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EVALUATION OF WELD-JOINT FLAWS AS INITIATING
POINTS OF BRITTLE FRACTURE

ABSTRACT

A literature survey was made to determine the fundamental
factors and circumstances that are known about brittle fractures
in ship steels and similar materials. The survey was the initial
part of this investigation for the Ship Structure Commitiee under
Bureau of Ships contract 61748 on the evaluation of flaws in weld
Joints. Various testing methods and specimens used in previous
investigations involving brittle fracture were reviewed. Prelim-
inary studies were made to determine the best method of infroduc-
ing flaws into weld joints to simulate the flaws found in service
failures.

A major portion of the effort on the project has been involved
with determinings (a) what kind of test specimen and apparatus
should be used to evaluate weld-joint flaws; (b) what kind of load-
ing or types of loading are needed to simulate service conditions
in ships or other large structures; and (c¢) what nominal stress is
required to initiate a brittle fracture from large weld cracks and
other flaws such as lack of weld fusion.

A significant result has been that brittle fractures initiate
from the weld defects in the laboratory specimen under conditions
very close to the reported conditions involved in some service

failures of ships.
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EVALUATION OF WELD-JOINT FLAWS AS INITIATING
POINTS OF BRITTLE FRACTURKE

INTRODUCTION

Previous extengive studies of many ship failures have shcown
that fractures frequently have initiated at various types cf weld-
joint flaws. Some of these weld-joint flaws have been located in
areas of severe structural notches and stress concentrations.
Other fractures have started in butt joints in plates located well
away from major structural discontinmuities. Although numerous in-
vestigations of the causes of brittle fracture in ships have been
undertaken in the past twelve years, no extensive study has been
made of the part that weld flaws play in initiating brittle frac-
tures in welded structures. There is lack of knowledge concern-
ing what types and sizes of flaws are potentially dangerous in a
ship structure.

This investigation was advised by the Ship Structure Subcom-
mittee and sponsored by the Ship Structure Committee through con-
tract with the Bureau of Ships, Department of the Navy. The prin-
cipal objective is to evaluate the influence of various sizes and
types of flaws in welded butt joints in flat plates on the initia-
tion of brittle fractures. It was hoped that a study of such
flaws under cconditions thét closely simulated those of service
might aid in establishing adegquate production, inspection, &snd re-

pair procedures for use in ship construction. The ultimate goal



-De

would be to aid the shipbuilder to eliminate potentially danger-
ous flaws from ships during construction. The work described in
this repor? was conducted during the period from April 23, 1953,
to December 30, 1955,

The initial problem in this study was to select or devise a
test specimen and a means of loading it so that flaws in welded
joints could bhe tested under a variety of simulated severe service
conditions. Since many other investigators of brittle fracture
have faced this same problem, the first phase of this investigation
was a study of the literature dealing with brittle fracture. This
study was made to obtain background information and at the same
time to search for a specimen and testing procedure that might be
suitable for use in evaluating weld-joint flaws. This selected
survey of literature was supplemented by discussions with several
leading investigators in the field of brittle fracture in steels.

as a result of the survey and discussion, a test specimen
and method of testing were devised by which it is believed that
service conditions in large welded structures can be simulated.
The testing apparatus is a sphere, approximately 9 feet in diam-
eter, made from a high-strength low-alloy steel with good notch
toughness. The test specimen is a 24-in. diameter circular disk
of ship plate steel containing a previously prepared weld flaw,
and which is welded into and is part of the wall of the sphere.

The test disk has the same thickness and contour as the wali
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of the sphere and contains full-size welded butt joints in which

various welded flaws of controlled size are located. During

i

testing, the entire sphere is cocled to salected temperature
and then loaded by hydrostatic pressure. After testing, the
specimen is removed from the sphere wall, and a new specimen is
welded in place. Various schemes have been devised to complicate
and concentrate the basic 1:1 ratio of biaxial tension stresses
in the test panel, to simulate complex stress patterns and stress
gradients in actual structures. In addition, tests have been
made with the test panels subjected to cyclic loading.

A preliminary series of tests was conducted to determine the
type, or combinations of loading conditions necessary to simulate
service conditions. The results of these tests indicated that
various weld defects could be evaluated by static load tesis.

The test results described in this report have been made with
3/4-4in. Grade M Code Type E, modified ABS=B, and ABS-B* steel speci-
mens. The E and modified ABS-B steels were selected as the first
materials to be tested because of their high transition temperature
(80 F and 100 F, respectively, at 1% ft-1b Charpy V-notch).

Cracks and lack of fusion are the two types of flaws that have
been evaluated in this investigation. The resulis of the present
testing program indicate a correlation between crack length and

the nominal stress required for fracture. Disks containing weld

6 *Thig refers to ABS-B requirements in effect before Jamuary 31,
1950,
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cracks initiate at lower nominal stresses than equal length lack-

of-fusion-type flaws.

SUMMARY
The following is a resume of the important findings so far
obtained on this investigation.
With regard to the test technique:

(1) The testing technique produced brittle fractures
from weld flaws when tests were made at temper-
atures below the 15 ft-1b Charpy V-notch transi-
tion temperature of the test plate being used.

(2) Sufficient energy was stored in the test apparatus
to propagate the fracture after it was initiated.

(3) The fracture stopped or turned ductile and ran
only a short distance after meeting the weld join-
ing the test plate to the test vessel.

With regard to welds containing cracks as flaws:

(1) Brittle fractures initiated without visible signs
of ductility from cracks which ended in the base
metal. Fractures initiated at nominal stresses
well below the yield strength of the test plate
provided the crack was 4 in. long or longer.

(2) As the length of the crack increased, the nominal
fracture stress decreased. An increase in crack
depth decreased nominal fracture stress only
slightly.

(3) When weld cracks ended in sound weld metal, brit-
tle fractures did not initiate. In some tests
ductile fractures occurred.

(%) The addition of residual or reaction stresses to
the stress system in general lowered the nominal
fracture stresses. In some cases a brittle frac-
ture initiated as a result of residual or reaction
stresses alone, that is, at zero nominal stress.
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{(5) Brittle fractures initiated from lask-of-
fusion flaws in welds. There was some de=
crease in nominal fracture stress with in-
crease in length of flaw. There was a con-
siderstle decrease in nominal fracture stress
with inerease in depth of the flaw.

In generals
(1) The data obtained did not indicate that cracks
in welds were more serious flaws than lack of
fusion.
(2) The nominal fracture stresses obtalnesd are
much higher for small flaws than might be pre-
dicted by nominal stresses calculated to be
present in structures which have failed., This
indicates that the calculated nominal siresses
in the structures may be lower than the stresses
actunally present in some areas in the structure
by factors of 2, 3, or more.
BRIEF REVIEW OF BRITTLE FRACTURE KNOWLEDGE
An early investigation* of ship failures showed that there
were several factors that contributed to the occurrence of brit-
tle failures. They are c¢lassified under three main headings:
(1) designg (2) material; and (3) constructicn. Each of these
three items have been improved since the early days of the ac-
celerated program of mass-producing welded ships. It is now

believed that defects built in during consiruction, sometimes

resulting from pcor workmanship, may be the major focal peints

*Final Report of a Board of Investigation fo Inguire
into the Design and Mefthods of Congtruction of Welded Steel
Merchant Vessels. Washington, D. Cos Governmment Printing
Office. July 15, 19%6.
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of failure. This does not necessarily mean that such built-in
flaws result from deliberate spoiling of work. As long as the
welding process is controlled predominately by the human element,
defects will never be eliminated completely. These defects in
the form of small nicks, cracks, and notches are built into the
structure.* It would be desirable if the fabricator knew to
what degree the flaws affect service performance of the weld
joints so that intelligent decisions can be made as to which de-
fects must be repaired and which may be tolerated.

It would not be too difficult to evaluate the effect of
various weld-joint flaws if a simple laboratory specimen and
testing method were available which simulated actual service con-
ditions. Unfortunately, at the start of this investigation such
a specimen and method were not available. This difficulty was
first encountered about 16 years ago when the first major attempts
were made To study brittle fracture. It became apparent that
: there was no single simple laboratory specimen because the brittle
fracture problem was too complex. A great deal has been learned
since those early years, but the selection of a laboratory speci-
men for this study was still a difficult task.

The laboratory specimen selected for this investigation nec-
essarily must simulate service conditions on a full-sized weld

joint. In order to make this selection, it was necessary to

*Young, R. T. "Strength of Welded Ships,” Ihe Welding Journal,
1945, pp. W71--47k4,
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consider: (1) the conditions present when brittle fraciure 0C-

o

curred; and (2) the basic facts which were known about britil
fracture. It was impossible to answer thess two guestions con-
pletely, but the avallable information was reviewed and Is pre-
sented briefly in the fellowing paragraphs.

Failures have ocourred in ship secitionsg subjected To low
nominal stresses st temperatures bstween 20 F and 40 F. A few
failures have occurred at temperatures above 50 F but have not
been so extensive or serious as the ones which occurred at lower
temperatures., Fractures were of a brittle type and showed very
little duetility, although materiai through which fracture oc-
curred had normal strength and ductility in ordinary tests* *¥
at room temperature. The starting point of many fraciures could
be traced to a point of stress concentration at a notch resuli-
ing from structural or design details, welding defects, metal-
lurgical imperfections, or accidental damage. Notches resulting
from design details or welding defects were undoubtedly present
in all ships of a given type. Research has shown that fractures

originated only when high stress ccncentrations at ecritical

*Shank, M. E. MA Critical Survey of Brittle Failure in
Carbon Plate Steel Structures other than Ships," Survey Report,
Ship Structure Committee Report Serial No, SS5C-65, December 1,
1953. (See alsc ASTM Technical Publication No. 158). (See
also Welding Research Council Bulletin No. 17,

**Hoyt, S. L. ®"Brittle Fracture Studies in the United
States," Paper No. 452 presented at the Conference on Brittle
Fracture in Steel, The West of Scotland Iron and Steel Insti-
tute, May 15, 1953,
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locations in the structures or seriocus flaws occurred in com-
bination with plates of unusually low notch toughness*.

The compositions of the ship steels investigated indicated
that the notch sensitivity was increased by increasing amounts
of carbon or phosphorus aﬁd decreased by increasing amounts of
manganese. Notch sensitivity also was decreased by decreasing
grain size. Silicon decreased notch sensitivity when aéded to
perform the function of a deoxidizer and inereased notch sensi-
tivity when added as an alloying element.

It has been shown in tests of fractured plate* from ships
that the plates in which fracture originated were generally more
noteh sensitive than the general fun of plates used in ship con-
struction. This was true using as the criterion of notch sensi-
tivity either the 15 f£t-1b transition temperature or the energy
absorbed by Charpy V-notch specimens at the failure temperatures
of the respective plates;

Apparently, little energy is required to propagate the frac-
ture once it is initiated, but the energy that is expended must
be available at a rate sufficient to propagate a high speed crack.
When the fracture is initiated, it progresses with increasing

velocity until it approaches the theoretical maximum of about

*Williams, M. L., and Ellinger, G. A. ™Investigation of
Structural Failures of Welded Ships,™ Ihe Welding Journal,
Res. Suppl., October 1953, pp. 498-5--527-s.
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5500 fps, which is related to the velocity of a transverse elas-
tic wave in steel*. The loud noise which has been reported for
large fractures indicates an almost instantaneous release of a
large amount of energy**.

Using the information obtained in the survey as a basis,
specifications were set up to aid in the selection of a labora-
tory test specimen and testing apparatus. The factors present
in service failures which the test method should provide were
the followings:

(1) Stress patterns similar to severe conditions would
include a certain degree of bilaxial tension stress
(possibly a 2:1 or 1:1 ratio) throughout the thick-
ness of the plate. Superimposed on this would be
flaws in welded joints to provide stress concentra-

tion and triaxialityo

(2) Store sufficient elastic energy tc propagate frac-
tures at mean rates ranging from 1000 to 5500 fps.

(3) An essential feature is that the fractures should
be of the brittle type.

(4) The fractures must pass through material subjected
to low nominal stress levels of 10,000 to 20,000 psi.
Provisions for higher stress levels should be avail-
able 1f needed. :

(5) Fractures should oceur in the temperature range from
20 to 45 F. Lower temperatures should be available
if required.

*Parker, Earl R. Brittle Behavior of Engineering Struc-
tureg. New York: John Wiley & Sons, Inc. (In press).

**Acker, H. G. "Review of Welded Ship Bailures," Review
Report, Ship Structure Committee Report Serial No. S8SC-63,
December 15, 1953.
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(6) Fractures which initiate in weld-jJoint defects
should propagate into the base plate of the
test pleces

(7) Material for test specimens should have a high
Charpy V-notch transition temperature. The
plates should be selected from production quality
of ship plate.
DEVELOPMENT OF A SPECIMEN AND TESTING METHCD

The various specimens and methods of testing presented and
discussed in Appendix A were studied, and discussions were held
with some of the leading investigators in the field of brittle
fracture. On the basis of this review and the baslc facts pre-
sented in the previous section, a sphere was selected as the
testing apparatus because it had certain advantages as described
below.

The idea of removing a test section from the testing ap-
paratus (the sphere) and inserting a test panel is presented in
Appendix A in the section on Structural Tests of Ships. Briefly,
the idea would be to insert a test panel in a structure, such as
a ship, and test this panel under actual service conditions.
However, if the panel failed, the whole structure would be in
potential hazard.

The sphere was devised from this idea. The apparatus is
unique in that the sphere becomes a part of the test specimen

after the disk is welded in. That is, the specimen is no longer

a 24-in, disk but a 3/%-in. thick specimen having a surface area
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of 275 sq. ft. The sphere is sufficiently strong and noteh tough
at test temperatures to resist a fast~running fracture. In ad=-
dition to statie pressures, cyclic pressures can be applied to

the structure. The diameter of the sphere is large enough to pro-
vide elastic energy to propagate fractures across the test panel
at velocities ranging from 1000 to 5000 fps. The complete appa-
ratus is described in detall in the next section.

Testing Methods. The testing apparatus is a 110 3/4-in. ID
sphere made of 3/4-in. high—yield—strength alloy steel. The speci-
men, a 3/4%-in. by 24-in. circular curved disk containing a weld
flaw, is welded into the wall of the sphere. A sketch of the com-
plete testing device which includes the testing apparatus, speci-
men, protective enclosure, 1id, refrigeration unit, and pressuring
equipment are shown in Fig. 1. A photograph of the sphere is shown
in Fig, 2 with the enclosure in the background.

ophere. The mechanical properties of the steel, the fabrica-
tion details, and other pertinent data of the sphere are described
in Appendix B,

Specimen. The disks were made of several types of steel of
the quality used in ship construction: (1) Grade M, Code Type Ej
(2) modified ABS-Bj; and (3) as-received ABS-B. Grade M, Code
Type B steel has low noteh toughness., The modified ABS~B steel
was heat treated to raise its Charpy V-notch transition tempera-
ture to approximately that of the Type E stzel., The as-received

ABS-B steel is a standard material used in ship construction.
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FIGURE 1. OCutaway drawlng showlng apparatus FIGURE 2. FPhotograph of sphere beside enclosure
and supplementery equipment



It is less notch sensitive or has a lower notch transition tem-

perature than the other two steels.
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properties of the steels are shown in Table

a

ak O

The chemical and mechanical

TABLE 1. CHEMICAL COMPOSITION AND MECEANICAL PROFPERTIES
OF DISK MATERIALS

Chemical Compositi A Mechanical Properties
Project ABG-B Project ABS-B Modified
Steel E* Steecl** Steel E* Steel** ABS-B4
Carhbon 0,20 0,21 Yield strength, 30,950 30,700 33,000
psi
Manganese 0,33 0.80 Ultimate 58,430 59,400 59,500
strength, psi
Phosphorus 0.013 0,019 Thickness, in. 3/% 3/% 3/
Sulfur 0,020 0.034 Elongat%on in - 55.3 35
2 ino (]
S1licon 0.01 0.0k glongét%on in 30.6  31.7 -
in.,
Alunminum 0.009 0,003 15 ft-1b Charpy 80 LO¢¢ 100+4
Nickel 0.15 0.10 V-notech transi-
Copper 0.18 0.05 tion tempera-
Chromium 0.09 0.C4 ture, F
Molybdenum 0.018 0.01 Tear test tran- 140 100 -
Nitrogen 0.005 0.005 sition tempera-
Vanadium 0,02 0.01 ture, F
Titanium - 0,00k

*Klier, E. P., and Gensamer, M., "Correlation of Laboratory Tests
With Full Scale Ship Plate Fracture Tests"™, Final Report, Project
SR-96, Ship Structure Committee, January 30, 1953, S5C-30.

**Ginsberg, F., Foster, M. L., and Imbembo, E. A., "Notch Toughness
Properties and Other Characteristics of Medium Steel Ship Plate",
New York Naval Shipyard. Report, August 31, 1954,

$Modified by annealing at 1650 F and cold forming.

4Transition temperature of cold-formed disks, tests performed at

Battelle.
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Disks for test specimens, 2% in. in diameter, were cut from
the plates and formed to match the curvature of the sphere.

Flawg. The flaws were placed in butt welds or simulated
butt welds in nearly all tests, Two types of flaws were used--
cracks and lack of penetration. Cracks were made by placing cast
iron in the weld jJoint when making the weld in the test specimen.
Lack-of-fusion flaws were made by laying a 1/8-in. thick plate
along one of the surfaces of the groove in which the flawed weld
was made. This prevented fusion of the weld metal to the face of
the groove and simulated a lack-of-fusion flaw. Both types of
flawed welds were made in a jig to preserve proper curvature in
the test specimen.

Supnleyentary Equipment. Additional equipment was necessary
to enclose the sphere, cool‘the specimen, and apply pressure to
the spheres

A protective enclosure was installed to prevent any possible
damage in the event the sphere should break open. Experience at
Battelle in bursting large-diameter pipe has shown that wood alone
will not ccntain the escaping liquid when pressures are very high.
On the basis of this experience, the enclosure was built to with-
stand the worst situation. The enclosure is an 11-ft diameter
1/b4-in. thieck pipe made of several plates of corrugated steel.

The 11-ft pipe is assembled from sections and bolted together.
Steel-wire rope is bolted together with U-bolts around the outside

of the pipe in the grooves to provide additional protection. The
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inside of the enclosure is lined with 2 in. by 4 in. Iumber to
provide an insulating material between the cold sphere and room
temperature and to provide a shock absorber between sphere and
enclosure. A 6-ft octégoﬁal 1id made from 3/4-in. plate is placed
over the top of the sphere during testing. An I-beam section is
placed over the 1id and secured to welights on the flocor by means
of cables.

Cooling is obtained from a coil in the test sphere, as shown
in the sketch of a cross section in Fig. 3. Brine solution is
used to fill the sphere, and relatively uniform temperatures are
obtained by circulating the brine. Temperatures as low as O°F
can be reached in the test plate. The composition of the brine
is described in Appendix B,

Test plates are stressed by hydrostatic pressure, which
produces biaxial tension stresses in the sphere wall. Pressures
are obtained with an air-driven high-pressure water pump.

Testing Procedure. The test disk containing a flawed weld
was welded into the sphere with low-hydrogen electrodes (AWS
E10016), The sphere was filled with brine and all air was removed.
After the temperature of the sphere and disk was reduced to test-
ing temperature, fhe sphere was loaded by hydrostatic pressure.

A 100-psi increase in pressure results on about a 3700-psi increase
in nominal stress in the test plate. The pressure in the sphere
was increased until the disk fractured or until a pressure of 900

psl was reached. Strain measurements were taken at each 100-psi



FIGURE 3.

m]H=

Cross section of sphere
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increase in pressure,

The testing temperatures were chosen in most tests to be
equivalent to those at which the Charpy V-notech energy value
for the plate being used was 2 to 6 ft-1b. The tests in E steel
and the modified ABS-B steel were made around 20 F and in the as-
received ABS-B steel around 10 F.

The nominal stress in the sphere was in most cases determined
from the pressure measurement using the equation S =w§§’ There
was good correlation between this calculated stress and that meas-
ured by strain gages placed on the sphere and disk away from the
flaw. The nominal stress required to initiate a brittle fracture
has been the major criterion used to evaluate and compare test
results. Throughout this report this stress will be referred to
as the nominal fracture stress.

In only a few of the tests made was the nominal stress raised
above 33,000 psi. Generally, if fracture had not occurred at
33,000 psi, loading was stopped. There were two reasons for this.
One was that at nominal stresses above 33,000 psi the test plate
began to bulge and the stress conditions in the plate changed rad-
ically. This was the major reasom for stopping. A second reason

for stopping at 33,000 psi was to protect the test equipment.

INFLUENCE (QF FLAWS IN WELDS QN INITIATION OF BRITTLE FRACTURE
Studies of the influence of weld flaws on the initiation of

brittle fracture in mild steel plates were made using cracked welds
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and welds containing lack of fusion. Cracked welds were studled
first since this type of flaw appears to be more severe than
other types*,**., Consistent results were obtained in making cracks
by laying a cast iron rod in the joint and welding over it with an
E6020 electrode. If further welding was done in the jolnt, E60L0
electrodes were used. A crack made by this method in the root
passes of a couble-V joint is shown in Fig. 4.

Influence of Cracks in Welds on Initiation of Brittle Fracture.
Four types of cracked welds were used. ©Sketches of cross sections
of each of these types are shown in Fig. 5. Most of the tests
were made using Type A and Type D cracks. Seventy-nine plates con-
taining cracked welds were used. Of these, 30 contained Type A&
cracks, 3 contained Type B cracks, 18 contained Type € cracks, and
28 contained Type D cracks. The results of all tests are described
in detail in the tables in Appendix Do

In considering the physical attributes of a crack that might
influence fracture initiation, length and depth were the ones
obviously controllable. Other factors (for example, the sharpness
of the ends of the crack) would also influence the behavior of the

fiaw, but it was believed that only length and depth could be

*Puzak, P. P., Eschbacher, E. W., and Pellini, W. S. "Initia-
tion and Propagation of Brittle Fracture in Structural Steels,”
The Weldine Journal, Res. Suppl., December 1952, pp. 561-5——5531-&“z

**Warren, W. F. "Fatigue Tests on Defective Butt Welds,"
Welding Research, vol. 6, no. 64 1952, pp. 1l2r--117r. :
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controlled with any degree of assurance.

Early in the work, it was decided that in general the cracks
being used as flaws should not end in weld metal. This decision
was based on the known low Charpy V-notch transition temperature
for the weld metals used in the flaws. It was hoped that the cast
iron used to crack the welds would raise the brittle transition
temperature, but consistent behavior could not be counted on. The
crack end being in the base plate assured that material of compar-
able brittleness was involved in fracture initiation in each test.
Some of the anomalous test results discussed later are believed to
have been caused by the crack end not being in the base plate.,

Effect of Test Iemperature. When test work was started, it
was decided that tests should be made at temperatures between the
5 ft-1b and 10 ft-1b Charpy V-notch temperature for the base plate.
This decision was made to try to insure that the test plates would
act as "start" plates. In the course of the investigation, a num-
ber of tests were made on specimens containin%)an S-in. Type A
crack in E and modified ABS-B steels at temperatures from 12 F to
34 F. Brittle fractures initiated in all of these tests. Over
the temperature range tested, there seems to have been only a
slight increase in the nominal fracture stress as the temperature
was increased. This is shown in Fig. 6. In the 10 F to 40 F tem-
perature range, the Charpy V-notch value for these steels varies

from 3 ft-1b (10 F) to 7 ft-1b (40 F).



Fracture Stress, psi

Nominal

-

4o.ooor
3o,ooor o
~ ® 9
&ls X °
[§] . .
@ 20,000
P o
&
10,000}
ol
0 10 20 - 30 a0
Test Temperature, F
FIGURE 6. RELATION BETWEEN STRESS REQUIRED TO
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When tests are made on both Sides of the Charpy V-notch
15 ft~1b temperature, different results are obtained. Using a
Type D notch, ABS-B steel, and temperatures at, below, and above
the Charpy V-notch 15 fi-1b temperature, the results shown in
Fig. 7 were obtained. The results of all of the tests made indi-
cated that, as long as testing was done in the Charpy V-notech §
to 10 ft-~1b temperature rangs, variations in temperature would not
affect results appreciably. However, the results of tests at
15 ££-1b Charpy V-notch temperatures and higher could not be com-
pared with those made at the lower temperatures.

Effect of Crack Lenegth. Length is the dimension of a weld
crack that can vary mest widely in a structure. Therefore, it
seemed Important to determine the effect of crack length on the
initiation of bhrittle fraéture. Initial tests were made on speci-
mens containing what were thought to be serious flaws. They were
Type A cracks (Fig. 5) & in. long. Brittle fractures initiated
from these flaws at nominal shell stresses well below the 33,000
psi yield strength of the test plate. The results of these tests
indicated that the Test methed worked and z study of the effeckt
of crack length was undertaken. At first, tests were made on
rather short cracks, and then during the course of the projecty
the range of c¢rack lengths was expanded until a range of 1 in. to
16 in. was covered.

Fig. 8 is based on tests made with Type A and Type D cracks.
Data obtained from these tests are used since they represent the

majority of the tests made., Only three tests were made with
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Type B cracks. The results of tests made with Type C cracks will
be discussed later.

It was mentioned earlier that it was decided to end all cracks
in base plate. Some tests were made to determine the effect of
having the crack end in sound weld metal. For these tests the test
plate was cut in two and welded back together using a double-V weld,
Cracks of desired depth and length were made in this double-V weld.
Tests were made on disks containing cracks from 8 in. long to 16 in.
No brittle fractures initiated in any of these specimens. In tests
with 12-in. and 16-in. cracks, a fracture ran across the weld to
the heat-affected zone, propagated a short distance along the heat-
affected zone of the weld and stopped. In all of these, there was
evidence of considerable necking along the path of the fracture,

Only one test shown in Fig. 8 falls outside the band. This
is the test with a Y4-in. crack which failed at a nominal stress of.
12,000 psi. No reason for this result has been discovered. With
the exception of this test, the relationship between crack length
and nominal fracture stress seems fairly consistent, although the
scatter band is rather wide. The reason for this wide band may be
that e¢rack depth, test temperature, and type of base plate were
ignored in drawing the figure. It is believed that of these, crack
depth is most important in causing scatter since all tests were
made at temperatures;which were well below the 15 ft-1b Charpy V-

notch temperature.
¥

Y
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Effect of Crack Depth. The effect of crack depth is shown
in Fig. 9. This figure shows that apparently crack depth does
have some effect, although much less than crack length.

It will be noted that there are no points shown on either
Fig. 7 or Fig. 8 for cracks less than 4 in. in length, although
tests were made on plates which contained shorter cracks. How-
ever, none of these plates failed in test. In fact, two tests
were made on specimens containing 4 in. long eracks in which
brittle fractures did not initiate at 33,000 psi. It appears
that for this test 4 in. i1s about the limiting length of cracks
which will initiate fractures at nominal stresses below the yield
strength of the test plate.

Even at 4 in. the crack had to be open to one surface or the
other of the weld in the test plate for fracture to initiate at
nominal stresses below 33,000 psi. A number of tests were made
on plates contalning Type C flaws which in general contained scund
weld metal over both top and bottom of the crack. Cracks from 4
to 16 in. in length were used in these tests. In only two tests
did brittle fractures initiate from Type C cracks. In one of these
tests a groove was ground 1/8 in. deep in the weld over the 10-in.
long crack after the test plate had been taken to 33,000 psi nom=
inal stress without failing. On relcading, a brittle fracture
initiated at 31,000 psi nominal stress. In the second test the
Yoin. long crack opened up during loading to the top surface of
the weld., It thus became a Type D crack of unknown length. The

brittle fracture initiated at 18,000 psi nominal stress.
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A number of the plates containing Type C flaws started to
leak through the flaw at nominal stresses between 25,000 and
31,000 psi. This, of course, stopped the test,

Effect of Cyclic Loading. Early in the experimental work
on this project it was suggested by the Project Advisory Commit-
tee that the stresses required to initiate brittle fractures
were Too high., That is, fhey were higher than the apparent serv-
ice experiences of various types of welded structures would have
predicted. Changes were made in the test procedure to attempt to
reduce the magnitude of the nominal stresses required to initiate
fracture. One of the changes was to use cyclic loading rather than
uniform loading during the test. The results of tests made with
cyclic loading are shown in Table 2. In one test the crack opened
up during cycling, and the test had to be stopped because pressure
could not be held. In the other tests after cycling, the test
plates were locaded to a higher stress than had been used in cyeling.
In two tests the higher nominal stress used was in the range that
should have initiated a brittle fracture from the type and length
of crack used. Fractures did not occur in these tests. This indi-
cated that cyelic loading did not reduce the nominal stress required
for fracture. Consequently, no further tests were made using cyclic
loading,

LEffect of Residual Stresses. A second change that was intro=-
duced into the test procedure to try to reduce the nominal stress

required to initiate brittle fracture was to try to supplement the
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TABLE 2, SUMMARY OF CYCLIC~LOADED TESTS

..

E
L
!

Nominal Stress, ngi

Flaw . Gyeling Kumber of
Type Length Depth Hhange Maximum  Cycles Resulis
A 8 9/16 11,000--20,000 20,000 200  Crack opened up
A 3 5/16 11,000--22,000 27,500 50 Mo faillure
A 8 9/16  3,700--20,000 25,700 1000 No faillure
o 8 9/16  9,000--20,000 24,000 1000  No failure

pressure stress. In most of the tests made, the supplementary
stresses were residual or reaction stresses imposed on the weld
containing the flaw by other welds. Fig. 10 shows a tTest plate
which contained residual or reaction stress prior to testing. The
two curved welds were used to produce these stresses. They were
put in after the test disk was welded into the sphere.

One problem with such test plates was the difficulty of meas-
uring the stresses imposed by the supplementary welding. The tem-
peratures developed by the welding generally put the strain gages
used out of commission. Consequently, in most of the tests the
magnitude of the residual or reaction stresses was not known. The
results of the tests are plotted in Fig. 11. These results show
that residual or reaction stresses of varying amounts were produced.
These stresses were high enough in three csses to initiate brittle

fractures from 8-in. cracks without pressure stresses being added.,



Fri

- Al e wfﬁw@

fo 1 A

w‘w‘riim**“ww " “ «w»g“‘“»‘ s ' . MR mu*\‘;‘n»‘«;‘x;‘

aﬁ@:&; oy i ' ww i fief I
4

(vl P i
L M“u‘;m \““"‘“1 11“““‘ il

ik A e ey nhw“ l
7‘“3 I “l( S H““o‘wo“,z“q‘,,“w“‘

(R \ )‘ '
it bty by i

1 mw\‘”,‘ o ; 15 4
ol ?\\w.‘m& i ; Pl b % b i i
S Wm Wi, SO e, Wi K¥hdhers : 5. ; 0 ‘( ““W PRty “%q\“\‘

s W i
1! iy B W Lign
i1 M, MHL

M:*‘w‘mm M i W gl
AT ‘{I\L‘x‘«‘»s“i‘?‘)-r ! T !

LN
i i ,ﬂm

7y [
R xkﬁ v.‘ L “L p
“”"?:‘ i :‘\,,‘ ;“N‘ . = et ’MHH G H“o‘o
(‘M k%‘ u““’v w,,«‘ “‘ . . ”‘0‘;1»)‘” H‘”u Y, B f“ )‘)“ "
RN i 7y e d””“&‘ﬂ““ PRI " W I
\ u u o ERREEEY S
Wi Ayl S T w‘ﬁum
i (‘*'H“(x“" RE ‘N. 1 Hm B : S 7%
s P Fee byt I L T ‘m‘ H o
TR ‘m;,“f gt 1
g’ ““‘w KA ww Kl 6 AT
W R R AT
S ‘w D e
i ‘ w“wmwﬂu*www
b m»‘“ﬂ.w&j‘.\u“uﬂ“furxw\{‘i, ¢ \ \'w PRI *‘r«‘(‘““”w‘ Pt
¥ “m“ i ik k "‘"ﬂ““h“‘ o )N“HU”“ﬁ,aw‘p‘\”f“ w: 9‘» “ “ A i
A AT TN y 1 e R L
AL ,mum‘ s X by LA i o e EN R “‘H Ve
¥ m}”f» ; e : i (m M‘f‘iw‘n“x T NI, B IR A
. af B CRAT HICCAT A S A BT THCIT
, XN W W Mww,‘w‘\“um SR R R T
: ST «‘«;w‘)_ﬂ, BERTN b R )Mm“m‘m Fhd
« ,4:» U b sy otM‘\L:« w‘u’;i g YT I - e
2o K N P L e T Rl
g . - " .mi‘uxm‘w BT E N R
e e '“FM’“’B n w“ RN w‘)‘v;ﬂ‘ i ol DAL S
;emn ’, i ! W G wwm ;ﬂ s . : W“ L m*x\};“““ ol ‘(,‘,w D Lo
) ! v ‘;;\;um” K »‘x; { !
LI b %\;m Wg‘n i g**»m* b Py .
‘r‘j‘»‘r“’ "\“ i n ,wu,“; KK e : .
W“v‘ “ 14k . N
LES H o‘\(“wm RSN » ? ¢ neoo
mﬁ(mw 4L oo P N ! i
Y ‘Hx i B ¥
HM Ny
“‘Q'\\“‘wi“ﬂ\‘M(‘“ ¥ e
W, i B ey % B o, ) A o
:;u‘ﬁf A Ho *t g y . b
H- 3 wmw::w , < '
Rt it oL by ) K RN . 0 . '
“‘”w gl o ”‘x‘ PP B T . L] H . !
AN LS, ) UL Oras LI B . - . '
¥ e KR v .
R T S N .
: », , . P ,
cy " .
cev !
Pty G RIS S P . L # ,
TSI CFO & "“;“ T N s
AR, e crht s e Y g v
T L A T - M\;‘H .‘ v X ) . .
B Y T PR ' g [ ‘ ML b "
A T IR, Yoo A ey T . "
,(:k‘df“w G P S N AT .
NS I e AR TR " Gt .
S PR W Sl e )
o A R ‘m“ T T TRV S N TR N
EETan Yol L T A R N O . FUTI i " ¥
$ile g L e TR R [ o e .
RE IR P , Wt P K R = )
RS D TR T e . yo ey T
AT LA T e
WA e c‘ Gt W LR R ' “m e [N
o:“«‘ it et ‘M LI TR P (T MM\" wu;‘x‘m‘j i ‘
yalhe Dy ae T '
Lo A [ " i " i - [ . i
R IS RN R ) T
I ‘,\‘fwwn‘ Vel o ) [ o e
Bt b R TN L " i . ' .
g;u;v“sif‘ T L IR . S CoMrat
e s LR SR (N I . . . . . . i
A e G T L R TF I ' e : .
R S o U B Co ¢ : »
Ry TR Rt R [ o Lo
Wn\‘wuf““& ’Q\‘x\(u‘ LREe e i L e L. N
AR, e, R T e Sohve et ‘*M“»‘ K
RS AT IEER TN L et we ' e . '

FIGURE 10, Test Plate which was deslgned to
contain residual or reaction stresses

prior to testing




psi

Nominal Fracture Stress,

~31=~

40,000¢
30,000}
Ol
D.lq- ;—-3 tests
@ 20,000} S |
bt X(2)
w
X(1)
I0,000F I
A ./3 tests
o
0 4 8 12 16

Crack Length, inches

FIGURE |1. COMPARISON OF RESULTS OF TESTS IN
WHICH AN ATTEMPT WAS MADE TO INTRO-
DUCE RESIDUAL STRESSES AT THE FLAW.
NORMAL STRESSES REQUIRED TO INITIATE
BRITTLE FRACTURE WITH 8~INCH CRACK
WAS 24,000 PSI, WITH 4-INCH CRACK
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(1) Measured residual stress = 13,000 psi
(2) Measured residual stress = 1, 000 psi
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Influence of lack of Fusion in Welds on Initiation of Brit-
tle Fracture. In a number of structural failures, lack-of-penetra-

tion flaws have been found to be the apparent cause of brittle frac-

ture initiation. In this investigation lack of fusion was substi-
tuted for lack of penetration. This was done because the size
(length and depth) of a lack-of-fusion flaw could be controlled
more easily than could lack of penetration., A sketch showing the
method of making a lack-of-fusion flaw is shown in Fig. 12.

The results of tests made with lack-of-fusion flaws are shown
in Fig. 13, There does not appear to be a definite relation be-
tween nominal brittle fraéture stress and length of flaw. This 1is
in contrast to what was found for cracks. There does, however, ap-
pear to be a relation between depth of flaw and nominal brittle-
fracture stress.

At least there is a definite tendency for brittle fractures
to initiate from the deeper flaws at lower nominal stresses than
from the shallow flaws. Also there were three tests made with
3/8-in. flaws in which a fracture did not initiate, even though

two of these flaws were 12 in. longe.

DISCUSSION
It has been pointed out in the past that the evidence obtained
from ship failures and other structural failures indicated that in
numerous cases fallures had started from small weld flaws at low
nominal stresses. Stresses of 15,000 psi and lower have been men-

tioned. The most striking feature of the results obtained during
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the course of this project is that they do not correlate with this
previous experience. If it can be assumed that a Y4-in, crack qual-
ifies as a small flaw, the data presented in previous sections show
that a nominal stress of 30,000 psi or more is required to initiate
a brittle fracture from such a flaw. In a number of cases fractures
were not initiated at stresses equal to the yield strength of the
plate. Even with an 8-in. crack, nominal stresses of 20,000 to
25,000 psi were required to initiate brittle fractures.

That the specimen in the test used is the whole sphere and not
just the 24-in., diameter test plate has already been discussed. It
is believed that this specimen is large enough to give a valid indi-
cation of what would happen in a large structure containing the
same type of flaw. In addition, the nominal stresses in the sphere
are biaxial tensile stresses. This simulates the stress pattern
present in a ship, particularly in the déck. Consequently, the be-
havior of the sphere should simulate the behavior of a part of a
ship deck.

It should be pointed out that the behavior of the test speci-
men (the sphere) 1s similar to that of a ship except for the nom-
inal stress required to initiate fracture. When a test plate con-
taining a flawed weld is welded into the sphere, cooled to some
temperature below the brittle transition temperature of the test
plate, and loaded to some stress below the yield stress of the
test plate, a brittle fracture initiates. This fracture initiates

at the end or ends of the flaw (crack) where it enters the bhase
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plate. It starts in a material having a high transition tempera-
ture and runs as a brittle fracture until it reaches material
which has a transition temperature below the test temperature.
The fracture then either stops or turns into a ductile fracture
which stops in a short distance. If the nominal fracture stresses
which have been measured for Y4-in. cracks were lower, the correla-
tion with ship behavior would be excellent.

Part of the reason for the discrepancy between the rmeasured
values of nominal fracture stress and expected fracture stress
may be contained in the data shown in Fig. 11. Here are tests in
which fracture initiated at a low nominal stress. In fact, here
are tests in whieh a brittle fracture initiated from an 8~in. crack
at zero nominal stress. Even a L4-in. crack initiated a brittle
fracture at 9000 psi nominal stress. The reason for these results
is, of course, the supplementary stresses (residual or reaction)
which were impcsed by the additional welding done on these test
plates. The results of these tests indicate that initiation of brit-
tle fractures in steel structures at low nominal stress (15,000 psi
and below) may be due-to the presence of residual or reactlon
stresses in the structure which are not considered in calculating
nominal stress levels. It is possible to conceive of such stresses
being equal to the yield‘strength of the steel. Such stresses
would not be serious as long as the structure operates under con-

ditions which permitted the steel to behave in a ductile manner.
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But conditions might change and become such that the steel would
behave in a brittle manner. Then the residual, reaction, or other
stresses, combined with the stresses imposed by normal loading ecould
be high enough to initiate brittle fractures from small flaws in
the structure.

One test has been maae which indicates the effect of a struc-
tural discontinuity. The test plate is shown in Fig. 14, A heavy
angle with 4%-in. legs was welded through the test disk. Full-
penetration welds were used on both sides of the angle. One weld
was cracked full-thickness while the angle was being welded in.

A brittle fracture initiated from this crack at a nominal stress

of 20,000 psi. 1In other tests nominal stresses of 30,000 psi and
higher were required to initiate brittle fractures from L4-in. cracks.
The results of this test indicate that stress concentration caused
by structural details also can cause brittle fractures to initiste
at lower nominal stresses than would be expected from the dala

shown in Fig. 8.

A factor which has not been studied directly in this investi-
gation but which may influence the initiation of brittle fracture
in a structure is the sharpness of the end of the flaw. It may
be that the sharpness or condition of the end of the cracks causes
the scatter shown in Fig. 8. This factor might also influence the
behavior of lack-of-fusicn of lack~of-penetration flaws. The lack-
of-fusion flaws should be less severe than cracks of the same length

and depth since they should tend to be less sharp and therefore



Test Plate containing structural detall.

Appearance after test.

FIGURE 1l.
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less severe. Comparison of Figs. 8 and 13 does not bear this out.
In general, some nominal fracture stresses were obtained with
lack-of~-fusion flaws which were just as low as those obtained for
cracks of equivalent length. The important factor for lack-of-
fusion flaws appears to be the depth rather than the length of the
flaw. There is some relation between flaw length and nominal frac-
ture stress, but increasing depth appears to decrease nominal frac-

ture stress at a relatively faster rate than increasing 1engtho‘

FUTURE WORK

It was mentioned earlier that no brittle fractures has been
produced from crack flaws less than 4 in. long. The reason for
this was the decision to stop loading when the nominal stress
reached 33,000 psi. However, brittle fractures have initiated
from smaller flaws in structures. Therefore, it appears that the
next step in the research program is to characterize the conditions
required to initlate brittle fractures from flaws smaller than the
L.in., cracks. The work already done with supplementary stresses
{residual or reaction) suggests a way to study the influence of
small flaws on brittle fracture initiation. Supplementary stresses
may be added by welding or by mechanical means. It also may be ad-
visable to investigate the effect of structural details, It will
be necessary regardiess of the method used to measure the supple-

mentary stresses with a reasonable degree of accurscy.
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Lack-of-penetration flaws similar to those found in welded
structures also should be investigated. It will be necessary to
devise a method of producing this type of flaw with some consiste
ency. The results of such tests can be compared with the results
of tests on cracks and lack-of-fusion flaws to determine which ars
the most serious.

Data are recorded in Battelle Laboratory Record Books No.
7652, pages 1 to 1003 No. 8933, pages 7 to 100; No. 9576, pages
1 to 100; No. 10047, pages 1 to 100; and No. 10925, pages 1 to 33.
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APPENDIX 4

_%%mu METEQDﬁ g__ SPECIMEN

This appendix discusses the laboratory specimen which was
chosen in the early part of this investigation and later rejected
because it did not meet the specifications as outlined in the
section on the Review of Basic Facts Known About Brittle Fracture.
The test specimens and teéting methods used in various investiga-
tions of brittle fracture available in the llterature are reviewed
briefly in this appendix.

The tenslon specimen has been used by many investigators in
Studying various phases of brittle fracture. Tenslon tests have
been conducted at the University of California(l) and the University

(2)

of Illinois on wide flat-plate specimens with internal notchese.

Flaw evaluation studies are being made at Swarthmore College(3)
with 8-in. wide tension specimens. On the basis of these varlous
studies, a deecision was made in the early part of this investigation
to use tension specimens.

A beam system was designed to be used as a testing apparatus.
Tension specimens 12 in. wide by 3/4% in. thick, containing flaws
in welded joints, could be tested with the weld joint at various
orientations in relation to the direction of pull. It was thought

that the deflection of the beam in the testing apparatus would con-

tribute energy to the propagation of the crack once it was initiated.
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However; the reaction time of the beam was too slow to supply
energy to a running crack in this size specimen. Investiga-

(4+,5,6)

tions have shown that brittle fractﬁres propagate at

about 5000 fps. Theroretically, the fracture can progress with
increasing velocity to about 5500 fps. The reason for the ac-
celerated progression of the crack is that as the crack length
increases the stress required to keep 1t growing decreases rapidly.
A combination of velocity of the crack propagation, stress-wave
veloecity in steel, and length of specimens indicated that the
specimen would be fractured completely when the stress wave reached
the beam. The energy from the deflection of the beam therefore
could contribute energy only during the very early phases of the
erack or during creep. This system was not developed further for
reasons discussed later which indicate the tension specimen did

not meet the specifications established on pages 9 and 10.

At this period in the investigation, several members of the
Advisory Group suggested that no effort be made to conduct any
tests at this time but to review the published material on brittle
fracture and discuss the selection of a testing method and speci-
men with several leading investigators in this field.

A brief review of various test specimens and testing methods
covered inm the literature survey is presented under the headingss
Tension Tests, Bend Tests, Fatigue Tests, Structural Tests of Ships,
and Miscellaneous Tests. In most cases the results referred to
under these various headings are selected results which are pertinent

to this investigation.
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TENSICN TESIS

Many investigators studying brittle fractures have used the
tension test. Standard tension tests, such as the 0.505-in. diam-
eter specimen with and without a notch, were used in the early at-
tempts to study brittle fracture. An advantage from using this
type specimen was that standard equipment could be used in testing,
and standards have been well establi;hed and generally accepted.
However, the results of standard tension tests dld not prove ad-
equate because many structures designed to proper specifications
failed.

Bxperience with service failures indicated that "size effect™®
played an important part in failures. This may be the reason the
0.505=-in. diameter specimen did not prove adequate. A correlation
between failure and size effect was apparent, since small welded
ships seemed to have little trouble with brittle fractures, while
larger ones have had a significant incidence of such failures.
Small natural-gas lines have not been troubled with brittle frac-
tures, but larger ones have. Brittle fractures were rare in
55,000=-barrel oil-storage tanks; but when 100,000-barrel oil-stor-
age tanks were constructed, the incidence of brittle fractures in-
creased alarmingly(7)a

Since the small-scale tests had failed to be of much value,
a testing program was organized to include large-scale tests
along with the small-scale tests. The small-scale tests were

designed to attain correlation with the large-scale tests.
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The most notable large-scale laboratory tests were conducted

(1) (2)

at the University of California and the University of Illincis o

The exploratory work for these large-scale tests was done at the
David Taylor Model Basin(8>o This preliminary work was done to be-
come familiar with the specimen and to determine necessary details
ineluding ncteh geometry for establishing the large-scale tests.
These results indicated that the jeweler's saw cut was the most
severe of the notches studied. Failures_were produced 1n a maximum
section at a minimum energy absorption when the ratio of nctch
length to plate width was equal to 1/% (L/W = 1/%). The large-
scale tests were made with 12-, 24-, 48-, 72-, and 108-in. wide
internally notched flat plates. The data obtained from these in-
vestigations indicated that the 12-in. wide specimen, on the basis
of transition temperature, could rate the steels studied better
than could the wider specimens. Fractures obtained were identical
in appearance and reduction in thickness to those found in sections
of fractured ships. As shown in Fig. A-1, fractures occurred at
high nominal strengths and low temperatures. As the width and
thickness of the plate increased, the transition temperature in-
creased and its strength decreased. Considerable experience has

(9410,11,12,13) of 1o-in.

been gained with additional investigations

wide flat internally notched plate, The results of these investi-

gations indicate approximately the same as the large-scale tests.
In reviewing the tension test, the small-scale tests were not

satisfactory, perhaps because of size effect and also strength.
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The small-scale tests rated steels on the basis of strength and
ductility, but brittle fracture involves something besides
strength. The general conclusion was that these specimens were
not large enough,. |

The large-scale tests made an attempt to simulate the restraint
from the edges similar to that on the deck of a ship. However, frac-
tures from the large~scale tests occurred at high nominal stresses
and/or temperstures below 0°F. In most cases elongation was much
greater than service failures. BExcept in the very large specimens,
there 1s not sufficient energy available to propagate fracture under
conditions which simulate those encountered in service.

The hatch corner tests(l”)

were developed from the large-~scale
test because of various results which could not be applied directly
to the problem of ship failures. A design similar to hatch corners on
Liberty ships was used as a basis for comparing the effectiveness of
various modifications(lg), as shown in Fig. A-2. The results, as
shown in Fig., A4~3, indlcate that fallure still occurred at relatively
high nominal strengths but lower than the strength obtained in a
large-scale flat plate test. Brittle fracture also occurred at
higher temperatures.

One important thing learned in the hatch corner test was that
of stress concentrations at structural discontinuities. These

stress concentrations are shown in Fig. A-3. Stress-concentration

factors have been measured in other tests, such as structural tests



SPECH-

HATCH CORNER TESTS

MAYXIMUM NOMINAL STRESS AND ENERGY ABSORPTION
(811 tests at TOOF.)

- PS}
DESIGN MAXIMUM NOMINAL STRES‘E;; PS

[
MEN FEATURE  F | ‘9000 | 20p00 | 3400 | j | 1 |
5  JBASIC DESIGN P
CONTINUOUS
27 | LONGITUDINAL
GIRDER —
GUSSET PLATE
28  |REINFORCEMENT
USCG. CODE 5 |
SAME AS 30
29 |[EXCEPT NO
DOUBLER L )
1
MODIFICATION .
)2
|BASIC DESIGN
32 M Raron
WELDS.
COAMING _ 2 v
I
34 |ABS. DESIGN ]MQ!MWW A A
- KENNEDY ] - S T L
DESIGN S 7 A,
BASIC DESIGN
38 WITH
ANGLE BRACES|
3 I 1000000 T 2p00koo T 30001000 " 4p00lo0o " spodooo ' &pookoo
ENERGY ABSORPTION — IN LB

MAXIMUM NOMINAL STRESS

L i e 0 /i
ENERGY ABSORPTION

FIGURE A-2, CQMPARISON CF VARIOUS DESIGNS OF HATCH C%NERS(M)



~HOLYH &) ROILOSAY XDUANT OGNV ‘NOILVONQIH ‘NOII"EI&&&% %8 *f

o)
H $ INOMNAL | NOMINALLLONGITUDINAL STRESS + STRAIN CONCENTRATIONSUFOR 1 70 m. T STRAIN PATIOS | AKX STRAIN T THCANESS |
LoAD STRESS: CONCENTRATION BASED f 200,000 L8 LoAD ZO5,000 L8 LGAD AT Q? AEAR FMLURE 0 REQUCTION i
E FA':{};}RE FA&’_ER(&I'] ON 200,000 L8 LOADW L200,000 LB LCAD -}; 1220,000L8, L0<2 LR NN (AT r’-.’.-CTJﬁE I R:-/ ,A Rf:(s
e — = i ¥
i Es (Laswe GAGES A GAGES L8 GAGES
'b E MATIM | sedxm I|&|7r\e|» .ﬁlﬂ'? f: -“: ;-' :" g : i TE A ) l:llsr ; !; TL s i: bz ll lg! !E =} G e
[ at 13 i . Vip o= =
I 5| swwne | rawvre po2d Hidrir AR ‘ 171919 oo 2
! i, ¥ T j © BaSIT DESIGN
patis (2003 {202,051 30] 33722 Es.za.sg_' Bilazesiz I (4712 2723, C ENZAGY MALLE OETANED FROM  TEWPERATURE.
5 | 1,450,000 | 24900 [16(20)12|21|23]18 |-15]26 ot TETay o s Toe 230000 ; 3 ;T T EMEAGY CURWE FGR C STEEL
3qzozgn j2ojes| T it 7 ‘IZI ot -u-rsl-as\,nos—m-— 79.-13-35- 341238, 010,0}
T ; N T HR T CONTINUDUS  LONGTUCAL GIADER, [HATCH EMD
nz([L7[L9r14|12 6013840 1Y 2= LT T-ta 13 13il.91:2, 8753, SEAM INTERGOSTAL). CLEAVAGE FUCURE AT
LT45,000 | 26,900 [71.9 (13|16 (2)[ 10[4.3)20) 852,000 T 14,100 111,500 | 8,200| 1,100 | COSMER.
26z {2513 (18 -28133-2d 7 423! 30|10 28] aslzilisis ;63
T = " T "
2,125,000 | 31,500 Lzfet|[Ls e L3S 060,000 1— |-3.|i—6:-?.3|4-7‘|—:'43-l?.'-5’ |9E L[ 10] 7| 5P ?;'f?i’.—, PL.E‘J; ::E INFORGEMENT.
B{5315]i6 (L2 -5 !] — 8,600 3,600 1,700| 2,500 H
2,/20000 | SL400 185-7(|15 |[2ofLe |16 4,000 |1 68-58- 4418 252412 18- 4 14l 7t g 5| 413
| R 1,200 BAME AS 30 EXCEPT NO DOUBLER.
1,350,000 | 14,400 28p25)20(22{28(27 1,042,000 (-68-37-12(58]-858 7013 18 ':,00 "ot 19| 11] ol 5] 43
202.1|25(20|28| 34 |24 T jasapcolsaaoed 9300 | NG
1320000 | 33,800 26126245840 1132,000 |75 45 4954|3526 — [NG-22 |1t 100d |Ib lood 3416 | 7ial3
T EY CODE 1
2,550,000 36,800 2.4'2{.\ 13| LS ZJIZD 36,000 = (-4 — A0} 6038 35350 4,800 209 L3 12 .9' Je 5 gmcﬁa FAILURE AT 2,I80000LB5 OM FIAST
t3|Lez222(220 1813 — 5,600 | 5,000 N.G. LDADING, SPECWWEN RELOADED 10 FAILURE
2,370,000 | 34,200 26|11l 1213 ]z ezl 3,935,000 -1l |-31}20/35|-ad-15 32143 O 6,100 3421 18| 9] 4]; || ¥ GAGE READINGS TAXEN ON SECOND LOADNG
6s{17)10[L7 (24 b S O I Ty 5_2"54' 2' 19|23 16] 8] 2] ol BRITISH WODIFICATION.
L920,000 | 30,400 ||.810|L7(2.723(s5] 4 !4 13 31]15]28] 3 7|| $990,000 1 — I 18,000 17,300 13,100 |i4,600
lil‘? fiajasipzt o Lof ] gl |5 L274.9]-43 30/48] 6-451.4: 4 34| 7| 8| 3y2t
2af | Af2Ta R 9 i BASIG .
LBIS,000 | 30,000 s.sll.q )iz iz |ur oohu | 3 io o[ 837 793000 |lsm4staziaapr so-aa!—zsus DESIGN WITH FULL PENETAATION WELOS
1,755,000 | 29,000 i .rmzn-4zz 2415 [39l22|S5 3] Y 885328 80 882,000 |FATZTR2S 40| — -5tlzs Lierea) 15,000 16,000 11300
' ' b bl s: 3.2/9537| 3("isoll - l
.7 7 7 =1 - ; XTEN I
. 2,600,000 | 34800 ul.s 1o o, |- TJE‘ ol-3 u_I; 3,772,000 153324039050 |4 80t2F— 1] | 7| o) 5| 2 [ EXTENCED COAMING.
LIRS HIREIT A= = = - - T 15" | il |
o c el i Taalia =T o5 F t—|ie.~00 18,000,000 |i8000
2250000 { 30,100 2418001310y |- |y yg) 3 | o8 L7 || 4024000 [F43-aT32 15 |45 8-60HS I~ 3izalia)1of 5| .2
S Fefulo[= al 3 ; 485 DESIGN.
2wlisfufiziLe] T~ — |28 — |- fegaa3s|-n— 1000 19| )5 al214
2280000 | 33,200 ||u|rafes|iafializ]-]~ ": :': ".3:': = |Lrl =2 5,900,000 4——— 11,000 |n,000 5,000
o B I v e A e e A L2430 1364 L4535 Al — 1,000 Maj2du | 3
. I MENNEDY DESIGH.
ILa 1Lz1af1415 FE3|-2T G530 [ 292 X2 9] —— 13|90 | 31 .5| 2]l sPECIMEN LOADED TO 3,000,000 LBS
3,265,000 54,00 [l14i2j187rei14)18 6,785,000 SPECIMEN RELOADED TO FRAILURE.
24(1.8]|32]14 |45 -6.115.9-57]-18 11 | 3913 3| —— se[ 1[I0 | 7 43 || NG, BA5E READINGS TAXEN o8 SECOND
; i BASIC DESIGN WITH ANGLE BRACES.
1,460,000 | 23700 148,000 | NVALID, LAMINATED PLATE
4 N0 GAGE HREADINGS TAKEN
(380,000 | 22,400 221,800
REPEAT EOFR zafu m;révnun& LAMINATED PLATE.
NO  GAGI Tai
2,470,000 | 33,600 2,017,600
so| _[8[T® z.i;-zn 5.0 AEPEAT OF 36
1,350,000 | 25,500 57e 232.(713.! zjg;n) LT 7154 5l2q 3.5_”, 277,000 |[-6e3.225] — (05 43{3T(35-10 HETCH END BEAM OF COMMEACIAL STEEL
13(20|18]3.2(2.6[14 18] 42 s Tilaslesiea T 10,006 11,200 | 5,300 }12,900
1,400,000 | 23,000 O.iza(23]1. 643 |28] |87 62 AT600 (RO ~ (70|24 — lau|-10
i 3i13]1.0/23% 2y
UC. DESIGN
NO GAGE READINGS TAKEM.
2,240,000 37700 1,570,000
NOTES FD. O
I.B4SED ON LOAD CARAYING SECTION OF DECK, DOUBLER, LOMGITUDNAL .
COAMING BELOW DECK. (ACTUAL PLATE THICKNESS) el b
2 BASED OM AVEMAGE OF LONGITUDINAL STRESSES FOM GAGES [-2-3-4 A
TOP AND B0TTOM. :
3%?3'0 ONBO#\:I%T!.ME OF LOMGITUDWAL STRAINS FOR GAGES 1-2-3-4 15*.—*" 5 g maas
" T
A READINGS CQUESTIONABLE. GAGE Il VERY CLOSE TO DOUSLER WELD R e N AcS LA,
S.TEST TEWPERATURE 70° t &4°F Ty , EXAMILE
E ﬂqh.—ls
Fi pToR




~Blhm

(16)
of ships , and found to be %.6 at the bulwark plating attach-

ment at the front of the deckhouse. OStrain concentrations as
high as 9.7 were recorded in another structural test(l7)o

An investigation has been conducted at the University of
Washington(la) to determine the properties of selected types of
welded reinforcements for openings in plain-carbon structural
steel plates. These results indicate about the same as those
previously quoted in which fallures occurred at high nominal
strength and at a low temperature. Ultimate strengths for ten-
sion-type tests are higher at ~40 F than at room temperature.
The general conclusion from this is that cleavage fractures with
high energy absorption and high ultimate strength are possible
in welded structures, that is, if all stress-raising effects are
sufficiently reduced and that the operating temperature is not
too far below the fracture transition temperature for the steel
as determined by the Navy tear test(l9)o

An investigation with tension specimens that simulate certain
types of welded details has been performed at Swarthmoreczm°
The results indicate that structural discontinuities reduce load
capacity, energy absorption, and raise transition temperature.

In another investigation at Swarthmore(3), 10~-in. wide ten-
sion specimens containing transverse butt‘welds with varying de-
grees of penetration were used., In tests at O°F and 75 F, the

maximum stress on a net section of specimens with a flaw which

simulated incomplete penetration was in most cases equal to, or
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greater than, the maximum stress sustained by specimens with no
welds or those with completely penetrated welds. Recent tests
have been made on tension specimens containing an internal flaw,

2 1/2 in, long by 3/8 in. wide, which simulates a crack made with

a jeweler's hack saw cut. This flaw was located in the center of

a transverse butt weld or at the intersection of a longitudinsl
butt weld and & transverse butt weld at a length equal to half of
the specimen width. The flaw terminated in weld material. The
specimen was tested at a low temperature and failed in a cleavage
mode with fracture propagating across the unwelded plate as well

as across the transverse weld. The average unit stress at fracture
was 63,000 psiczl)o In all previous tests on transverse butt-welded
specimens, the fracture propagated completely in the weld joint.
This new specimen was devised to make the fracture propagate in
plate material.,

(22) have been used Lo

Eccentric notch-bar tension specimens
determine zones of low ductility in commercially welded ship plate.
Gomparisons(QB) have been made with the notched (eccentric and con-
centric) and unnotched tension properties at the midthickness level
of a semikilled steel weldment.

Unique-type tension tests which involve impact Joading are
the BRobertson test(gh) and the Standard 0il test(gg)a The work de-
scribed préviously has been conducted with the assumption that the fac=-

tors involved in the initiation of the brittle fracture are the import-

ant consideration., These two tests assume the initiating condition is
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already present and it is necessary only to consider the factors
in propagating the fracture.

The Robertson specimen is subjected to & uniform tensile
stress of 10,000 psi, and a temperature gradient is established
by means of liquild nitrogen at one end and a gas flame at the
other. The usual temperature values for normal mild steel is
-9% F at the end which contains the notch and 140 F at the other
end. The temperature gradient is about 18 F per in. at the middle.
The results show that there is a strength transition which in most
of the materials tested occurs at a low stress value of about
10,000 psi. The temperature at which the crack is arrested varies
little with increased stress above the transition.

-The Standard 0il tesf is an adaptation of the Robertson speci-
men. The Standard 0il specimen is shown in Fig. A-4., It contains
a notch composed of a brittle crack on one edge and a saw cut of
equal depth on the opposite edge. The brittle crack ls introduced
at liquid nitrogen temperature, as shown in Fig. A-%. The shaded
area is cooled by liquid nitrogen., When this area reaches the
temperature of liquid nitrogen, a wedge is driven into the saw cut
by impact from a small slug shot at high velocity. This produces
a sharp crack at the root of the notch. The specimen is allowed
to warm up, then placed in a tension machine, and a uniform load
is applied, as shown in Fig. A-5. A length of the specimen is
cooled to the desired temperature. Another wedge is driven into

the saw cut to determine the condition which propagates the crack.
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The results show that if the stress is below a certain critical
value the notch is only slightly extended and no failure occurs.
If the stress is above this critical value, however, the specimen
fails completely with a brittle fracture. Below a certain tempera-
ture, the brittle breaking stress is constant, whille above this
temperature the brittle breaking stress increases markedly. An
example of the correlation between the service conditions and
laboratory specimens is shown in a test made in steel which was
removed from a storage tank. Failure of a tank occurred at a
calculated stress of 15,800 psi at 4O F. Some of this material
was tested in the laboratory using the procedure just described,
and it failed between 12,000 and 14,000 psi applied stress at 40 F.
This 1s the first tension-type specimen that has been success-
ful in reproducing brittle fracture at a nominal stress below
20,000 psi. The Standard 0il test is being used to study funda-

mentals of propagation in brittle fractures at various temperatures.

'BEND TESTS
Specimens involving bending or a combination of tension and
bending have been used more frequently in brittle fracture studies
than any other method of testing. O0f the smaller specimens in this
group the Charpy and Izod are the most notable. Specimens contain-
ing a CharpyVenobch,a keyhole-notch, or a saw cut notch, and Navy
tear-test, slow-bend, and Schnadt specimens are examples of the

smaller specimen. The transition temperature of steels has been
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determined by these various smaller specimens, The trend in this
country is toward increasing use of fhe V~notch Charpy specimens
for evaluating the relative brittleness of steels, for the V-notch,
being sharper, yields a'higher transition temperature than does
the rounded keyhole type°‘ Furthermore, it is believed that the
V-notch represents structural discontinuities better than the
keyhole. A good correlation has been found between V-notch Charpy
properties and service failures of ships(zé)u Kahn has conducted
many investigations with these smaller specimens and on the basis

of this experience has developed the Navy tear test(27)o The

Schnadtcgs)

specimen is a recent addition to the small-bar group.

It is similar to the Charpy, but it has a variable notch geometry

and contains a hardened steel pin inserted in a cylindrical hole

on the compression side of the specimen. The slow-bend test(29)

has given results which correlate with large-scale tests. Vanderbeck

(30)

and Gensamer have shown that there is a direct correlation be-
Tween transition temperatures as determined by the V-notch Charpy
specimen and the keyhole Charpy. The evidence produced by many
investigators shows that regardless of the specimen or criterion
selected steels are rated in the same general order of brittleness.

(31)

Bagsar developed a cleavage tear test for determining the

tensile breaking load®s and the conditions under which failure occurs
with edge-notched rectangular steel sections.

(32,33,34%)

oome investigators havé employed explosive charges

to provide impulse loading to plates and cylinders. Impulse loading
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creates high strain rates and with triaxial tensile stresses
frequently causes brittle behavior. The initial wave travels
into the metal as a triaxial compressive stress which is re-
flected from the opposite surface as a triaxial tension wave(7)o

Pellini(35) has correlated the results of explosion tests
with the Charpy V-noteh curve and also with ship fracture data.
He also has correlated the above results with those of a drop-
weight test. This test is conducted with the delivery of an
gnergy blow in a device which acts as a stop after the specimen
is deformed a very small amount. Tests are conducted over a
series of temperatures.

(36,37,38,39)

Many investigations have been conducted using
longitudinal and transverse notched-bead bend specimens. The
noteh induces a behavior appreoaching that which can be expected
in the neighborhood of a structural discontinuity such as a weld
cracko

The results of investigations referred to above show that
cracks originate in weld metal transverse to the weld Joints.
It has been sald that the weld is stronger than the base material,
This may be misleading because many specimens which appear duc-
tile in a transverse weld test are brittle when tested with the
weld in the longitudinal direction. When the weld is longitudinal,
2l] elements, the weld, the heat-affected zone, and the base plate

are foreced to undergo equal strains. When the heat-affected zone

is martensitic, for example, it will crack at a very low strain,
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and this crack may cause the specimen to be brittle. When the
weld 1s transverse to the loading direction, the heat-affected
zone need not undergo any plastic strain at all. When the elas-
tic limit of the heat-affected zone is above the maximum stress
that the weld or base plate can support, all plastic deformation
will be forced to occur in the weaker, but more ductile, material.
Thus, a specimen with a hard brittle zone may bend through a large
angle and appear ductile when .the transverse wéld specimen is
tested but may be brittle when the weld is longitudinal.

Bend tests have been used to great advantage in many investi-
gations, but in this investigation the flaw will be located mid-
way in the thickness direction. This is a region of minimum
stress in a bend specimen. The bend specimen therefore was not

given further consideration.

FATIGUE TESTS
Fatigue tests have not been used so extensively in the study
of brittle fracture as other tests because there is very little
evidence of fatigue failures in ships. However, local cyclic
stresses have In some cases contributed to brittle fracture. For

(%0)

this reason and because Williams has found the characteristic
markings of a fatigue failure in a weld joint from a ship, this
test is being reviewed heré; | |
Fatigue tests have been conducted at Cornell University(ul)

with tension specimens subjected to a nominal stress range of
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0 to 30,000 psi. The results indlicate that fatigue cracks appear
in longitudinal welds at approximately 1/3 the number of cycles’
when compared with similar tests of homogeneous plate. The surface
folds, or pits, in the weld metal create stress raisers which are
ineipient points of fatigue failure. Poor root fusion éid not al-
ways result in fatigue failure. ©Some small fractures have occurred
in welds but were arrested before extending into the parent metal.
However, in no case has a crack which extends into plate material
been arrested.

(42)

Fatigue tests have been conducted by Warren with standard
fatigue-type specimens. The loading cycle alternated between the
nominal stress range of 16,000 psi tension to 16,000 psi compres-
sion. Various weld-metal flaws were included in the specimens.
The results indicate that it is possible to correlate performance
under fatigue loading of a weld Joint containing internal flaws
with the appearance of its radiograph, when the flaw has the nature
of a crack or lack of penetration. It has not been possible to
correlate the performance'when the flaw has the nature of a slag
inclusion. Cracks and lack of penetration were found to be the
most serious of the defects tested.

Fatigue tests are being conducted by Welter(h39h4) on model
vessels under internal hydraulic pressure. The model vessels are
similated semielliptieal thick heads butt welded together. The
results indicate after a few thousand cycles of repeated loads

that the crack is produced in the circumferential weld which

progresses and finally breaks through the plate material or the
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weld deposit in the circumferential direction. The interesting
part of this investigation shows that no fatligue cracks occurred
in the longitudinal direction of the shell or in numerous undesir-
able punch marks, scratches, and welding symbols stamped deeply
on the outside surface of the vessel.

(45)

An investigation was conducted with notched fatigue speci-
mens that fractured in a slow-bend testing machine at controlled
strain rates after being subjected to the various number of cycles
of fatigue at various stress levels. The results indicate that,

as the number of cycles at a given stress level inecrease, the
brittle transition temperature increased to a broad range of tem-
peratures and the brittle fracture strength decreased greatly.

Weck(u6)

indicates that, when a ship goes to sea and for the
first time experiences fairly severe forces at the hatch corners
and similar structural discontinuities, the material flows plas=
tically and there i1s a certain readjustment of the structure and
subsequent applications of reversals of load may cause fatigue
failure.

Irwin(h7)

indicates that fracture origins grow or creep
until a point of instability is reached, then the crack will ac-
celerate rapidly. He is of the opinion that strain history is
the important factor to be considered in brittle fracture.
Klier(gé) says that the conditions of loading in a ship's struc-

ture are not such that a c¢crack can be initiated and propagated

slowly to fracture., The loading cycle can be expected to be
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quite short with a consequent "impact'" type of loading due to the
action of the wind and waves. With this type loading, the struc-
ture may be overloaded for a relatively short time. The conclusion
drawn from the opinions of these investigators is that, generslly,
fétigue does not cause failure but the low-cycle fatigue and peak

loading should be considered in conjunction with the test method.

STRUCTURAL TESTS COF SHIPS
Several full-scale strength investigations have been conducted
on ships under various conditions of loading. The structural be-

(4+8)

havior of similar welded and riveted ships under comparable
conditions of loading was tested in still water. The Neverita

was the welded 12,000-ton D. w,' ténker, and the sister ship
Newcombia, was a tanker of practically all-riveted construction.
Selected results(ug) indicate that welded and riveted éonstruction
show no major differences. The stress concentrations observed
around large structural discontinulties such as hatch openings are
approximately the same for the two forms of construction. It may
be presumed, however, that higher concentrations may exist at con-
nections. Transverse stresses were observed to be 20 per cent of
the longitudinal stresses. There was considerable fluctuation of
these stresses with no apparent explanation. It was felt that the
results of these trials in still water did not give a complete
answer to the problem. A tremendous undertaking was the investi-

gation(HO) of a riveted ship, the Clan Alpine, and a welded ship,
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the QOceap Vulean, at sea. The analysis(51> of data from still-
water tests will afford a comparison of the behavior at sea.

Vasta*7?

has found stress-concentration factors varying
from 2.0 to 9.7. During hogging, the main deck plating was in
a state of biaxial tension which indicates strong transverse
restraint by the deck framing system.

These structural tests on ships provide the ideal testing
apparatus. The ideal testing method would be to cut out the
section of a ship and weld in a test specimen. The specimen
could then be subjected to all conditions of service. This type
of large-scale test is conceivable but hardly feasible. The
next step might be to have a laboratory testing apparatus that
would simulate the conditions of a ship and insert the specimens

in this apparatus. This line of reasoning is discussed further

in the section on the development of a testing method and specimen.

MISCELLANEQUS TESTS

Various tests which do not rightfully belong in any of the
above classifications have been reviewed with interest because
of their uniqueness.

Hydrostatic and hammer tests have been performed on pressure
vessels for many years. A survey(sz) was made to determine the
effectiveness of these tests and also to what extent these test
procedures may damage a vessel. It was indicated that 160,000
pressure vessel tests were reported; WO00 noticeable defects were

found by the hydrostatic test, and 30 crack failures occurred
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under the hammer test. Of the %000 defective vessels discovered

by the hydrostatic test, only 21 cases could be termed as "serious™;
the others were mostly "pinhole" leaks. Of the 30 hammer-test
failures, only 9 were serious. Cracks at connections in welded
joints and in plate were the most frequent defects,

(53)

Tests of large tubes have been conducted over wide con-
trolled limits of temperature, while the hoop stresses in the
shell could be varied regularly through prescribed values to frac-
ture. The tests were conducted with 20-in. diameter by 10 ft long
welded tubes made of 3/L4-in. thick ship plate. The results indi-
cated that these large tubes exhibited strengths and ductilities
considerably less than the tensile strengths and ductilities of
standard coupons made of the plate material. Under certain com-
binations of conditions, failures were found to occur with very
low ductilities, approaching those observed in fractured ships.
This was true even without a mechanical notch. The strengths
under such conditions were correspondingly low as compared with
the strengths of the most ductile specimens. The tubes tested

at 70 F, with few exceptions, exhiblted considerable ductility
prior to fracture. The tubes tested at 40 F, with one exception,
exhibited relatively low plastic strains prior to rupture. The
tubes, which developed fracture in the region of a weld, appeared
to have cracks which originated in the weld or weld zone. Then

the fracture propagated into the plate, sometimes extending for
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relatively long distances and sometimes inducing shattering., The
fractures which started in the weld zone were presumably initiated
by cracks which formed in the weld metal. This conclusion was
indicated also in the section on bend tests, e.g., all fractures
began in the weld metal.

An investigation(Sh) has been conducted with spherical shells
This type specimen was chosen because 1t provides essentially a
bilaxial state of stréss. The yield, ultimate, and fracture strengths
for the combined state of stress used in this investigation were
shown to increase with decreasing temperature. The combined stress
ductility decreased with decreasing temperature. Although the
change in ductility was small, the specimens tested at low tempera-
ture fractured into a number of pieces.

The advantage to the large-tube and sphere tests is that it
more closely resembles the transverse restraint of the main deck

of a ship. Vasta(l7)

has shown that the main deck plating is
subjected to biaxial tension which indicates strong transverse
strength. The disadvantage to these two tests is that they are
extremely expensive to produce, and the specimens are only good
for one test. The large~tube tests depend upon an axial load to

produce various ratios of stress, but the expense and equipment

necessary to do this make it an impractical test.
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PEYSICAL PROPERTIES OF THE STERL
A high yield strength alloy steel was used in the fabrication-
of the sphere, This steel is a recent development of the United
States Steel Corporation and is known as T-1 steel. The chemical

and mechanical properties are shown in Table B-l.

TABLE B-1. PROPERTIES OF T-1 STBEL

Chemical Composition,

per cent ) Mechanical Properties
Carbon = 0,15 Thickness, 3/% in.
Manganese « 0,80 Yield strength, 114,400 psi
Phosphorus - 0.012 Ultimate tensile strength, 121,600 psi
Silicon - 0,19 Elongation in 2 in., 20%
Sulfup ~ 0.016 Reduction of area, 60%
Copper - 0.3k 15 ft-1t Charpy keyhole transition tempera-
ture, 235 F
Nickel -~ 0.8%
Molybdenum - O.4%
Chromium = 0.39
Vanadium = 0.0%
Boron - 0.0018
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Notch-bend tests have been made on welded and unwelded plate
to determine the effect of welding on the notceh toughness of the

steel., The results of these tests are shown in Table B=2.

1
| -- |
| |

TABLE B-2. SUMMARY OF DUCTItITY AND FRACTURE TRANSITICN
TEMPERATURES FOR 1/2- AND 1-IN. QUENCHED AND
TEMPERED T-1 STEEL*

Thgiigzss, Kinzel-Type Notch-Bend Test Tee-Bend Test
in. Unwelded E12015 E6010 E12015 E6010
ili iti ergture, F

1/2 ~132426 <7844 | Bk Approx. -180  -128s28

1 Below -143 27248 78416 Approx. -1Mk  -124s10

Fra Transition Temperature, F Shea

1/2 ~1024+6 Y—8Ht6 -92£10 Approx. -62 -100=26 : 1
1 -76+8 =4l a8 \-6#&12 =406 =72%8

*Bipbber, L. C., Hodge, J. M., Altman, R. C., and Doty, W. C.,
"A New High Yleld Strength Alloy for Welded Structures™, Paper No.
51-PET-5, The American Society of Mechanical Engineers.,

This steel is readily weldable with the low-hydrogen type
electrodes. Table B-3 shows the effect of manual\metalnarc weld~

ing on the properties and characteristies of this steel,
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TABLE B-3, TENSILE PROPERTIES OF ARC-WELDED
T-1 STERL*

e e e e e e e e ] S

Plate Orienta-~ Yield Tensile  Elonga- Reduce-
Thickness, tion of  Strength, Strength, tion, % tion in
in. Condition Specimen psi psi 2 in. 8 in. Area,%

1/2 Quenched and Long. 112,300 119,800 31.3 13.1 56.1
tempered

1 Quenched and  Long. 118,000 125,000 39.7 14.8 59.6
tempered

*Bibber, L. C., Hodge, J. M., Altman, R. Coy and Doty, W. C.,
"A New High Yield Strength Alloy for Welded Structures”, Paper No.
51-PET-5, The American Soclety of Mechanical Engineers.

FABRICATION DETAILS

The sphere was fabricated by Chicago Bridge and Iron Comﬁany
in strict accerdance with the ASME Code (1952 Editicn). Five
plates were welded together with E12015 electrode to form a hemi-
sphere, and the two hemispheres were welded together Lo wake the
sphere. The sphere, showing the shape of individual pleces, is
shown in Fig. B-l.

All jeoints in the sphere were ground smooth and radiographed.,
Two connections were welded into the top hoie for hydrostatic
testing. A hydrostatic pressure test was made at 1300 psi pres-
sure which 1s equivalent to a nominal biaxlial tension stress of
47,620 psi. A hammer test was made at 1100 psi pressure. The
connection was cut out and the sphere was delivered to Battelle
with one opening. The opening is 23 ino in diameter, as shown

in Fig, B=2,
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CAPACITY OF SPHEERE
The formula for calculating the volume of the sphere found

in Table B=& is:

v =%J3Wr3
where V = volume
r = inside radius

TABLE B-4, VOLUME OF SPEERE

)

Diameter, Volumé :
in. cu 1ln. gal
110 3/4 711,500 3080

—
—=

NOMINAL STRESS IN A SPHERE
The unit stresgs in the walls of a thin-walled sphere sub-

jected to internal pressure iss

Sl = ng- E%
where Slﬁ 82 = unlt stress
P = internal pressure
D = inside diameter
t = thickness of wall

The unlt stress for various pressures calculated from the

above formula is shown in Table B-5.



-7l

CHANGE 1IN VOLUME DUE TO INTERNAL PRESSURE
Derivation of volume change due to internal pressure:
Symbol g-=

\' volunme

it

C = circumference

radius

H
]

= strain

= stress

= Polsson's ratio
modulus of elasticity
= Internal pressure

= putside diameter

¢ 9 owow S 4 m
[

= wall thickness
AV = change in volume
Subscriptg--
o = initial (zero pressure)

¢ = with internal pressure

AV = V, - Vo
VO = )+/3TTI'O3

P 2,
Sinceoci =onp = 0

1 Sk
and € = E(Oi - ﬂO‘z)
=°-F:(1 - 0.285)

€=..O..£.,‘Zl§ D = PD
4 Et Et
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cc = 2Mr
C, = CO (1 +¢€)
_ 0.179 Ph
CC—CO (l'l'—E'f——)
c
o
Te T o7y
c

r]
I

_ o[l + 02179 D]
¢ QTT EFE B
3 .

C -

rc3 - g_[o}?[]# + 3 (O!]-’Z_ﬂ%_-__m) + (00179 PD)2 + (0017? PD)3J

gi3p 37
r 3=

| 0.537 FD ]
e = —-gﬁ%mL? + ——E%E—-—

v = 4/317 (rg3 - ro3)

A

ro3 (1 + 0-5 7 PD) - ro3

_ 0.537 PD Ty
Vv = =T e

Table B-5 shows the change in volume at various interval

pressures based upon the above formuila.

CHANGE IN VOLUME DUE TO COMPRESSIBILITY OF LIQUID

Since compressibility is the reciprocal of the bulk modu-

lus
v, -V
_ 1 2
K - ,_‘1i = mAv
P, =P 1
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AV = KVIAP
and K = 52 x 10”6 contraction in unit volume per atmosphere
-6 ’
K= g2 x 10 contraction in unit volume per psi
K=13.5x 10'6
AV = 3,5 x 10~6 V4P
AT = 3.5 x 1070 &§3-4>P
AV = 3,5 x 0,811 x AP
AV = 2,49 AP

The- combr9551b111tj of watpr with various 1n+arnal pressures

is showm in Table B 5 calculated from the formula above.

TABLY B-5., STRUSS AND VOLUM® INCRWASE DUE TO PRUSSURE

Liguid Volume Sphere Volume

Pressur Nominal Increase ~Increase Total
T hal ®» Stress, Compressibility Internal Pressure Increass,
s psi cu in. gal c¢cu in. gal gal
100 3,670 o245 1.1 Lg 0.2 1.3
200 7,330 498 2.2 91 0.k 2.6
300 11 ooo 747 3.2 136 0.6 3.8
400 1k, 670 996 b.3 182 0.8 5.1
500 18,330 1,250 5.4 227 1.0 6ol
600 22,000 1 490 6.5 273 1.2 7.7
700 25 670 1, Y740 7.6 . 318 1ok 9.0
800 29,330 1 990 8.6 364 1.6 10.2
900 33,ooo 2, Lo 9.7 409 1.8 11.5

1,000 36,670 2 ugo ‘ 10.8 455 2.0 12.8
1, "100 o, »330 2, L 740 11.9 500 2.2 4.1
1, 1200 wh 000 2,990 12.9 546 2. 15.3
1 a 47 670 3,240 14,0 591 2.6 16.6

51 330 3,490 15.1 636 2.8 17.9
1 500 55 000 3,740 16.2 681 3.0 19.2

s o
—ix it

i
74
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POTENTIAL ®WN®RGY IN SPHRRE AT VARIOUS PRRESSUR®S

The potential energy was calculated from the following formulas:

Potential energy in water S
- IR
2
Potential energy in sphere wall . (1 - ;9) SV

]

where ® = modulus of elasticity, »si

It

gage pressure, psil

stress, psi

volume, cu in.

it

Poisson's ratio

RS < oW
I

If

bulk modulus
The potential energy at wvarious internal pressures, calculated

from the above formulas, is shown in Table B-6.

COMPOSITION OF LIQUID
CaCl2 was added to the water to reduce the freezing point of
the liguid to -15 F. The composition of water and calcium chloride
is shown in Table B-7. The solution was inhibited with sodium

dichromate and sodium hydroxide.



«78a

TABLE B~6. POTENTIAL ENERGY AT VARIOUS PRESSURRWS

Nominal
Pressure, Stress, Energy, in.-1b
psi psi Water Sphere Total
100 3,667 11,550 8,960 20,510
200 75333 46,200 35,800 82,000
300 11,000 103,950 80,600 18%,550
400 14,667 184,800 143,200 328,000
500 18,233 288,750 22k,000 5124750
600 22,000 415,800 322,000 737,800
700 25,667 56,000 439,000 1,003,000
800 29,333 736,000 573,000 1,309,000
900 33,000 932,000 726,000 1,658,000
1,000 36,667 1,155,000 896,000 2,051,000
1,100 40,333 1,265,000 1,082,000 2,347,000
1,200 4, 000 1,380,000 1,290,000 23670 ,000
1,300 74667 1,496,000 1,508,000 3 ,00%,000
1,400 51,333 1,610,000 1,760,000 35370,000
1,500 55,000 1,725,000 2,015,000 3,740,000

TABLE B-7. COMPOSITION BY WEIGET OF LIQUID IN SPHERE

————.-
i,

—

“Calcium Sodium Sodiunm
Volume of Sphere Water, Chloride, Dichromate, Eydroxide,
cu ft gal ib ib 1b ib
412 3,080 25,700 9,476 50 5
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APPENDIX C



TABLE C-1. RESULTS OF TESTS MADE TO INVESTIGATE THE INFLUENCE OF CRACKS
AND LACK-QF-FUSION FLAWS 1IN WELDS OF THE INITIATION ON ERIT-
TLE FRACTURE

Length Depth

Type of of Nominal Type
Test of Flaw, Flaw, Temp. Stress, Type of Backup Used
g, - Flaw in. in, Material F nsi Type of Failure Loading on Test Plate Remarks
1 Hard - - 1/ein,. -05 $1,0C0 See results Statie Neoprene Entire disk blown out ané around hole in sphere.
faeing 4283¢C
2 A 8 9/16 E -25 23,800 Brittle " " Frac. stopped at joining weld. Frac. inltiated in weldfla
3 B 5 1/2 E 26 27,500 None " None Crack opened up in weld, which released pressure.
L D 5 3/8 E 26 38,500 n " " No failure, released pressure.
5 B 5 g9/16 E 30 36,670 k4-inch cleavage fracture " " Fracture initiated from repaired flaw in Test 4. Frac-
ture stopped in E steel.
6 B 6 1/2 E 20 36,670 Brittle " n Fracture inltiated in weld flaw, propagated across diam-
eter of disk and 10 in. into sphere.
7 A & 1/2 E 25 29,330 " " " Brittle fracture across diameter of disk. Disk blown
completely out of sphere.
8 A 1 g9/16 E 30 29,330 Hone fn " Wo failure, released pressure.
g A 1 /16 E 27 31,200 n " " Two 3 x 3 x 1/% angles welded to Test 8. No failure,
released pressure.
10 A 5 /16 E 12 33,000 Brittle " f One half of disk was blown corpletely out of sphere.
The other was blown 1/2 out and kinged up.
11 A 5 9/16 E 27 34,800 None " " Crack opened up, lost pressure,
12 c bl 7/16 E 2% 33,000 " " " Wo failure, released pressure.
13 c 5 7716 E 18 31,200 " n " No failure, released pressure.
1k c L 7/16 E 22 31,200 " " Neoprene Poor joining weld. Forced disk out of sphere, but no @
fallure at flaw. E‘,D
15 c 10 7/16 E 18 31,200 Brittle f " Fracture initiated after grinding down 1/8 into weld. 3
Propagated 4 in. intoc sphere.
16 c 10 7/16 B 16 31,200 None " " No failure. This disk was similar to Test 16 except
the weld went across the diameter of the disk.
17 G 10+10 7/16 E 66 31,200 " " None Crack opened up in weld, lost pressure.
13 A 8 9/16 E 20 22,000 " " n Ditto
19 C 1044 7/16 E 23 27,500 i " Neoprene Ditto
20 G 645 216 E -6 31,200 " " " No failure, released pressure.
21 c 646 9/16 E b 24,800 f " None Crack opened up in weld, lost pressure.
22 A 8 9/16 Annealed 15 25,700 Brittle " Neoprene The disk blew out of sphere. Propagated 3 1/4% in. into
ABS-B sphere on cne side.
23 4 1 9/16 " 8 25,670 Hone Cycled " Crack opened up in weld, lost pressure; cycled 200 times
between 11,000--20,000 psi.
oL A 8 9/16 " 17 23,500 Brittle Statie " Kalf of disk blown out.
25 A 8 9/16 n 16 27,500 None Cycled " Ho failure, cycled 50 times between 11,000--22,000
psi
26 A 8 9/16 " 2k 23,450 Brittle Statle " Propagated across diameter of disk, stopped at Joining
weld. '
27 A 8 9/16 " 18 25,700 " " " Four paths of fracture across diameter of disk.
28 A 8 9/16 " 15 22,000 " Residual " Propagated across diameter of disk, 3 in. and 2 in.
stress Magni- into sphere.
tude unkinown
29 A 8 9/16 " 15 23,800 None " " Crack opened up, lost pressure.



TABLE C-1 (Continued]}

Length  Depth

Type of of Nominal Type of
Test of Flaw, Flaw, Temp. .Stress, Type of Backup Used
No., Flaw in. in. Material F psl Type of Faillure Ioading on Test Plate Remarks
Resldual Neovrene Propagated across diameter of disk, stopped at jolning
30 4 8 9/16 Aiggﬁ.‘ged 20 11,000 Brittle Sircss opaga ’
13,000 psi
Statie " Crack opened up, lost pressure.
31 A 8 9/16 ABS-B 30 28,200 None R ! c s
p esidual t Propagated across diameter of disk, stopped at joining
32 A 8 9/16 Agrﬁga%ed kL) 18,350 Brittle stress wold. ’
- 10,942 psi
Residual L Ditto
33 A 8 9/16 " 21 9,530 " stress
Magnitude unknown
Cycled Neoprene Cyeled 1000 tires between 3,700--20,000 psi. MNo failure
34 8 9/16 " 17 25,700 None when raised to 25,700 psi. ’
Y 1 " " Cyeled 1000 times between 9,000--20,000 psi. MNo failure
35 ¢ 8 9/16 ! 23 24,000 when raised to 2%,000 psi. ’
Statie " Propagated across diameter of disk, 3 in. into sphere
36 A 8 9/16 " 15 23,85'0 Brittle on each side. 1
" " No failure released pressure.
%g ‘é g 3556 :: 22 236850 nggile Residual Propagated 13 in. due to residual stress only.
stress Magnli«
tude unknown &
39 o a 3/8 " 25 o . " Propagated 5 in. due to residual stress only. o
" Neone Propagated across diameter of disk, stopped at joining
) c 8 3/8 " 23 23,650 Brittle weld.
" Static Neoprene Ditto
LL:% ‘é g %éé :: gg 226000 " Resldual Hone Brittle fracture 17 in. long due to residual stress
stress Magni- only.
tude unknown N ted
" " Weld necked prior to static lpad. Fracture propagate
43 ¢ 8 1/2 " * 5,870 " across diameter of disk.
" " " Wo failure, released pressure.
Lk C 8 1/2 " 26 23,850 None * N . .
s Statie " Propagated across dlameter of disk, stopped at joining
L5 A 16 9/16 L 25 17,400 Brittle weld. !
- " " fo failure released pressure.
o % e 1 B B e b0 RemaieiiEmL
. esidua ropagated acress dlameter o isk, stopped at joining
L7{a) A % 9/16 f 20 9,170 Brittle stress Magni- wolg
tude unknown .
L8 4 b 9/16 e 10 12,170 " Statle L;'ad_ Ditto
Lg D 8 3/ n 318 Magnitude " Neoprene
unknown w None 4 ban N .
g was heard at approx. 8,000 psi. This probably
50 ¢ M 9/16 " 22 18,000 " was the crack opening to the’z surface.
" " " Propagated across dlameter of disk, stopped at Joining
51 A [ 9/16 n 20 29,300 ’ . weld. o .
" l4-gage Fropagated across dlameter of disk and Into sphere.
52 A 8 37 n 12 18,300 o plgtg pag s
" " Propagated across dlameter of disk, stopped at joining
53 4 8 I/ " 13 21,600 u wglg‘ )
" 1] "
s, D 8 3/4 ABS-B 8 20,000 " Ditto



Length Depth

TABLE C~1 (Continued)

Type of of Nominal Type of
Test of Flaw, Flaw, Temp. Stress, Type of Backup Used
Ho. Flaw in, in. Material F pai Type of Failure Ioading on Test Plate Remarks
595 D L 3/ ABS-B g 27,500 Brittle Statie 14-page Balf of disk blow out, fracture propagated 2 in. inte
plate sphere in two places.
56 D 16 /16 " 6 10,300 " " a* Propagated across diameter of disk, stopped at joining
~.weld.
57 D 8 9/16 " 6 23,850 " o " : Ditto
58 D 12 9/16 " 7 21,160 " " " u
Crack opened to surface at a nominal stress of 18,300
psi.
59 D 12 3/4 " 9 12,800 " n " Propagated across diameter of disk, stopped at joining
weld.
60 D 16 3/ " 10 11,000 * " t Ditto
61 D 12 /8 n 6 17,%00 " " " "
62 b 16 3/8 " g 22,000 N?ﬁ& " " Only taken to 22,000. No failure.
63 D 8 3/8 " 6 25,700 Brittle " " Propagated 8 1/8 in. into sphere on one side and 9 in.
on other side.
6L D 16 3/8 " 7 15,200 a " " Propagated across dlameter, stopped at joining
weld,
65 D L 3/ n 10 27,500 L " " Ditto
66 D L 9/16 fn 9 33,000 " " n Propagated 10 in. into sphere on one side and 16 in.
on other side. 5
67 D 12 9/16 n 12 22,000 None " f Only taken to 22,000. No failure. (¥
68 E 8 3/ " 12 26,300 Brittle n 1 Propagated across dlameter of disk, stopped at joining *
) weld.
69 D L 3/8 " 12 33,000 None " " No fallure.
70 D 8 9/16 " 10 2L, 600 Brittle " " Propagated across diameter of disk, stopped at joining
weld.
71 D 10 3/ f 8 17,200 " " " Bitto
72 E 8 3/8 " 11 31,200 " u " Propagated 3 in. into sphere on both sides.
;a g g %?g " 11 31,200 None " n No failure. Crack front in weld metal.
E 8 3/8 " 8 16,500 Brittle " f Propagated across diameter of disk, stopped at jolning
weld.,
79 E 12 3/h n 12 22,000 " n i Ditto
76 E 12 9/16 " 8 22,000 " " n n
77 E 12 3/8 " 11 33,000 None n " ‘No failure.
78 E 16 kY3 " 11 15,400 Brittle " " Propagated across diameter of disk, stopped at joining
weld.
79 E 8 9/16 " 12 24,000 " " " Ditto
30 E 16 9/16 n 6 19,000 " " " n
81 E 16 i/8 " 7 29,loo " i " "
82 E 8 3/8 “ 8 33,000 None " " No failure, released pressure.
83 E L 3/ n 8 30,400 Brittle " " Propagated across dlameter of disk, 2 in. into sphere,
both sides.
84 E 8 3/ " 9 16,500 f " n Propagated across diameter of disk, stopped at joining
weld.
85 E 12 9/16 " g 26,800 " " " Proparated across diameter of disk, 2 in. into sphere,
both sides.
86 E 12 /4 u 7 1k, 500 f " " Propagated across diameter of disk.



TABLE C-1 (Continued)

Length Depth

Type of of Nominal Type of
Test of Flaw, Flau, Temp. Stress, Type &f Backup Used
o, Ilaw in. in, Material F psi Type of Failure Loadimg on Test Plate Remarks
87 E 12 3/8 ABS-B 9 33,000 None Statie  1l-gage plate HNo failure, relsased pressure.
88 b 8 g/16 1 7 29,400 Brittle " n Propagated across diameter of disk, 3 in. into sphere,
koth sides.
89 D 12 3/ f 7 33,000 None " " Crack front in weld metal, crack extended but no brit-
tle fracturs.
30 D 12 kv 1t 9 29,400 Cleavage " n Grack front in weld metal, crack extended into weld
metal, crack propagated alonp heat-affected
. zZone.
91 D 16 3/ " 7 33,000 L n " Crack front in weld metal, crack extended into weld
metal, both ends.
92 D 16 3/ " 8 33,000 " " " Ditto
93 D 12 374 " 32 20,200 " " " Propagated across dlameter of disk from one end of
erack only. Some necking.
2,11 D 12 34 " 60 29,000 n " " Crack propagated 3 in. on one and 1 in. on other, con-
siderable necking.
25 Stress W 3/ n 9 20,200 Brittle " " Proparated across diameter of disk., 8ix paths of
concen- fracture
traticn
96 Circular b 34 n iz 15,000 " " " Propagated across diameter of cireular pateh,
patch

&

-Eg..
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APPENDIX D
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APPENDIX D

REPAIR OF SPHERE

The fracture of Test 6, as shown in Fig. D-1, propagated
10 in. into the sphere on each side of the disk.

The disk and sphere were cut along the dotted line shown in

Fig. D~1l. The sphere was cut out on one side to remove the end of

the crack. The other side was beveled to form a single-V butt joint.

Cut out
with torch

s S -

5ix 1 1/L-in. bolts used to
- pull sphere into shape

FIGURE D-1., DIAGRAM SHOWING DETAIL OF REPAIR

Six l-in. steel pads were welded on each side of the disk,
as shown in Fig. D-2. B8ix 1 1/4-in. bolts were placed through
the hole in the pad. The bolts were tightened and this brought

the sphere back into shape.

1 1/l4=in, bolts

PIGURE D-2. CROSS SECTION OF DISK SHOWING BOLT
USED TO PULL SPHERE BACK INTO SHAPE
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The grooves were ground smooth and then welded with E10016
electrodes. The repaired section of the sphere is shown in
Fig. D-3.

A considerable number of fractﬂres have occurred similar to
the one just described except they have not been so extensive.
Therefore, after about 60 tests, the area of the sphere around
the test hole had become a mass of repaired sections.

The fracture of Test 66, as shown in Fig. D-%, propagated
15 1/2 in. into the sphere on one side of the disk and 12 in.
on the other. The fracture turned at the E10016 joining weld
to follow an old repair weld in the sphere part of the way down
and then stopped after propagating about 5 in. in unrepaired T-1.

The sphere was then repaired by cutting out a 45-in. diame--
ter ring containing the test-plate hole and welding in a new T-1
ring. United States Steel Company furnished the steel, and

Chicago Bridge and Iron Company formed the rings at no charge.
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FIGURE D-3. DIAGRAM SHOWING REPAIRED SECTION OF SPHERE

0-22616
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FIGURE D=li. Photograph showing fracture that turned at the
E10016 joining weld and followed an old repailr
weld, It finally stopped in unrepaired T-1 after
propagatlng 15-1/2 in. into the sphere on one side

and 12 in. on the other.




