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ABSTRACT

A simple but reliable method for evaluating the noteh sensitivity

of hull steel before the steel hes been rolled into plate is sought. The

tion prectice, temperature of hot rolling, rate of cooling following hot
rolling, and susceptibility to strain aping.

At present, no method is known for obtaining sound test samples
in the asecast condition from low=silicon hull steel. Sound samples for
test purposes may be obtained from ingot castings of steel with
relatively high {about .28%) silicon additions. Sound samples were
obtained from unicilled low~silicon steel by hot working the cast samples.

Several series of both the low- and high~silicon steels were made

Charpy impect tests and by e round Charpy impact bar, which was developed
to save machining time and cost.

Notched~bar impact values of the high-silicon steels with or
without aluminum deoxidetion, are low and not siganificantly different.
A marked superiority of the aluminum-killed steels is apparent when these
steels are properly normalized ond also when these or the lowesilicon
steels are hot rolled at proper temperatures. Specimens hot rolled and
then subjectsd to strain-aging show a further decrease in notched-bar
impaect resistance of the nonaluminum as compared with the aluminum-
killed steels.

A series of notched~bend bar tests qualitatively indicated the
same trends by fracture appearance and manner of bresking, but no

quantitative evaluations were obtained from static bend tests.



-

{n the suggestion of Mrs E., G. Toucedn, a series of wedge~
impsct tests of the type used by the malleable iron industry were made.
Results obtalned to date with this test are not conclusive and further

work is plenned. Future work will also ineclude further attempts to

obtain sound as-cast samples from semi-killed steels.
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INTRODUCTION

This report deals with work carried out under the supject con-
tract since its inception during the month of September, 1946, The
object is to develop a fairly simple but relieble method for evaluating
the gquality of hull steel before the steel is rolled into plate. Various-
testing procedures ars already heing employed for determininpg one or more

Tv +lam o
LIl LT D

is tapped.
industry, a spiral fluidify test is sometimes used to obtain an early
indication of the mold-filling capecity of the steel. Recently, a test
has been introduced for obtaining a preliminary measure of thé harden-
ability of steel. A test piece, Eimilar to‘the Joﬁiﬁy end guench speci-

men, is ecast from s furnsce sample into a metal mold, heated rapidly %o

the desired tempersture, and then end gusnched. Hardhess measurements on




and
"(d) Existing specifications are not sufficiently
selective to exclude stesl which is notch sensitive at
ship operating temperatures.h
The steels 1o be considered in this investigation are those speci-
fied as Greds M and Grade HT, Navy Department Specification 48S58f of
November 15, 1945, and the initial work will be done on steel within
the chemistry specified for Grade ¥ composition: 0.31% mex. C, 0.75%
max. Mn, 0.25% max. Si, 0.045% max S, and 0.055% P. Grade M steel is
usually produced as a semi~kllled type with very low silicon content
(eege, 0.03%), 0.20-0.25% C, and 0.40=0.50% Mn. A very small aluminum

addition is sometimes made 4o the ladle or meld to control rate of gas

Such steel does not give sound-ingofs, but containé numerous
blowholes which weld closed during hot rolling of the steel. In order
to obtain sound steel in small ingots, = silicon’ content of about O.15%
minimum must be used, and no meané of obtaining smell as-cast samples
of satisfactofy soundness from 16w—silicon, semi-killed steels is now
known.

The notch sensitivity of steel of Grade M composition is known
to depend to & large extent on the following fécfors:

1, Degr

2. Temperature of hot roll&ng or normalizing.

3. Rate of coéling following hot rolling or
normelizing.

4. Susceptibility to strain aging.




Y.

While only the first of these factors is determined by steel-
making practice, the variables of processing the finished plate may be
regarded as bringing out the good or poor quality inherent in the steel
at the time it is poured. Since hmll plate steel is very definitely
exposed to lmportant variations in temperature of hot rolling, rate of
cooling after hot rolling, and conditions of strain aging, it is evident
that there is no assurance that an "as-cast™ sample will behave like
finished plate from the same furnace melt.

In the design of a test, it is not sufficient to distinguish
differences between as-cast samples, unless such differences can be shown
to persist in plate finished from the same steel. The fundamentsl
causes of variations in notch sensitivity éf steel of Grade M- type com-
position are not known, although a good background which permits some
predictions is gradually deve_‘L'oping.‘2"5 Thus far, no success has besn
had in attempts to correlate chemical composition or other physical
properties with notch semsitivity.

Tt is established -that hull plate made from steel fully killed
with aluminum %s less noteh sensitive in the hot=rolled condition than
steel not aluminum killed, and also is less subject to furtheri decreasec
in notchw=impact resistance when the stecls are strain aged. Fop wvarious
reasons, it has been considered uneconomical to produce hull plate from
fully killed steel. ngever, the use of aluminum-killed steel provides
a means of obtaining samples with high notched-bar impsct resistance in

comparison with nonaluminum steel. These semples can be used to determine

Ze¢ J. Rs Low and H. Gensamer, "Aging and the Yield Foint in Steel",

- Metals Technology, December, 1943 (A.I.M.E. T.P., 1644).
3+ S. Epstein and H. L. Jiller, "Aging in Iron and Steel”, Metals
Hondbook, American Society for Metals, Cleveland, 1939, pp. 602-611.
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the utility of wvarlous testing methods to be consideread.

In summary of the above discussion, to accomplish the purpose
of developing a test which will show up the same quality differences as
the notched-bar impact test and which will be convenient to carry out on
furnace or ladle samples, it is necessary to overcome three problems:

1. Production of good=and poor-quality steel to "test the
test". It is to be expected that this can be done
by varying the deoxidation practice and heat treat-
ment mccording to established practices.

2, Obtaining sound samples for testing. It is not
kniown whether this can be done for low-silicon,

ag-cast samples. Additions of deoxidants to ths

3« Accounting for variables in processing of plate
which may increase the notch sensitivity of
finished plate in comperison to that of the
furnace or ladle test samples.
The following seotions describe the progress of experimental work

directed toward solution of these problems.

EXFERIMENTAL WORK

Production of Steels for Testing

The initial effort was to prepare good-and poor-quality steels,
as determined by notched-bar impact tests, by altering the deoxidation

practice used. The deoxidation variable was the amount of aluminum



added. Table 1 gives chemical compositions of experimental steels used.
The sluminum-treated and nonaluminum~treated stesls which were used as
comparisons are listed in pairs which were made up in two ways, matched
melts and split melts. Most of the melts listed in Table 1 are split
melts, made by pouring off part of the steel and then adding aluminum to
the remainder of the melt. Matched melts were two melts made to cobtain
aluminum~ and nonsluminum-treated steels of as nearly as possible
identical time of melting, time of additions, power input to furnace,
tapping temperature, and chemical composition except for aluminum
content.

Table 2 gives & typieal melting record for a split melt. A
matched set of melts would be made in the same menner, except that there
would be no difference in the treatuent of different ingots or castings
poured from the melt.

In both the split melts and matched melts, base metal of Armco
iron punchings was placed in the furnace with C.10 per cent mangsness as
ferromanganese and the amount of silicon indicated in Table 1 as ferro-
silicon before the melt-down was started. At the end of the melt-down
period, the melt wes skimmed free of slag, ferromanganese, ferrophosphorus,
ferrosilicon, and granular graphite were added to bring the molten metal
to the desired composition before pouring.

The chemical compositions given in Table 1 show the silicon
additions and recoveries. In further discussion, these steels are
designated high silicon and low silicon according to the amount of

silicon that was added to the melt. lLow-silicon steels received $.22



TARLE 1.

CIEMICAL COMPOSITICHS OF STEELS

Additions Before

Type Silicon Tap

Melt of Added to Silicon, Aluminum, Composition, %

Kumber Melt Steel Charpe, % % Lbs./Ton G ¥ P S g%

A~2399 Split Ao 0.10 0.25 Wone 0.24 0,40 0,032 0.038 0.06
A-2399 " A3 0.10 025 1.5 0.23  0.40 0.032 0.038 0,13
A-2887 1iatched G 0.10 0.25 Hone 0.24 0.46 0,027 0,027 0.14
A-2888 " I 0,20 0.11 2 0.2  0.40 0,029 0.027 0.05
A-2936 N I 0.10 0.08 None 0,21 0.37 0,024 0.032 0,01
A-2938 " J 0.10 0.12 2 0.22 0,34 0.022 0.034 0.02
A-2773 " M 0.20 0,00 Yone 0.22  0.37 0,023 0.0%0 0.01
A-2773 " ] 0.20 0.00 3 0.23  0.3% 0.023 0.030 0.08
A-3185 " 0 0.20 0.00 None 0.17 0.37 0.024 0.028 0.01
4-3185 " P 0420 0.00 6 0.22 0.42 0.024 0.028 0,01

-A-.



TABLE 2. MELTING RECORD

Heat No. A4-2399
Date - 23 September 1946
Purnace - 500-1b, Induction
Type of Lining -~ Mg0O; Type of Backing - MgO
Type of Melt -~ 3 Ingot Split

Charge and Additions

Total, C, I, S5i, R P, Al, Tine, Heat Log
Material Lbs. % % % % % % AV, Addition Tempa, e Notes
Armco Iron 493,000 0,04 0.020 0.002 0,013 0.004 9:00 Fe, FeSi, Felin
FeSi 0.8650 0.10 101345 Melted slag
Felln 0.826 0.008 0.10 10:55 removed
]
b
FeSi 1.630 Q.15
FeP 0,51 0.025 11:00 FeP 2880
PesS 0.26 0.025 11:00 Fe3 2880
FeMn 3,320 0.020 0.53 0.002 2920
C 1.06 G.21 1i:04 Fe3i & C 2940
501,045 0.278 0.850 0.264 0.028 0.029 11:08 2960 Slag re-
: moved
11:11 Ingot Al None 2980 iold temp.,
' Poured 250°F.
FeSi 0.43 0.10 11:11 FeSi
11:12 Ingot A2 2980 H¥old temp.,
) rourau O Da
Al 0,123 0.075 11:14 Al
11:15 Ingot A3 2940 Mold temp.,
Poured 250°F.

Remarks: Bleeding and slight rimming action on Ingot Al
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per cent or less silicon and high-silicon steels received 0.30 to (.35

per cent silicon.

Obtaining Sound Test Specimens

An importent requisite of any test f;r detormination of mechani-
cal properties of a metal is & sound test specimen. " A series of experi-
ments was carried out to detarmine the soundness of hull plate composi-
tions when poursd into different kinds of molds. It was found that the
low-silicon steel was too unsound for test purposes when poured into
either baked sand or copper chill molds in the form of round bars 1 inch
in diameter and 6 inches long or of keel bleocks. Ralsing the silicon

contont to 0.25 per cent or an addition of 0.1 per cent aluminum (2 1lbs./

ton equivalent) gave sound keel block castings, but the latter, certainly,

and the former, possibly, affect the notech sensitivity of the stesl
sample.

Sound samples mey be obtained from unsound castings by hot
working, which welds blowholes, in the same manner as sound plate is
obtained from unkilled ingots. It is alsc possible thst sound cestilaes
could be obtained by centrifuging at high spesds during solidification
or by use of & mold especially designed to give directional solidifica-
tion. Such methods (end all chill cesting) are open to the objection
that the metallurgical structures developed are radically different
from that of hote-rolled plate and the properties may vary correspondingly
unless subsequent special heat treatments ere used.

Therefors, these sﬁeciallcasting methods, and the possibility of

silicon additions to the sample, were temporarily neglected. Sound
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samples for test purposes were obtained either from high-silicon ingot
castings, or from low-silicon castings which were subjected to hot

working.

Standard Notched~Bar Impact Tests

[l

Venotch Charpy impeact tests over a suitable testing temperature
range were used as a stgndard‘measure of noteh sensitivity or guality.

Low—temperature impact values_were obtained by immersing speci-
mens in an acetone and dry—ice bath for fifteen minutes and then trans-
ferring the specimggs to the impe.ct testing machine and breaking them
within 2 few seconds. Figure 1 shows s schematic drawin
testing méchine which was originally designed for high-temperature work,
but adapted to lqw-temperature uses by substituting an acetone and dry-
ice bath in place of the smnll electric furgace. Low-temperaturs
Brinell hardness recdings were qbtained by immersing the ends of Charpy
spacimens in the bath and then applying & load of 500 kg. for 30 seéonds.

Table 3 gives impact ond hardness results for normnlized speci-

P o L L LY I S e T T YN L PR 4 TPy
("N Voo &LLEJ bUlll.iJ‘Ul Aedl o L5 Wil

mens
75°F., to -40°F. The specimens were taken from the center of 1/2-inch
and l-inch slices sewed from 165-1b. ingots and then normelized by hold-
ing ot the temperatures indicated in Table 3 for one hour, followed by

cooling in still amir. Table 4 gives results of Charpy V-noteh imptct

tests on steels G and H in both the as=cast and normalized conditions.x*

* Table 8 is & sumnary of metal treatments for notched-bar impact
tests discussed in this and subsequent sections of the report.
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TABLE 3, V-NOTCH CHARPY IMPACT AND HARTWESS TEST RESULTS FOR
STEFLS RECEIVING DIFFERENT DEOXIDATION TREATMENTS
Normalizing Vormalizing mact ’
Temperature, Thickness, Energy Absorue 33 ~Lba Brinell Hardness
Ingot No, °F. In, 75°F,  O°F. Lo°F, 75°F, O°F, _1g°F,
A2 1500 1/2 24 7 b 109 - _
A2 " ! 23 5 - 109 - -
A% " " 20 5 3 103 - o
A2 1500 1 20 5 3 103 - ~
A2 " " 21 6 3 111 - -
A3 " " 10 5 3 101 109 119
A% " " 10 5 i 101 - -
A2 1650 1(2 o5 7 1 113 - -
ip o ! 26 7 L 114 119 128
A3 " ; 32 16 It 109 - -
A3 " " 33 11 6 109 - -
A2 1650 1 2 6 3 109 - -
A2 " " 2 4 2 109 - -
A3 " " 33 7 3 103 - -
43 " " 32 10 3 109 - ~
A2 1800 1/2 21 5 3 109 - -
A2 " ' 20 5 L 1173 - -
A3 i i 38 12 5 109 - -
A3 " ! 37 1 5 103 - -




TABLE 3, (CONTINUED)
Normalizing Vormalizing Imnact Tests, .
Temperature, Thickness, Energy Absorbed, Ft,-Lbs, Brinell Hardness
Ingot NO. OFQ In. 75°F- OOF. -liooFo 75°F. OOFD _LIOOF-

h2 1800 1 20 5 3 109 - -
A2 " " 22 5 2 113 - -
AZ¥ " # 27 10 L 103 - -
AB L] ] 29 g 3 10 3 - -
A2 1950 1/2 18 a 2 109 - -
A2 " ' 19 3 114 - -
A3 ! " L0 10 5 109 - —
A3 " " 39 12 5 109 - -
A2 1950 1 18 5 3 109 - -
A2 " N 18 5 3 109 - -
A3 " " 36 12 5 103 - -

*

Steel A3 received an aluminum addition equivelent to 1~i/2 1bs,/ton.

~8ZT-
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. TABLE 4, V-NOTCH CHARPY IMPACT-TEST RESULTS OF AL UMINUM-
TREATED AND NONALUMINUMTREATED STEELS IN THE
AS-CAST AND NCRMALIZED CONDITION .

Heat Testing Impact Energy,
Steel Treatment Temperaturse : FtowLbs,
G As Zasb 75°F. 8 9 9
H* n 75°F. & 10 11
G " 0°F, 4 5 b
H " 0°F. 3. 4 5
G " ~40°F, 3 2.5 =
H " -40°F, 3 3 -
G 1800°F, 75°F. ' 27 29 30
H Normalize** 75°F. 47 49 50
G n 0°F, 5 6 8
H " ‘ 0°F, 9 10 12
G- 1 408, - 4 3,50 =
H " ~40°F, 3 4 -
¢ 1950 °F. ' 75°P, 15 18 21
H. Normalize** - 75°F. 25 30 a9
.G n 0°F.. 4 5 5
H " o°F, 5 5 6
G " “E0°F, 3 3.5 -
H " -40°F, 3 8 -

* Steel H received an aluminum eddition equivalent to 2 lbs./ton.

* .6 x 6 x l-inch sections held at temperature for 1 hour and’ cooled
in still air.
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The steels tested in the as~cast condition show very poor
impact resistance even in roomwtemperature tests. The fact that there
is no significant difference in notch sensitivity between the stesel
treated with aluninum and that not treated with aluminum discourages
thé:possibility of utilizing an as-cast sample Tor défermining the
llquélity of hull plate. - | - s

In the normalized condition, for normalizing temperatures of
1600°F, or higher, the aluminum-treated steels show markedly better
notched-bar impact resistance than the nonalﬁminum steels, for testing
temperatures of +75°F. and 0°F. At -40°F,, 'lthe impact resistance of

oL
1/2-inch-thick sections showed slightly higher impact resistance than
that normalized in l-inch~thick sections.

A& thorough micro-examination was made of the specimens from A-2
and A-3 steels. Mo significant differences in the structures, from the
surface to the center of éithsr the L/2- ;r l;inch seotions,. were
apparent in any one steel. Differences in structure between 1/2— and

l-inch sections from the same steels were slight as might have been

anticipated from the hardness and notched-bar impact values,

and A-3 ingots. The silicon-treated steel (A-2) exhibited a tendency

to develop a much coarscr ferrite grain size and irregular carbide
distribution at normalizing temperatures above 1650°F. Austenitic

grain coarsening, with which these changes arc associated, was inhibited

at temperatures up to 1B0OO°F., in the aluminum-treated steel (A=3).
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Specimens normalized et 1500°F, were evidently not heated above
the critical temperature, and, therefore, incompletely austenitized. The

aluninum=-treated steel was lesgs completely austenitized and appeared to

hts

x
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No method for readily distinguishing steels with good or poor

notch gengitivity was apparent from the microscoplic investigstion.

Development of Round Notched-Bar Iapact Specimen

The V-notch Charpy impact test is convenient for use in dster-

mining the notched=bar impact resistance of steels over a range of

T R, T T Flnd A s v i 5, ey .
Voo wLlly \-GHI.PU.I.RULM. frg Sid o WIIED 4 GDLJ Wiy LUV L0 OWpEI AU LAV R VS L= R OV SV Y
Izod test with circumflerential noteh, which is used in some labora-

toriess Because the machining operations on standard Charpy specimens
require more time and, consequently, greater cost in preparstion, it
was decided to try to use a round specimen with a circumferential notch
for a beam-type lmpact specimen which would be chempsr to prepare.
Normelized and as-cast samples of high-silicon steels, G and H,
which showed poor and good impact resistance in standard Venotch Charpy
tests, were turned down to l/?-inch—round bars in a lafhe. A tungsten
carbide tool ground to cut a 45° V-sngle notch with a 0.0l-inch notch
radius was then used to cut 0.05 ineh deep at two-inch intervals along
the lengths of the 1/2-inch-round bars. The bars were then sawed into
individual test specimens 2 inches long each with the notch in ths middle
of the length., The specimens were broken in a standard impact testing
mechine., Figure 2 is a photograph of round and stendard Charpy specimens

before and after bresking.
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Figure 2, Photograph of VeNotch Charpy end round Charpy
specimens before and after breaking.
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One difficulty with the round test pieces was that 1/2-inch-
diameter bgrs were a little large and sometimes jammed between the
hamner and the anvil of the teéting machine. This was corrected by
grinding off the corners at the ends of the test pieces:

Table b shows notched-bar impesect test results.for,steels G and
H with standard V-notch Chafpy specimens and roun@ Charpy specimens with
0.0l=-inch-radius notchs The values for the round:specimens'are higher
at all testing temperatures then those for standard specimens. The
decrease in impact resistance with decressed testing temperature is
less severe for the round than for the standard specimens.

Round Charpy specimens with O-OOS-inch-radiué notches 0.05 inch
deep were then mechined from normalized samples of steels G and H. The
values obtained are shown in Table 5 and Figufe 3+ The more severe
notech has given lower walues which are more comparsble with those
obtained for stendard specimens than the 0.0l-inch radius, snd 0.005-inch
radius was therefore used in preparing all subseguent round Cherpy bars.
Although the minimum velues obteined at -40°F. are not so low for the
round as for the standard specimens, the round specimen reedily dis=
tinguishes between the good= and poor-guality steels._ The round specimen
is leés expensive and time consuming to prepare, and, therefore, was
used in meking ths tests deseribed in the following sections of this

report.



TABLE 5., COMPARISON OF NOTCHED-BAR IKPACT VALUES FOR THE STAHDARD

me mma R ATT  mTTATITATY O OTEIATLIONAT OANITY MITN TIATTEN ATIATTIY QO A TN
V=H0TUH CHAXEPY oPFBULIMAN ANLD 100 OUUND LDHOARLL O DU LEBN

Round Charpy - ‘Round Charpy
Heat Testing Charpy V-Notch, 0.01~InsRadius Notch, 0.005«InsRadius Notch,
Steel Treatment Temperature - Ft.~Lbs. Ft.-Lbs, 7 Ft.-Lbs,
G 4s tast ~ 75°F. 8 9 9 12 13 15
i " 75°F, 6 10 11 10 12 12
¢ " a°F. s 55 6 6 - f
H " F. 3 4 5 5 7 7
G " -40°F, © 3 2.5 8 8
H " -40°F, ) 3 ] 5
G 1600°¥F, 75°F. 27 29 30 50 51 53 ) 28 29 30 31
H Normalized 75°R, 47 A9 50 57 64 67 39 43 47 47
G " 0°F. 5 8 8 27 28 30 10 12 13 13 L
H n : 0°F. 9 10 12 40 44 46 - © 15 18 20 20 %
G " -40°F. . 4 3.0 - 17.5 19 9. 9 12 14
H " -40°F, 3 4 19 23 : 10 10 10 11
G 1950 °F, 75°F. 15 18 21 36 44 44
H Normalized 75°F, 25 80 39 44 54 57
G " 0°F. 4 5 5 20 23 29
H " 0°F, 5 5 -8 28 32
G " -40°F, 3 3.0 7.5 10
H " -40°F, 3 8 12 13
E plnnl T manasd wad am aliwmirim addd+H4n amiivalont T4 2 7bc =/tc}n=
RUPEGTL [ LTUTLYOU @il GLWELMLGE Gl W Wil U Al VAL wile vy U] r
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Effect of Different Hot-Rolling Temperatures on Notched-Bar Impact
Resistance of Aluminum~Treated and Nonaluminum-Treated Steels

Four steels, two high—silicon and two low=-silicon, aluminum= and
nona luninum~treated, were hot rolled and finished at various temperatures
above the critical rangs. Round Cherpy specimens werse machined from the
finished bars and tested at 75°F., 0°F., and «40°F, to determine the
influence of different hot-rolling finishing temperatures upon the notch
sensitivity. The two high-silicon steels used in these experiments were
steels G and H, previously used to standardize the round Charpy bar
against the standerd test., Two metched melts, J and I, were made up
for low=silicon, aluminum~treated, and nonsluminum-treated steels used
in the experiments. Steels I and J were poured into baked core sand
molds which made small test castings 1 ineh in diameter and § inches
long, Since steels G and H were originally cast into 100-1b. ingots,
small ssctions 1 inch square and 6 inches long were sawed from the ingots.

Samples from the high~ and low-silicon steels were heated to &

rolling tomperature of 1950°F, in a large clectric furnace and given

sections from l-inch roundsor l-inch squares to square bars slightly
larger than 47/64 inch. These bars were returned to the furnace,
roheated to 1950°F., and rolled in three passes through the rolls from
47/64=inch sguares to 39/64-inch squares. The 39/64~inch bars from the
four steels were separated into four groups, and each group which con=-
tained bars from esch of the four steels was reheated to one of the
following four temperatures: 1500, 1600, 1800, and 1950°F. and then

piven the last pass through the rolls which reduced the cross section
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from 39/84-inch squere to 9/16-inch square. This operation gave 16
"éfdupé‘df éfééls cbnégstiﬁg‘of jSé-inbh-square bars from ihe aluminum-
‘and noneluminum-treated, high- and low-silicon steels which had beén
given their last hoterolling finishing pass at the four hot-rolling
témperatures listed above. The bars were then maohiged into round
Charpy specimens. The resulting specimens were tested at 75, 0, and
" =40°F,

Results of these tests are listed in Table 6 and plotited in Figures
"4 and 5. The high-silicon steels G and H (Figure 4) show a marked
superiority of sluminum treated over nonaluminum steels at finish
rolling temperatures of 1600 and . 1800°F, The advantege is less marked
at 1500°F. and- not evideat at 1950°F. Rolling temperature is, therefore,
an important variable which must be taken into sccount in development of
a steel=gquality test.

The low-silicon steels I and J (Figure 5) show less difference
than was expected between the aluminum-treated and nena luminum-treated
steelss A possible explanation was that with the low-silicon content,
en  aluminum addition egquivalent to 2 lbs./ton was insufficient for full
deoxidation.* An additional pair of steels, Q0 and P, was, therefore,
made to determine the effect of an aluminum addition equivalent to
6 1bs,/ton on the notched-ber impact resistence of the low-silicon steel
after hot rolling. Figure 6 shows that, with the larger aluminum
addition, & marked superiority in impact resisﬁance is shown for the

aluminum-treated steel finish hot rolled at 1600 or 18C0O°F.

* The amourit of aluminum required for deoxidation is influenced by the
raw materials and melting practice, and would be expected to be some-
what higher for the induction-furnece practice used in prepering
these steels than for normal basie open-hearth pr-oetice.



TABLE 6., EFFECT OF DIFFERENT HOT-ROLLING FIRISEING TENTFERATURES ON
HOTCE~TOUGHNESS PROPERTIES OF ALUMINUM« AMD NONALUMINUM =
TREATED, HIGH- AND LOW=-SILICON STEELS
Hot=Rolling Steel G Steel H
Finishing Testing High Silicon, High Silicon + Aluminum, 2 Lbs./Ton
Temperature Temperature Impact Energy, Ft.-Lbs. Impact Energy, Ft.-Lbs.

1500 °F. 75°F, 4645 52 66° 20 91
" 0°F. 16848 22 23.5 27 28
" -40°F, 18 16.5 22 i9

1600°F, 75°T, 43 45 110+ 110+ 110+
" Q°F. 17.5 17 41 45
" -40°F. 10.5 15 27 23

1800°F, 75°F, 47 36 29 110+ 110+ 110+
" 0°F. 9 12 13 18 : 23 24 30.5
n -40°F, Teb 10 11 13

1
]

1950°F. 75°F, 48 44 33 4 55 v
" 0°F. 13 1545 17 9.5 8.5
'T “40“1?. 11 15 6.5 9.0

Steel [ ' oteel J
Low Silicon, Low Silicon + Aluminum, 2 Lbs./Ton
Impact Energy, Ft.-Lbs, Impact Energy, Ft.-Lbs.

1500°F. 75°F. 20 51 55 60 73
" 0°F, 12 17.5 19 18 18 19.5
" -40°F. g 12 B.5 11,5

1600°F. 75°F, 17 25 36 43 70 83
" 0°F. 11.5 15,5 20 21.5
" -40°F, Be5 8.5 16.5 19.5




PABLE 6. (CONTINUED)

Hot-Rolling Steel I Steel J
Finishing Testing Low Silicon, Low Silicon + Aluminum, 2 Lbs./Ton
Temperature Temperature Impact Energy, Ft.-Lbs. Impact Bnergy, Ft.-Lbs. B
1800 °F. 75°F. 35 33 20 23
n 0°F. 13 14 14,5 10 156
" -40°7. 6 7 g 11
1950 °F. 75°F, 15 19 23 16 17
" 0°F. g 9.5 10 14 8 9.5 12.5
" -40°F, 8.5 7 11 12.0
Steel O Steel P
Low 8ilicon, Low Silicon + Aluminum, 6 Lbs,/Ton
Impact Energy, Ft.-Lbs. Impact Energy, Ft.-Lbs.
i
1600°F. 75°F. 40 39%  56* 79 90 83 97 X
" 0°F. 1545 2i.5 15 50 45 47 ¥
" -40 °F, 7 9 21 26 22
1800 °F. 75°F. 78* 35 40* 108 108 75%
" 0°F. 7 8.5 10 37 34 25
" -40°F. 10 7 6 19 19 22

Test specimen contained flaw,
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Microscopic examination of these hot-rolled steels was carried
outse As illustrated by the photomicrographs of Figures 7 and 8, the
aluminum-treated steels hot rolled and finished at 1600 and 1800°F. have
a finer ferrite grain size and a more regular carbide distribution than
the steel without an aluminum eddition. For 1950°F, hot rolling, all
steels are coarse grained with irregular cerbide distribution, and for
1500°F. hot rolling, the grain size is fine but not uniform, while the
carbide distribution is irregular and there is a tendency toward banding
(alternate concentrations of carbide and ferrite in layers parallel to
the rolling direction).

In general, the microstructures parallel those discussed earlier
for normalized steels. Although qualitative differsnces are apparent,
it would not be posesible to make an sccurate estimate of notch sensi-
tivity of the verious steels on the basis of the micro-examination alone.

Effect of Strain Aging on Notched-Bar Impact Resistance
of  Aluminum-Treated and Nonaluminum-Trested Steels

Two low-silicon steels, with and without aluminum (M and N),
were oast into l-ineh rounds 6 inches long, and two high-siliecon ingots,
with and without aluminum (G and H), were sectioned to give l-inch-square
bars 6 inches long. These bars were hot rolled and {inished at 1800°8.

The hot-rolled 9/16-inch bars were mechined into 0.500~inch and
0.527~inch rounds. The 0.500-inch rounds were notched, then sawed inte
two-inech lengths to be used directly for round Charpy specimens. The
0.527-inch rounds were slightly tepered for a2 short distance on one end

and cold reduced 10 per cent in cross-sectional ares by drawing through

8 0.500=inch die. The colde-drawn bars were then sawed into two-inch
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100 ‘ ‘ : ; 19908
b. Aluminum Added.

Hot-rolled and finished at 1600°F.

100 ) 49907 X100 49909
¢c. No aluminnn d, Aluminum added.
Hot-rolled and finished at 1800°F,
Figure 7, Microstructures of a high-silicon steel hot rolled at various

temperatures, Aluminum addition equivalent to 2 pounds per ton.
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X100 49913 X100 49915

- a, No aluminum b. Aluminum added.
Hot-rolled and finished at 1600°F,

“

X100 49914 X100 L9916
¢, No aluminum, d. Aluminum added,
Hot=rolled and finished at 1800°F,

Figure 8., Microstructures of a low=-silicon steel hot rolled at various
temperatures., Aluminum addition equivalent to 6 pounds
per ton.
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lengths, notched at their centers, and used for round Charpy specimens.
The latter strained test specimens;were placed in a beaker of boiling
water and aged for 40 minutes at 212°F. The strain-aged and nonstrain-
aged specimens were broken at 75°F., 0°F., and -40°F. The notch-
toughness values thus obtained_béfore and after are reccrded in Table 7
and plotted in Figure 5. It ﬁay be seen that there has been a marked
decrease in the notched-bar impact resistance of both.lowA and nigh-
silicon'steelé with no aluminum additipn,'but'that fhé same steels with
aluninum eddition show no signifiéant decreass after the strain-aging
treatment,

In processing, fabrication; and sérvice, hull piate steel is
subjected to varylag degrees of strain aging. The decrease in notph
toughness induced by strain aging may have a very imﬁ&rtant inlluence
én service performance. The above tests indicate fhﬁf various stesls

may be more or less susceptible to strain aging and thet this variable

must be taken into mccount in development of a steol quelity test.

¥Notched-Bar Bend Tests

The notched=~bar bend test has considerable merit in that it
closely represents the condition of structural failure in lhull steels.
'As shown by Sachs, and others4, when metals are tested in tension or
 bending, the prgsence of a notch increases the load et fracture if the

metal breaks in a completely brittle manner.

4, @, Sachs, L, J. Ebert, and W, F. Brown, "Comparison 8f Various

; Structural Alloy Steels by Means of the Static HotcheBar Tensile
Test". Metals Technology, Vol. 13, No. 8, December, '1946.
(A.I.¥.2. T.P., 2110.) : :

¥




TABLE 7. HOTCH-TOUGHNESS PROPERTIES OF LOW- AFD HIGH-SILICON

STEELS BEFORE AND AFTER STRAIN AGING

Before Strain Aging,

Impact Energy, Ff.-Lbs.

After Strain Aging,
Impact Energy, Ft.-Lbs,

Stesl Treatment Type 7E°F.  _ CO'Fe  =40°T. 75°F, C°F, -I0°F.
G ot Fin. Rolled 1800°F, High 8i a7 9 7.5 21.5 10,5 9
w Som l,' n 36 12.5 10. 21.5 10 8.5
n n n u n 29 13 - " 2145 10 Tab
" " " " " - 16 - 20.5 10 7
" on 1" ) " - - - 18 9 5
" .o ’ 1 n " - - - 14 C 8.5 &
i " wooon "o AR 110+ 23 1 100+ 36 < 11,5
11 n L] 1 " + A]_ 110+ 24: 13 96 27. 5 ’ 9
u - L " ® & Al 100 30,5 - 89 23 8.5
n " # " *o4oA) - - - 7845 14 . 8
1 " " " "o+ AL - - - 74 15.5 74 )
" " 1t " no4opy - - - 6845 - - 5
M " 1" 1t Low Si 28 8.5 5 14 8 - 445
n " " " " 15% 11 - 12 DeD 245
" " ] " 1] - - - 8.5 5 ’ 2.5
1" " n f " ..- - - 8.5 - 2.5
N : " n 1 LI A.l** 45 24 - 58 25 12
it i % W LRSS ] 51,5 12 9 45,5 24.5 11,5
" " n 1 *oyoal - - - 41 16 11
" i " " "oyoal - - - - - 9

* Specimen contained a flaw,

Aluminum addition equivalent to 3 lbs./%on.
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Whether or not & steel is brittle depends on the severity of the
stress
testing, and the rate of loading. A steel which fails in a ductile
manner, by shear deformation, under a given.set of testing conditions
may fail in & brittle menner, by cleavage fracture, if the temperaturs
of testing is lowered or the severity of the stress conceatration
increased (either by decreasing the radius of the notch or increesing
the cross-sectional area of the bar).

A series of bend barg was made from semples of steels A-Z and

A-3 which had been normelized at 1950°F. and had room-tempersture Charpy

bars were machined with & Venotch of 45° angle and 0.0l-inech radius.
Testing was carried out in testing mechine which limited the size of the
bars to be broken to 2-inch depth of section. The notched bars were
mounted on 4-inch centers in the mechine and slowly loaded to failurse.
The depth of noteh, the crogs-ssctional area, and the temperature of
tasting were variables. |

Initial tests were made on l-inchesquare bars, 6 inches in
length, with V'notches 0.079 inch deep (Figures 10a ond 10b). A& similar
t

4+ 1.

and AT
TiLIL UU Pu

se h of
and 10d). A third pair of bars with & notch depth of 1/2 inch was then
broken {Figures 10e and 10f). The latter notch depth was caleculated to
give the moximum stress concontration for this size bar (Figure 11).

The differences in breaking loads among the above peairs of steels

are not sufficient Yo separste the two steelse.® A pair of bars with a

* The slightly higher bresking loads for the steel without aluminum
than for the steel with zluminum are only eguivalent to the dif-
ference in Brinell hardness of the same two steels, Table 3.



Bend Bar Fractures
No Aluminum Aluminum Treated
a. Breaking load - 16,500 lbs. Notch depth 0,08 inch b. Breaking load - 15,700 lbs.

Ber depth = 1 inch
Bar width - 1 inch

No Aluminum Aluminum Treated

——————————— % ST S
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c. Breaking load - 64,000 lbs. Hotch depth - 0.08 inch d. Breaking load-60,000 1lbs.
Bar depth - 2 inches
Bar width - 1 inch

¥o Aluminmm . Aluminum Treated

e. Breaking load - 42,700 lbs. Notch depth 1/2 inch f. Breaking load - 38,500 lbs.
Bar depth - 2 inches _
Bar width - 1 inch

Figure 10. Fracture photographs and breaking loads of bars tested at room temperature.
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Figure 11. Variation in stress concentration as a function of
notch depth for bar of indicated dimensions,
(Caleulation by L, R. Jackson, Applied Physics
Division, Battelle Mamorial Institute.)
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l-inch-square cross section and a 0.08~inch-deep notch was broken at
-40°F,, using the arrangement sketched in Figure 12. Fracture photo~
graphs and breaking loads ere shown in Figure 13. At low testing
temperature, the breaking load of steels should increase (as does the
Brinell hardness in Table 3), and this was observed for the aluminum-~
treated steel (compare Figures 10b and 13b), but the steel without
aluninum (compare Figures 10a and 13a) shows a falling off in breaking
load with decremsing temperature. This falling off may be attributed
to its lack of notch toughness.

The two steels could be qualitatively separated by their fracture
appearance or manner of breaking. The nonaluminum steel snapped apart
when the breaking load of the notched-bend bars was reached in room-
temperature tests, while the aluminum~killed steels broke with a ductils
fracture under a gradually decreasing load. It would be possible %o
measure tho rate of crack propagation or the onergy of bresking caeleculated
from stress-deformation curves of room-temperature, notched-bar bend
tests. However, this appromch does not appeer to offer any particular
advantage over tie notched~bar impact test.

The falling off in bend loed of the notch-sensitive (nonaluminum)
steel does provide a demonstration of the denger of using such stecls

for critical structures.

Wedge=-Impact Tests

The Welker wedge test, which hes been used in the malleable iron
industry es a measure of impaoct resistance cof malleable iron after

ennealing, was investigated on the suzgestion of Mr. E. G Touceds,
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Figure 12, Bath for low-temperature testing of notched bend bars.




Bend Bar Fractures

Silicon Treated Aluminum Treated

a. Breaking load - 12,100 1bs. | Notch depth -0.08 inch b. Breaking lomd - 21,500 lbs.
Bar depth - 1 imch
Bar width - 1 inch

Figure 15. Fracture photographs and breaking loads for bars tested at -40°F.
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Consultant to the Burenu. of Ships, Wavy Department. The test is carried
out by placing a wedge-shaped specimen in a testing machine and repeatedly
‘dropping & 21-1b. weight on it frqﬁ a disteance of three and onse-half
feet. The standard size of the test specimen is 1 by.l/é iﬁch at the
base, 1 by 1/16 inch at the top, and 6 inches in length.

Prior to testing,.the top of the specimen Fs bent & small amount
to begin the "curl". Succeeding blows with the trip increase the curl.

The anvil of the testing machine may be adjusted to shif't the specimen
latermlly so that the tri

In order to apply this type of test to hull plate, it would be
necessary to establish that the test was capable of separating steels in
the same manner as notched-bar impact tests. High-silicon steels, A-2,
without alwainum and A-3 with aluminum, were used and wedge specimens
were machined from samples of the two steels both in the as-cast condi-
tion, where the notched-bar impact resistance was low and did not
separate the two steéls, end in the 1950°F. normalized condition, where
the nétchednbar impact resistance of the aluminum-killed stecl was
ﬁarkedly supe;ior to that of the steel without aluminum.

The wedge-impact tests were carried out in the laboratory of
the Malleable Iron Founders' Society, Cleveland, Ohio. Low-temperature
toests wore made by immersing the bars in en acetone and dry-ice bath and

‘holaing'at 8 temperature;5°F. below the testing temperature for 15

.’ﬁinutgs, then quickly transferring the $pecimen to the testing machine

and impacting three times. The specimen was returned to the bath for 5

minutes and the procedure repeated.
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Figure 14 gives test data and shows photographs of the specimens
after testing. The as-cast test bars had less resistance to these impact
" conditionsg than the normalized'test'bafs, but it was not possible to
separate the aluminum-treated steel from the nonaluminum steel and there
was considerable seatter in test results. An additional series of

" wedge-impact specimens is being prepared for testing.

SUMMARY

The problem of developing a fairly simple but reliable method
for evaluating the quality of hull plete before the steel is rolled into
plate is outlined., Notch gensitivity as judged by notched«bar impact

resistance over a suitable range of testing temperatures is taken as a

Two series of melts of hull plate-type steels with low silicon
(less then 0.12%) and high silicon (0.25% addition toc melt) were mede, with
and withogt aluminum additions. Sound samples, for test purposes, may
be obtaiqed from ingot oastings of the high-silicon steel, but the only
means thus far found for obtaining sound test specimens from unkilled,
low-silicon stesl (the m&jqr source of hull plate) is to hot work the
canst samples. |

Charpy V-notch impact values for the high-silicon steels, with

o arAd At 2 a3 A e
WE Qi LD W L

same steels are normalized at 1600°F., 1800°F., or 1950°F., the notched-

bar impact resistance of the aluminum-treated steel is markedly superior.



AS CAST SPECIMENS \ SPECIMENS NORMALIZED 1950°F. \

SPEC. | 2 3 5 6
STEEL A, Ay A Ay Ay
BLOWS 20* 14* 18" 18* 2 2 23* 22* 2i* 13 3 20*
TEMP 75°F 75°F O°F O°F. -10°F  -tO°F -20°F  _20°F -4Q°F. - 40°F, -40°F _40°F
# CURL OF TEST YOUGHED AMVIL OF TESTING MACHINE
STEEL COMPOSITIONS
STEEL c Mn  Si ) P Al ,
24 40 06 038 032 NO At ADDED g
23 40 .13 " 3LBS. PER TON Al ADDED : !
DATA TABLE o 19500 F
STEEL TESTING NO. [ y
NO. STEEL CONDITION TEMPR BLOWS NORMALIZED
i A, AS CAST 75°F. 20" 30
2 Ay oo 75°F. 14* e
3 A, - 0°F. 18" =
4 A, . - 0°F. is* ﬁzo
5 A, « m - 10°F. 2 R
6 A, . - 1O°F. 2 15
7 A, I950°F. NORMALIZE - 20°F. 23+ b
10
8 Ay " " _20°F. 22"
9 A, " - -40°F. 21" 5 .
10 A, " " -40°F. 13
1 A, . " -40°F. 3 ° )
12 A, “ u _40°F. 50" TESTING TEMP, *F.

NOTCH TOUGHNESS CURVES OF STEELS USED IN WEDGE
TEST

FIGURE 14 . WEDGE TEST DATA
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A round Cherpy specimen with circumferential notch was developed.

with good and poor notched-bar impact resistance than the standard
Charpy specimens.

A series of notched-bar impact tests was made on steel samples
not rolled end finished at various temperatures. A marked superiority
of aluminum-treated over nonaluminum steels was observed for finish
rolling temperatures of 1600°F. and 1B00°F., but not for lower or higher
temperatures. Specimens hot rolled and finished at 1800°F., then sub-
jected to strain eging, showed a further decrease in notched-bar impact
registance of the nonalumianum as compared to the eluminum-trested steels,
These tests (summarized in Table 8) indicate that, since various steels
are differently affected by hot-rolling tempsreture and strain-aging
conditions, thess variables of processing the steel must be taken into
aiccount in devslopment of a steel quality test.

A series of notched-bend bar tests was made on the high-silicon
steels with and without aluminum. With the most severe notch condition
convenient to obtain in small-size -specimens, it was necessary %o decrease
the testing temperature to =40°F, before a significant decrease in bend
load for the nonaluminum as compared with the nluminum~treated steel
was obtained. The two steels could be separated by their fracture
appearance or menuner of breaking in room-temperature tests, but this
possibility does not appear to offer any particulaer advantage over
noteched-bar impsct testing.

On the suggestion of ¥r. E. G. Touceda, & series of wedge-impact
tests was made. The results wers not significant because of scatter in

test valuesa




TABLE 8. SUMMARY OF M&TAL TREATMENTS AND RESULTS FOR NOICH-BAR IMPACT TESTS

o nast e Tested As Cast | T tested After Forging
: (1Y 20T ENergy, Fis/LDE. ¥inlshing i Em ﬁorg R.imu.
Steel* Addition  Inmte Treatment, °F. Tests 7o F. Y. Rolling  Temperaturs, °F, Tosts A * A
Ay Nons 185+1beflormalize 1500 V-Notoh Charpy 20-24 BuT
Ingos " 18560 " » 2426 &7
= 1800 = * 20=22 5
" 1950 " " 18-19 45
Ay 1} lbs./ton 16Bflbuformalize 1600 V-Noteh Charpy  10-20 58
Ingots » 1680 . " 32-35 7+16
» 1800 " » 27-38 812
n 1950 v " 35-40 10-12
G Nane 100+1%, == V-Hoteh Charpy 8-8" 45 1-inch square 1500 Round Charpy 46-88 1623
Ingoks Mormalise 16800 " " 27-30 58 to 9/16-inch 1600 . " 45-45 17-17.5
- 1960 “ - 15-21 &5 square 1800 » " 5647 8-16
" 1800 Roumd Charpy 28-31 10-18 ) (68,3% red.) 1950 » » 46-44 13-17
E 2 lbw./ton 100+1bgons =-  V-Fotoh Charpy 8-11 36 l-inoh square 1500 Round Charpy 90-91  27-28
Ingots [Hormalise 1800 " " 47-50 812 to 9/16-inch 1600 . " 110+ 41-46
. " 1860 " " - 25-39 6.6 square 1800 » " 110+ 23-30
. 1800 Round Charpy 59-4T 20~16 (68,3% red.) 1950 » » 53-55 G 5~845
1 Xone Core " l=ineh round 1500 Round Charpy 30-51 12-19
aand %o §/id-inon 18 - = 17-25 11-15
molds aquare 1800 » " 35-33 13-.14
1" (59.6% red.) 1950 » " 156-25 S-14
J 2 lba./ton Core 1-inch round 1500 Round Charpy 56-T% 18-19
sand 0 9/16-inoh 1600 " " 36-85 20=21
molds square 1800 . " 20-28 10-15
™ du? (69.5% red.) 1950 " . 16-17 8-12
0 Hone - l-inch round
to 9/16-inch 1600 Round Charpy 40-79 16=21
square 1800 " " 3578 7-10
(59.“ r.do)
P 8 lbs./ton - 1-inch round .
to 9/16-inch 1800 Round Charpy 83-97 45-50
square 1800 " . 76-108 34-.57
(59,5% red.)

* See Table 1 for ehemiecal compositions.

P
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COICLUSIONS

At present, it is believed possible to evaluate the gquality of
hull plate steel by ocasting a‘l-inch-roﬁnd bar, hot rolling to approxi=-
mately 9{&6 inch at a temperature corresponding to the mill practice,
strain aging, and testing as round notched-bar impact specimens. This
procedure provides sound samples from unkilled steel and introduces the
plate-processing variables. Other simpler test methods which may pos-
sibly be developed should be shown to be capable of distinguishing
between steels variously deoxicdized and processed. It appears that as-
cast samples do not provide an adeguate distinction of notch sensitivity

unless normalized or hot worked and prestrained.

FUTURE WORK

Further attempts will be made to obtain sound as-cast samples
bs made to ths
sample without changing its notech sensitivity, relative to the rest of
the melt, would be suitable, and the influence of small additions of
silicon in this respect will be investigated. An sttempt will be made
to cast sound samples of unkilled stesl by centrifuging.

Arrangements are being made with two steel companies to obtain
several ladle samples together with samples of finished plate from the
same heat for inclusion in the test program.

Further investigation of the wedge-impact test will be carried

out in the near future. The investigation of a fatigue-type test at

stress levels considerably above the endurance limit is being considercd.
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The original data from which this report was written

to 43, inclusive.

WGNE/SAH/CHL: am
August 11, 1947



