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ABSTRACT

This retort summarizes the‘test results on'Widetflat plates toldate
of termination of U. S. Navy Buships Contract NObs-31222, August 31, 1946.

The materials used in this investigation were threetlots of semi-
kllled hull quality steels, one lot of nlckel alloy, one lot of fullyhxll
and one lot of fully-killed quenched and drawn steel |

The specimens used in the pr1n01pal proeram were S/A 1nch thick
‘plates.contalnlng narrow transverse slot havlng a length equal to one fourth
Hof the spe01men width, These were tested in tension in widths ranglng from
iz 1nches to 108 inches., Tests were made at each of a number of temperatures
in order to determlne the temperature at Wthh the mode of fallure changed
from shear to cleavage typeo | |

In the tests observatlons were made of the lollOW1ng " the maximum -
load, load at development of cracks, fracture load"energyhabsorbed'to maximum
load, mode of fracture, straln dlstrlbutloq over the faces of plates and
thickness reductlons near the llnes of fracture, | | |

Results from tests of w1de flat notCned plates indicated that trans-
1tlon temperatures of seml-hllled steels may varJ from freezing to well above
~room temperature.: Tests of two lots of steel of essentially the same chemical
composition, except for nitrogen content, revealed that the steel with the
'higher nitrogehleontent had a considerably higher transition temperature. The
‘microstructure of the.steel with the.higher transition temperature was also

¢onsiderably coarser. Novappreciable difference in transition temperatures

was found when one lot of steelIWas tested in the "as-rolled" and in the

normalized conditions.
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Improved metallurgical structure of another lot of steel,
accomplished by requenching and redraw1ng at a lower temperature, resultea
in lowering of the trans1tlon temperature and an 1ncrease in the ability to
absorb energy. |

The 3% percent'niokel steel was found to be far superior to the
mild steel, having a muoh 15w5r transition tempereture end a higher energy
absorption. - .

It was found that the Charpy kevhole—notch 1mpact tests, ten31on :

tests of 3 inch w1da edge-notched specimens ard ten51on testb of centrally-

rotched 12-inch and 72-inch wide flat plates are all useful for rating the

steels in order of their relative brlttleness. However, the transition
temperature for any perticular steel, as determined by the various tests,

differ considerably, with the larger test specimens giving higher and better

" défined transition temperatures.

The nomlnul strength of plates was found to decrease sllghtly as
the width of the test Speclmen was lncreased tnls tendency belng more pro—
nounced for specimens falllng in ohear°

"Transition temperatures were found to decreaee aelthe specimen
thickness was decreased, an effect introduced by geometry and the additional
rolling.‘ o

f number of supplementel studies were made to orovlde‘addltlonal
information on certain du stlons raised by the pr1n01pal tests. Results of
some of these studles wers reported in previous reports 1,2 while a study
of oeometrlcally 31mJlar sp ecimens to check the valldlty of model laws,
and results of tests of ten31on bars at low temperature are given in appendices

of this report.

1,2 See Bibliography
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INTRODUCTION
The work covered by this report is part of the research pregram
originated by the Office of Scientific Research and Development to determine
the causes'of cleavage type failure of ship plate. The work conducted by
tﬁe hniverSity‘of California was divided into two parts: Part 1 consisted
of tests conducted principally on centrally notched large fldt plates and
in Part 2 tests were conducted on built up sections simulating a hatch
corner.structure. This report 1svconcerneg‘pr1marlly w1ph the work on
notched’flaf plates to August»31,~l946?wphe date of the iermination of the
contract, Also reported herein are_theﬁresults of tests on'two large
tubular specimens fabricated from ship plate, which tests were made to
supplement the information obtained in a previous investigation,’NRC-75.
The work on Project NRC~92 started in Nbvember,‘l9hh, and was

conducted under the auspices of the Office of Scientific Research and




Development until August 31, 1945, and was supervised by the War Metallurgy
Committee. After that date the program was continued under United States
lvavy Contract NObs-31222. The chief“phase’of’ﬁhe investigation was the
determination of the temperature at which occurred tﬁé tf;nsifiﬁn from ductile,
shear type failures to brittle, cleavage type failures for several types of
steel and for various widths of plates. The wérk was confined primarily to
3/L-inch thick plates that had transverse notches at the mid-secticns. Six
different lots of steel were investigated in this manner, the Speciméﬁ.widths
ranging from 3 inches to 108 inches, A program of sﬁpplementary tests was
also undertaken that included the following: standard tension tésts, pension
tests on full thickness coupons, Charpy impact tests, hardnessltests, chemical
analyses, metallographic examinationé, and hardneés surveys of the fractured
plates, |
Two previous I'eports:"’2 covered the progress of the investigation

in detail to April 30, 1946. The continuation of the work to August,l946,
and the final results are described in this repoft. -

| Test results and the work done in connection with two ;arge tubes
are given in Appendix B, These tests complete the workvstarted on SDRC
Project NRC~753ﬂ‘ |

Appendix 4 of this and ‘the preVioﬁé.feportl conﬁéin drawingst

showing the gercent elongations and pathS“bfifrécture fofvali the plates
tested. Appendix C gives the‘results>of”§£andard tension ?gsts that were
conducted at low temperatures, and Appendix D gives the‘résults of studies

on geometrically similar .specimens.

1 i
5253 See Bibliography




EXPERIMENTAL WORK

Test Program

The pr1n01pal phase of the proéram 1nvolved ten51on tests of w1de
3/L=inch thick flat plate spe01mens of the varlous steels at several temper—
atures in order to determine the temperature range at whlch the mode vof
failure changed from shear to cleavage type. The plates were notched at the
mid-sectiop with a transverse slot hav1ng a length equal to one quarter of
.. the width of .the plate, For most of the steels plates 12- 2h s h8—, and
- 72-inches in width were tested. Two 108—1nch wide Spec1mens were also tested

one made of steel B in the as—rolled condltlon and one made of steel C The
maximam load the load at development of cracks the load at fallure, the
mode of fracture, the amount of energy aosorbed to the max1mum load the re-
duction . in thlckness near the break, and the strain dlstrlbutlon nn the face
of the plate were determlned_;or each of the spe01mens tested.

As an auxiliary‘program, tension tests under controlled conditions
were conducted on 3-inch wide specimens to determine the transition ranges
for the various steels, Three 3-inch shecimens were-easaly and cheahlv pre-
pared; the four types used in the 1nvest1gatlon are shown in Fig, 23.

The descrlptlon of the steels used and the program of tests‘are
: glven in‘Taole 1. The summary, of phjSlcal propertles and chemlcal analyses
. of the steels are‘glven_lanable 2. |

Test Procedure

A_detailed‘descrlntion of the testing and.gaélng methods is given
in the previous report.l Fig. l.shows a test set-up in the B—million pound
jtestlng machine for a lOS—lnch w1de Spe01men, the plywood box served as a
temperature controi chamberf Numerous oR-h electric strain gages and

resistance-wire extensometers were used on the faces of each Spe01men

1 See Bibliography



to measure the elastic and plastic strains, HResidual strains were measured

-7 by means of 4 special mechanical gage used on a system of grids that were
‘marked on one face of each specimen tested. The results of these grid"
measurements are given in Appendix A.

All’épeciméhs were loaded until fracture occurred and readiﬁgs
were taken on strein gages at intervals so that a total of at least 10 strain
readings were obtained hp to a maximum load. From the readings of all re-
sistance-wire extensometers havihg a;length equal;to threé-fburths of thei
‘spetimen width, ‘an average elongation for'thé‘speciméh was computed and
plotted, and by integratioh of the resulting load-strain data the éﬁéfgy
absorbed up to a maximum load was determined. S

Specimens were maintained at the desiredﬁtQMpera£ﬁré throughout
the test by circulating heated or cooled air through a blyﬁood'box that en~
“closed the specimen. A window was provided in this box in order that the
formation’ of ‘cracks and the propagation of the fracture could be chserved.

“~ “Since the earlier results of wide plate tests”indiéaééd'thé£ thére
was a'tendency for the nominal‘stréngﬁh'ofﬁthe plate to decrease as the
width of the plate increased, it jias ‘decided to teést a few 108-inch wide
‘plates to verify this, As no lOSéinch'Midé'piéteé we;; immed{aﬁelfiavéilable,
two 72 by 120-inch plates were welded tégeﬁﬁéf‘albng'tﬁé long'édgé and then
trimmed to the 108-inch width so that the welded joint was alcﬁh'g‘.‘>"t.;hev'”iongi-
tudinal axis of tﬁé‘épecimen.” Tn order to mike sure that the seam had no
effect on the strain diStfibution, sevéral tests were conductea 6h'23¥; hé—,
and 72-inch wide plates that were made up df:tﬁo‘ﬁarrdﬁéf‘piéte; withié“
longitudinal unionmelt seam, Thesé'ﬁere‘équipped witﬁ-numerbﬁs'sfréih.gages

to check ‘the strain distribution. No appfeéiabié difference was found
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between the straln dlstrlbutlon in spec imens made of whole plate and those

made up with a center seam.

,

Test Results

The results of. chemical analyses of samples from 1nd1v1dual plates
of the various steels are given in Table 3, and the results of the standard
tension and hardness tests are tabulated in Table Ao -

Table 5 gives the summary of results for the notched w1de-plate
tests, and Table 6 summarizes the thickness reductlons along fracture lines
for the same plates. The complete results of the 3-inch wide plate tests
are summarized in Table 7. Residual strains areugiven inhtne Appendix A of
this and the previous report,ﬁ,l | |

Results of the Charpy keyhole-notch impact tests_for_tnegyarious
steels are given in Figs. 2 to 7 inclusive, llotches were machined perpen—
dlcular to the plane of the plate for all Charpy specimens,

Table 8bgives a comparison'of the transition temperatures for the
various types of s pec1mens tested.

| Table 9 summarizes the reductions in thickness of plate obtained
from samples.of fractured.plates‘of‘ships that failed in service,

Data on the nominalfstress’in'the"large flat specimens at which
crack started are.given in Tabié’lo
| Tran51tlon temperatures as defined bJ'thc energy absorbed to

marlmum load are represented in Figs. 8, 9, and 10 for the 72- and 12-inch
’w1de spe01mens of thc varlous steels.

Flgsg ll l2 and 13 present the transition ranges, as: defined by

tne percent of fracture in the shear mode, for 72-, 12+, and 3-inch wide

spec1mens for the steels uscd in the investigation,

1 see Bibliography




Figs. 14, 154 16 and. 17 show temperature. transition ranges for
the various types of 3-inch wide specimens,

Figs. 18 and 19 show the variation of nominal stress of a specimen
with width, while Fig., 20 shows the variation of the nominal stress with*
tempéfatﬁre forlﬁgé 12- é;d 72—inch w\ide‘Spec:‘i.m..ens° |

Figs; 21 ahd 22 sggwﬁ£he influence of specimen width §n ductility
at maximum load and at failure.‘ N

| Fig; 23 shows the fgur iypes of 3-inch wide specimens used in the
inﬁestigétion.:‘ o
..'vFigs; 27‘to 29 inclﬁsivé show typiéal Photoﬁoéfoéfaphs for ihe
vvériousbstéelé; |

Discussion of Results . -

The flat piate tests_proved~cbnclusively that it was possiblie £o
produce in the laboratory, brittle clozvage fractures identical with those
found on sections of fractured steel ships. The thickness redusticns for the
flat plates are listed in Table 6; these may be compared with similar

“measurements listed in Table:9 which were made on portions of fractured plates
cut from ships. Two types of fractures occurred in the laboratory tests,

(1) the normal ductile shear-type fracture and (2) the cleavage-type fracture,
which may occur without appreciable dyctility but which may also be preceded
by a -great deal of plastic flows At high temperatures, shear fractures in-
wvariably occurred and at sufficiegtly low temperatures the steels failed

by cleavage. At an intermediate temperature, which is called the transition
-temperature, the fracture occurred -either by shear or cleavage or by a

mixture of both. Oteels.may be rated in a relative order of brittleness.

by comparing the transition temperatures of the materials and by comparing
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the energles abso bed by the materials at both high and low temperatures.
In the fiat plate 1nvest1gat10n, tran51tlon temperatures were determined by
‘means of Charpy keyhole~notch impact tests and by tension tests on 3-, 12-,
24-, L8~, and 72~inch wide centrelly—notched specimens.,

One of the most 31gnlflcant results of the 1nvest1gatlon is that
all of the tests used for determining the relative brittleness of steels
rate the steels in approx1nately the csame order. For most steels, the large
spe01mens gave aeflnlte transition temperatures, This, however; was not
found to be true for the Charpy Speclmens, which in many cases showed a wide
range of tenperature over whlch the transition from shear to. cleavage occurred,
Figs, 2 to 7 clearly‘lllustratelthls_effect. ‘ihe -transition temperatures
for the Charpy tests, listed in Table 8 are conseguently not definitely de~
fined and itvis necessary to consider the energy absorptions for the various
.steelsvin brder to have a clear picture of the merits of the Charpy test in
determining the relative brittleness of steels, The Charpy test results
reported nereln were included primarily to show the variation which can be
‘expected from plate to plate 1n a single steel, A more complete investi-
gation of the steels by use of the Charpy test has been included in the
program of work of PPOJeCtVNObs—3LZl7 conducted at Pennsylvania State
College. |

:The wider speeinens usuelly shbwed higher transition temperatures.
The differences between tne transltion temperatures of the 12~ and the 72-inch
wide plates for a partlcular steel .renge from 4 to 4O°F, The transition
temperature of steel C was the highest of all the steels tested and was
essentlally the same for all plate widths. However, the transition temperatures
of the steels w1th 1ower trans1tlon ranges were invariably lower for the

12-inch Spec1mens than for the 72—1nch specimens., Because of the greater



.- Spread between tranéifion.temperaﬁures of the different steels, the 12-inch
wide specimen seemslto‘Sé;&é;ezs&iﬁable’than the wider specimens for rating
the steel in ordér of fheir réla£ive brittleness.

From theérétical considefétions, it is reasonable to expect -that
the wider noﬁched plafes would ha&e higher transition temperatures than th:
narrower ones, It is somewhat sﬁrprising, however,  that in several cases
there was little effect of plate width on the ftransition temperature while
with other steels large différendes in transition temperature were found,

. There seems to be no simplé expiahéfion for these results, The transition
temperature yery‘}ikeiy ié a-functién of the amount of plastic flow which
has,qccurred prio#ito the onset of fracture. Iﬁ:is’pdSSihle that a more
detailed study 5f>the conditions of local plastic flow around the notches:
of the individual plates would disclose the reasons for the differences in
behavior of the various steels,

From‘ﬁhe theoretical considerations developed in the section
}"Studies of Férmation and Growth of Cracks in Notched Plates" of NDRC Report,
OSRD 6&52;2 it follows, that for a notch of:é:givén sharpness, the trans-
ition temperature should increase with increasing piaté thickness up to a
certain thickness after which increasing the plate thickness still further
should cause no change in transition temperature. Apparently this is true
. because the tfanéverse.é£ress developed by restraint is small in thin plates
but, with increasing thiékness, it gradually increases to a maximum value
_whi;h would.prgbably remain constant with further increase in plate thick-
ness. To obtain an estimaée of;the effect of plate thickness, some special
tests were conducted, The results of‘these tests are shown'in Figs, 14 ard
15. Plate ﬁhicknesses ranging fro&.%— to 1 1/8-inch were tested in the form

of 3-inch wide edge-notched b:vs to determine the transition‘températures

2 iee Biblidgraphy
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of each thiciness of pléte. Two setfies were tested: (1) plates from the
same heat r;lled to each of the various thicknesses and (2) plates from the
thickest folled plate machined to each of the various.thicknesses, The
first seriés.(resulté‘shbwh in Fig. 1A) involved differences in @etallurgical
structurekbfoﬁghtvabout by'the”differences in rolling procedures as well
as diffefencés in épecimén thickness., °The second seriesi(resglts_shown in
Fig, 15) iﬁvél&éd only differences in specimen.thickness because all specimens
were machinéd from the same pléte. The effect of.plate'thicknessvupon the
transition temperature is very evident in Fig, 14. - The results indicate that
when the plate thickness exceeds one inch, the transition temperature is
appéféntiy‘indepéﬁdént‘of plate thickness. This conclusion is not definite,
héwever;bandladditional‘tests on thicker plates and on other steels should
be made, It ié posgiblé that the thickness effect differs for various steels.

The efféct of additional rolling, as shown by comparing Fig., 15
and lh; is to raise the transition temperature of the steel. . This effect is
in agreemeﬁf.wiﬁh the known effects of rolling upon the other mechanical
propertieé‘of‘sﬁeela o ' - |

Comparison of Fig. 1i and 16 indicate bhat:the width and depth of
notch and‘mihbr variations in width of the specimen have little effect on
the tranéiﬁiéﬁ'temperature ranges of edge notched narrow specimens,.

From examination of results for steel C in Fig. 17, which gives a
compariéoh of the transition ranges for various. types of 3-inch wide
séecimegs, it appears that sheared edges of the.plates as received from the
mill héd undergone strain aging and contained 'small cracks which acted as
moréﬂéevere stress raisers than notches made with hacksaws either at the

edges or in the center of the ‘specimen.
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The test results for the 3—inch wide plates indicates thatiﬁhe
steels can be arranged 1n approx1mately the same order by means of theseb
tests as by teq81on test of wide notched plates, although the actual
transition temperatures may differ for the two types-of tests,

Tests of 108-inch wide specimens failed to indicate that there
is a definite drop in nominal strength as the test specimen width is in-
creased beyond 72 inches. anmlnatlon of Figs. 18 and 19 show that there
is a considerable drop in nomlnal strength of nouched test’ spec1mens as
the width is increased to 24 1nche$.:‘Further increases in ‘specimen width
have little effect on the s£rénéth

“The reductlon in nomlnal strength is somewhat more pronounced
for specimens falllng in shear than for those that break by cleavage.

Variation of nominal stress with temperature is not very evident
for "special" steels used in this investigation as can be seen from ex~

amination of Fig. 20. The strength of steels N, @, and QS is not affeéted

by temperature, while that of the semi-killed steel g¥oup {steels A, B, and ;

C) tends to be lower at temperatures below the transition temperature for .
the particular steel. The fully»ki};edw§teel H does not exhibit any
appreciable decrease in strength Wi#h lower temperatures‘fof‘thé:iZ—inch. |
specimens, but behaves in the saﬁé manner as the semi—killéd“steel grou§ in
tests of 72~inch specimens. B RS

Comparisons of the elongation at maximum load and at fracture of
plates that behaved in a ductile and a relatively brittle manner are given
in Figs. 21 and 22. The elongations are shown in percent, and to compare
plates of different sizes, the lbcaﬁions of the gage points on which the
measurement s were taken arebbio££ed és fractions of the specimen width, |

A marked differc--e ~ar ke - Lod between specimens that failed in shear
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and those-that failed by cleavage, 'For specimens failing by -shear, narrower
-~ plates' exhibited much greater ductility; 'this, however, was not true for
specimens that ‘failed by cleavage.

"During the course of the tests, certain specimens exhibited -
anomalous behaviors. In particular, spécimens H8, H10, and H82X which were
cut from the same large plate ahdltested at the same temperature behaved
entirely differently, Specimen H1O absorbed more than twice the amount
of energy than was absorbed by its supposed duplicate, specimen H82X;
‘specimen H8 absorbed more than three times as much energy as specimen H82X,

- These specimens were studied in.detail to determine the cause for the dis-
crepancy, A study of the surface of ‘the fracture near the base of the notch’
revealed that the specimens which had absorbed the abhormally high amount

of energy had many openimgs in thée metal running perpendicular to the '
surface :of the fracture and perpendicular to the apex of the notch. This
effect is shown in Fig. 252 which'shows the surface of the fracture adjacent
to the base of the noteh., Fig. 24 shows the location in the plate specimen
of the portion of the fracture shown in Fig, 25. Similar photographs of

the portion of the fracture near the base of the noteh for specimen H10

and H82X are shown in Figs., 25b and 25c respectivaly, The openings 'in the
metal perpendicular to the fracture surface were progressively fewer in
number and smaller in size for the specimdns -which fractured with low energy.
. This supérficial examination indic¢ated thdt the metal was opening along’
seams of nonmetallic inclusions., The cause for the opening was the Poisson's
ratio contraction in the thickness direction brought about by the longi-
tudinal extension of the metal by the load. Sections were then taker through

-the thickness and perpendicular to the fracture surface for microscopic
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examination, - Thé' results are shown in Figs, 25d, 25e, and 25f. These

“photomicrographs $huw the small transverse frattures progressing along lines

of nonmetallic inciusions. Specimen H10 had many more lines of nommetallic

inclusions, along which the transverse fractures could ocour easily, than

" did specimen H82X, - Specimen H8 had still more lines of honmetallics than

did specimen HlO, The extensive Separation of ‘the metal in specimen HE
along lines of inclusions prevented the transverse stress from building
up to its normal (probably high) value, and ‘thus ‘cffectively increased the

shear stress and promoted plastic flow; thus'a large amourit of energy was

- absorbed although the specimen eventually failed by cleavage. The specimen

acted essentially as though it were composed of a number of thinner plates
placed face to face to form a composite thick plate. Specimen HE82X was

cut from a different part of the originmal large plate which happened to

‘contain fewer nonmetallics and consequently behaved in a more normal manner

“than did specimens H8 and H10 (see Fig. 10 which gives thé energy vs.

temperature curve for this steel),” The conclusion reached as a result of
this study is rather unusual,” Nonmetallic incIuSiOns; ordinarily considered

undesirable, acted in this case to make the steel less notch—sen%itive,

-and hence improved its performance,

Another unusual result was obtained with the Q steel whibh'had

»ibeen quenched and drawn. In the original heat treated condition; this steel

was not particularly outstanding. However, whenvrequenched from 1600°F and
redrawn at 1245°F for 2 hours, 'its performance was markedlj improved. Its

transition temperature was lowered slightlﬁ;'éﬁﬁ more importantvwas thelimw
provement obtained in the amount of energy féquired to rupture the material,

The microstructures of this steel are shown‘ih Fig, 26. The microstructure
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of the QS steel was very much like that of steel Q, but in some of-the
épécimens of éﬁéel Q thére appéaréd to bé some free ferrite., The worst
example of this was found in Specimen’Q—i;WHiCh'frécﬁured with Idﬁ'energy
at a temperature considerably above the ‘normal transition temperatire for
this steel. When this specimen was examined microscdpitélly, it was found
:fé‘haVé an ﬁndsﬁal microstructure., (Jee Fig. 26c) Much more free ferrite
wés pbééeht ih‘thisnépécimen'tﬂén in'the othérs of the Q series, ~The
presence of free ferrite in quenched and drawn steels of this type has also
been found.ihioﬁhefyﬁést to be associated witﬁlébnérmal brittleness. The
brittle behavior of specimen Q-1 thus seems to be in line with the known
behaviors of the steels having similar microstructures, The free ferrite
could be the result of (1) iﬁédéQuate-quéhch or (2) reheating slightly
above the lower transformation duriné"thé’tempering tfeatméht.

There is 'still & deplorable lack of Fundaméntal information about
" the behavior of steel in the vicihity of a notch., The wide flat plate
tests have clearly démohstrété&nﬁhét each steel behaves differently and
’tﬁét é;éﬁltﬁé"félativé behaviérs'ére different for different plate sizes
" The need for a fundamental Study of the behavior of steels in the notched
condition is clearly indicétéd'by the results of the tests performed on wide

flat notched plates.




Conclu51ons

| The followmg conclus:.ons seem Justlfled on the ba81s of the
results'of the eptlre 1nvest1gatlon 1nclud1ng the worx done under ifdeferences
l and 2 (see Blbllography) as wel; as the new work presented for the first
tlme in tblS report
‘l; | Fractures were obtainee.in the.ieporatory'which were identical in
appearance and‘reduction ip thickness ﬁith those found in sections of
fraetured ships.
2. All steels tested were.arranJed‘approx1mately in the same order
of relatlve brittleness by Charpy keyhole-rotch tests and by tests of
notchea plates of different widths, Tran51t10n temperatures determined by
Charpy tests are lower than those determined by notched flat plate tests,
3. Piates failing by cleavage fail with slightlv lower nominal
stress values than do 51mJlar plates whlch fall entlrery by shear.
L. . The chemlcal comp051tlon has a marked 1nfluence upon the trans-—
1t10n temperature of steel, This 1s well uemonstrated by the results of
tests on the 3 percent nlckel steel which was far superior to the mild
steels both in tranSLtlon temperature and in energy absorption. The effect
of chemlcal compos1tlon was further demonstrated by the results of tests
VJon steels A and C., These steels had essentially the same chemical compo-
sition with the exception of the nitrogen content. Steel A contained 0.00L4
percent nitrogen while steel C contained 0,009 percent. The difference
in the behaviors of these two steels may be mainly due to the difference in
the nitrogen content; However, the microstructures of these steels also
differed slightly and part of the difference in properties was probably

due to the difference in metallurgical structure. Apparently a higher

rolling temperature had been used for steel C than for steel A, The
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transition temperature’and energy-absorption are apparently affected as
much by the metallurgical structure of the steel as they are by the |
chemicél compoéition° Steel Q, which was ‘quenched and drawn originally,
Was greaﬁiy improved by heat-treating. - This treatment eliminated free
ferrite from the microstructure.

5. For hull-quality steels of the semi-killed 'type, produced under
ordinary éohditions'of’preseht"COmmercial practice, the temperatures at
‘which the mode of failiire of sharply notched plates:changes from a:ductile
shear to a brittle cleavage type may vary from below freezing to well
above room temperature,
'6; o In these tésts it was found that on the basis of the transition
temperatures,'the’étéels could be more definitely rated by tests of 1l2-inch
specimens than by tests of wider specimens, '
7. With the same' shafpness of notch and a fixed ratio of length
" of notch to width of plate, the nominal strength of plates of the:same
'thickness decreased with increasing width. The decrease in strength. is
considerable as the plate width is increased from a few inches to one or
two feet, but the decrease in strength is relatively small as the plate
 width$ are increased beyond two feet. The -nominal strength of steel B is
“onTy about 1000 psi léss in I08~inch wide plateés than it is in 72-inch wide
:pléieé:
' 8;‘ ' With a given notch geometry and a-fixed plate width, the trans-
ition temperature was found to increase as the specimen thickness.was in-
creased, In specimens cut from plates rolled to different thicknesses
from the same heat of steel, two factors influenced the transition temper-
atures; these were (1) specimen thickness, and (2) metallurgical conditions

introduced by the additional rolling given to the thinner plates. Thin
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specimens machined from thicker:plates had higher tfansition*temperatures
than did specimens of ‘the same thickness made from-as-rolled plates,

R Steels can be arranged. in the Same order of noteh sensitivity by

- tests of edge-notched 3~-inch wide SpeCimeﬁS'aéFBY~testsfbf-centrallyhnotched
wider plates, although the actual transition temperature may differ for the
two types of tests,

+ 10, ;. For a series of tests conducted on geometrically similar centrally-
notched séecimens 3, 6, and 12-iriches wide it was demonstrated that the model
laws apparently do not hold for fracture, -

11, For tension tests made on cylindrical un-notched specimens at
various temperatures down to liquid-air temperature, both yield and fracture
strength weré¢ found to increase as the temp'eré.ture’-waé’lowered° As the
temperature approached liquid-air temperature, the mode of fracture changed
from the shear to the.cleavage type, and the fracture stress and ducﬁility
decreased, The cleavage strength at' low tempe ratures was found to depend
upon the strain history of the material. Bars strained at room temperature
were found to have higher cleavage strength when subsequently broken at
liquid~air temperature,

12.. - Tests of two additiomal tubular specimens, made to complete the
research program originated as NDRC Project NRC~75, showed that welding
with low hydrogen content electrodes apparently does not improve the ductility
and that post heating to 1100°F after welding improves the ductility of the

weld.,
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Orgahnization -

The'inVeétigatioﬁe‘were‘coodaoted Sylﬁhé Uhiyeraity oftCaiifornia
in the r,nglneermg Materials Laboratory. L, P O'Brlen, Dean of the Co.LLege
of hnglneerlng, was" the Technlcal Representative for the PTOJect The work
was under the general direction of Raymond b,_Dav1a?.D1reotor.of thé@‘
,Englneerlng Materlals Laboratory. G;.dt TPoxell ‘Pfofeseoerf Ciyil angi_
noerlng, Harmer-u. DaVlS Associate Professor of 'Civil unglneer*ng, farl d
Parker, Associate Professor of Physical Metallurgy, and. A Boodberg, ﬁesearch
mnglneer were in charce of the technlcal phases of the 1nvest1gatlon.
Special studles were conducted by Charlcs H, Avery, .Joseph D. DeVito, R Payne,
4and T, Robinson. The shop work, weldlng and rigging was under the super—
visien of Elyin L. Whittier., Other members of the progect staff who have
served elther full or oart—tame included: P. R. Angell, G. Barrlnger,

Y. Behm, Mary e pbnnett E, Berliner, D, berner, &, Betts, K. Bousquet,
IO Brezee, e M. ClcaVe Winifred Dunlop; C. Glassgow, David i. ulobs

J. Hancock, Eleise Hornstein, R. Johnsen, Inez .eklak, Ruth «imball, R.
LaForge, S. Lever, J. Logan, £, kcLlaughlin, J. lednick, . Lullins, Jean
Neilson, F. Ormsby, D. Peterson, X. T. Rains, Vera Rideout, A, D, Ring,

ito F. Schord, Le. Seaborn, D. Unger, T. Yamamoto, and Phebe Zimmerman.
Harry E. Kennedy, Research Associate in the College of ingineering, served

as consultant on special problems.
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.. APPENDIX A .

14

“Residual Strain Distribution in Notched Flat Plate After Fraéture

. A systém of réctangulaf‘grids described in a‘previous.reportl
‘was appliédvto one facevéf all the wide notched flat plates that were
tesied. Reéaings reproducible to ¥ 0,002 were taken by means of a special
mechanical étraih éage prior to the test-and after fracture, Percent
elongations were calculated for the different gage lengths and the results
are presented in Figs, A-68 to A-133 of this report, Residual strain dis-
tributions.fof plétes broken in the earlier part of the program were
presented in Figé. A—l to A-67 inclusive of the earlier report;l It is
to be noted that £hé values given in the figures do not include elastic
elongat.ons nbf the amount of separation of the parts of the plate along
the fracture line. Also, since the residual elongations were measured
oniylon one face of the plate, thé effect of permanent bending of a plate
during fracture may be included in the values shown in the figures. 1In
most cases, however, very little bending and distortion occurred during
fractﬁre. |

Lineé éf fracture are shown on"the drawings for which the overall
grid sysﬁem is plotted, The temperature of test, the nominal stress and

the mode of failure are indicated on the figures.,

See Bibliography
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APPENDTX B

Additional Tests of Large Tubular Specimens of Lild Steel

To supply additional information, as a result of questions raised
by a study of the data obtained from the tests on large tubular specimeiis
included in the program of work of NDIC Project NRC-475,3 tests were made on
tﬁo additional tubular specimens at —AOOF with a Stress ratio of 1:l.

The specimens were hollow cyliﬁders 20~-inches in outside diameter,
;8%—inches in inside diameter and 10-feet long. The tubes were made by forming
two B/A-inch thiék plates into half cylinders and welding them together along
two longitudinal seams 180° apart.,. The same steel was used as for the tubes
preﬁiously tested (steel A), The:plapes used in bothASpecimens L' and "O"
weré heat treated at 1100°F for-abgut_B hours after‘forming operations were
complétedo' ﬁor detailed description of the épparatus used and the test pro-
qedure reference is made to the original report.3 Specimen 0" was welded
with NRC-2A electrodes”® and was not stress relieved after welding. Insofar
as the fabrication procedure was concerned,.Specimen "I" was a duplicate
of Specimeh "I" and was welded with E-6020 electrodes and was given a so-
called stress-relief heat treatment at 1100°F for 6 hours after the completion
of the welding.

| Figs. B-1 and B-2 show the nature of the fractures in the two tubes.
Figs., B-3 and B~/ show the strain distribution in the fractured tubes as
determined from grid measurements, Figs. B-5 and B-5 show the effective-

stress: effective—strain6 curves plotted for all of the tubular specimens

3,5 See Bibliegraphy . o
6 See Bibliography, Effective-strain and effective-stress are defined
as follows:

Effective-strain -E = - (él 62) '7"((‘53 6;) %/63 C\
2

—/oa (/+e) €,= /"j’e(/’Lez) 533"(6+€Z)

(cont'd page 21)

where 't
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for which load-strain readings were available, Figs. B-7 and B-g shov plots
of tﬁé:sfrain distributions in the tubes for various stress levels. Some
of the results obtained on small tubes of the same steel, tested at Illinois
Institute of Technology on NDRC Project N‘RC-—’?’?,Z‘L are plotted in Fig. B-9
for comparison with Figs. B-5 and B=6, Curves for results obtained from
standard .505~inch diameter tension specimens cut from the weld and the plate
material near the ends of the large tube and tested at the University of
California aré shown in Fig. B-10.

Specimen "OU, welded with NRC-2A electrodes, did not show any
éppreciable improvement over tube'"F"; welded with E-6020 electrodes; both
tubes were tested under similar conditions. The two tubes were also similar
in method of fabrication with the exception of the electrodes that were used
in Welding.‘ The same heat treatment prior to welding was used on each tube-
plates being first formed, then stress relieved. Neither of the cylinders
was preheated prior to welding and neither was stress relieved after Weldiﬁg.
The welding of cylinder "O" was done with 1/4-inch dismeter NRC~2A type
electrodes preheated to 600°F prior to use and used while they were still

*

hot. The longitudinal weld required quite a number of repairs near one of

4 - See Bibliography
6 Cont'd
e1 = measured axial strain and
es measured circumferential strain

. R I A X 3
Effective-stress =(j = V( =T 2 )Z“TL@ - OE» ) 7!’(,0,; -677)

=

=4
where{J, = average axial true stress, psi
! P
0z
- average radial true stress, psi

In these tests, effective-strains were computed from the average strain
readings of the 2-in. clip gages located near the mid-section of the
specimen away from the welds.

11

average circumferential true stress, psi

"
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which the fracture originated. No preheat was used in rewelding the
areas that were repaired, X-ray pictures of the weld taken after the re-
!pairs were made showed no indication of any defect near thé origin of the
break. Cleavage fracture originated at the iongitudinal weld of specimen
nO" about 22~-inches below mid-section and proceeded in both directions
parallel to the weld along the heat affected zone for about 12-inches and
then propagated around the specimen in several directions.

Specimen "L" failed to show és good results from poét heating to
1100°F as did its couhterpart specimen "I", ‘It was more ductile than
specimen "F'", which was not stress relieved after welding, but did not ex~
hibit as much of a reduction in thickness, as great an eiohgation,‘or'as
large a true stress at fracture as did‘Specimen "y,

The fracture in specimen "L! originatéd in the plate material
weil awéy from the weld, neaf‘thé uppér end of the tube. The fracture
appafentiy stérted‘hear a defect in the plate shown in Fig. B-11, If it
were not for fhis defect it is‘possible that somewhat higher strength may
have been attained as well as greater elongation and reduction in thick-
ness and thus the resglts from tube "L" would.compare more favorably with
those from tube "I", wmxamination of Fig, B-5 shows that the stress-strain
curves for both tubes "L" and "i" do not‘differ greatly up to an effective--
strain of 0,09 at which point‘tube "iﬂ fractured. The fracture occurred
on the section perpendiculﬁr to the axis ét a true stress of 62,000 psi,
which is below tﬁe true stress at fracture in a simple tension test,

It may be noted in passing that in the effective~stress:effective~
Strain curves there are discrepancies large enough to indicate that existing

theories of plastic flow are either incomplete or inexact.,
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Conclusions
‘Thé-fgildwing conthsibns‘méy be drawn from the results of large
tubular specimen tests described in the final report of MDRC Project NRC-752
and the results obtained from the tests of the two additicnal specimens de-
scribed in this report. Some of the onclusions aré based cn results from

‘tests of pilot series on small tubular specimens.?

< 1. Welded 20-inch diameter tubes of hull-quality steel tested under
various combindtions of internal pressure and axial load exhibited strengths
ah&“ductilitiéé'cdnsiderably less than the tensile strengths and duc-

“tilities of standard coupons made of the plate material, This tendency
was also exliibited in a number of the smaller, more homogeneous, tubes of
the pilot series of tests,

2,775 0 The strengths of the tubes as calculated on the "conventionaln
basis did not vary as widely with different tesfing conditions as the so-
called "true" stresses at failure., Also, for the purposes of interpretation
of the phenomena obsefrved ‘in ‘these tests, the true stresses at failure
appear to be-a more significant index of 'strength, ‘even though they are
computed as ‘average strésses across an entire section rather than stresses
at a point,

3. - Undeerertaiﬁ“combinétions-Bf'temheraiure; ratio of applied
stresses, and conditions of tube as regafdsgheat—tréaﬁmeht;“it was possible

~-to attain failures'with very low ductilities, épprbaching those observea

in: fractured ships, even though theré was no mechanical notch in the tubular

specimens. The strengths attained under such conditions were correspond-

ingly low as compared with the stréngths of “the most ductile specimens.

357 See Bibliography
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Lo A1l the tubes tested at 70°F, with the exception of those in
:which the fractﬁfezoccurred.neafAthevends due to complex stress conditions
- caused by end restraint and conéequent excessive bending, exhibited appre-
ciable ductility prior to frécfure.
5. All the tubeéltesﬁed.ai ;AOOF, with the exception of one of the
two which were heat-treated aftér welding, werej;e;atively brittle, 1.e.,
exhibited'rélatively low pléstic strains prior to rupture.
6. Twéitypes of fracture were observed to take place, depending
upon the conditibhsrleading up to failufe: .(a) shear fractures occurring
apprdkimately onsplaheé:of maxi.muam sﬁear stress, and (b) cleavage fractures
occurring‘nofﬁal'to thé direction Sf the critical tensile stress,
7. In welded tubes, while the ratio of the principal stresses in
a tube wall may havé’pi;yéd s;me part in determiping;the overall strength
and 'ductility, the orientation of the critical tensile stress with respect
to the direction of the welded seam appeared to be a governing factor
as régards initiation of failure. It is notewq;thy.thatiin the tests at
room temperature, in those cases where the circumferential stresses were '
critical, failure occurred inﬁthé plate away from the weld, while in
those cases where the longitudinal stresses became critical, the failures
occurred in the weld or weld zdﬁe.
8. ‘It is believed that theﬁgfoss residual stresses due to welding
contributed relatively little towérd caﬁsing faiigre, at least within
the range of temperaﬁures at whiéh these tests were conducted, because
all tubes in which fracture initiated iﬁ the longitudinal weld stretched
sufficiently (1.6 percent or more)‘prior to failure to minimize, if not to

eliminate, the influence of residual stress.
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9. ~In tubes in which fracture initiated in the region of a weld,
a crack‘apﬁeéféd to have started in the weld or weld zone; and then-
fracture prppaggtedbinto_;he plate.
10. " bmall dlscontlnultles, such as defects, gouges or nicks may :
be crack-starters, partlcularly at low temperatures (Tube G and Tube L).
11, . ‘ In a‘l the tests made in this investigation; wherever fracture
started 1n the weld zone, failure occurred by cleavage and the specimen

was orlttleu

12, The beneficial results of heat-treatment of tubes after weld-

ing is attributed primarily to alteration of the metallurgical structure

of the weld zone rather than to relief of residual stress. (See es-
pecially Tube I). The so-called "stress relieving" heat-treatment markedly
improved the strength and ductility at low temperatures. This heat-treat-
ment reduces the residual stresses and it alters the metallurgical structure
of the weld zone, making the material in this region more ductile., The
residual stress is also reduced by causing a small amount of plastic flow

to occur parallel to the weld, This effect occurs at atmospheric tem—
peratures; consequently, the metallurgical structure remains the sane.

The plastic flow is sufficient in all of the tubes tested in the "as-welded"
condition to produce stress-relief by stretching, The tube "stress-relieved"
by heat-treatment had much greater ductility thén any of the as-welded
tubes, Since stress-relief occurred in all tubes, either by heat-

treatment or by stretching, it appears that the main benefit derived from

the heat-treatment is the beneficial alteration of the metallurgical structure.

It is indicated that appropriate heat-treatments or pertinent changes in
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welding technique are means of reducing or eliminating tendencies toward
premature brittle cleavage fractures,

13, Bending stresses ( such as those which can occur at the en&x

of a closed tube due to radial restraint of the heads) o} abrupt changes
in wall thickness are likely'causeszof premature failure ét both room
and low temperatures. It was found riecessary to take special care to
provide a very gradual transition at'the ends of thé tuﬁes inégrder to
obtain failures near the mid-section.

14. A specimen welded with low hydfogén content; NRC-2A electrodes,
was apparently no more ductile than similar specimens welded with ﬁ~6050

electrodes,
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APPENDIX C -

Results of Tests on Simple Tension Specimens

Teésted at VariousyTemperatdfesf

Tension tests were made on unnotched cylindrical specimens of
steels A, Bp, and C at various temperatures ranging from 450°F to liquid-
.air temperature.» Yield strength,:fracture stress and reduction of area
- were dete;mined at each temperature. In addition, the effect of pre-
‘straining_at various temperatures on the cleavage fracture stress at liquid-
air temperature was determined for steel A. These tests were conducted
with the object of obtaining basic data on yield strength and fracture
strength, and to determine the temperature of transition from shear to
cleavage fracture for the case of simple tension loading.

The results of the tests have been plotted in Figs. C-1, C-2
and C-3. The yie;d strengtﬁ_increasgs rapidly as the testing temperature
is lowered until it is essentially equal to the fracture stress at
ligquid-air temperature. The fracture stress (breaking load divided by
final area) rises more slowly but continues to increase as the testing
temperature is lowered until the cleavage-type fracture begins to occur,
At this temperature, the transition temperature in simple tension, the
fracture stress reaches a maximum and at lower temberatures drops to con-
siderably lower values. The transition temperatures were found to be
about -250°F for all three steels, Thus it was indicated that the simple
tensicn test apparently is not as suitable for rating steels in their

relative order of brittleness as are notched-bar tests,.
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There are several resuits worthy of further discussion., Steels
B, and C tested at —BOOOF 1ractured at stresses lower than the yielcd stress.
When the specimens ylelded tne ig;é droppad of f as it normally does at
room temperature for mild steel, and fracture occurred before the load in-
creased again@:"This unusual effect was eheeked‘by tests on a number of
additional specimens,

A seriés of snecimens machined from steel A‘ﬁere strained to a
10, 20, 30, 40, 50 and 60 percent reduction of area at 212; 70; and'¥lO5°F,
and then the temperature was lowered immediately to =300°F and the specimens
broken with no additional plastic flow occurring. The ‘cleavage Fracture
stress at”?BOOOF‘wes found to increase as the amount of brief;strain.was'
increased. These results, shown in Fig, C-4, indicate for these steels how
the fracture stress at a‘low temperatufe depeﬁds upon the strain history of
the material. The temperature at which the prestraining was done, however,

seems to have little influence upon the fracture stress,
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APPENDIX D

aesults of Tests on Geometrically Similar
Centrally Notched Flat Plate Specimens

Tests were made at several temperatures on a series of geometrically
similar specimens, The type of the‘SpéCimeh and the dimensions of the
three sizes of specimens are given in Fig, D-1, Table D-1 gives the principal
data for each test, and Figs, D-3 and D-4 shiow the variation of longitudinal
strain with distance from the notch of a 3-inch wide size-effect specimen.

Fig. D-2 gives nominal stress--strain curves for longitudinal
elements at the base of the notch obtained on gzage lengths of 0.01, 0.02,
and 0,04 inches for the three sizes of specimens. The specimens do not
behave similarly up to strains at which the first crack forms in the root
of the notch, Consequently, it is questionable as to the extent to which
model laws are valid in the plastic range. after cracks form, similarity
in behavior no longer occurs because the specimens are thereafter no longer
geometrically similar, The results of these tests contradict a previously
reported2 conclusion that similarly notched samples seem to wdergo similar
strains within the plastic range.

The fact that the model laws do not hold within the plastic range
is surprising, because theoretical considerations lead one to expect simi-
larity in behavior., A possible contribution to the observed differences
in behavior is the surface condition of the specimens., After annealing,
all specimens were first carefully machined in a shaper, with the final cuts
being very light. All specimens were finished in a surface grinder, with
the final cuts again being light., Even with light cuts the surface ;ayers
of the specimens are cdld worked and are consequently stronger than the base
plate. The percentage of the total cross-section taken up by the cold-

worked surface layers is larger for the smaller specimens and consequently

2 See Bibliography
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might conceivably explain the results., A rough estimate of the amount of

strengthening which could result from such surface hardenlng indicates
that the differences cannot be explalned bv thlS factor alone. Additional
tests should be made on Spec1mens from which the coldwworked surface

layers have been removed com.pletelyn




TABLE l.

-~ DESCRIPTION OF~STE 51,8 USED IN FLAT PLATE TWSTS

All steels wers tested at +emneratures selected so as to ueflns the ten.-
perature transition rangs within reasonable linmits,
Steels used in tests of 12—1n. specimens (or wider) were lurnluhed in

plates 5/1 by 72 by 120 in.

e

1245°%,*

- S i b :
Code Letter for | Appro§1mate i Type of
I Chenical ! .
Steel and Anal | Steel and Use in Test Program
Manufacturer Ralysis Condition .
! ‘ ¢ %M
3 , —
i ; Large cylinders; 72,48,24,12
A ; 0.25 0.47 gueml-kllledb and J-in. notched wlates;
Carnegie-Illinois| ~° ° as rolled ! Charpy impact tests; low tom-
e i P perature tensile bars
-- ) 1
i i ‘
By p | 0.18 0.72 , Semi-killed | 72,48,24,12 snd 3-in. notched
Bethlehem Lo % | as rolled plates- Charpy wmpact tests
1 t -
: ; 4 1 A e .
B, i Semi<lilled 72,48,24,12 and 3-in, notchad
_ 0,18 0,72 . plates; Charpy impact tests;
Bethlehem i . ¢ normalized
. , 3 f lowr tcmra“atvre tonsile bars
‘! ! 372,48$24,12 and 3-in, notched
c : 0.25 0.49 Semi~killed i plates; Charpy impact tests;
Carnegie-Illinois| ~° 7Y as rolled |low temperature tensile barsg
: ! size cffect studies
D : 0.19 0.5 | Fully-killedjCne 72-in. plate and Z-in,
Lukens b * . normalized bno+cqea plates
g«“m. ;uz:" 0.39 ? Rtmnod L -in "“otched‘~gates -
Lukens ; sad T as rolled |[°7tHe 1 P
! : 0.16 0.85 ?Fully—killed~72,12 and 3~in. notched
Bethlehem b ) . as rolled” iplates; Charpy impact tests
. ] - -
, e ——
Iy 0.1 0.a9 81 4% Ni  '72,12 and 3-in. notched
Lukens e T as rolled |plates; Charpy impact tests
- | Fully-killed,
- . ‘water quen= i
Q .23 1.05 jched from |12 and 5-in. notched plates;
Republic ;o * i 1600°T. and Charpy impact tests
f drawn at |
; - 1300°F,
' | Fully-killed:
i ‘water quen- _
N8 ! - ched from : .
a > 2 3 . 3 t 1
Republic i 0.23 1.06 1600°F. and 12 in, notched plates only
drawn at

* . .
Six 12-in, specimens of § stesl were reheattreated,




TABLE 2, —- PROPERTITS O STIELS USED IN TH: INVESTIGATICN,

w
N
. Steel Code Letter Steel A Steel B Steel C Steel H Steel N Steel
and Carnegie - Bethlehem Carnegie - Bethlehem Lukons Republic
Manufacturer 11linois ' Illinois
Chemical Composition a b a b a b a b a - b a b
i C 0.23 0.26 0.16 0.18 0.24 0.24 0.16 0,18 0.13 0.17 0.21 0.22
: Hn 0.47 0,50 ]0.74 -0.73 0.49 0.48 075 0.76 0.49 0.53 1.056 1.13
Si 0.02 0,03 0.03 0.07 0.043  0.056 0.17 0.16 0.22 0.25 0.056 0.05
r 0.011 0.012 (0.011 0,008 0.015 0.012 | 0.010 0.012 0.018 0.011 0.011 0.011
3 0.042 0.039 10,030 0.030 0.033 0.026 | 0.022 0.019 0.027  0.020 0.030- 0.030
Hi —-— - 042 — 0.05 e 0.02 — 0.05 3.34 3439 — 0.05
Al — 0012 | — 0,015 - 0.01€6 | —- 0.053 — 0.077 — 0,008
Cu - 0.03 - 0.07 — 0.03 — 0.09 . — 0.19 —_— 0.13
Cr -~ 0,03 — 0.03 _— 0.03 — 0.04 —_ 0.06 — 0.03
Ho —  0.008 | - 0.0086 - — 0.005 _— 0,006 — - 0.025 . —_ 0,006
Sn -~ 0.003 | — 0.012 - 0.003 - 0.004 — 0.017 — 0,018 .
N —  0.004 | — 0.005 - 0.009 — 0.004 — 0.005 -— 0.006
» , : Fully-killed
Type and Heat Semi-killed| Semi-killed Semi~killed Fully-killed - Alloy Water Quenched
Treatment As rolled |As rolled| Wormal- | As rolled As rolled As rolled from 16250F Drawn
ized. at 13000F . i
, for 1 3/4 hrs, !
Physical Properties 37,950 55,800 34,800 {39,000 39,800 49,800 ‘| 46,600*
‘Yield Point, psi 59,9210 59,600 58, 900 867, 400 85,100 78,300 72,450%
Ult. strength, psi ’ : .
Elong.,% in 2 in. 3345 — —_— -— — 25,5 49%
Elong.,% in 8 in. — 26,0 32,0 25,5 27.0 —_ s
8-1/2 1b./ton of |6 1t./ton of 6.1 1b/ton at
Denxidation 1-1/3 1b¢/ {ferro-manganese, 1= [80% ferro- 80% ferro-man-
Practice ton in ladle 1/8 lb/fon ferro- |[manganese and | ganese and 7.2 :
o 1/2 1v./ silicon and 2-1/2 [2.6 1b./ton 1b,/ton of 50% Not Not
ton Al in 1b/ton of Al-$i in |of 50% ferro- ferro-silicon, Reported Reported
the mold ladle; small amowtl|silicon in 4.3 1b/ton of 3
«® Al added.in ladle; 1/3 1b.| Alsifer and 2.6
old ‘ per ton of Al | 1b/ton of Al in
in mold. ladle :
‘Notes: a -- Analysis furnished by the Steel Hanufacturer * Average values for the 10 plates [urnished

b -- Analysis performed by Dr. S. Egstein(Bsthlehem Steel Co.) for this investigation.



TABLE 3 -~ CHENICAL ANALYSIS OF SAMPLES FROM IKDIVIDUAL PLATES

Plate No. . Condition and Ilype Chemical Analysis T 1
! ) % C % Vn {
A-l As rolled, semi-killed -1 0427 0.47 ?
A-2 { " " o 0.25 ‘ 0.47" :
A3 | " e ' 0.22 0.47 ;
A-d i Come L. 0.25 .. 0.48 ’
| A-5 L L 0.24 0,44 ?
B-1 As rolled, semi-killed i 0.17 0.71 ?
B"S e B o " H 0'18 : 0. 70 3
B-6 " " 0.7 0.72 2
B-7 " L P0.17 © 0.8 t
R-9 " noo 0.17 0.71 §
B-2 | Normalized, semi-killed . 0.18 S 0.73 :
B-4 " " | 0.18 0.78
B-5 " ", ¢ 0.18 0.7
B-8 " o | 0.16 0.71
{ B-10 | " " 0.17 . 0.71
- c-l | As rolled, semi-killed 0.25 0.1
L cL2 " " 0.26 0-48
L C-3 ' " " 0.23 0 50
Loe4 v " | 0.25 0.48
L C-5 . n u i 0.26 0,48
| C-6 " " | 0,25 0.48
{ D-1 | Normalizéd, fully-killed ] 0.19 0.52
! T - . - - ’_E’,__._... st et e
l E-1 ¢ As rolled, rimmed i 0.20 0.33
- ' : e '
B-1 I As rolled, fully-killed .18 0.76
- He2 - oo o 0.18 0.75
. w1 | As rolled3.384 N: . | 0.18 : " 0.48 }
b2 b 3.34% N 0.17 _ 0.48 !
. 1-3 Lo B BT N 0.18 + . 0.50 ;
-4 " 2.38/0 N: 0.17 = "7 - " 0,50 i
r . : — — !
j el | Quenched and Drawn,fully-killed | 0.22 1.11 |
| Q-2 " o 0.21 = 1.13 §
| a-® "o " 0.22 B 1.12 :
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TABLE 4,

BRSTLTS OF

STANDATL:

P A it

AND HARD“”%° TEST3

(qhnct 1 of 3)

i T M T _ - YT T A TSIJS 116 L I‘O.'B-‘EB..I‘:’S" g S i 1
oM l .y [ FS—— — e 1 TT 1
"T;?e iPlat Tége Orien—bt Yield | Tensile ! Bionz B ed iiiii:ii”
Steel i Ho. J‘ Bar? tation™ Po;zt, Stri??th’l %° i’%réz o i B ”umwer%
B SO N 1. NN S 2 R
1 . 505 T 54,575 | 57,875 42,0 | 87.3 :
4y | 505 L 25,550 | 58,900 42,8 | 60,8 61 |
| Square| L 35,070 | 58,460 50.5 | 62.0
Flat T 34,510 | 58,320 34,0 | 58.4 N
ke B e s S T T o e e e T oo i
. 505 7 35,890 | 58,700 2z.% 0 59,7 '
v . 505 L 53,200 | 57,630 | 44.7 | 8B.4 4 s |
Square| L n4,%30 | 88,190 .| 53.2 | 64,0 ,
! e FieE )L _*ﬂ_§?$9?QMw _B7,880 | %Be.t | 61.85 i
| .505 T [ 36,500 | 58,500 22,0 | 52,7 | ;
. 505 L . ®3,500 501,400 £%,0 60,7 |
b A3 Square L I 26,620 53 630 51.0 53.65 60-8z
1 _ Flat L T . 25,33 620 36,6 2,1 | -
! L Flat ) Lo L 25,380 1 55,020 1 0b.P Lo Smer Lol
.505 7 26,180 | 62,475 38.0 | 52.0 ;
! e 505 L 36,680 62,8?0 g2.2 | 815 | o
1 Sauare L 55,200 80, 47.5 E8,7 b
% | Plat T 24,800 | 60, 900 | 1.4 | B7.5 j
o Flab )1 B%,800 1 80,800 L SRl odet ey
g . 505 T 25,100 | 67,100 3.2 | 54,5 ! !
! s . 508 L 75,000 | 57,400 23,0 | 52,0 b oo 7
P Squars L | 35, 100 B7,300 50,0 80,0 l
—i- joFes L Lo 22,800 1 87,500 JB2es L 8L.S L o]
. 505 T | 24,600 | 56,950 24,5 | 62,0 N
E = . 5085 L 32,200 | 57,080 44,8 | 85.0 o
e Square| L | 32,460 | 57,880 48,8 | 67.2 |
o lomes bon o os2.2l0 | BS,480 | 350 | 85.E 4
i _T . 505 T | £1,230 | 55,840 44,3 | 57,9 |
i B3 .505 L | 32,050 | 55,850 42,8 | 87,5 -
g Square| L, 32,700 | 56,350 54.8 | 66.8
P Flat L 1 31,960 | 57,680 | 2.8 | 84.3
! AS o b et o P e e A e T.\_ —— .. sl hei aE = o e O, S S e
' Rolled .505 T 33,500 | 56,950 £2,0 | 62.2
; e 505 Lo | 20,850 | 56,530 45,3 | 70.1 o |
; Square| L | 52,410 [ £7,200 54,5 | 67.7 ;
§ Lo L Fles | L1 51,860 | 56,880 4 83.9 1 582 e
E 505 P 35,500 .| 56,500 42,0 | 60.8 !
| x 505 L 3,050 | 57,150 45,7 | 71.5 ;
[ o . 3 3 ’ . -
! 97 Squars] L 55,000 | 57,000 53,5 | 69.8 ! 6163 i
o lFies 1L 52,300 | 57,000 IR IR DI T L3 N S

8, -

¢ -~ Elongations measursd on

L5068 = AS.T.IN

of squars cross section; flat = A/S.T.?
b -L=

= M u it

flat baru

TogIoN

std,

perpendicular to
>

tt

roumd 0,505~in, dia,., bar; square =
M, std, full thickness
axis of bar parallel with direction of rolling.

o o A e —— b

full

n i

2=in. original gage lengbth except on
Tor which gage length vas & in.

thickness
flat bar.

std.
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Type | T*g; Tensile Proporties A rdnes
| Plate JE Crisn- Yield Tensile Tod, | orunoss,
of o . of tetionP | Point St £h Flong - Roclavell
| Steel | ° | Bar® o o.nb, | -otrength, %C ' B B Numbers
. . : - psi. rsl Area, %
B 2505 T 34,600 | 67,400 43,6 | 62,0
| B . 505 L 82,400 | 58,600 43,5 4.0 88,0}
As 1 7Tt Bquare L © 30,600 [ 57,000 | 54,0 70.0 1
Rolled | Flat L 30,800 | 56,900 F2.5 65,6
g 505 T 36,370 | 58,320 43,8 £0.4
1 B2 506 ‘L 27,100 | 57,930 46.5 672 | 4
o Square L 34,140 | B7,440 |. 54:0 65,5
i Flak L 35,000 | 56,880 350 1 684
§ . 505 T 33,480 56,710 41.8 £p .7
B4 505 L 53,410 7,260 | 45.5 65-4 59
Square L. 31,080 56,470 .| 840 | &8.0
L Flat L. 30,900 | BE,140 1 5.1 & 64.9 |
,505 e 37,160 | 58,520 452 | 60«
B5 . 505 1 35,850 50,700 1 248 86.0 1 o
R Square L 32,300 56,870 . }.-55 O 56,8
Norm. Flat L 35,370 | 96,840 | Fi.0 £4.9
A . AR JeA S WA NP S8 DO
505 T 33,600 {57,500 €5 5 | 61.0
- .E05 L. 78,800 56,700 49,0+ 84,0 66
T Scuars L 31,900 I 36,700 £2.8 G8.7
'lat i 32,200 | 58,200 | @4 1 £7.4
by rarrem e ] Al e Nk i A A = = it v a e - I . -...._“.:.‘ ——n, il
505 T 31,800 | 55,000 } 44,5 62.5
, 505 L 25, 300 55,300 43,5 65.0 | L.
B0 | square| L 72,400 | 38,350 54,5 6g,0 | Y
Flat L 31,800 | 55,300 53,4 8749
505 | 25,500 | 61,500 40,0 52,2
el .505 'L 35,330 61,510 41,5 59,6 56
Sauars| L. 35,330 [ 63,000 49,0 59.5
I Flst | L 5,300 | 64,600 | 31.6 57.4 | 1510wy
' 505 7 38,000 | 62,130 35,5 50,1
i g 505 L 37,130 | 68,500 28,0 57.0 | 4
P - Square| L 38,200 | 66,540 45,8 54,2 ?
N Tlat L | 35,650 | 66,270 20,0 | 53,0 | j4lomes
| . 505 T 35,650 63,880 28,7 54.5
! L5056 L | 54,550 63,850 42.2 60.8
! _ s 67-
¢ ce Square L. {.29,100.{ 65,500 47,7 61.0 "
Flat L 53,260 | 64,500 31,7 60,1 | ‘L7 gon
' 505 T 35,500 | 84,200 59,0 53.0
' a7 4 59.6
04 505 L 37,850 { 63,750 62,0 9.6 | 4o
Square L —— - - -
N L5 == - - =
. 508 T 26,000 { 54,000 38.5 £5.0
o5 .505 L 34,700 | 64,200 42.5 61,5 1 o
Square L 36,250 885,000 47,0 58,7 '
| Flat L | 34,800 | 65,700 i 28.0 | 61.71! Tinoo
i

t
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TABL:: 4, =-- RESULTS OF STANDARD TENSIOV
AND HARDNESS TESTS
{Shest 3 of 3)

e e et e e s i 1 s i e R
C Tuype ! Type _ ‘.mrmm-_Pﬁ§ﬂ§3}9_§3£mﬁuie£@a_,__m,_m[Hardness,L
: g | " Orisn-~ Yield Tensile I Red. ;o 0 -
: of | of ta+ionb Foint Strensth Flong. | in i Moclorell
! Steel i Bar® " . 1654, A ', | B Mumbars
. - psi, psie Mirea, -
AUV B USRS NSRRI S0P 5. — B Lt S
| 505 | T 73,500 | 63,200 | 41.5 | 59,0
| L5085 L 37,000 83,700 43,0 | 68.6 70
! Scuare L 34,500 82,600 52.0 68,7
- I Tlat L 34,500 62,100 29.6 68,7 !
h . D ————— - - b s e — =
| .505 T 34,000 63,000 40.5 £0.0
| L5056 L 37,500 | 63,900 44.0 67.2 1 o4
' Square L 33,700 62,300 51.5 £8.7
| ®let L . 35,500 63,000 30.0 67,0
.r-"‘-“‘— f— ] - . A S b, MY . St e i ——.—--—.———‘..‘[..— [P A ep— P R e e e Sl
{505 T | 61,000 | 76,850 37.8 | 62,0
| 505 L 63,000 77,100 7.5 63,7 oe
j { Square| L 59,000 | 75,600 46,6 | 7o.B | 7
; _J_Flat L 60,100 | 74,700 26,1 €9,1 |
L RSSO = SIS N H-tLEL A B LR £ L
] {505 T 61,500 [ 77,600 | 38.2 1 610
el L 59,000 78,100 38,0 | 621 gy o)
| Sguare L 53,800 77,500 45,2 | 69.5 -
. | Flat L 53,700 77,100 25.7 68,5
i | +50B T 52,750 | 83,300 2.5 £4.0
- . LEO5 | L 58,000 32,000 28.0 61,5 or
| Square| L 50,600 | 32,700 41.7 gz, 1t °°
3 | Flat L | 50,800 | 82,300 26,0 61.2
' .505 T 81, 300 80,000 23.5 59,0
| 505 L 80,100 80,100 .} 26,0 85,4 92 ,
| Sguare L. 80,600 78,850 44,0 66,1 -
i , Flat L 52,600 78,0600 27,0 | 64,3 ]
] | .505 P 49,000 | 71,800 42,5 61.2 .
ap | +505 L 48,300 72,500 | 45.0 65,0 82
’ | Square L 52,100 73,300 | 42.0 74,4
" | Flat L 51,900 71,900 3.5 70.5
| < T N
| vimter 505 7 44,000 | 70,550 44,2 59,7
| Guenched Tl L 43,500 70,850 49.0 62,3 83
i and . Sguars L 48,400 71,050 | 43.0 74,0
| Drewn i Flat | L 43, 600 70,800 22,2 71.8
1
- ,508 | T 45,200 | 73,800 42,8 58,3 :
LA, .B05 | L 44,800 74,250 47,0 60.2°1 o4 !
LY Square! L £3,000 74,000 41,0 73,8 o :
. Flat L 50,709 71,800 25.0 7.3 /
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TABLE 5- SUMMARY OF PRINCIPAL RESULTS OF TENSILE TESTS AND WIDE-PLATE TESTS

SHEET 2 OF 2

fa)— NOMINAL STRESS |5 GOMPUTED ON THE BASIS OF NET SECTION AT THE NOTCH LINE.

()~ TEMPERATURE RANGE 1§ THAT OBSERVED DURING THE INTERVAL FROM ZERO LOAD TO MAXIMUM LOAD.
fc)— ENERGY VALUES GIVE THE ENERGY ABSORBED 8Y THE PLATE UP TO MAXIMUM LOAD.

fd)- ENERGY VALUES ARE CORRECT TO WITHIN PLUS OR MINUS F/VE PERGENT UNLESS COTHERWIGE NOTED
(e)— BASED ON EXTENSION MEASURED BETWEEN PINS OF PULLING HEADS.

(t)- THE PERCENTAGE OF SHEAR AND CLEAVAGE NOTED (5 FROBABLY DUE TO A TEARING AGCTION GAUSED BY ONE S5iDE GF THE FLATE FRACTURIN

8Y SHEAR AND LEAVING THE OTHER TO 8E TORN /T HAS BEEN OBSERVED THAT OTHER TYPE. SPEGIMENS HAVING 4 NOTCH ON ONE

EDGE ONLY FAIL BY CLEAVAGE AT MUCH RIGHER TEMPERATURES THAN DO SYMMETRICAL SPECIMENS WITH CENTRAL NOTGHES,
(g}= ENERGY ABSORBED IN 54-INCH GAGE LENGITH ESTIMATED FROM DATA FOR OTHER GAGE LENGTHS. :

th}- 3-INCH EDGE NOTCHED TENSILE BAR VALUEE DO NOT CORRESPOND TO THE PARTICULAR PLATE NUMBERS. AlLL 3-INCH BARS CUT FROM

PLATE OF EACH LOT OF STEEL.

ONE

3-IN. EDGE - NOTCHED TENSILE BAR lSTB'. 0505-iN. TENSILE BAR | 12-iNCH  TEST PLATE (p—5iZE) 12-INCH TEST PLATE  (D— SIZE) 72— INCH TEST PLATE (A-SIZE)
STEFL PLATE PLATE PLATE
TEME ¥Ys Tsm';*mj TYPe YN0 Bremp Y s 75 ?"EMP ;g;z‘; TYPE GAGE kﬂfﬁsr NO. rfwe ;g:?;;m TYPE GAGE |ENERGY 1 MO TEMP m;;” TYPE | BAGE ENERGY
o) K5 | sig oy kst | Kse F T Rt fo fRACTURE [LENGTH pK-ihy, E o) KA G PATHRE\LENGTH b, f-itiy, F o K5 g LENGTH 1 N
faoresed 640 | 635 | ke | | 70" | 630 | 77 foowes] o2 PERE| S o) Lo o] V92X ferrez] 8r |00%SH| g5 ) fr) o) M-I el o4z i |3 wlAS w
L srer)| 600 | 832 |33 |ve | 70° | 590 | 781 [6zno9q 755 oGR8, | 57 ) 0 fN-2IX | -2 | 684 g0 2 o] B o] 72 forreor cos BRE R HE
- 15° | 644 | 819 %ng w3 | 760 | ses | 835 |70 664 joorsu | 4§ N ,gg efr-22x| -s0° | 704 %g ,E o EE A ns | 2 | 598 [Diael 2 oee
§§§§§ 29" | 630 | 795 |*o3m jn4 | 757 | 604 | s [oauam 704 WOORSH| 43 oi3r )|N-13X 7| 710 losta | 7a wiisi 6
Sidlo | -6 | 650 | 895 sera |wax| mserag| 6as looer | 14 (,}Mﬁ— 1ax fsanaer s3s 1] o |73 wlite &) !
wEES —
4  Jaeax csread| 659 | RN | 83 w0 15 wn-1ox | 69 | 667 loo%eL |78 6] 72 1o
) No16x | 32~ 357 660 100%SH| 65 rakins fe
g Jar | gas | 828 | oihs |os | 700 | 494 | 73z | 70 | 573 Loo%or| 754 a2sef@-2ix |59 600 ooiif 7.3 el ﬁéz o 1
Ekné 2o | 6as | eas | ¥z | 750 | 47s |22 | i134° | 610 JOORSH| 55 4 e Na-ezx| 320 | e22 | R g "’%2 e
§§§§§ 29 | 674 | goe [*3E3 o3 f | 840 00RSH | sis ted aa_(o]9-13X | 0° | 884 [00KCL 7 )52 fe
ﬁ.lg,j,§§g r6° | 653 | 805 | SE |G ooor] 600 Joomsi| ;2 ) ikd JNo-rax | e8* | a1 loowsd (T (d
o & 41" | 622 | 809 ﬁ:‘:g‘: a42x ase g7e| 607 |00%sH| 9 us. la-zix ferien, ezz Yoo %L .5 ) 2. B
§ |57 6ea |2 i ' a-32x (a5 537 00 %CL! 53 sl 39 te
%EE’?&% a5 1K1Y 690 é%,gif‘ _sé ) i’fg ol G-45 WARESY 685 yoO %G ?i ‘e ,iﬁ P
Ezgs%s 025 3r-37| 665 | iiver | 57 sl 234 @} 955 NI 667 00BCL 55 plric (o
:E 5 & 0-35 65657 665 00%SH | 53 a) 24 Joss | 150 1693 | F 3| ks e s —
) EGREZ 65.2 7%;;: w1 | 75° | 37.0 | 632 |truel 533 rc;t:za. s f?’JE Hr | se | s26 |ooxs| 57 4 ’z:? o -t | 67267 447 ;;’,?,:9*’- ";i ,,, fé ]
3 o4 J0* | 416 | 662 ,2: o)z 2327 532 egg',_’; o3 20 Ww-s fosen) sao jooxcr) B L)es ) B | 20ET 496 O et Gl 8w
§§§§E st | 422 | 65/ |o7g | #3 | amax| s34 | SRS T Ao feoean s38 jooker| (S of M7 | 15T | 383 woroL| R 4 &
;??:g 250 | 44 | 664 (%55 Fra smsr| 527 95; # 2 B Nwax | cear | aza |poxen| o2 ) $5.) #-e Worwed 390 WooxcL R
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TABLE - 6 THICKNESS REDUCTION ALONG FRACTURE LINES SWEET 2.0F 3
OF NOTCHED FLAT PLATES »*
sreet| pLanisrecmentresTive _ DISTANCE _FROM _NOTGH, INCHES '
WIOTH| NUMBER | TEMR LEFT SIDE OF PLATE RIGHT SIDE OF PLATE
" i 39 | 26 | 16 g 4 z ! b | & % s | o o | % % !9 ' 2 . g 16 | 26 | 39
| 108 | 81108 | 3/° ‘ 500 51170 5156 5 140 5|/70 5. /70 5 70 5| 50 S| 20 S| 80 S /20 5130 150 S|/70 ST S|/80 5215 5289 5255 3 20.0 !
' |i08 |ci/08 |%~28°] 25 ¢ 0 C 25 ¢l 30 ¢ 25 C| 35 ¢| 60 ¢| 65 G 85 ¢| 90 6| 40 €| 50 ¢ S0 C 70 C 60 C| 50 C 35 0| 25 C| 25 6 20¢| 30 ¢ .5 o]
c-54 | /52 35 5|/50 5125 5| 95 5| 65 5| 65 5| 55 6 30 S| 65 5 30 S| 20 €| 95 €00 C|1a5 (}/40 cli70 ¢| 85 5|1L0 5150 5|i50 5i85 S
. [c=34 fioo-sod] 70 5|75 570 S48 5735 5|/05 5 90 5 80 5| 55 5| 30 S| 20 S| 65 S| 70 S/00 S$|120 5/30 5140 S|/60 5
72" |c-4A a0~ 82 s ¢l 70 c| 85 ¢l 50 615 C| 85 €| 60 c 76 C a5 ¢ 70 € 75 C| 70 ¢| 88 C|/35 ¢ 80 clizs ¢ 95 C| 60 €| 40 (]
c-24 | 78 ; 80 ¢ 75 ¢| 720 ¢, 70 G5 ¢ 50 C 40 ¢ 30 ¢
c—1A | 30~3" 15 ¢ 25¢ 15 €| 15 ¢ 15 ¢ 1.5 ¢ 20 ¢ 35 ¢ "48 ¢l 45 ¢ 35 ¢ 20 €| 15 € 15 ¢ /5 ¢l eso25 ¢l 156
c-38 | o 160 5/90 Si70 5 /65 §|/30 5425 5100 S| 70 5 | 25 5| 60 5 g0 S| 80 S| 20 5105 §|130 5|45 5|65 S H
o |c28 | & 40 C|l 55 € 70 €| 40 €| 90 G| 60 €| 65 ¢| 60 C 45 ¢| a5 ¢| 20 ¢l 80 ¢| 65 6 60 €| 70 ¢ 55 € 65 ¢, 40 €
c-68 | 37 zaczacz.aczscz.scsjc«sa5scsacasa4.5c:!5.5r:5ucc.ocs.5c25casczoczacz.sc*
¢’ [c-a8 | 2729° i 1.502062062062.56356156556}4064063.5(;;400306‘3DG4003.06256}&06‘2.06106 ]
e le20 | 88 80 ¢ 85 ¢ 45 ¢|/50 ©|/30 ¢|/1.0 ¢|ioo C 90 ¢l & ¢ (10 cl115 c|110 im0 ¢ 9 © ?ﬂﬂL N
cic | 2rar 20 ol 70 ¢ 25 ¢ a0 ¢ 35 6 45 ¢ 35 C 35 ¢ 40 0| 40 ¢ 35 6| 35 ¢/ a5 | a5 ¢l 256l 56 20 0 20 €
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TABLE- 6 THICKNESS REDUCTION ALONG FRACTURE LINES SHEET 3 OF 3
. OF NOTCHED FLAT PLATES *
STEEL | PLATELSPECIMEMTESTING DISTANCE FROM NOTCH, INCHES
wipTe,| sumser| TEME
" o LEFT SIDE OF PLATE RIGHT SIDE OF PLATE
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TABLE 7 SUMMARY OF 5- INOH WIDE FLATE RESULD® Fage 1 of 3
3teel Desoription of tesd plate Tempersture Energy ib~ | Tisld (Nominal |Fraoture| Type of
of Test |sarbed to Paint Stress |Stress Fraotwre
Oode lotter, 4o | % | Type |Width |Micnees Depth wiath oF. Naxim, Joad | Psl {Max. ) Pt 4 Shear
type & Mmmfas - in. in. . » in.=1b. Pui
4 is rolled 0,251 0,47 Mashined| 3 3/4 nons neme &7 Hot 56,800 | 64,500 | 55,200 100
Carnegie-I11nold Mje 27 Recorded | 40,800 | 86,800 | 58,300 80
9 37,100 | 85,000 | 86,300 7
-9 42,%00 | 52,000 | 56,700 7
-8B 49,500 | 78,900 | 61,400 33
A 48 rolled 0.25 | 047 Shenred 3 3/4 nome nove
Carnegle-Illincis .7} 51 b 33,570 | 61,440 7070 100
41 38,030 | 59,720 5,770 100
28 37,600 | 86,100 | &8,300 15
7 36,300 | 65,900 | 85,900 1
A As rolled 0085 | 0.47 | Fotohed 3 3/ 1/s 0,042 95 14,690 34,200 | 55,500 | 14,900 160
Carnsgie~Illincis Egus 80 35,590 | 87,580 | 19,126 100
80 45,100 | 58,100 | 86,400 96
mn 42,300 | 60,200 | 27,800 9%
70 3T,000 | 51,800 | 19,100 97
62 13,400 37,070 | 56,760 | 19,200 100
5 43,500 | 61,500 | 60,300 7
4B 13,570 87,490 | 57,920 | 50,880 29
50 43,400 | 61,600 | 61,800 8
21 15,180 38,500 | 59,700 | 59,700 4
=15 48,900 | &8,000 | 66,000 6
B s rollsa 0418 | 0.72 ! Fotohed a 8/4 1/a 0,048 70 36,800 | 59,600 | 15,800 100
Bethlahem Biges 49 21,800 37,A80 | 80,800 | 19,810 100
56 37,700 | E9,400 | 21,500 100
56 56,800 | 85,200 | 17,500 92
22 57,880 | 85,800 | 49,000 17
20 16,730 26,100 | 60,000 | 53,300 1s
[ 40,500 185,800 | 81,200 n
0 40,800 | 65,800 | 88,800 &
=19 58,700 (48,800 | £5,400 12
w2 28,850 39,950 | 86,750 | 86,720 4
B NWormalised | 0.18 | 0,72 | Hotched 3 3/t /4 0.042 80 41,500 (Be,800 | 16,500 100
Bethlsham Rlzes 38 41,800 | 80,800 28,600 £
16 80,330 40,700 (60,000 | 20,800 100
5 15,580 41,806 (60,800 | 19,180 100
-1 48,800 (62,700 | 51,400 41
-6 43,100 (64,800 | &4,800 5
w21 11,850 40,000 “‘ﬁ 57,890 '
-37 18,#00 43,500 | 85,1 83,100 2
¢ Az rolled 0u25 | 0sA% | Maohined| 3 3/4 nene nene 106 Fot 54,800 | 65,400 | 53,300 100
Carnegle-I1linols Blges 7 Recorded (35,800 | 68,000 | 58,800 100
58 36,760 | 66,080 | B5,860 53
3 58,800 | 68,000 | 81,600 48
22 57,800 | 70,400 | 40,100 A5
43 50,190 41,780 | 70,440 | 80,000 5
C  is rolled 0u25 | 0.49 |Sheared | Z-1/8 5/ none nome 162 Not 54,020 | 64,360 5,10 100
Carnsie~Illinois Bige 135 Recordsd |34,7.0 | 63,780 4,150 100
183 34,630 | 68,850 5,840 100
119 58,490 | 64,990 | 84,990 3
110 3,570 | GE, B8 | 65,590 o
100 38,510 | 60,180 | 60,180 [
] BLCRRO | 84,210 | 64,310 0
98 34,950 | 66,380 8,705 100
20 34,550 (87,180 | c2,6a0 n
% 65,900 | 43,800 0
87 50,500 | 50,500 | 50,500 0
€ As rolled De26 | D449 | Notohed 3 ia 1/4 0.042 B Wot 45,700 | 61,800 | 18,000 100
Carnegie={1lincis Biges 8 Boaorded (47,200 | 83,400 | 21,800 190
" 46,500 | 62,000 | 17,300 loo
B4 48,700 | 65,000 | 19,300 100
35 47,300 | 64,100 | 25,800 7
5 49,600 |&&,500 | 66,500 8
1 48,500 | 67,000 | 67,000 8
1 50,100 |&7,500 | 87,500 8
G 48 volled 0.25 | 0,49 Notohed ] 5/8 1/ 0,042 110 12,000 42,510 (68,850 | 25,320 100
Carnegle=I1l1nois Bdges 102 10,100 42,600 |62,600 | 81,300 %
98 9,990 48,750 | 64,000 | 85,730 100
89 41,600 | 83,300 | 55,800 1]
73 45,100 (66,100 | 66,100 3
80 10,480 44,250 | 65,880 | 85,880 $
39 44,000 |83,900 | 65,900 9
0 A9 rolled 0485 { 0,47 | Notched S 3fa 1/4 0,048 149 Not 48,100 161,500 | 19,300 100
Qarnegie=I1lineia Blges 129 Récorded (42,100 |&3,500 33,400 95
115 15,090 39,200 )&3,400 | 85,000 90
107 40,700 [62,800 | 38,600 "
18 13,760 40,810 (83,000 | 7,860 e
91 40,200 | 61,900 | 44,800 40
90 15,080 40,800 63,900 | 83,900 ¢
87 40,700 | 43,800 | 8,800 15
80 9,710 41,820 (63,490 | 83,490 2
Y5 41,600 (63,200 | &5,200 s
n 12,080 41,300 | 82,900 | 62,900 4
[ 10,050 41,500 65,400 | 63,400 z
“ 48,500 | 64,400 | 64,400 [
) 48,900 | 84,900 | &4,900 4
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TABLE 7 SUMIARY OF 3 INCH WILE PLATE RESGLTS Page 2 of 3
Energy Tiald Nominal | Fracture |Type of
QOode letter, type of Teat Absorbed Point Stress | Streas Fracture
and Namfeo turer dc ! ftn | Type 1dth [thickness | Depth | Width op, to Maxim, Ped (max.) | Pms 4 Shaar
in. in in, in. Joad in-1b Fal
0 s rolled Hotohed Fot
Carnegle=I11inols | 0,25 0.49 | Bdges 5 1 1/4 0.042 159 Recorded | 40,960 | 64,400 | 36,000 100
146 39,200 | 62,800 | 39,500 %
142 40,800 | 61,800 | 33,800 9
137 38,800 | 60,400 | 60,400 22
135 16,100 36,640 | 62,080 | 82,080 2
122 18,400 37,600 | 62,000 | 61,500 16
100 42,400 | 57,800 | 57,800 1
80 3,810 368,890 | 49,950 | 49,960 0
4 42,400 | 63,500 | 63,500 4
C  Ap rolled Rotchad s
Carnegie-Illinois | 0,85 0,49 Pdges 3 11/ 1/4 0,002 161 34,600 | 62,500 | 45,800 100
5 58,200 | 56,100 | 29,000 *
19 39,100 | 57,200 | 29,800 92
135 59,600 | 58,200 | 52,900 3
7 17,000 54,300 | 58,100 | 34,600 58
118 40,000 | 59,500 | 59,300 n
111 20,564 35,140 | 59,460 | 59,460 11
4 88,900 | 55,800 | 65,800 ]
a 43 rolled Canter
Carmegla-Illinois | 0.25 | 0.49 | Notohed 3 3/a 1/2 0.042 Fhe ) 12,000 56,600 | 62,490 | 18,110 100
L] 11,700 44,250 { 72,040 | 26,925 100
0 11,500 43,760 | 70,490 | 70,490 ]
60 12,975 41,000 | 65,000 | 55,000 &
0 As rolied Qenter
Oarnegle=-I11inois | 025 | 0.49 | Notahed 3 11/8 1/e 0.042 139 56,800 | 61,500 | 25,200 100
100 18,860 40,000 | 63,800 | 24,700 100
1] 19,320 89,160 | 64,890 | 61,400 14
7% 21,500 40,400 | 54,500 | 63,800 7
&0 21,810 41,380 | 66,030 | s8,030 4
€ As rolled Notched
Carnegle-I1linois | 0.25| 0.49 | Bdges, 5 1/2 1/4 0,042 no 9,000 85,640 | 67,860 | 19,550 100
Machined 93 9,000 35,380 | 59,380 | 15,200 100
fram 1-1/8 75 8,800 33,800 | 59,520 | 59,520 z
stock
G  is rolled !
Carnegle-Illinola | 0.25( 0.49| Rotohed 5 s/8 1/4 0. 042 130 10,900 32,600 | 59,200 | 22,300 100
Bdges, 118 11,600 30,860 | 58,080 | 16,825 100
Machired 11 11,160 33,000 | 56,700 | 40,700 38
from 1-1/8 105 12,220 31,480.| 60,000 | 60,000 §
stock ¢ o8 10,560 31,930 | 68,710 | 87,420 ]
90 11,770 32,900 | 56,700 | 58,500 9
G 4m rolled Notohad
Carnagie-Illinois | 0.25| 0449 | Edpes, 3 3/4 1/4 0,042 181 9,000 52,800 | 58,5600 | 28,800 100
Mawhined 140 13,170 30,670 | 59,830 | 17,070 100
fram 1-1/8 132 12,660 51,730 | 59,310 | 20,210 96
stoal 123 14,620 31,610 | 68,630 | 20,790 100
121 11,180 81,900 | 57,800 | 27,200 56
108 17,350 31,130 | 59,360 | 58,150 is
9 11,640 33,600 | 59,980 | 69,980 3
a8 16,180 32,560 | 60,440 | 58,100 12
O  As rolled Rotohed .
Carnegle-Illinois | 0,26 0.49 | Bdgas, 3 1 1/4 0.042 160 14,020 34,480 | 68,370 | 29,460 92
Machined 142 14,640 52,800 | 57,600 | 56,500 g2
from 1-1/8 10 15,240 35,500 | 59,600 | 49,300 15
stoak 105 14,800 335,900 | 69,900 | £9,900 2
0  is rolled Notched
Carnegie=Illinoin | 0.25( 0.49 | Bdges 2 1/2 5/3% 0,087 63 4,470 40,300 | 67,600 & BO,600 i00
13 10,080 49,100 | 64,700 100
40 5,005 49,900 | 67,400 | 30,000 100
33 64430 50,100 | 68,000 | 68,000 5
265 4,770 47,900 | §0,000 | 48,000 5
10 5,500 49,100 | 89,100 | 59,100 5
G As rolled Notohed
Carnegie-Illinots | 0.25] 0.45 EAges 21/2 5/8 732 0,054 106 7,520 42,290 | 64,070 | 35,440 97
93 8,640 44,770 | 66,920 | 25,080 100
80 5,300 44,580 | 64,750 | 64,730 1
86 7,350 45,410 | 67,420 | 67,420 0
58 3,970 4,600 | 51,220 | 61,220 1
C  As rolled Kotched
Carnegle-Illinois | 0,25 | 0.49 | Bdges 4 1 5/15 04058 170 16,390 35,740 | 67,980 | 26,400 o8
161 13,920 36,150 | £0,180 | 34,190 - 85
188 14,030 57,020 | 59,40 | 50,330 19
152 31,840 36,600 | 61,020 | 47,400 n
45 17,250 36,300 | 58,010 | 40,360 5L
154 19.510 £1,200 | 1,110 5
120 13,300 56,600 | 57,080 | 57,080 f )
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TABLE 7 SUMMARY OF 3 INCH WIDE PLATE RESULIS Page 3 of 3
Steel £ Tamer . Energy “Yield | Nominal | Fracturs| Type of |
Code letter, tyve i Rotch of Tast Abmorbed | Point Strase | Stress Practure
and Mamufacturer 4o {Bm | Type g1dth Thickress | Depth [Width OF, to Maxim.| Pei (max. ) PR %4 ghear
in, in, . | ip. Lomd im=1b Pei
€ A3 rolled Notched -
Oarnegia-I111inois | 0.25 | 0.49 | Fdgesn 4-1/2| 11/8 13/32 0.058 151 27,460 | 85,210 | 58,620 | 29,760 98
19 35,470 58,190 | 25,920 94
131 26,350 | 33,6570 | 56,640 | 26,860 25
126 24,790 | 33,630 | 56,100 | 56,100 3
119 24,540 57,790 | 57,730 4
109 28,410 | s3,509 | B7,660 | 57,680 3
D Normalized Kotohed
Lukens 0.19 | 0.52 | miges 3 3/4 1/4 0,042 66 43,500 | 65,000 | 21,200 100
58 44,700 | 64,000 | 21,000 100
47 41,000 | 64,500 | 22,700 100
6 15,770 37,310 | 59,100 | 28,260 97
2 40,000 | 63,400 | 63,400 [
. 16 21,750 41,550 | 65,890 | 66,470 7
0 17,160 43,700 | 67,500 | 43,500 29
- 20 19,800 45,350 | 69,760 | 69,760 7
E 48 rolled Hotohed
Luicens 0,23 | 0.39 | Bdges 3 3/4 1/4 0.042 160 7,680 34,330 | 53,950 | 21,800 100
151 36,000 | 56,600 | 24,700 96
141 10,740 35,660 | 56,080 | 32,340 100
132 9,520 35,400 | 53,430 | 24,860 100
128 12,160 55,575 | 56,430 | 29,780 100
128 36,300 | 66,200 | 56,200 21
110 85,400 | 86,500 | 66,500 13
90 37,200 | 57,300 | 57,300 9
87 37,700 | 56,300 | 56,300 3
“ 39,300 | 59,700 | 59,700 2
% Ain rolled Fhoared
lukensg 0,23 | 0439 | 2dge 3 3/4 none none 82 36,400 | 60,100 | 6,390 100
65 31,900 | 57,100 | 7,990 100
53 35,800 | 62,900 | 47,800 24
47 34,880 | 49,760 | 49,760 o
39 33,600 | 63,200 | 54,000 8
H As rolled 0416 | 0.85 | Notohed 56 41,100 | 65,300 | 19,750 100
Bothlshem BEdges 3 3/4 1/4 0,042 7 18,960 41,080 | 65,180 | 20,270 100
: 40 19,630 41,610 | 66,300 | 25,160 88
35 15,630 42,880 | 66,960 | 54,080 14
32 12,850 42,180 | 85,100 | 65,100 3
25 18,030 42,650 | 67,950 | 58,150 19
20 18,370 42,550 , 67,500 | 83,500 25
15 20,910 42,630 | 65,120 | 53,330 30
1 £0,210 43,400 | 70,600 | 68,500 156
-1l 20,200 42,820 | 70,120 | 69,200 12
- 19 18,640 435,640 | 69,440 | 64,420 18
- 33 15,220 44,440 | 68,282 | 68,280 1
HE s rollsd Shearad =50 46,100 | 66,800 | 66,800 3
Bethlehen 0.16 | 0.85 | Edge 3 3/4 none nons 55 40,000 | 66,950 | 1,600 100
28 40,450 | 67,450 540 100
23 38,770 | 67,100 | 50,620 27
4 §7,080 | 1,070 100
-9 40,000 | 67,750 H
20 39,470 | 67,110 | 67,110 ¢
20 42,100 | 65,900 | 3,800 100
N As rolled Notahed
Lukens 0.13 | 0ed9 | Biges 3 3/4 1/4 04042 2 63,000 | 79,500 | 44,700 96
Fiakel Alley 24 19,500 66,060 | 73,500 | 29,+40 96
18 64,400 | B1,900 | 79,200 12
1 64,300 | 83,200 | B3,200 6
- & 65,000 | 86,500 | 84,300 8
- 19 22,200 69,860 | 86,400 | 57,100 96
- 20 18,410 69,540 | 84,080 | 49,310 98
- 39 19,680 56,690 | 84,800 | 29,330 95
- 29 84,000 | 83,500 | 83,500 4
- 63 17,500 71,860 | 84,660 | 46,560 96
4§  ‘menched flotched
and Drawn 0.23 | 1,08 | HAges 3 3/4 1/4 0.042 57 18,120 64,320 | 81,180 | 36,040 26
Tepublio BO 18,520 56,720 | 73,720 | 33,510 100
4z 62,200 | 80,900 | 76,600 26
40 22,430 62,160 | 79,370 | 34,590 100
34 15,925 60,000 | 79,130 | 79,130 4
31 19,785 63,800 | 81,130 | 42,870 4
30 20,680 58,900 | 78,170 | 75,690 2
29 57,600 | 80,300 | 31,800 100
16 65,300 | 80,500 | 80,500 4
1 13,080 67,920 | 82,960 | 82,960 3
2 68,700 | 83,500 | 82,300 9
- 13 £9,400 | 82,800 | 82,400 10
- 37 15,560 64,000 | 83,570 | 83,570 3
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TABLE 8 - COMPARISON OF ESTIMATED TRANSITION TEMPERATURsS FOR THE

VARIOUS TYPES OF SPECIMENS USZD IN THE INVsSTIGATION, F.

1 M . o .
Charpy Bars | z-iﬁ;'Tensidn Notchea F]at Plate qpeC¢mens
Steel Code | [ Edge | Sheared
Letter ; Long.uLTrans. Notched! = Zdge |- l2—1n| 2&—1n,! L8 1n4 72-in§108-in
! R - i
: P : ‘ ! =7 to ibelow 5 35 —
A 17 20 | 45 35, 25 1 37 [uee |
. R - . — 1 : [
Bap- .0 4y -8 5 | 5 . below {9 to i 33 below
s l - ) - I 328 UL i 328
) i ! . ) Af'belcw ? P
B car s | g e
e _ ' ;ﬁabout 180 to | above
el 22...} 20 90 . 120 90 . 88 i 100 90 32
f - "1 about ;, j !
H - =10 K i ~10 20 l 10 -15 —n o ; 20 —
.‘ ,1 ;' ; :
N -120° -170° _— - 61, — —_ 45 —
, ' ; +
Q ~60 ;=80 ¢ 35 _— 10 - —— —
W5 - b - - -5 — el —_—
: ~ - -
a.- Coldest test at 329F, resulted in 100 percent shear,
b.~ Coldest test at 48°F resulted in 100 percent shear.
- ¢.~ No definite transition temperature,.. .-
Note: Transition temperatures for Charpy bars were taken as a point

correspondlng to a temperature halfway between the maximum and
the minimum énergy values in Fig., 7 for the particular steel.

Transition temperatures for the 12-in. and 72-in, wide specimens
were taken as the value of temperature corresponding to an energy
value on the steeply sloping part of the energy~temperature curve
approximately one-half way between the maximum and minimum in
Figs. 8, 9 and 10,

Transition temperatures for 3-in. wide specimens were taken as
the temperature corresponding to a point halfway between a O
percent and a 100 percent shear fracture in Fig. 13 for the
particular steel,
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TABLE 9, ~- RADUCTIONS TN THICKNESS OF FLATE OBTAINED FROM SAFPLES
OF FRACTURED PLATTS OF SHIPS THAT FAILED IN SERVICE

T T e e

o g ‘ - :
' Percont Beductien -4in Thickness lMeasured
from Frac- . 1on i L4

Ship st Sevaral Locations Along Fracture
tured Sur-~ 2
7 face, ingbes— -} _ 2 3 4 5 & 7

0 3,16 2,93 3,09 2,61 —mmm o= imee—

- 1/16 2,45 2,37 2,29 1.82 =r-w mmem aoeo

5.5.Ses Bass 1/@ 1,11 1.1 1,27 0,79 === ==be ceee-

i 1/4 0,52 03,55 0,40 0,47 =me=  ==c=  <ce-

1/2 0.08 0,08 0,24 0,00 =mm== =;==  =mo-

3/4 0.08 0,00 0.00 0.00. =mme  me== =———

0. 0.29° 1.45. 3,48 35.19 2,03 1.16 2:.03

o 1/16 0.29 0.58 2.6l 2,32 2,03 0.87 1.74

‘ 1,8 0,00 0,20, 1,45 1,45 2,03 0.87 1,16

o 8.8 Jussell I 1/4 0.00 ©.00 1.16 1.16 1.74 0,58 0.87

N 1/2 0,00 0,00 0.87 0,87 1.16 0.58 0,58

3/4 wmme mwmm 0,29 mmmm mmme eeee 0,29
0 2.33 2,04 0.58
1/16 1,46 0,58 0.00
§.8. Jemes Gunn 1/8 . 0,29 70.28 0,00
* 1/4 0.29 770,00 ©.00
C1/2 0.00 0,00 0.00
5/4 0.00 0,00 0.00

All aBove valﬁeé ”ere;cﬁtaﬂnea at or near frachures of cleavage type.




TABLE 10 ~ KHeCORD OF LOADS AT WHICH CRACKS STARTFN

L7

Specimen
Number

A A
A34

ALA
ASA
AlB
A3B
A3C
A3D
ASD

RTINS
LA

B7A
B8A
B6B
B5D
B6D
B7D
BYD
B1OD

C-108
CLA
C5A
ClD
C3D
€sD
C51XD
C52:D

HIA
H2A
HLA

N1A
N2A
N3A
N1D

N2D

AN Lr

N3D
N41XD

Q2D
Q121D

Development of Crack

T%mp. Load, Nominal

F. Kips Stress

kesi -
LG 1320 32.6
10 1300 32.1
45 1400 34.6
.68 910 33.7
48 950 35.2
-6 505 374
50 250 38,0
-8 220 32.6
32 1750 28.8
9 1250 30.8
16 1150 284
45 9Co 33.3
50 240 35.6
50 325 48.1
=34 270 40.0
-7 214-0 35 06
12 265 39.3
32 1900 31k
81 1320 32.6
152 1350 33.3
32 257 38.1
i0l 270 40,0
143 275 40.8
121 290 43.0
90 270 40.0
68 1640 0.5
25 1500 37,0
-18 1450 35.8
-53 1650 LC.7
~32 2250 55.5
2 2000 L9.4
-29 385 55.6
~60 135 iy Ly
72 360 53.3
-5 430 63.7
134 390 57.8
86 385 57.0

!

t
Max, Nominal;

Stress
ksi

40,3
35,8
40,0
LO.7
41,1
38.1
48.1

-]

W
0
O

i
f
!
!
!
i

100

160
100
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TABLE D1

SUMMARY OF RESULTS OF TESTS ON_GEOMETRICALLY-SIMITAR SPECIMENS

Note: All specimens made from a single annealed plate containing 25% carbon

Stress at
forma tion Nominal Redw tion in Thickness
Size Temp. of] {ype of of first Stress at %
Test crack Max. Lead

Inches Op. Fracture Ksi Ksi M i Minimm
75 1007 Shear 40.3 L45.7 29.8 19.8
75 100% Shear L2.5 L5.7 28.4 20.0
32 % 100% Shear x 45.2 26,7 15.6
3-in. wide Q 100% Shear X L7.9 30.0 18.9
9-im. long -20 9L% Shear x L5.2 25.1: 17.3

0.180" thick -30 1% Shear x L7.2 21.0 0
~40 0% Shear X 50.3 26,2 1.2
90 * 100% Shear x Lol 25.6 17.7
b6-in, wide 70 100% Shear 375 .5 25.7 15.1
18-in, long 68 1007 Shear 37.5 L2.8 20,5 6.9
0,360" thick 50 st Shear and Cleavage x Ll 2 23.1 7.8
32 « 0% Shear X L5 .5 22.3 2.0
125 60% Shear 3203 3!4914— 19-5 2.9
12-in,wide 102 * 0% Shear x 39.1 19,7 1.7
36—in.long 70 * 0% Shear xx 35.2 14.8 0.9
0.720% thick 70 0% Shear 27.5 39.9 17.9 1.4
32 # 0% Shear x 50.9 16.2 1.4

* Test resultis
x Observations

xx Not cbserved

reported in previous report (Bibliography 2)
not possible in these tests because of type of temperature control housing used,

6%
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FIGURE 25A
SPECIMEN H-8D

VIEN OF FRACTURE AT NOTCH ({5x)

——
.
s
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- °

FIGURE 25D (Section DD in Fig.
SPECIMEN H-8D

254)
CUT ACROSS

THICKNESS OF SPECIMEN SHONING
OPENNINGS ALONG SEAMS OF NONMETALLIC INCLUSIONS. UNETCHED (50x)
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FIGURE 25 B
SPECIMEN H-10D VIEN OF FRACTURE AT NOTCH (5x)

FIGURE 25 E (Section EE in Fig. 25B8)
SPECIMEN H-10D CUT ACROSS THICKNESS OF SPECIMEN SHOWING
OFENNINGS ALONG SEAMS OF NONMETALLIC INCLUSIONS. UNETCHED {(50x)
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FIGURE 2& C

SPECIMEN H=82xD VIEW OF FRACTURE AT

FIGURE 25 F (Section FF in Fig. 25C)
SPECIMEN H-82xD

CUT ACROSS TEICKNESS OF SPECIMEN SHOWING
OPENNING ALONG SEAMS OF NONMETALLIC

INCLUSIONS. UNETCHED (50x)
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FIG. 26 A

SPECIMEN Q 38

Quenched from 1600o Fe

Drawn at 1300°F for 1-3/4 hrs
Requenched fram 1600°F.
Redrawn at 1245°F for 2 hrs.

FIG. 26 B  ——
SPECIMEN Q 14
Quenched frem 1600°F.
Drawn at 1300°F, for 1-3/4 hrs.

FIG, 26 C
«—— SPECIMEN Q 1
Quenched from IGOOOF-
Drewn at 1300°F. for 1-3/4 hrs.

FIGURE 26  PHOTOMICROGRAPHS OF SPECIMENS OF STEEL Q

(Btched for 15 seconds in 2% Nital, 250x )



Steel B
n

Steel C

FIGURE 27 PHOTOMICROGRAPHS OF STEELS A, B,., B, AND C. (100x)
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FIGURE 28

Stesl H

PHOTOMICROGRAPHS OF STEELS T, E, AND H {100x)
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Steel Q8
( 250x )

FIGURE 29 PHOTOMICROGRAPHS OF STEELS N, Q, AND QS
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FIG A-68 PERCENT ELONGATION PLATE BI-108 (rmen 6rp)

"B~ STEEL, I08-INCH WIDE PLATE NOMINAL STRENSTH 367 KSi
TEMPERATURE 3/°F 100% SHEAR
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View of Internal Surface of Tube at Break (15x)
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FIG D-1-DIMENSIONS OF GEOMETRICALLY SiMI-
LAR SIZE EFFECT SPECIMENS.
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FIG. D-2- DISTORTION CURVE FOR GEOME TRICALLY
SIMILAR SPECIMENS
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FIG. D-3VARIATION OF LONGITUDINAL STRAIN WITH DISTANCE

FROM TRANSVERSE AXIS FOR 3-INCH SIZE EFFECT SPEC:-
MEN"2" MEASURED AT BASE OF NOTGH, TESTED AT ROOM
TEMFERATURE AND <0000 PS5/
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FIG.D-4 VARIATION OF LONGITUDINAL STRAIN WITH TRANSVERSE
DISTANCE FROM MOTGH FOR A 3-INCH SIZE EFFECT SFEGH

MEN. TESTED AT ROOM TEMPERATURE AND 37500 FS51.
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FIG. D5 -- Apparatus for Measuring Photogrids on

3ize Effect Specimen
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