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ABSTRACT

§5§ A simple but reliable method for evaluating the notch sensitivity

§;: . of hull steel before the steel has been rolled into plate,ié soughtse The -
{

: notch sensitivity of steel is belisved to.depend principally on deoxida- -

tion practice, temperature of hot rolling, rate of cooling following ho%

e e SO M -

rolling, and susceptibility to strain aging.

bt Vo

R TR

At pressnt, no method is known for obtaining sound test samples

I

in the as-cast condition from lowesilicon hull steel. Sound samples for

test purposes may be obtained from ingot castings of steel with

Do relatively high (about .25%) silicon additions. Sound samples were

obtained from unkilled low-silicon stsel by hot working the cast samples.
. Several series of both the low- and high~silicon steels were made

both with and without aluminum deoxidation and tested by standard V-notch

Charpy impact tests and by a rouﬁd Charpy impact bar, which was developed

to save machining time and cost.

I T

Notched-~bar impact values of the high-silicon steels with or

g; without aluminum‘deOXidation, are low and not significantly different.

%; A marked superiority of the aluminum-killed steels is apparent when these
g‘ steels are properly normalized and also when these or the low~silicon

%" steels are hot rolled at proper temperatures. Specimens hot rolled and
%Af then subjected to strain-aging show a fuither decrease in notched-bar

%:i impact resistance of the nonaluminum as compared with the aluminuim-

¥
s
e

killed steeis.
A series of notched-bend bar tests qualitatively indicated the

same trends by fracturc appsarance and manner of breaking, but neo

S quantitotive cvaluations were obtained from static bend tests.
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On the sugrestion of %+, 3. G Touceda, 8 series of wedgee

lmpact tusis of the type used by the malleable iron industry were mede.,

Results obtained %o date with this test are not conclusive and further

work is planned. Futurc work will also include further attempts to

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

This report deals with work carried out under the subject con-
s tract since its inception during the month of September, 1946, The
object is to developr a fairly simple but reliable method for evaluating

the quality of hull stuel before the stsel is rolled into plate, Various-

AR

ol

testing procedures are already-being employed for determining one or more

NN & B ey,
PhEa LY

characteristics of a steel before it is tapped. In the steel casting
industry, a spiral fluidity test is sometimes ussd to obtain an early
indication of the mold~filling capacity of the steel. Recently, & test
has bsen introduced for obtaining & preliminary measure of the harden-
ahility of steel. A test piece, similar to the Jominy end quench spesi-
men, is cast from a furnace sample into & metal mold, heatsd rapidly to

the desired temperature, and then end quenched. Hardness measurements on
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this specimen ars used to determine whether alloy adjustmonts ere required
velcre the heat is tapped.

The problem of steel quality is more complex. The present
approach will be to make the assumption that the quality of [linished
plate is a furction of its strength and notch-toughness chare.cteristics,
and that an indication of toughness is obtained by making standard
notched=-bar impact tésts over & suitable range of testing temperaturss.

It is realized that the basic difficulty with hull steel, and the ultimate
measure of its quality, is the service performance in a rigid, welded
ship structure. However, there is considerable evidence to indicate
that notch sensitivity of the umvelded plate is an important factor in
determining its ultimate performance. The Board of Investigation con-
vened by the Secretary of the Navy to inquire into "The Desizn end Methods
of Construction of Welded Steel Merchant Vessels" concluded in its Final
Repgrt:l
"(a) The fractures in welded ships were caused by
notches and by steel which was notch sensitive at operating
temperatures. Vhen aﬂ édv;rse combinetion of these occurs,
the ship may be unable to resist the bending moments 6f
normal sdrvice. ‘(Notch. sensitivity mey be defined as

the proverty of a material which reflects its reluctance

to absorb:energy in the presence of notches and other

strain'inhibitors, such &5 low temperature and high rates

of straine)”

L Govermment Frinting Office, Washington, De Co, 1947.
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and
"(d) Existing specifications are not sufficiently
selective to exclude steel which is notch gensitive at

ship operating temperatures.”

The steels to be considered in this investigation are those speci-
fied as Grade M and Grade HT, Navy Department Specification 48S5f of
November 15, 1945, and the initial work wil} be done on steel within
the chemistry specified for Grade ¥ composition: 0.31% max. C, 0 75%
maxe. Mn, 0.25% max. Si, 0.045% max §, andiotoss% P. Grade M steel is
usually produced as & remi=killed type with very low silicon content
(eege, 0.037), 0.20-0.25% C, and 0.40-0.50% Mn. A very small aluminum
addition is sonetimes made to the ladle or mold to control rate of gas
evoiution during soliaificationt

Such steel does neot give sound ingots, but contains numerous
blowholes which weld closed during hot.rolling of the steei. In order
to obtain sound steel in small ingots, a silicon content. of about 0.15%
minimum must be used, and no means of obtaining smell as~-cast samples
of satisfactory soundness from lowesilicon, semi-killed steels is now
known.

The notch sensitivity of steel of Grade X composition is lmovm
to depend to a large extent on the following factors:

1, Degree of deoxidation with alumninum.

2. Temperature of hot rolling or normnlizing.

3« Rate of cooling following hot rolling or
normelizing.

4, Susceptibility to strain aging.
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While only the first of these fectors is determined by steel-
ngking practice, the variasbles of processing the finished plate may be
‘regarded as-bringing .ut the good or poor quality inherent in the steel
at the time it is pourecd. Since hull plate steel is very definitely
exposed to important 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 fundamentel
causes ‘of ‘variations in notch sensitivity of steel of Grade M- type com-
position are not known, .although & good background which permits some
predictions is gredually developing.z’3 Thus far, no success has besn
had-in attempts to-correlate chemical composition or other physical
propefties with notch sensitivity.

- It is established that hull plate made from steel fully killed

.with aluminum is less notch sensitive in the hot-rolled condition than
steel not aluminum killed, and also is less subject to further decrease
in notch~impact resistance when the steels are strain sged. For warious
reasons, it has been considered -uneconomical to produce hull plate from
fully kxilled steel. However, the use of aluminum-killed steel provides
8. means of obtaining samples with high notched-bar impect resistance in

comparison with nonalumirum steel. These samples can be used to determine

2¢ J. R. Low and i, Gensamer, "Aging and the Yield Foint in Steel",
Hetals Technology, December, 1943 (A.I.H.E. T.7., 1644).

3+« S. Epstein and He L. i{iller, "Aging in Iron and Steel, ietnls
Hendbook, American Society for iHetals, Cleveland, 1939, pp. 602-611.
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the utility of various testing methods to be considered.

In sunmary of' the - “ove discussion, to accomplish the purpose
of developing a test which will show up the same quality diffsrences 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 "tast the

VG gt b

test®. It is to be expected that this can be done
by varying the deoxidation practice and heat treat-
ment according to established practices.

2, Obtaining sound samples for testing. It is not %
known whe*her this can be done for lowe-silicon, :’
as-cast samples. Additions of deoxidants to the
sample may change its properties. |

3¢ Accounting for variables in processing‘of plate
which may increase the notch gensitivity of
finished plate in comparison to that gf the
furnace or ladle test samples.

The following sections deseribe thevprogress of experimentai work

directed toward solution of these problems.

EXPERIHENTAL WORK

Prcduction of Steels for Testing

The initial effort was to prepare good-and poor=-guality steels,
as determined by notched«bar impact tests, by altsring the deoxidation

practice used. The deoxidation variable was the amount of aluminum

=a -
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added. Table 1 gives chemical compoasitions of experimental steels used,
The alwninum~treated and nonaluminum-treated steels which were used as

qomparisons are listed in pairs which were macds 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 ther addingz aluninum tc
the remainder of the melt. HMatched melts were tvo melts made to obtain
aluninum- and nonaluminum-treated steels of as nearly as possible
identicél time of melting, time of additions, power input to furnace,
tapping temperature, and chemical composition except for aluminum
content.

Table 2 gives & typical melting record for a split melt. A
matched set of melts would be made in thg same manner, except that there
would be no difference in the treatment 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 0.10 per cent mangsnese os
ferromenganese and the amount of silicon indicated in Table 1 as ferro-
silicon before the mglt-éown wg; started. At the end of the melt-dovm
period, the melt was skimmed frec of slag, ferromangeness, ferrophosphorus,
ferrosilicon, and granular graphite were added to bring the molten metal
to the desired composition before pouringe.

The chemiczl compositioas given in Table 1 show the silicon
additions and recovericse In further discussion, these steels cre
designated high silicon and low silicon accordiag to the amount of

silicon that wvas added to the melt., Lowesilicon steels reczive
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per cent or less silicon and high-silicon steels received 0.30 to 0.35

per cent silicon.

Obtuining Sound Test Specimens

An important requisite of any test for determinafion of mechani-
cel properties of a metal is a sound test specimen. A series of experi-
ments was carried out to determine the soundness of hull plate composi-
tions when poured 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 blocks. Raising the silicon
content to 0.25 per cent or an addition of 0.1 per cent aluminum (2 lbs./
ton cquivalent) geve sound keel block cestings, but the latter, certainly,
and the former, possibly, affect the notoh sensitivity of the steel
sample.

Sound samples mey be obtained from unsouad castings by hot
working, which welds blowholes, in the same manner as sound plate is
obtained from unkilled ingots. It is also possible that sournd cestings
could be obtained by centrifuging st high speeds during solidification
or by use of a mold especially desighed to give directional solidifica-
tion. Such methods (and all chill ces:ing) are open to the objection
that the metallurgical structures developed are radically different
from that of hoterolled plate and the properties may vary corresroandingly
unless subééqﬂont special heeat tre;tﬁénts ere used.

Therefore, these special casting metho.’: and the possibility of

silicon additions to the sample, were temporarily neglected. Sound
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samples for test pwrposes were odtained either from highesilicon ingoe
castings, or from low=silicon castings which were subjectied to hot

working.

Standard Notched-Zar Impact Tests

V-notch Charpy impact tests over a snitable testing temperature
range were used as a standard measure of notch sensitivity or quality.

Low-tempercture impact vaelues were obtained by immer:ing speci-
mens in an acetone and dry-ice bath for fiftsen minutes and then trans-
ferring the specimens i{o the impact testing machine and bresking them
within a few seconds. Figure 1 snows o schematic drawing of a hardness
testing machine which was originally.designed for ﬁigh-temperature wWory,
but adapted to low-temperature uses by substituting e acetone and dry-
ice bath in place of the smll electric furnace. Lowetempsraturs
Brinell hardness readings were obtcined by immersiag the ends of Charpy
spacimens in the bath cnd then appiying & load of 500 kg« for 30 seconds.

Table 3 gives impact and hardness recsults for normanlized speci-
mens from steels A-2 and A-3 over 2 range o»f tasting.temporatures from
75°F. to -40°F. Tho specimens were taken from the center of 1/2~inch
and leinch slices sawed from 165-1b. ingots and then normelized by hold-
ing at the temperatures indicuted in Table 3 fur one hour, followsd by
cooling in still air. Table 4 gives results of Charpy Venotch impact

tests on steels G and H in both the as-cast and normalizzd conditi-ng.x

» -~

* - Teble 8 is a sumnary of metol trsatments for nctched-bar impect
tests discussed in this and subsequent sections of the report.
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FIGURE |. LOW TEMPERATURE HARDNESS VESTING MACHINE
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TABLE 4, V-NOTCH CHARP{ IMPACT-TEST RESULTS OF ALIMINULN-
TREATED AWND NWONALU{INUM-TREATED STEELS IN THE
AS-CAST AND NORMALIZED CONWDITION
Heat Testing Impact Energy,

Steel Treatment Temperature Fte~Lbs,
G As last 75°F. 8 9 9
H* " 75°F. 6 10 11
G " 0°F. 5§ 6§
H " 0°F. 4 5
G " "40 oFo 2 [ ] 5 -
H " -40°F, 3 -
G 1600°F. 75°F. 29 30
H Norme.lize** 75°F. 49 50
G " 0°F. 6 8
H " 0°F. 10 12
G " -40 oF. 3. 5 -
H " «40°F, 4 -
G 1950 °F. 75°F. 18 21
H Normalize** 75°F. 30 39
G " 0°F. 5 &

. H " 0°F, 5§ 6
G "o ~40°F, 3¢5 =
H " - =40 °F. 8 -

Lot

s e 7

Steel H received ‘an dlumidum addition equivalent to 2 1bs./ton.

in still air.

** 6 x 6 x 1-inch sections held at temperature for 1 hour and cooled
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The steels tested in the as-cast condition show very poor
impact resistance even in room-temperature tests. The fact that there
is no significant difference in notch sensitivity between the steel
treated with aluminum and that not treated with aluminum discourages
the possibility of utilizing an as-cast sampfé for determ{ning'the
quality of hull plate. - e

In the normalized condition, for ﬁormalizing temperatures of
1600°F. or higher, the aluminum-treated steels show markedly better
notched-bar impact resistance than the nonaléminum steels, for testing
temperatures of +75°F. and O°F., At ~40°F,, the impact resistance of
both steels has fallen off .o a low value. - The steel normalized in
I/Q-inch-thick sections showed slightig Hiéhef impact resistance than
that normalized in l-inch=-thick sections. “

A thorough microfexamination was made of the specimens from A-2
and A-3 steels. No significant differences in the structures, from the
surface to the center of either the 1/2- or l-igch sections, were
apparent in any one steel. Differences in siructure 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 veluess

Marked differences in structufes were apparent Bétween the A-2
,&nd A-3 ingots. The silicon-treated steel (A-2) exhibited a tendency
to develop a much coarscr ferrite grain size ard irregular carbide
distribution at normalizing temperatures above 1650°F. Austenitic
grain coarsening, with which these changes are associated, was inhibited

at temperatures up to 1800°F. in the aluminum-trcated steel (4-3).
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Specimens normalized at 1500°F, were evidantly not heatsd ahovs

temperatur:, and, therefore, incompletely sustenitized. The

aluninum-treated steel was less completsly austenitiéed and appeared to

have a less uniform structurs than the steal without aluminum. .
No method for readily distinguishing steels with good or‘poor

notch sensitivity was apparent from the micreosccepie Investigation,

Development of Round Notched-Bar Impact Specimen

The V-notch Charpy impact test is convenieat for uss in deter-
mining the notched~bar impact resistince of steels cver arrange of
testing temperatures. In this respect, it is superior to the rouad
Izod test with a circumferential notch, which is used in éome labora=~
tories. Because the machining overations on standard Charpy specimens
require more time and, consequently, greater cost in preparation, if
was decided to try to use & round specimen with & circumferentiial notch
for a beam-type impact spccimen which would be cheaper to preparé.

Normalized and &s-cast samples of high-siliéon steels, é anc H,
which showed poor and good impact resistance in standard thotéh Cherpy
tests, were turned down to 1/2-inch-round bars in a lathe, A tungsten
carbide tool ground to cut a 45° V-angle notch with a 0.0l-inch notch
radius was then used to cu% 0.95 inch decp at two~-inch intervels along
the lengths of the 1/2-incheround bars. The bars were then sawed into
individual test spscimens 2 inches long each with the netch in the middle
of the length. The specimens were broken in a standard impact testing
machine. Figure 2 is a photograph of round and standard Charpy specimens s

. before and cfter breaking.
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46751
Figure 2. Photograph of V-Notch Charpy and round Charpy
specimens before and after breaking.
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One difficulty with the round test pieces was that 1/2=-inche
diameter bars wore a liktlie large and sometimes jemmed between the
hamuer and the anvil of the testing machine. This was carrected by
grinding olf the corners at the ends of the test pisces.

Table 5 shows notched-bar impact test resulte for steels G and
Il with standard V-notch Charpy specimens end round Charpy specimens with
J¢0l-inch-radius notch. Thc values for the rouad specimens are higher
at all testing temperatures than those for standard specimens. The
desrease in impact resistence with decreased testing tewperature is
less severs for the rouud than for the standard specimens.

Round Charpy specimens ¥with 9.005~inch-radius notches 0.05 inch
aeep wore then rmachlsed from norm2lized samples of steels G and He Ths
values obtained are shown in Toble 5 and Figure 3. The more severe
antch hag given lower wvalues which are more comparabl% with those
obtained for stunderd specimens than the 0.0l-inch radius, and 0.005=-inch
radius was therefore used in preparing uli subsequent‘round Charpy bars.
Al<hough the minimum velues obtained et -40°F. ere not so low for the
~ound as for the standard specimens, the round specimen resdily dis-
tinguishes between the grood- and poor~quality steels. The round specimen
is less expensive agg time consumirg to.prepare, end, therefore, was
used in meking ths tests deseribed in the foliowing sections of this

repart.
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3 #ffect of Different Hot=Rolling Temperatures on Notched«3ar Impact
Resistance of Aluminum~Trested and Nonalwninum-Treatad Steels

Four stesls, two high-silicon £ :d two low.silicon, aluminume and
nonsluminun-treated, were hot rolled and finished at various temperatures
above the critieal range. Round Charpy specimens were machined from the
finished bars and tested st 75°F., 0°F., and -40°F. to determine the
inlluence of different hot~rolling finishing temperatures ubon the notch
sensitivity. The two high-silicon steels used in these expsriments were
steeis G and H, previously used to standardize the round Charpy bar
against tne stenderd test. Two matched melts, J ande, were made up
for lowssilicen, aluminum-treated, and noﬁéluminum-treated steels used
in the experimen£s. Steels I and J were poured into baked core sand
molds which made small test castings 1 inch in dismeter and 6 inches
long. Since zteels ¢ and H were originelly cast inte 100-lb. ingots,
sma4l sections 1 inch square and € inches ISQg were sawed from the ingots.

Samples from the high- and low-silicon steels were heated to a
rolling tompereture of 1950°F. in a large clectric furnace and given

;' thres passes through the rolls which gradually reduced their cross
: sections from l-inch roundsor l-inch squares to square bars slightly
larger than 47/34 inch. These bars were returned 3o the furnsace,

E reheated to 1950°F., and rolled in three pesses through the rolls from

e

47/64-inch squares to 39/64-inch squares. The 39/64-inch bars from the
four steels were separated into four groups, and each group which ccn-
tained bars from each of the four stee;s was reheated to one of the
following four temperatwres: 1500, 1600, 1800, and 1950°F. and then

given the last-pass through the rolls which roduced the cross section

STV s e A ANV ZOT TN . TN 9T OIS e i e = - -




from 39/%4-inch sauare. o §/16«inch squure. This operation geve 16
groups of' steels corsisting of 9/16--“ch~square bars from the aluminum=
and nonsluminum~trested, high~ and lowesilicon steels which had been
given their last heterolling finishing pass at the four hot-rolling
temperatures listed above. The bars were than m mechined into round
Charpy spucimens. The resulting specimens were tested at 75, 0, and
~40°F, .

Resul ts of these tests are listed in Table 6 and plotted in Figures
4 and 5. The highesilicon steols G end H (Figure 4) show & marked
superiority of cluminum treated over noncluminum steels at finish
rolling temperatures of 16C0 and 1800°F. The, advantage is less marked
at 1500°F. and not evident at 1950°F. Rolling temperature is, therefore,
an important variable which :ust be taken into account in development of
g steelequality test. .

The low=-gilicon steels T and J (Figure 5) show less difference

than was cxpected between the aluvaminumetrested and nonaluminun-treated
stoecls., A possible exrlanastion was that with the lowesilicon content,
cn  aluminum addition equivalent to 2 1bs./ton was insufficient for full
deoxidation,* An additional pair of steels, 0 and P, was, therefore,
made to deotermine the effect of er sluminum addition equivalent to
5 1bs./ton on the notched-bar impact resistance of the low-silicon steel
after hot rolling. ~Figure 6 snows that, with the larger aluminum

addition, » marked superiority in impaet resistarce is shovm for the

aluminumftreaﬁed steel finish hot rolled at 1600 or 1800°F.

* The amount of sluminum required for deoxidation is influenced by the
raw materisls and melting practice, and would be expected to be somee
what higher for the inductione-furnacc practice used in prepuring -
thesec steels than for rormal basic open~hearth practice.
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Microscopic examination of these hot-rolled steels was carried
out.s As illustrated by the photcmicrographs of Figures 7 and 8, the
aluminum-trerted steels hot rolled and finished at 1600 and 1800°F. have
a finer ferrite grain size and & more regular carbide distribution than
the steel without an aluminum addition. For 1950°F. hot rolling, all
steels are coarse grained with irregular cerbide distributiorn, and for
1500°F. hot rolling, the grain size is fine but not wniform, 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 micrcstructures parallel those discussed earlier
for normalized steeises Although qualitative differcnces are apparent,
it would not be possible to make an accurate estimate of notch sensi-
tivity of the wvarious steels on the basis of the microeexamination alone.

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

Two low-silicon steels, with and without aluminum (¥ =nd N),
were cast into l-inch rounds 6 inches long, and two high-silicon ingots,
with and without aluninum (G end H), were sectioned to give l~inch-square
bars 6 inches long. These bars were hot rolled and finished at 1800°F,

The hot~rolled 9/16-inch bars were machined into 0.500-inch and
0.527-inch rounds. The 0.500-inch rounds were notched, then sawed into
two-inch lengths to be used directly for round Charpy specimens. The
0.527~inch rounds were slightly tepered for a short distance ¢n one end
and cold reduced 10 per cent in cross-sectional area by drewing through

2 0.500~inch dies The cold-drawn bars were ther sawed into two-inch
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lengths, notched at their centers, and used for round Charpy specimens.
The latter strained test specimené were plaéed in a beaker of boiling

vater and aged for 40 mirutes at 212°F, The strain-aged and nonstraine

toughness values thus obtained before and after are recorded in Table 7
and plotted in Figure 9, It may be seen that there has boen a marked
decrease in the notched-bar impact resistance of both low- and high=-
silicen steels with no aluminum addition, but that the same steels with
'aluminum eddition shew no significant decrease after the strain-aging
treatment.

Ih processing, fabrication, and service, hull plate steel is
subjected to varying degrees of strain aging. The decrease in notch
toughness induced by strain aging mey have & very important iniluence
on service performance. The above tests indicate that various steels
may be more or less suséeptible to strein aging and thet this variable

must be taken inte esccount in development cf a steel quality test.

Notched=-Bar Bend Tests

The notched~bar bend test has considerable merit in that it
clogely reproseuts the condition of structural failure in hull steels.,
As showvn by Sachs, and others4, when metals are tested in tension or
bending, the presence of a nctch increases the load at fracture if the

metal bresks in a completely brittle manner.

4. G. Sachs, L, J. Ebert, and W, &, Brown, "Comparison of Various
Structural 4lloy Stseels by Means of the Static Notch-Bar Tensile
Test". 1lletals Technelozy, Vol. 13, No. 8, December, 1946.
(A.1.K.E. T.P., 2110.)
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Whether or not o steel is brittle depends on the severity of the
stress concentration system .-troduced by the notch, the temperature of
testing, and the rate of loading. A steel which fails in & ductile
manner, by shear deformation, under a given set of testing conditions
may fail in a brittle manner, by cleavage fracture, if the temperature
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 bznd bars was made from samples of steels A-z and
A-3 which had been normalized at 1950°F. and had room-temperature Charpy
impasty violues of 18«12 ft.-lbs. and 35-40 ft.-1lbs., respectively. The
bars were machined with a Venotch of 45° angle and 0.0l-inch radius.
Teating was carriad out in testing mechine which limited the size of the
bars to be broken to 2-iuch depth of section. The notched bars were
mounted on 4-inch centsrs in the machine and slowly loaded to failures
The depth of notch, the cross-sectional area, and the temperaturc of
testing were varistles.

Initial tests were made on l-incn-squere bers, 6 inches in
length, with V notches 0.079 inch deep (Figures 1l0a &nd 10b). A sinilar
set with cepth of bar inercased to 2 inches was broken next (Figures 10o
and 10d). A thiré pair of bars with s notch depth of 1/2 inch was then
broken (Figures 10e and 10f). The lotter notch depth wos calculnted to
zive the maximum stress concentration for this size bar (Figure 11).

The differences in brezking loads among the above pair; of steels

are not sufficient to szperatc the two steelse* A4 pair of bars with a

* The slightlyr higher breaking loads for the steel without aluninum
than for the steel with clunminum cre only equivzlent to the dif-
ference in Brinell hardness of the same two steels, Table 3.
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Figure 11. Variation in stress concentration as a function of
notch depth for bar of indicated dimensions,
(Calculation by L. R. Jackson, Applied Physics
Division, Battelle Memorial Institute,)
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l-inch-square cross section and a 0.08-inch-deep notch was broken a%
-40°F., using the arrengement sketched in Figure 12. Fracture photo-
graphs and breaking loads are 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
aluminun (compare Figures 102 and 13a) shows a falling off in breaking
loud with decreasing tempsrature. This falling off may be attrivuted
to its lack of notch toughness. N .

The two steels cculd be qualitatively separsted by their fracture
appearance or menner of breaking. The nonzluminum steel snapped apert
when the breaking load of the notched-bend bars vas reached in room=-
temperature tests, while the aluminum-killed steels broke with a cductils
fracture under a gradually decreasing load. It would be possible to
measure the rate of crack propagetion or the energy of breaking calculated
from stress-deformation curves of room-temperature, notched«bar bend
tests. However, this approzch does not apr.or to offer any particular
advantage over t-c¢ notched-bar impact test.

The falling off in bend load of the notchesensitive (nonaluminum)

steel does provide & demonstration of the danger of using such steels

for critical structures.

Viedge-Impact Tests

The Waller wedgs test, which has been used in the malleable iron
industry as a measure of impact resistance of malleable iron efter

ennealing, was investigatcd on the suggestion of Y¥r. Z. G. Touceda,
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Consultant to the Bureav of Ships, Navy Dopartment. The test is carried

out by placing a wedge~shaped specimen in a tesﬁing machine and rezpeatedly
. dropping & 21l-lb. weight on it fror- a distance of three end one-hslf

feets The standard size of the test specimen is 1 by 1/@ inch at the

base, 1 by-1/16 inch at the top, and 6 inches in length.

Prior to testing, the top of the specimen is bent a small amount
to begin the "curl". Succeeding blows with the trip incres=e the curl.
The anvil of the testing machine mey be adjusted to shift the specimen
laterally so that the trip always falls on the top of the curle

| In order to apply this tyﬁe of test to hull plate, it would be
necessary to establish that the test was capable of separsting steels in
the samo manner as notched-bar impact tests. Highusilicbn steels, A-2,
withovt aluninun and A-3 with aluminam, were used aud 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 steels, end in the 1950°F. normalized condition, where
the notché&-baf impact resistance of the aluminum-killed steel was
markedly superior to that of the steel without aluminum.

The wedge-impact tests were carried out in the laboratory of
the *Malleable Iron Founders!? Soaiety, Cleveland, Ohio. Low~temperature
tests were made by immersing the bars in an acetone and dry-ice bath and
holding at u« temperature 5°F., Lelow the testing temperature for 15
minutes, then guickly transferring the sbecimen to the testing machine
and impacting thresz times. The specimen was re¥urned to the bath for §

minutes and the procedure rspeated.
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Figure 14 gives test date and shows photographs of the specimens
after testing. The as-cast test bars had less resistance to these impact
conditions than the normalized test bars, but it was not possible to
separate the alum;aumftreated steel from the nonaluminum steel and there
was considerable scatter in test results. An additional series of

-wedge-impact specimens is being prepared for testing.

SUMMARY

The problem of developing a fairly simple but reli ‘e method
for evaluating the quality of hull plate before the steel is rolled into
plate is outlined. Hotch sensitivity as judged by notched-bar impact
reéistance cver a suitable range of testing temperutures is taken as a
standard of stsel quality.

Two series of melts of hull plate-type steels with low silicon
{less than 0.12%) and high silicon (0.25% addition to melt) were made, with
and without nluminum additions. Sound samples, for test purposes, may
be obtained from ingot castings of the highesilicon steel, but the only
means thus far found for obtaining sound test specimens from uankilled,
low-silicon steel (the major source of hull piate) is to hot work the
cast samples.

Charpy Venotch impact values for the highesilicon steels, with
and without 2luminum, ere low und not significantly different. When the
same stezls are normalizéd at 1600°F,, 1800°F., or 1950°F., the notchede

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

At present, it is believed possible to evaluate the quality of
hull plate steel by casting a l;inch-roundfbar,‘hot rolling to approxi-
mately 9/16 inch at a temperature corresponding +o the mill practice,
strain aging, and testing as round notchedebar impact specimens. This
procedure provides scund 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 deoxidized and processed. It appears that as-
cast samples do not provide an adequate distinction of notch sensitivity

unless normalized or kLot worked and prestrained.

FUTURE ViORK

farther attempts will be made to obtain sound as-cast samples
from unkilled steels A4 deoxidation additian whizh could be made tc the
sample without changing its noteh seunsitivity, relative to the rest of
the melt, would be suitable, and the influscnce of small additions of
silicon in this respect will be investigated. An attempt will be made
to cast sound samples of unkilled steel by centrifuging.

Arrangements are being made with two steel compenies to obtain
several ladlc 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
cut in the near future. The iavestigation of e 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
are recorded in B.,M.I. Notebook, No. 2756, pages 1

to 43, inclusive.

ViGNH/SAH/CHL:am
August 11, 1947
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resistance of the nonaluminum as compared with the aluminum-killed steels.

A series of notched-bar tests qualitatively indicated the same trands by

fracture appearance and manner of breaking, but no quantitative evaluations

were obtained from static bend tests.

On the suggestion of Mr. E.G. Tui ¢ .a. a series of wedge-impact tests
Results obtained

of the type used by the malleable iron industry were made.
to date with this test are not conclusive and further work is planned.

Future work will also include further attempts to abtain sound as-cast

samples from semi-killed steels.
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