld. Accordingly, the specimen
was fabricated, then welded into the test machine. Upon loading to 7.1 x 10" lbs,
fracture did initiate, see Figure B-4. Fracture speed as determined from mea-
surements on the first half of the plate was about 5500 ft/sec; therefore, no data
was obtained because the crack progressed outside the break wires which were
used to determine speed. An average stress of 44, 000 psi was measured across
the gross section.

B.10 Test B10

Test Bl0 was performed as a means of determining if the results of Test B9



General View Of The Fracture - Test B8; Specimen Configuration: Initiation

Bead At The End Of A 6" Edge Slot, Other Side Of Specimen; Test Temperature:

Stress: 41,800 Psi On The Gross Section; 44,000 Psi Avg. On The Net.

Break wires for crack
speed measurements

By Means of Brittle
=-35°F; Fracture
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Longitudinal
center weld

Pre-cracked patch with
extension plates running
full length of the specimen

Break wires for crack
speed measurement

Fig. B-4. Overall View Of The Fracture - Test BY9; Specimen Configuration: 5-1/2" Edge Slat Plus 1/2"
Fatigue Crack In A 120 x 12" Patch. Specimen Has Weld Along The Longitudinal Centerline;

Test Temperature: +10°F; Fracture Stress:
On The Net.

43,000 Psi On The Gross Section; 45,300 Psi Avg.
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could again be achieved; therefore, a pre-gaged panel of 35-inch length and full
specimen width was spliced into the B9 fracture area. Again, temperature was
+10°F and a fracture nearly identical to the one obtained in Test B9 occurred.

The fracture load was 6.5 x 10, somewhat lower than for Test B9. The indicated
fracture speed was 5000 ft/sec; the average unnotched section stress, 34, 000 psi.
An overall view of the fracture is shown in the photograph, Figure B-5.

B.1l TestBll

With the exception of Test B4, all tests on the ABS Class C material thus
far had been performed using an edge notch of 6 inch total length measured into
the specimen width. It was therefore of interest to increase the length of the notch,
thus the purpose of Test Bll in which the length of the torched slot plus fatigue
crack was 18 inches. After preparation of the specimen and attachment to the test
machine, temperature of the specimen was lowered to +5°F and the load applied,
Fracture resulted at an applied load of 4.1 x 106 lbs, a value considerably less
than for the similar test, Bl. Also, Test B8 resulted in a "pop-in' at an applied
load of 3.77 x 108 1bs with crack extension to a value of slot plus '"popped-in
crack' to about 30 inches. As reported for Test B2, in which a "pop-in'" was also
noted, no drop in load was apparent and fracture followed at an applied gross
section stress of 24, 800 psi.

B.12 TestBl2

Test Bl2, and later B13, were performed for the purpose of comparison
with the ASTM AZ212 Grade B test series. It will be remembered that the ASTM
A212 Grade B specimens had a center slot and fracture was triggered by means of
a brittle weld bead. For Test Bl2, a similar specimen geometry was used but
initiation was accomplished by means of fatigue cracks generated in a pair of patch
plates which were butted together and spliced into a cut-out at the specimen center;
the total crack length '"2a'" was 13-inches. A temperature of +10°F was chosen as
the test temperature, the load applied and fracture at an applied load of 3. 78 x 106
lbs resulted. Crack speed was measured and found to again be about 5000 ft/sec.;
the gross section stress was 22, 900 psi.

B.13 Test B13

Test Bl3 was performed for the purpose of investigating the effect of an
increase in crack length "2a" of the center notched panel of Test B12. The con-
figuration was fabricated using a new 45-inch center section to replace that of the
previous test. Total crack length "2a' was 36 inches, three times that used in
Test B12. The test temperature was +15°F and fracture resulted at a load of
5.27 x 106 lbs. It is believed that this value, which is 40% above that of Test B12,
resulted from the influence of excessively high residual stresses which tended to
blunt the crack tips an amount sufficient to retard initiation of the fracture,

B.14 Test Bl4

Test Bl4, the first of a series of three stiffened plate tests, was performed
for the purpose of determining the effect of stiffeners welded parallel to the load



Fig. B-5.

Pre-cracked panel with extension

plates running full length of the
specimen

Overall View Of The Fracture - Test B10; Specimen Configuration: 5-1/2" Edge
Fatigue Crack In A 120 x 12" Patch. Specimen Has Weld Along The Longitudinal
Temperature: +10°F; Fracture Stress: 39,400 Psi On The Gross Section; 41,50
Net.
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axis of the specimen. The selected configuration consisted of the 1-3/8" ABS
Class C plate material plus two 1-3/8 x 6" bars welded 18 inches each side of the
specimen center line. As for the test previously described, the initiation site was
a fatigue crack generated at the end of a 5-1/2! torch cut slot which was made in
a 12 x 12" patch plate. New material was used for Test Bl4. As before, strain
gages were applied, the patch spliced into the basic plate and, in this case,
stiffeners attached before welding the assembly into the test machine. The assem-
bly was lowered 1/4 inch with respect to the loading plane of the test facility in
order to insure that the load was applied on the centroidal plane of the specimen.
Basically, the instrumentation affixed to this specimen was similar to that of the
previous tests but additional gages were added to the stiffeners at points in line
with the fatigue crack. As stated before, all gages were laid prior to welding in
order to measure the welding-induced residual stresses. In magnitude, these
stresses were in all cases considerably less than the material yield. However, it
was again impossible to prevent overall bowing of the specimen. After installa-
tion, the selected test temperature of +40°F was attained and a load of 6. 95 x 106
lbs was applied to the specimen. Fracture did not occur but the fatigue crack did
extend a distance of about 1/2-inch during the test.

B.15 Test B15

This test, the second of the stiffened plate series, was performed for the
purpose of determining the effect of lowering the test temperature to +10°F. The
crack starter patch was replaced by one of slightly larger size, viz., 14 x 12
inches, the temperature reduced and the load applied. All instrumentation from
Test Bl4 remained. This timme, at a load 0of 3.0 x 106 lbs, (20,500 psi on the
gross section) fracture did occur. The fracture path was straight and in line with
the fatigue crack, and there was no indication that the stiffeners had any influence
on the fracture load. An overall view and a closeup of the fracture surface is
shown, see Figures B-6 and 7.

B.16 Test Bl6

Because of the nature of the fracture resulting from Test B15, it was
desired to repeat the test as to configuration but at a lower temperature and with-
out benefit of the high residual stresses induced by welding-in of the small patch
plate. Specimen B16 was therefore welded together, the specimen installed in the
test machine and the temperature lowered to -35°F. Fracture occurred, but at
the surprisingly high load of 6. 73 x 106 1bs, This is an average unnotched section
stress of 37,100 psi based on a plate plus stiffener area of 182 in2. The fracture
appeared identical to that for Test B15.

B.17 Test B17

Test B17 was devised in an attempt to obtain a complete crack arrest, a
phenomena which thus far had not been obtained on the ABS Class C material.
This was considered important and a plain plate with the usual patch with slot plus
fatigue crack was therefore fabricated and installed in the test machine. For this
test, however, the cooled portion was an area 1l foot wide by a two foot length ex-~
tending across the specimen width, A fracture, if effected, would then run into
a warm (70°F) area and perhaps arrest, Temperature near the fatigue crack was



Fig. B-6.

+10°F; Fracture Stress:

Overall View Of The Fracture - Test Bl5; Specimen Cenfiguration: 5-1/2" Edge Slot Plus 1/2"

Fatigue Crack In A 120 x 12" Panel - Stiffened Plate; Test Temperature:
20,500 Psi On The Gross Section; 21,500 Psi Avg. On The Net.
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next lowered to +10°F and load applied to the specimen; fracture did not occur
even at an applied load of 6.8 x 106 1bs, i.e., 41,200 psi.

B.18 Test B18

Because fracture did not initiate in the case of Test B17, a new pre-
cracked patch was installed and Test Bl8 performed with the fatigue cracked area
at a temperature of -100°F. Though not measured it was known from previous
measurements that yield point residual stresses would be induced near the crack
tip; this fact, coupled with the very low termperature, should induce fracture at a
low load, hence low energy. This, it was felt, might very well result in the
attempted arrest. Such was indeed the case; fracture occurred at a load of 3.1 x
106 lbs, (i.e., 18,000 psi) and, as shown in photograph, Figure B-8, fracture
stopped after traveling a distance of 18 inches,

B. 19 Explosion Bulge Tests of the ABS Class C Test Material

The results of explosion tests performed on the material are presented in
Figure B-9.



Fig. B-8.

Crack Arrest - Test B18; Specimen Configuration: 5-1/2" Edge Slot Plus 1/2" Fatigue Crack In
A 12 x 12" Patch; Cooling Effected Only Around The Fatigue Crack And For A Distance Of 24"
Across The Specimen Width; Test Temperature: -100°F; Fracture Stress: 18,800 Psi On The Gross

Section; 19,800 Psi Avg. On The Net.
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Fig. B-9.

Photographs Of The Explosion Bulge Tests Of The ABS Class C Test Material.
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APPENDIX C

DESCRIPTION OF THE TEST FACILITY

It was decided in the preliminary planning for this investigation that the
smallest sized test article that would realistically simulate a full scale ship struc-
ture was a panel type specimen about 10' x 10' in planform. ZFurther, if not for
the immediate program, then for future study, a material such as HY 80 plate in
thickness as great as 1-1/2", might merit testing. To produce yield stress
across the entire width, a load of about 15,000, 000 1bs would thus be required.
These considerations established the test facility requirements, a photograph of
which is shown in Figure C-1.

The test machine was designed and built by personnel of Southwest Research
Institute, at Institute expense., Basically, it is a simple mechanical lever made
to rather large proportions. The machine is attached to a reinforced concrete
base weighing, roughly, 300,000 lbs; the levers, of which there are eight connected
in paralle]l, are reinforced 14 x 14-1/2" standard wide flange beams weighing 264
lbs/ft. The levers have a mechanical advantage of 7. 5:1 and the driving force is
supplied by hydraulic cylinders which lie within the cantilevered portion of the
platform; these may be seen towards the top of the photograph. All cylinders re-
ceive pressure from a 63:1 ratio air-hydraulic reciprocating booster which op-
erates on 80 psi air. The release of energy resulting from specimen fracture is
absorbed by the mass of the testing machine and by plastic deformation which
occurrs in the large lead blocks when they are impacted by the lever beams. The
edge of one of these blocks can be seen in Figure C-1. The machine has the follow-
ing characteristics:

1) Load capability: 15,000,000 lbs, tension or compression, applied
along a plane 7-1/2"" above the machine base.

2) Loading rate: approximately 0.2 inch per minute maximum with
the present hydraulic system. The minimum rate can be as slow
as desired.

3) Special loading: normal load to + 1,500,000 1lbs; cyclic load capa-
bility to + 5,000, 000 1bs, axial, and + 1,500,000 lbs, normal.

4) Travel: 1.0" minimum along a plane 7-1/2" above the base.
5) Specimen size: 10' in length by 15" in width.
6) Temperature: specimens at temperatures between -100 and +250°F

can be tested.



Fig. C-1. The 15,000,000 Lb. Capacity Tensile Test Facility - Department Of Structural
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