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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 S-LructureCommittee 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 in-troduc-

ing flaws into weld joints to simulate the flaws found in service

failures.

A major portion of the effort on the project has

with determining: (a) what kind of test specimen and

should be used to evaluate weld-joint flaws; (b) what

been involved

apparatus

kind of load-

ing or types of loading are need~d to simulate service conditions

in ships or other large structures; and (c) what nominal stress is

required to initiate a brittle f’racturefrom 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 som~eservice

failures of ships..

-.
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INTRU)UCTIOI?

Previous extensive studies of many ship failures have shown

that fractures frequently have initiated at various types & weld-

joint flaws. Sane of these weld-joint f’laws;2ava12eEzllocated in

areas of severe structural notches and stress +mmcen-trations.

Other fractures have started in butt joints in plates located well

away from najor structural discontirmities. Although numerous in-

vestigations of the causes of brittle fracture in ships have been

undertaken in the past twelve yearsY 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 am potentially dangerous in a

ship structure.

This investigation was advised by the

mittee and

tract with

sponsored by the Ship $kwac-kure

ths Bureau of Ships9 Department

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 conditions that closely sinulatad those of service

might aid in establishing adequate producticmr inspections ~nd re-

pair procedures for use in ship construction. The ultimate goal
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would be to aid the shipbuilder to eliminate potentially danger-

ous flaws from ships during construction. The work described in

this report was conducted during the period from April 239 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 be tested under a variety of simulated severe service

conditions. Since many other investigators of brittle fracture

hav~ 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-

eter9 made from a high-strength low-alloy steel with good notch

toughness. The test specimen is a 2~-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 wall
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of the sphere and contains full-siz~ welded b-titjoints in Whic”h

various welded flaws of controlled size are located. During

testing9 the entire sphere is cooled to a sel=cted temperature

and then loaded by hydrostatic pressure. After testing$ the

specimen is removed from the sphere wall! and a new ~pe~imen is

welded in place. Various schenes have been devised % campiicate

and concentrate t’hebasic 1%1 ratio of biaxial tmsion stresses

in the test panel, to simulate complex stress patterns and Stres%

gradients in actual structures. In additionj tests have been

made with the test panels subjected to cyclic loading.

A preliminary series of tests was conducted to determine the

types or combinations of loading conditions necessary to simulate

service eandition.s. The results of these tests indicated that

various weld defects could be evaluated by static load tests.

The test results described in this report have been made with

3/h-in. Grade M Code Type E~ modified ABS-B9 and ABS-IYsteel speci-

mens. The E and modified ABS-B steels were selected as the first,

materials to be tested because of their high transition temperature

(8o F and 100 F5 respectively, at 15 ft-lb Charpy V-notch).

Cracks and lack of fusion are the

been evaluated in this investigation.

testing program indicate a correlation

two types of flaws that have

The results of the present

between crack iength and

the nominal stress requir~d for fracture. Disks containing w~ld
.-

xThis ref~r~ tG ABS-B requirements in ~ffect before JanllarY~ly
1956.
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cracks initiate at lower nominal stresses than equal length lack-

Qf-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)

(21

(3)

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

Sufficient energy was stored in the test annaratns
to propagate

The fracture
only a short
ing the test

*. > —–. - ---
the-fracture after it was initiated.

stopped or turned ductile and ran
distance after meeting the weld join-
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 h in. long or longer.

(2] As the length of the crack increased9 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.

(4) 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 is9 at zero nominal stress.

-.



In general:

The data
in welds
fusion.

obtained did Hot indicate that cracks
were more serious flaws than.lack of

much higher+for small flaws than -migb.tbe pre-
dicted by nominal stresses calculated to “b=
present in structures which have failed. This
indicates that the calculated nominal stresses
in the structures may be lower than the stresses
actually present in some areas in
by factors of 2J 3$ or more.

BRIEF REVIEW OF ERITTLE FRACTURE

An early investigation* of ship failures showed that there

the structure

KNOWLEDGE

were several factors that contributed to the occurrence of bri4h-

-tiefailures. They are classified under three main ‘headings:

(1) design; (2) material; and.(31 eonstructiono Each of these

three items have been inproved since the early days of the ac-

celerated program of’m-ass-producingwelded s-hips. It is now

believed that defects built in during construction sometimes

resulting from pcor worknanship5 may be the major focal pcints
-—2,8-:. —,

.-
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of failure. This does not necessarily mean that such built-in

flaws resu~t 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

Structure.*

what degree

small nicks, cracks, and notches are built into the

It would be desirable if the fabricator knew to

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 10 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

*Young, R. T. rlStrengthof Welded Shipsy~l
1945, pp. 471--474.

necessary to

The Welding Jmmna~,

.- .. .—.



fracture. It was impossible.to answer thass two questions CQK-

pletely, but the available information was reviewed and is prE-

sented briefly in the fallowing paragraphs.

Failures have occurred in ship sections suhjected %o 20W

nominal stresses at temperatures batween-20 F s.n~40 FO A few

failures have occurred at temperatures above 50 1?but have not

been so extensive or s~rious as the ones which occum%d at lower

temperatures. Fractures were of a brittle typs and showed ve~y

little ductility$ although material through which fracture ac-

curred had normal strength.and ductility in oi-dinarytests*,**

at room temperature. The starting point of many fractures could

be traced to a point of stress concentration at a notch res*&lt-

ing f~om structural or design details7 welding defects~ metal-

lurgical imperfections, or accidental clarxage.Notches resulting

from design details or welding defects vJereundoubtedly present

in all ships of a given type. Research has shown that fractures

originated only wb.en‘high.stress concentrations at critical
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Iocations in the structures or serious flaws occurred in com-

bination

!The

that the

with plates of unusually low notch toughness~.

compositions of the ship steels investigated indicated

notch sensitivity was increased by increasing amounts

of carbon or phosphorus and.decreased by increasing amounts of

manganese. Notch sensitivity also was decreased by decreasing

grain size. Silicon decreased notch sensitivity when added to

perform the function of a deoxidizer and increased 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

notch sensitive than the general run of plates used in ship con-

struction. This was true using as the criterion of notch sensi-

tivity either the 15 ft-lb 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. ‘tInvestigationof
Structural Failures of Welded Shi S,’g~ ~eldin~ Journal,
Res. Supply October 19537 PPO k9g-s--527-s.

. .-.
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5500 fps, which is related to the velocity of a transverse elas-

tic wave in steeZ*. 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 following:

(1)

(2)

(3)

(4]

(5)

Stress patterns similar to severe conditions would
include a certain degree of biaxial tension stress
(possibly a 2s1 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 triaxiality.

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

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

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 if needed.

Fractures should occur in the temperature range from
20 to 45F0 Lower temperatures should be available
if required.

*Parker, Earl R. Brittle Behavior Q En~ineerin~ Struc-
tures. New York: John Wiley & Sons, Inc. (In press).

**Acker, E. G. V~Reviewof Welded Ship gailures,r’Review
Report, Ship Structure Committee Report Serial No. SSC-639
December 15, 1953.



(6)

(7)

The

-1o-

Fractures which initiate in,weld-joint defects
should propagate into the base plate of the
test piece.

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 SPECIMl?ATAND TESTING NETHOD

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 basic facts pre-

sented in the previous section, a sphere

testing apparatus because it had certain

below.

The idea of removing a test section

was selected as the

advantages as described

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 faileda the whole structure would be in

potential ha~ard.

The sphere was devised from this idea. The apparatus is

unique in that the sphere becomes a part of the test specimen

aft~r the disk is welded in. That is, the specimen is no longer

a 2h-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 notch tough

at test temperatures to resist a fast-running fracture. In ad-

dition to static 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 fpso The complete appa-

ratus is described in detail in the next se~ti~n.

Testing Methods. The testing apparatus is a 110 3/k-in* ID

sphere made of 3\%-in. high-yield-strength alloy steel. The speei-

meny a 3/4-in. by 2h-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~ lid, 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,

S~here. The mechanical properties of the steelt the fabrica-

tion details~ and other pertinent data of the sphere are described

in Appendix B.

S~ecime~. The disks were made of several types of steel of

the quality used in ship construction: (1) Grade M, Code Type E;

(2) modified ABS-B; and (3) as-received ABS-B. Grade M, Code

Type E steel has low notch 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 steel. The as-received

ABS-B steel is a standard material used in ship construction.

.-



~ TEST DISK

1

~lEURE1. Cutaway drawing showing apparatus FIGURE2. Photograph of sphere beside enclosure
and supplementary equipment
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It is less notch sensitive or has a lower notch transition temp-

erature than the other two steels. The chemical and mechanical

properties of the steels are shown in Table 1.

TABLE 1. CHEMICAL COMPOSITION AND MECHLIUCAL PROPERTIES
GF DISK MATERIALS

—.,———...

Chemical Ccmm~sition. % Mechanical Proverti~s
Project ABS-B Project ABS-B Modified
Steel E* Steel** Steel E* Steel** ABS.Bt

Carbon

Manganese

Phosphorus
Sulfur

Silicon

Aluminum
Nickel
Copper
Chromium
Molybdenum
Nitrogen
Vanadium
Titanium

0.20

0.33

0s013
00020

0.009
0.15
0.18
0.09
0.018
00005
0.02

0.21

0.80

0.019
0.034

0.04

00003
CJ.lo
0.05
0.04
O*O1
00005
0001
00004

Yield strength$ 30’,950 30,700 33,000
psi
Ultimate
strength~ psi
Thickness$ in. 3/4 3/4 3/4
Elongation in - 55.3 35
2 in., z
Elongation in 30.6 31.7 -
8in.,7Z
15 ft-lb Charpy 80 40~~ loo~~
V-notch transi-
tion tempera-
ture~ F
Tear test tran- 140 200 -
sition tempera-
ture, F

*KlierY E. pe~ and Gensamer, M.? ~vCorrelationof Laboratory Tests
With Full Scale Ship Plate Fracture Testslv~Final Report~ Project
SR-96, Ship Structure Committee, January 309 1953~ SSC-30.

**Ginsberg~ F.$ Foster? M. L.$ and Imbembo~ E. A.9 “Notch Toughness
Properties and Other Characteristics of Medium Steel Ship Plate~v,
New York Naval ShipyardReport$ August 31~ 199.

7Modified by annealing at 1650 F and cold forming.

~+Transition temperature of cold-formed disks, tests performed at
Battelle.
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Disks for test specimens$ 24 in. in diameter, were cut from

the plates and formed to match the curvature of the sphere.

Flaws. 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 joint when making the weld in the test specimen.

Lack-of-fusion flaws were made by laying a I\8-in. thick plate

along one of the surfaces of the groove in which the flawed weld

was made. This prevented fusion of th~ 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.

fi~nle~entarv ~. Additional equipment was necessary

to enclose the sphere~ cool the specimen, and apply pressure to

the sphere.

A protective enclosure was installed to prevent any possible

damage in the event the sphere should break open. Experience at

Battelle in burstin,glarge-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 diamete~

l/4-in. thick 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 prot~ction. The
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inside of the enclosure is lined with 2 in. by 4 in. lumber 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 octagonal lid made from

over the top of the

placed over the lid

of cables.

sphere during testing.

and secured to weights

Cooling is obtained

in the sketch of a cross

used to fill the sphere$

3/4-in. plate is placed

An I-beam section is

on the floor by means

from a coil in the test sphere, as shown

section in Fig. 3. Brine solution is

and relatively uniform temperatures are

obtained by circulating the brine. Temperatures as low as OeF

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 ~o cedurq. The test disk containing a flawed weld

was welded into the sphere with low-hydrogen electrodes (AWS

E1OO16). The sphere was filled with brine and all air was removed.

After the temperature of the sphere and disk was reduced to test-

ing temiperature~the 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

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

FIGURE 3. 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-notch energy value

for the plate being used was 2 to 6 ft-lb. 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 = ‘~” There
4t

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

results. Throughout this report this stress will

as the nominal fracture stress.

compare test

be referred to

In only a few of the tests made was the nominal stress raised

above 33,000 psi. Generally, if fracture had not occurred at

335000 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 reason for stopping. A second reason

for stopping at 33,OOO psi was to prot~ct the test equipment.

INFLUENCE OF FLAWS IN WELDS ON 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 studied.

first since this type of flaw appears to be more severe than

other types*$**c 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 joint$ E601O

e~ectrodes were used. A crack made by this method in the root

passes of a Couble-V joint is shown in Fig. 4.

Influence ~ Cracks in Welds = InitiatioQ~UQ Fracture.

Four types of cracked welds were used. Sketches of cross sections

of each of these types are

were made using Type A and

taining cracked welds were

cracks? 3 contained Type B

shown in Fig. 5. Most of the tests

Type D cracks. Seventy-nine plates con-

used. Of these, 30 contained Type A

cracks, 18 contained Type C cracks, and

28 contained Type D cracks. The results of all tests are described

in detail in the tables in Appendix D.

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

“ the ends of the crack] would also influence the behavior af the(0I

flawt but it was believed that only length and depth could be

*puzak, P. p~~ Eschbacher, E. W., and Pellini, W. S. ‘lnitiat-
ion and Propagation of Brittle Fracture in Structural Steels f’
~ Welding Jol~rnal,Res. Suppl., December 19521 PPO 561-s--5~l-s.

-- -. .—
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FIGURE 4. Crack in both root passes of a double-vee
butt joint welded with E6020 Electrode.
Subsequent passes welded with E601O
Electrode.
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Cracked weld

/ )

Type-A

\

Type-C

Type- D

—

FIGURE 5, TYPES OF CRACKED WELDS USED

—



controlled with any degree

Early in the work$ it

being used as flaws should

was based on

for the weld

iron used to

temperature~

the known 10W
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of assurance.

was decided that in general the cracks

not end in weld m-etal. This decision

Charpy V-notch transition temperature

metals used in the flaws. It was hoped that the cast

crack the welds would raise the brittle transition

but consistent behavior could not be counted on. The

crack end being in the base plate assured that naterial 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.

lQX!@iaZ!&@iXQD~e ratu~ . When test work was startedq it

was decided that tests should be made at temperatures between the

S ft-lb and 10 ft-lb Charpy V-notch temperature for the base plate.

This decision was made to try to insur~ that the test plates would

act as ?fstart’tplates. In the course of the investigation? a num-

ber of tests were made on specimens containing an 8-in. Type A
v

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 10F to 40 F tem-

perature range~ the Charpy V-notch value for these steels varies

from3 ft-lb (1OF) tp ~ ft-lb (~,F).
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Test Temperature, F

FIGURE 6. RELATION BETWEEN STRESS REQUIRED TO
INITIATE A BRITTLE FRACTURE AND TEST
TEMPERATURE FOR CRACKS 8 INCHES LONG.
TYPE A CRACK IN E STEEL AND MODIFIED
ABS-B STEEL. CHARPY VEE-NOTCH VALUES
RANGE FROM 3 FT- LB AT IO F TO 7 FT- LB
AT 40 F FOR BOTH TYPES OF STEEL.
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When tests are made on both sides of the Charpy V-notch

15 ft-lb temperature~ different results are obtained. Using a

Type D notch, ABS-B steel, and.temperatures at~ below, and a“bove

the Charpy V-notch 1~ f-h-lbtemperalnu:e,the results shown ill

Fig. 7 were obtained. The results af all of the tests made indic-

ated th.at~as long as testing was done in the Charpy V-notch ~

to 10 ft.lb temperatur~ range~ variations in temperature would not

affect results appreciably. l~owevertthe results of tests at

IY ft-lb Charpy V-notch temperatures and higher could not be com-

pared with those made a-kthe lower temperatures.

~ a Q&d21iL*.. Length is the dimension of a weld

crack that can vary most widely in a structure. Therefore$ it

seemed important to determine the effect of crack length on the

initiation of brittle fracture. Initial tests were made on speei-

mens containing what wpre thought to be serious flaws. They were

Type A cracks (Fig. ~) 8 in. long. Brittle fractures initiat=d

from these flaws at nominal shell stresses well below the 33$000

psi yie~d strength of the test plate. The results of these tests

indicated.that the test methcd worked and a study of the effect

of crack lengtk.was undertaken. At first~ tests were made on

rather sb.ortcrackst and then during the course of the project$

the range of crack 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 rm.de. Only three tests were made with
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Type B cracks. The res~:itsof 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 af

having the crack end in sound weld.metal. For these tests “thetest

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 zonez 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 bando This

is the test with a 4-in. crack which failed at a nominal stress of..

122000 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

that crack depth, test

ignored in drawing the

wide. The reason for this wide band may be

temperature and type of base plate were

figure. It is believed.that of these~ crack

depth is most important in causing scatter since all tests were

made at temperatures’,whichwere well below the 15 ft-lb’Charpy V-I.b -.
notch temperature.

$
k

‘.

{

1

.
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wc!wkiz Qu,k Lkm2* 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 nated 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 contain~d shorter cracks. How-

ever, none of these plates failed in test. In fact, two tests

were made on specimens containing 4 in. long cracks in which

brittle fractures did not initiate at 33,000 psi. It appears

that for this test 4 in. is about the limiting length of cracks

wb.ichwill initiate fractures at nominal stresses below the yield

stren~th 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

Qn plates containing Type C flaws which in general contained sound

weld metal over both top and bottom of the crack. Cracks from \

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 reloading, a brittle fracture

initiated at 31,000 psi nominal stress. In the second test the

4-in. 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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——k ~“ deep
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“o 4 8 12 16 20

Crock Length, inches

‘ FIGURE 9. RELATION BETWEEN CRACK LENGTH, CRACK DEPTH
AND NOMINAL STRESS REQUIRED TO INITIATE BRITTLE
FRACTURE

.
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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.

~fi~ Laadfng~ 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 isq they we~e 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 nomimal stresses required to initiate

fracture. One of the chan~es 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 cyclingt and the test had to be stopped because pressure

could not be held. In the other tests after cycling, the test

plates were loaded to a higher stress than had been used in cycling.

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 nsQd.. Fractures did n~t occur in these tests. This indi-

cated that cyclic loading did not reduce the nominal stress required

for fracture. Consequentlyt no further tests were made using cyclic

loading.

Effect ~f Residual Stresseq. 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

.- —. .—



TABLE 20 EXJXMARY(X?CYCLIC-LOADED TESTS

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 test 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 tes-tdisk was welded into the sphere.

One problem with such test plates was the difficulty of iaeas-

uring the stresses imposed by the supplementary welding. The tem-

peratures developed by the welding generally put the s-traingages

used out cd?commission. Consequently, in most of the tests the

magnitud~ of the residual or reaction stresses was not known. The

results of the tests are plotted in Fig. 3.1. These results show

that residual or reaction stresses of va~ying amounts were prcdueed.

These stresses were high enough in three cases to initiate brittle

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

--
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FIGURE 113. Test Plate which
contain residual
prior to testing

>“+”

,’

was designed to
or reaction stresses

-. -. -.
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40,000?

30,000

In.
Lq

I $-3 tests

20,000 L I

x(2)

fD
x(1)
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o
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FIGURE, 11.

4 8 12 16

CracR Length, inches

COMPARISON OF RESULTS OF TESTS IN
WHICH AN ATTEMPT WAS MADE TO lNTRO-
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
30,000 PSI OR HIGHER

(1) Measured residual stress = 13,000 psi

(2) Measured residual stress ❑ 11,000 psi

—.
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LnmEnGE QcI&uk QtELEhmh MJ& Qnhxu,i~udm-

~Fractur q. 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 tbiancould 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 fracture stress and length of flaw. This is

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. long.

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 failures 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 4-in. crack qual-

ifies as a s~.a~lflaw, 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 s.tressesd This simulates the stress pattern

present in a ship, particularly in the deck. Consequentlya 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) is 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 base
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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 k-in. cracks were lower, the correl.@-

tion with ship behavior would be excellent.

Part of the reason for the discrepancy between the measured

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 noninal stress. In fact, here

are tests in which a brittle fracture initiated from an 8-in. crack

at zero nominal stress. Even a q-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 imposed 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 (1~,000 psi

and below) may be due to the presence of residual or reaction

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 reamer. Then the residual, reaction, or ather

stressesl combined with the stresses imposed by normal loading could

be high enough to initiate brittle fractures from small flaws in

the structure.

(he test has been made which indicates the effect of a struc-

tural discontinuity. The test plate is shown in Fig. 14. A heavy

angle with h-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. In other tests nominal stresses of 30,000 psi and

higher were required to initiate brittle fractures from 4-in. cracks.

The results of this test indicate that stress concentration caused

by structural details also can cause brittle fractures to initiate

at lower nominal stresses than would be expected from the data

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 or lack-of-penetration flaws. The lack-

of-fusion flaws”should be less severe than cracks of the save length

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



FIGURE 4. Test Plate containing structural detail.
Appearance after test.
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1’SSS severe. Comparison of Figs. 8 and 13 does not bear this out.

In generalt 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-ef-

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 noninal frac-

ture stress at a relatively faster rate than increasing length.

FUTURE WORK

It was mentioned earlier that no brittle fractures has been

produc~d from crack flaws less than k 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 initiate brittle fractures from flaws smaller than the

%-in. cracks. The work already done with supplementary stresses

(residual or reaction) suggests a way tQ study the influence of

small flaws on brittle fracture initiation. Supplementary stresses

may he added by welding or by mechanical means. It also may be ad-

visable to investigate the e“ffectof structural details. It Will

be necessary regardless of the nethod used to measure the supple-

mentary stresses with a reasonable degree of accuracy.

— .—
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Lack-of-penetration flaws similar to those found in welded

structures also should be investigated. It will be necessary kc)

devise a method of producing this type of flaw with some cvnsislkk-

ency. The results of such tests can be compared with the resnlts

of tests on cracks and lack-of-fusion flaws to determine which are

the most serious.

Data are recorded in Battelle Laboratory Record Books No.

76~2a pages 1 to 100J No. 89339 pages ‘7to 100; No. 95769 wge~

I to 100; No. 20047a pages 1 to 100; and No. 10925, pages 1 to 33.
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NPENDIX ~

This appendix discusbes 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 Ibown About Brittle Fracture.
.

The test specimens and testing methods used in various investiga-

tions of brittle fracture

briefly in this appendix?

The tension specimen

available in the literature are reviewed

has ‘beenused by many investigators in

studying various phases of brittle fracture. Tension tests have

‘1) and the University‘beenconducted at the University of California

of Illinoi$’) on wide flat-plate specimens with internal notches.

Flaw evaluation studies are being made at Swarthmore College(3)

with 8-in. wide tension specimens. On the basis of these various

studies, a decision 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 S1OW to supPIY

energy to a running crack in this size specimen. Investiga-

tions(435~6] have shown that b~ittle fractures propagate at

about 5000 fps. Theoretically, the fracture can progress with

increasing velocity to about ~~00 fps. The reason for the ac-

celerated progression of the crack is that as the crack length

increases the stress required to keep it growing decreases rapidly.

A combination of velocity of the crack propagation, stress-wave

velocity in steely 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

crack or during creep. This system was Mot 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 lmt 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 in the literature survey is presented under the headings:

Tension Tests~ Bend Tests~ Fatigue Tests? Structural Tests of Shipsa

and Miscellaneous Tests. In most cases the results referred to r

under these various headings are selected results which are pertinent

to this investigation.

. ... .. .
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TENSIGN TESTS

Many investigators studying b~ittle 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 cmld be used in testings

and standards have been well established and generally accepted.

However, the results of standard tension tests did not prove ad-

equate ‘becausemany structures designed to proper specifications

failed.

Experience with service failures indicated that ‘~sizeeffect’?

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 apparenta 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 haveo Brittle fractures were rare in

55$000-barrel oil-storage tanks; but when

age tanks were constructed the incidence

(71* ‘creased alarmingly

100,000-barrel oil-stor-

of brittle fractures iri-

.-
/

Since the small-scale tests had failed to be of much valueg

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

at the University of California(1) (2)0and the University of Illinois

The exploratory work for these large-scale tests was done at the

David Taylor Model Basin(8). This prelimina~y work was done to be-

come familiar with the specimen and to determine necessary details

including notch 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 in a maximum

section at a minimum energy absorption when the ratio of nctch

length to plate width was equal to 1/4 (L\W = 1/4). The large-

scale tests were made with 12- 9 24-9 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

high nominal

thickness of

ships. As shown in Fig. A-1~ fractures occurred at

strengths and low temperatures. As the width and

the plate increased, the transition temperature inc-

reased and its strength decreased. Considerable experience has

been gained with additional investigations(9710511712$13) of ~2_~no

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. How~vera frac-

tures from the large-scale tests occurred at high nominal stresses

and\or temperatures below O°F. In most cases elongation was mLTc’fl

greater than service failures. Except in the very large specimens~

there is not sufficient energy available to propagate fracture under

conditions which simulate those encountered in service.

The hatch corner tests(14) 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 rnod.ifieations(25), asshownln Fig. A-2. Theresults, as

shown In Fig, A-39 indicate that failure still occurred at relatively

high nominal strengths but lower than the strength obtained in a

large-scale flat plate test. Brittle fracture also occw.rredat

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 testsa such as structural tests
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Of ships(16)~ and found to be Q.6 at the bulwark plating attach-

ment at the front of the deckhouse. Strain concentrations as

high as 9.7 were recorded in another structural test
(17)~

An investigation has been conducted at the University of

Washington’18) to determine the properties of selected types cf

welded reinforcements for openings in plain-carbon structural

steel plates. These results indicate about the same as these

previously quoted in which failures 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 “bythe Navy tear test(19)*

An investigation with tension specimens that simulate certain

types of welded details has been performed at Swarthmore
(20) ~

The results indicate that structural discontinuities reduce load

capacity, energy absorption, and raise transition temperature.

In another investigation at Swarthmore(3) , 10-ine wide ten-

sion specimens containing transverse butt welds with varying de-

grees of penetration were used. In tests at 00F and 75 F1 the

maximum stress on a net section of specimens with a flaw

simulated incomplete penetration was in most cases equal

which

to~ or

,.
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greater than9 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 jewel~ris hack saw cut. This flaw was located In the center of

a transverse butt weld or at the intersec-bionof a longitudinal.

butt weld and a transverse butt weld at a length equal to half c}f

the specimen width. The fla,wterminated in weld material. ‘lbe

specimen was tested at a low temperature and failed in a cleavaSe

mode with fracture propagating across the unwelded plate as well

as across the transverse weld. The average unit stress at fnacture

(211was 63aO00 psi . 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.

Eccentric notch-bar tension specimens(22) have been used to

determine zones of lQW ductility in commercially welded ship plate.

Comparisons(23) hav~ been made with.the notched (eccentric and.con-

centric) and wm,~tched tension properties at the riidthicknesslevel

of a semiskilled.steel weldment.

Unique-type tension tests which involve impact loading are

the Robertson test(24) (25)and the Standard Oil test o The WOrk de.

scribed previously has been conducted with the assumption that the far-

tors involved in the initiation of the brittle fract,ureare the import-

ant consideration. These two tests assume the initiating condition is

.— — .-
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already present and it is necessary

in propagating the fracture.

only to consider the factors

The Robertson specimen is subjected to a uniform tensile

stress of 10,000 psi$ and a temperature gradient is ~stabliskd

by means of liquid nitrogen at one end and a gas flame at the

other. The usual temperature values for normal mild steel is

-94 F at th~ end which contains the notch and 140 F at the other

end. The temperature gradient

The results show that there is

of the materials tested occurs

is about 18 F per in. at the middle.

a strength transition which in most

at a low stress value of about

lo~ooo psi. The temperature at which the crack is

little with increased stress above the transition.

The Standard Oil test is an adaptation of the

arrested varies

Robertson speci-

men. The Standard Oil 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 is introduced

at Mquid nitrogen temperature? as shown in Fig. A-4. 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-50 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, hawevery the specimen

fails completely with a brittle fracture. Below a certain tempera-

ture the brittle breaking stress is constant, while 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 40 F. Some of this material

was tested in the laboratory using the procedure just described9

and it failed between 12aO00 and 14~000 psi applied stress at @ F.

This is the first tension-type specimen that has been success-

ful in reproducing brittle fracture at a nominal stress below

20,000 psi. The Standard Oil 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. Qf the smaller specimens in this

group the Charpy and Izod are the most notable. Specimens contain-

ing a Charpy~W@@~a keyhole-notch9 or a saw cut notch9 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 the V-notch Charpy specimens

for evaluating the relative brittleness of steelsa for the V-notch$

being sharper, yields a higher transition temperature than does

the rounded keyhole type. FurthermoreY 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(26)m Kahn has conducted

many investigations with these smaller specimens and on the basis

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

Schnadt(28) 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

and Gensamer(30) 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.

Bagsar(31) developed a cleavage tear test for determining the

tensile breaking loadS and the conditions under which failure occurs

with edge-notched rectangular steel sections.

(~2533s3~) hav@Some investigators 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)0

Pe,,in@) has correlated the results of explosion tests

with the Charpy V-notch 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

en~~gy blow in a device which acts as a stop after the specimen

is deformed a very small amount. Tests are conducted over a

seri~s of temperatur~so

(36,37,38~39)Many investigations have been conducted usdng

longitudinal and transverse notched-bead ‘bendspecimens. The

notch induces a behavior

in the neighborhood of a

approaching that which can be expected

structural discontinuity such as a weld

crack.

The results

cracks originate

It has been said

of investigations referred to above show that

in weld metal transverse to the weld joints.

that the weld is stronger than the base material.

This may be misleading because many specimens which appear duc-

tl.~.ein a transverse weld test are brittle when tested with the

weld in the longitudinal direction. When the weld is longitudinal

all elementsa the weldq the heat-affected zoneq and the base plate

are forc~d to undergo equal strains. When the heat-affected zone

is martensitic~ fgr exam.ple~it will crack at a very low strainl

--
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and this crack may cause the specimen to be brittle. When the

weld is transverse to the loading direction~ the heat-affected

zone need not undergo any plastic strain at all. When the elas-

tic linit of the heat-affected zone is above the maximum stress

that the weld or base plate can supportq all plastic deformation

will be forced to occur in the weakert but more ductileg material.

Thus, a sp~cimen with a hard brittle zone may bend through a large

angle and appear ductile when..thetransverse weld 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 “inthe 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 ta brittle

this reason and because Williams(40)
has found the

markings of a fatigue failure in a weld joint from

test is being reviewed here;

fracture. For

characteristic

a ship, this

Fatigue tests have been conducted at Cornell University(kl)

with tension specimens subjected to a nominal stress range of
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0 to 305000 psi. The results indicate that fatigue cracks appear

in longitudinal welds at approximately 1/3 the number of cycles’

wizencompared with similar tests of homogeneous plate. ThQ surface

folds, or pits, in the weld metal create stress raisers which are

incipient points of fatigue failure. Poor root fusion did not al-

ways result in fatigue failure. Sone small fractures have occurred

in welds but were arrested before extending into the parent m.etala

However, in no case has

been arrested.

Fatigue tests have

fatigue-type specimens.

nominal stress range of

a crack which extends into plate material

been conducted by Warren
(42) with standard

The loading cycle alternated between the

16,000 psi tension to 163000 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 wer~ found to be the

most serious of the defects tested.

Fatigue tests are being conducted by Welter(43?k4~ on model

vessels under internal hydraulic pressure. The model vessels are

simulated serniellipticalthick 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 ”showsthat no fatigue cracks occurred

in the longitudinal direction of the shell or in numerous undesir-

able punch marks, scratehesa and welding symbols stamped deeply

on the outside surface of the vessel.

An investigation
(45) 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 increa~e, the

brittle transition temperature increased to a broad range of tem-

peratures and the brittle fracture strength decreased greatly.

W.sck(’+b)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 is a certain readjustment of the structure and

subsequent applications of reversals of load may cause fatigue

failure.

ImJin(47] 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@6) says that the conditions of loading in a shipvs struc-

ture are not such that a 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 crnsequ.ent ffimpacb!? type of loading due to the

action of the wind.and waves. With this type loadins, the struc-

ture may be overloaded for a relatively short time, The conclusion

drawn from the opinions of these investigators is that, generally?

fatigue does not cause failure but the low-cycle fatigue and peak

loading should be considered in conjunction with the test method.

STRUGTU~WI TESTS OF SHIPS

Several full-scale strength investigations have been conducted

on ships under various conditions of loading. The structural be-

havior of similar welded and

conditions of loading was tested

was the welded 12,000-ton D. M,

riveted ships under comparable

in still water. The Neverita

tanker, and the sister ship

Newcombia~ was a tanker of practically all-riveted construction.

Selected result$4’) indicate that welded and riveted construction

show no major differences. The stress concentrations observed

around large structural discontinuities 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 50) of a riveted shipl the Clan Al~ine~ and a welded ship,

-. .— —
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‘~~) of data from stlll-the _ m, at sea. The analysis

water tests will afford a comparison of tlm behavior at sea.

vasta(~7~ has found stress-concentrationfactors varying

from 2.0 to 9.70 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 conceivabl~ 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 metb.odand specimen.

MISCELLANEOUS TESTS

Various tests which do not rightfully belong in any of the

above classificationshave been reviewed with interest because

of their uniqueness.

Hydrostatic

vessels for many

effectiveness of

and hammer tests have been performed on pressure

years. A survey(52) was made to determine the

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; 4000 noticeable defects were

found by the hydrostatic test, and SO crack failures occurred

-.
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under the hammer test. Of the %000 defective vessels discovered

by the hydrostatic tests only 21 cases could be t~rmed as ~ls~rioustt;

the others were mostly l~pinholenleaks. Of the 30 hammer-test

failures, only 9 were serious. Cracks at connections in welded

joints and in plate were the most frequent defects.

Tests of large tubes
(531 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 3/4-h~ thick ship Plateg The results indi-

cated that these large tubes exhibited strengths and ductilities

considerably less than the tensile strengths and d.uc~ilitiesof

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 correspofidinglylow as compared with

the strengths of the most ductile specimefis. The tubes tested

at 70 F, with few exceptions, exhibited considerable ductility

prior to fracture. The tubes tested at 40 F~ with one exceptlon~

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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distances and sometimes inducing shattering. The

started in the weld zone were presumably initiated

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(54) has been conducted with spherical shells

This type specimen was chosen because it provides essentially a

biaxial state of stress. 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 temperat-

ure fractured into a number of pieces.

The advantage to the large-tube and sphere tests is that it

mor~ closely resembles the transverse restraint of the main deck

Vasta(17) has shown that the main deck plating isof a ship.

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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APPENDIX Q

PROPERTIES OF ~ jSTEEL7FABRICATION DETAILS$
AND OTHli~PERTINENT DATA ON TEE KPhZRE—— ——

PHYSICAL PROPERTIES OF THE STEEL

A high yield strength alloy steel ‘wasused in the fabrication

of the sphere. This s7&eelis a rec~nt development of the United

States Steel Corporation and is known as T-1 steel. The chemi~al

and mechanical properties are shown in Table B-1.

TABLE B-1. PROPERTIES OF T-1 STEEL

Chemical (composition.~
per cent , Mechanical Properties

Carbon - 43015 Thicknessy 3/~ in,

Manganese - 0.80 Yield strengths 114,4C0 psi

Phosphorus - 00012 Ultimate tensile strength, 121,600 psi

Silicon - 0.19 Elongation in 2 in.~ 20X

sulfur - 00016 Reduction of area$ 6c)Z

Copper - 003~ 15 ft-lb Charpy keyhole transition tempera-
ture, 235 F

Nickel - 008Jt

Molybdenum - C.4\

Chromium - 0.39

Vanadium - 0005

BOrOn - 000018

..—----- ——
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Notch-bend tests have been made on welded and unwelded.plate

to determine the effect of welding on the notch toughness of the

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

I
I

TABLE B-2. SUMMARY OF DUCTIkITY AND FRACTURE TRANSITION
TEMPERATTJRESFOR 1/2- MD 1-IN. QUENCHED AND
TEMPERED T-1 STEEL*

Plate
Thickness, Kinzel-Tvw Notch-Bend Test ee Bend Test

ine Unwelded E12015 E601o E120;5 - E6CU0

Ct ilitv Traus ition Ternnerature.F

1/2 -132*26 -78+4 ! -84*4 Approx. -180 -128@
L.- . .

1 Below -143 .72ii- -78+16 Approx. -l44 -l@+*lo

Fra@ure Transition Temperature? F (50% Shear~

1/2 -102+-6 -~4+6 -92*1o AIYJMWXO-62 _~~@26 = ~

1 -76*8 ‘-44k8 -64a2 -40+6 -72+8

*Bibber, L. C., Hedge, J. M.a Altman~ R. C.9 and Doty9 WO C09
“A New High Yield Strength Alloy for Welded Structures~07Paper No*
51-PET-59 The American Society of Mechanical Engineers.

This steel is readj.lyweldable with the low-hydrogen type

electrodes. Table B-3 shows the effect of manual metal-arc weld-

ing on the properties and characteristics of this steel.

.-
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TABLE B-3. TENSILE PROPERTIES OF ARC-W’ELDED
T-1 STEEL*

..

Plate Ori.en.ta- Yield Tensile Elonga- Reduc-
Thickness$ tion of Strengthz Strengthl tion. % tion in

in. Condition Specimen psi pSi 2 in. 8 in. Area9fi

1/2 Quenched and Longn 112~300 11.9,800 31.3 13.1 5601
tempered

i Quenched and Long* 118~000 125~000 3907 1408 59.6
tempered

*Bibber~ L. C.a Hoclge,J. M., Altman? R. C.~ and Doty3 W. C.?
~~ANew High Yield Strength Alloy for W“eldedStructures40~Paper No.
51-PET-5$ The American Society of Mechanical Engineers.

FABRICATION DETAILS

The sphere was fabricated by Chicago Bridge and Iron Company

in strict accordance with the ASME Code (1952 Editicn). Five

plates were welded.together with E12015 electrode to form a hemi-

sphere? and the two her:isphereswere welded together to make ‘Vne

sphere. The spherep showing the shape of individual piecest is

shown in Fig. B-1.

All joints in the sphere were ground.smooth and radiographer.

TWO connections were welded into the top hole for hydrostatic

testing. A hydrostatic pressure test was made at 1300 psi pres-

sure which is equivalent to a nominal biaxial tension stress of

47Y620 pSi. A hammer test was made at 1100 psi pressure. The

connection was cut out and tfiesphere was delivered to Battelle

with one opening. The opening is 23 in. in diameter, as shown

in.Fig. B-2.
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GAPACITY OF SPHERE

The formula for calculating the volume of the sphere found

TABLK B-k. VOLUME OF SPEEXE

Diametera Volume i

in. cu in. gal “

110 3/4 711$Joo 3080

..

NOMINAL STRESS IN A SPIWRE

The unit stress in the walls of a thin-walled sphere sub-

jected to internal pressure is$

The unit

above Tormtila

PD
s1=s2=—

4t

where Sl~ S = unit stress
2

P = internal pressure

D = inside diameter

t = thickness of wall

stress for various pressures calculated from the

is shown in Table B-5.
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CHANGE IN VOLUMEDUE TG INTERNALFRESSURE

Derivation of volume chan~e due to internal pressure:

Symbols--

v = volume

c= circumference

r= radius

G = strain

9-= stress

d = Poissonfs ratio

E = modulus of elasticity

P = internal pressure

D = outside diameter

t. wall thickness

AV = change in volume

Subscripts--

0= initial (zero pressure)

e = with internal pressure

G= o.7yJD = 0.17 9 PD
Et

—
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Cc = mrc

cc = co (1+6]

V=ro 3(1+ Q&&r3
o

‘=+

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

pressures based upon the above formula.

CHANGE IN VOLUME DUE TO COMPRESSIBILITY OF LIQUID

Since compressibility

lUS

‘1 - ‘2

“r =V+
A-w 1

Is the reciprocal of the bu’lkmodu-

...
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AV = KY,idl?

K = 52 X 10-6contraction in unit volume per ahmsj?hp~e

52 X 10-6 contraction in unit volume psr psi

3.5: 10-6

-.64~r3
3.5X 10 ~JLP

2.k9 OP

The compressibility of water wj.thvariolusinternal pr~ssures
,-

is shown in Table B-5 calculated from the formula above.

TABL?7B-5. STRRSS AND VOTJIMTThTCRqASHDT~LTO PRTS2UIVl

Liquid Volume Spher~ volume
,.

Pressures Nominal Increase ,Increase Total
stress, Compressibility lnt~rnal Pressure

psi Incr~assy
psi Cu %r.. gal cu in. gal gal

100
200
300
400
500
!500
“:::

900
1,600’
19100
1,200
1, 00

211 00
1 ~500

3,670
7,330

119000
l\,670

.A9
498
7k7’
996

18;330 19250
22,000 13490
25,670 1,740
29;330 1;990
33,000 2)kko
36,670 2#90
40,330 2~740
W ~000 21990
47t670 3~240
51,330 y;~:
55,000

1.1 45

2*2 91
3.2 136
4.3 182
5*4 2,27
;,~ 273

.318
8:6 354
9*7 409
10.8 455

0.2
0.4
0.6
008
1.0
102
1.4
;.;

2:0
11.9 500
12.9 546 $:$
lk.b 591 2.6
15.1 636 2.8
16.2 681 3,0

T*3
205

7.7
9.0

10.2
11.5
12.8

.’1
,.

—



-77-

POTVJTTIALENYRGY IN SPHVREAT VARIOUS PFP?SSUTNS

The potential energy was calculated.from the following formulas:

Potential mwrgy in watpr 2

“ ‘mv

Potential energy in sphere wall ~(1- d) S2V
J

where E = modulus of elasticity, ysi

P= gqge pressur~, psi

S = stress, psf

V = volume, cu in.

Q= Poissonls ratio

K= bulk modulus

The potential energy at various internal pressur~s, calculat~d

from the above formulas, is shown i.nTabl~ B-6.

COMPOSITION OF LTQUID

CaC12 was added to the watpr to r~duce the freezing point of

the liquid to -15 F. The composition of wat~r and calcium chloride

is shown in Table B-7. The solution was inhibited with sodium

bichromate and sodium hydroxide.

. ..... -.
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POTW’TIALENERGY AT VARIOUS

. . “—w — ..-

.- —-- ——..

Nominal
Pressure2 Stress$ liner~v.in,.-Jb

psi psi Water Sphere Tom

100

200

300

%00

500

600

700

800

900

1,000

18G33

227000

2sp66~

29,333

33,000

367667

119550

46,200

103,950

184,800

288,750

4-15,800

564p000

736,000

932,000

1,15~,ooc

8>960

355800

80,600

143,200

22k,000

322,000

439,000

573 y000

7269000

896 ~000

1,100 405333 1,265,000 15082,000 2~3k7@00

19200 4qooo 1,380,000 1,290,000 2,6703000

19300 W73667 1,4969000 1,5082000 3300k50m

17400 51,333 l,fdo~ooo l,~flo~mo 3937090G0

1y500 55,000 1Y7253000 2,015,000 3,7407000

‘——

TABLE B-7. COMPOSITIONBY WEIGHT OF LIQUID IN SPHERE

Calcium Sodium sodinn
~]ume of S~here Mater, Chloride, Bichromate, Eydroxidej
cm ft gal lb lb lb lb

412 3~080 25,700 9,k76 50
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TABLE C-I, msoLTS OF TEsTS FIADETO INVESTIGATETHL INFLUENCEOF CRACKS
AND LACK-OF-FUSIONFLAWS IN },IELDSOF THE INITIATIONON 13RIT-
TLE FlL4CTURE

Length Depth
Type of of Nominal Type

Test of Flal!, Flaw, Temp. Stress, Type of backup Used
No. -Flaw in. in. Matierial F Dsi Tyne of Failure Lgadin~ on Test Plate Rem-arks_

1

:
4
5

6

7

8
9

10

11

H
14

15
16

17
18
19
20
21
22

23

24
25

26

27
28

29

Hard --
facing
A 8

;
B

E

A

A
A

A

A

:
c

c

c

c
A

:
c
A

A

A
A

A

:

A

5
5
5
6

6

1
1

5
5
5
~

10

10

10+;0

1:;;

6+6
8

R

8
8

8

8
8

8

--

9/16
l/2
3/8
9/16

1/2

1/2

9/16
9/16

9/16

9/16
7/16
7/16
7/16

7/16

7/’16

7/16
9/16
7/16
7/16
9/16
9/16

9/16

9/16
9/16

9/16

9/16
9/16

l/4-in.
A283c

E

:
E

E

E

E
E

E

E

;
E

E

E

E

:
E
E

Annealed
ABS-B

17

17
11

11

ft
?!

-25

-25
26
26
30

20

22

30
27

12

27

:8
22

18

16

66
20
23
-6

1;

8

17
16

24

18
15

15

51,0C0

23,800

:;; ?8
36,670

36,67o

29,330

29,330
31,200

33,000

34,8oo
33,000
31,200
31,200

31,200

31,200

31,200
22,000
27,500
31,200
2b,800
2s,700

25,670

23,500
27,500

23,450

2S,7W
22,000

23,800

See results

Brittle
None
tl

h-inch cleavagefracture

Brittle

n

None
?1

Brittle

None
ul

H

U

Brittle

None

1+
11
It
71
?1

Brittle

None

Brittle
None

Brittle

II

It

None

Static

11
41
ff
fr

1!

11

tl
t!

II

31
71
rn

1?

il

M

If

11

11

?1

,1

17

Cycled

Static
Cycled

Static

If

Neoprene

1!
None
II
,1

II

II

31

41

*1

11

11

11

Neoprene

lt

al

None
11

Neoprene
17

None
Heoprene

n

It
,7

,1

41
Residual “
stress lfapni-
tude unknown

71 It

Entire disk blown out an~ around hole in sphere.

Frac. stopFed at joiningweld. Frac.initiatedin weldflm
Crack opened up in weld, which.released ~ressure.
No failure, released pressure.
Fracture initiatedfrom repaired flaw in Test h. Frac-
ture stop~ed in E steel.

Fracture initiatedin weld flaw, propagatedacross diam-
eter of disk and 10 in. into sphere.

Brittle fracture across diameter of disk. Disk blown
completelyout of sphere.

No failure, releasedpressure,
Two 3 x 3 x l)+ angle< welded to Test 8. No failure,
released pressure.

One half of disk ~!asblown completelyout of sphere.
The other was blown 1/2 out and hin?ed UP.

Crack opened up, lost pressure.
No failure, released pressure.
No failure, releasedpressure.
Poor joiningweld. Forced disk out of sphere,but no &
failure at flaw. ~

Fracture initiatedafter grindinf down 1/8 into weld.
Propagated 4 h, into sphere.

No failure- This disk was similar to Test 16 except
the weld went across the diameter of’the disk.

Crack opened up in weld, lost pressure.
Ditto
Ditto

No failure, released pressure.
Crack opened up in weld, lost pressure.
The disk blew out of sphere. Propagated3 1/4 h. into

sphere on one side.
Crack opened up in weld, lost pressure; cycled 200 times
between 11.000--20.000rJsi.

Iialfof disk’blown o;t. ‘
.Nofailure, cycled 50 times between 11,000--22,000

pSt
Propagatedacross diameter of disk, stopped at joining

weld .
Four paths of fracture across diameter of disk.
Propagatedacross diameter of disk, 3 in. and 2 in.
into sphere.

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 Si T e of Failure~ on Test Plate ~emarks

30

31
32

33

3k

35

36

37
38

39
40

41
42

43

44
45

46

A

A
A

A

A

c

A

A
c

c
c

A
c

c

c
A

c
47
k7(a) ;

48
49 #

50 c

51 A

52 A

53 A

54 D

8

8
8

8

8

8

8

8
8

8
8

8
8

8

8
16

16
1+
4

4
8

4

4

8

8

8

9/16

9/16
9/16

9/16

9/16

9/16

9/16

9/16
3/8

3/8
3/8

9/16
1/2

1/2

1/2
9/16

9/16
9/16
9/16

9/16
3/4

9/16

9/16

3/4

3/4

3/k

Annealed
ABS-B

ABS-B
Annealed
ABS-B

al

u

41

U

al

11

tl

1!

!1

71

41

?1

71

II

71

71

!1

?1

71

11

!1

11

ABS-B

20

30
34

21

17

23

15
8

23

25
23

27
29

4

2“6
25

21
20
20

10
18

22

20

12

13

11,000

28,2G0
18,350

9,530

25,700

24,co0

23,850

23,850
0

23:650

22,000
0

5,870

23,850
17,400

33,000
16,5oo

9,170

12,170
Magnitude
unknown

U3,000

29,300

18,300

21,600

8 20, GO0

Brittle

None
Brittle

It

None

11

Brittle

None
Brittle

--
Brittle

It
1$

It

None
Brittle

Eone
None

Brittle

17
1)

,*

It

It

11

!1

Residual Neoprene
simesa

13,000 psi
Static ?t

Residual It
stress

10,9$2 pSi
Residual tl
stress

Magnitudeunknown
Cycled Neoprene

!1 11

Static 11

It lt

Residual
stress Eagni-
tude unknown

It It
w None

Static Neoprene
Residual None
strees Magni-
tude unknown

11 H

It u!

St.stir II

11 41

11 If

Residual 11
stress Magni-
tude unknown
Static 11
11 Lead-

Neoprene
1? None

It II

rn lk-gage
plate

,7 11

1! ,1

Propagatedacross diameter of disk, stoppedat joining
weld.

Crack opened up, lost pressure.
Propagated across diameter of disk, stoppedat joining
weld.

Cycled
when

Cycled
when

Ditto

1000 tires between 3,700--20,000psi. No failure
raised to 25,700 psi.
1000 times between 9,000--20,000psi. No failure
raised to 2$.000 nsi.

Propagatedacross d~amet~r of disk, 3 in. into sphere
on each side.

No failure released pressure.
Propagated 13 in. due to residual stress only.

Propagated 5 in. due to residual stress only.
Propagatedacross diameter of disk, stopped at joining
weldi

Ditto
Brittle fracture 17 in, long due to residual stress
only.

Weld necked prior to static load. Fracture propagated
across diameter of disk.

No failure, released pressure.
Propagated across diameter of disk, sto~ned at joining

weld .
No failure released pressure,
Crack opened up, lost pressure.
Propagatedacross diameter of disk, stoppedat joining
weld.

A

Ditto
11

bang was heard at ap~rox. 8,OOO psi. This probably
was the crack oDeninr to the surface.

Propagatedacross’diam~ter of disk, stoppedat joining
weld.

Propagatedacross diameter of disk and into sphere.

Propagatedacross diameter of disk, stoppedat joining
weld.

Ditto



TABLE C-l (Continued)

1

Length Depth
Type of of Nonlinal Ty~e of

Test of F;g, Flaw, Teuip. Stress, Type of Backup Used
No. Flaw in. Material F uSi TVDe of Failure lnz on Test Plate Remarks

.55
56

D

D

D
D

D

D
D
D
D

D

D
D

D
E

D
D

D
E
D
D
E

E
E
E
k

E
E

E
L
E

E

E.

E

4

16

8
12

12

16
12
16

8

16

4
4

12
8

;

10
8

:
8

12
12
12
16

8
16
16

:

8

12

12

3/4

9/16

9/16
9/16

3/4

3/4
3/8
3/8
3/8

3/8

3/4
9/16

9/16
3/4

3/8
9/16

3/4
3/8
3/4
3/8
3/8

3/4
9/16
3/8
3/4

9/16
9/16
3/8
3/8
3/4

3/4

9/16

3/4

A3S-B

w

U
tt

tt

n
M
U
41

M

11
H

11
14

Ii

e

ii

N

It

It

11

11

11

11

H

I*

1?

1*

18

M

m

11

9

6

6
7

9

10
6
9
6

7

10
9

12
12

12
10

8

::

8

12
8

11
11

12
6

i
8

9

9

7

27,500 Brittle

n

.Statlc

1?

14-gage
pl:te

Half of disk-blow out, fracture propagated2 in. into,
sphere in two places.

Propagated across diameter of disk, stopped at joining
-weld.

Ditto
W

10,300

57
58

23,850
21,100

n
tt

N

It

Crack opened to surface at a nominal stress of 18,3oo
psi,

Propagated
weld.

across diameter of disk, stopped at joining59 12,800 II 1?

60
61
62
63

11,000
17,400
22,Oco
25,700

3)

M

None
Brittle

M
1*

It

It

Ditto
If

to 22,000. No failure.
8 1/8 in. into sphere on one side and 9 in.
side.
across diameter, stopped at joining

Only taken
Propa~ated
on other

Propagated
weld.

Propagated
on other

Only taken

64 15,200 n rt

65
66

27,500
33,000

N

Ii

,*
If

Ditto
10 in. into sphere on one side and 16 in.
side. I
to 22,000. No failure. ~
across diameter of disk, stopped at joining

22,000
269300

None
Brittle

*t
,1

$1

il Propagated
weld.

69
70

33,000
24,6oo

Nona
Brittle

No failure.
Propagatedacross diameter of disk, stoppedat joining
weld.

71
72
73
74

17,200
31,200
31,200

N

M

None

,+
It

M

Ditto
Propagated3 in. into sphere on both sides.
No failure. Crack front in weld metal.

16,500 Brittle Propagatedacross diameter of disk, stopped at joining
weld.

71

75
76

%

22,000
22,000
33,000
15,400

II

1$

None
Brittle

11

11

71

,1

71

71

11

11

Ditto
rl

No failure.
Propagatedacross diameter of disk, stoppedat joining
weld.

79
80
81
82
83

24,000
19,000
29,b0
33,000
30,400

la

It

It

?Jone
Brittle

11

11

il

n

It

Ii

It

m
M

U

Ditto
11

It

No failure, released pressure.
Propagatedacross diameter of disk, 2 in. into sphere,
both sides.

84 16,5co Propagatedacross diameter of disk! stoppedat joining
weld.

Propagatedacross diameter of disk, z in. into sphere,
both sides.

Propagatedacross diameter of disk,

85

86

26,800 ?1

14,500 ;1

I



TABLE C-1 (Continued)

Length Depth
Type of of Nominal Type of

Test of Flaw, Flaw, Temp. Stress, Type df Backup Used
,. Flaw in. in, Material F psfl TyDe of Failure Loading_on Test Plate Remarks

87
88

E’ 12
E 8

n 12

D 12

3/8 fiBS-B
9/16 “

3/4 !I

3/4 ‘t

9
7

33,000
29, kG0

33,000

29,400

None
Brittle

None

Cleavage

Static
If

11

1!

14-gage plate
,4

11

n

,1

11

!!

,!

,1

,,

No failure, released pressure.
Propagatedacross diameter of disk, 3 in. into sphere,
both sides.

Crack front in weld metal. crack ext,endedbut no brit-89

90

91

9’2
93

9k

95

96

7

9
tle fracture.

Crack front in weld metal, crack extended into weld
metal, crack propagatedalonp heat-affected
zone.

Crack front in k’eldmetal, crack extended into weld
metal, both ends.

Ditto
Propagatedacross diameter or disk from one end of

3/4 “ 33,000 n

II

II

D 16 7
D 16
D 12

3/4 “
3/4 “

33,000
20,200

c%ack only. Some necking,
Crack propa~ated3 in, on one and 1 in. on other,
siderablenecking.

Propagatedacross aiamster of disk. Six paths of
fracture

Propagatedacross diameter of circularpatch.

II 12 3/4 II

3/4 1’

60

9

29,0C0

20,200

?1

Brittle

crm-

Stress 4
concen-
tration
Circular 4
pat ch

3/4 II 12 15,000 II

——
.



w



-85-

APPENDIX 1)—— —

REPAIR OF SPHERE— .——

The fracture of Test 6, as shown in Fig. D-l, propagated

10 in. into the sphere on each side of the disk.

The disk ~md sphere were cut along the dotted line shown in

Fig. D-1. 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.

cutout
withtorch

\
kkJLkLL

–-1
I

I

Six 1 l/h-in.boltsusedto
~~pull sphereintoshape

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. Six 1 l/4-in. bolts were placed through

the hole in the pad. The bolts were tightened and this brought

the sphere back into shape.

1 I/b-in.bolts

I

FIGURE 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 EIO016

electr~des. The repaired section of the sphere is shown in

Fig. D-3. ,.

A considerable number of fractures 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-4-,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 joinin~ weld

to follow an old repair weld in the sphere part of the way down

and then stopped after propagating about .5in. in unr~paired T-1.

The sphere was then repaired by cutting out a h~-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

O-Zg616

.— — —
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,-

FIGURE D-4. Photograph showing fracture that turned at the
E1OO16 joining weld and followed an old repair
weld. It finally stopped in unrepaired T-1 after
propagating 15-1/2 in. into the sphere on one side
and 12 in. on the other.


