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ABSTRAW

A simple but reliable method for evaluating the notch sensitivity

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

notch sensitivity of steel is believed to depend principally on deoxida-

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

rolling, and susceptibilityto strain aging.

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

in the as-cast condition from low-silicon hull steel. Sound ss.mplesfor

test purposes nay be obtained from ingot castings of steel with

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

obtained from unkilled low-silicon steel 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

Ckrpy impact tests and by a round Cha.r~/impact bar, whioh wss deve1oped

to save

witbout

rmichiningtime and cost.

Notched-bar impact values of the high-silicon eteels with or

aluminum deoxidation, are low and not significantly different.

A marked superiority of the aluminum-killed steels is apparent when these

steels are properly normalized and also when these or the low-silicon

steels are hot rolled at proper temperatures. Specimens hot rolled and

then subjected to

impact resista.nce

killed steels.

strain aging show a further decrease in notched-bar

of the aonaluminum as compared with the alu.minum-

A series of notched-bend bar tests qualitatively indicated the

same trends &J fracture appearance and nm.nner of breaking, but no

quantittitive evaluations were obtained from static bend tests.
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On the suggestion of M. E. G. T ouceda, a series of wedge-

tests of the type used by the msll.cableiron industry were made.

Results obtained to date with this test are not conelusive and further

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

obtain sound as-cast samples from semi-’killedsteels.

.
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INTRODUCTION.—

This report deals with work carried out under the subject cOn-

traot since its inception during the

object is to develop a fairly simple

the quality of hull steel before the

testing procedures are already being

characteristics o~ a steel before it

month of September, 1946. The

but reliable method for evaluating

.
steel is rolled into plate. Various.

employed for determining one or more

is tapped. In the steel casting

industry, a spiral fluidity test is sometLinesused to obtain an early

indication of the mold-filling capacity of the steel. Recently, a test

has been introduced for obtaining a preliminary

ability of steel. A test piece, similar to the

men, is cast from a furnace sample into a metal

the desired temperature, and then end quenched.

measure of the harden-

Jominy end quench speci-

nmld, heated rapidly to

Hardness measurements on
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and

“(d) Existing specificationsare not sufficiently

selective to exclude steel which is notch sensitive at

ship operating temperatures.‘1,

The steels to be considered in this investigation are those speci-

fied as Grade M and Grade WI, Navy Department Specification 48S5f of

November 15, 1945, and the initial work will be done on steel within

the chemistry specified for Grade Idcomposition: O.31% max. C, O.75%

max. Mn, 0.25% max. Si, 0.045% max S, and 0.055~ P. Grade M steel is

usually produoed as a semi-killed type with very low silicon content

(e.g., 0.03j%),0.20-0.25% C, and 0.40-O.50~ Mn. A

addition is sometimes made to the ladle or mold to

evolution during sollilification.

Su6ilsteel does not give sound ingots, but

very small aluminum

control rate of gas

contains numerous

blowholes which weld closed during hot rolling of the steel, In order

to obtain sound steel in s&ll ingots, a silicon content of about 0.157

minimum must be used, and no means of obtaining small as-cast sanples

of satisfactory soundness from low-silicon, semi-killed steels is now

ialown.

The notch sensitivity of steel of Grade M composition is known

to depend to a large extent on the following factors:

1. Degree of deoxidation ‘withaluminum.

2. Temperature of hot rolling or normalizing.

3. Rate of cooling following hot rolling or

normhlizing.

4. Suscepti,bilityto strain aging.
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While only the first of these factors is

making,practice, the ve.riables of processing the

regarded as bringing out t!w good or poor quality

at the time it is poured. Since hull plate steel

exposed to important variations in temperature of

cooling after hot rolling, and conditions of

that there is no assurance that an ‘Ias-castt]

finished plate from the same furnace melt.

determinedby steel-

!iaishedplate may be

inherent in the steel

is very definitely

hot rolling, rate of

strain aging, it is evident

Sample Wi11 behave 1ike

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 iriplate finished from the same steel. The fundamental

causes of ‘variationsin notch sensitivity of steel of Grade M.type com-

position are not known, although a good background which permits some

2,,3
predictions is gradually developing. Thus fur, no success has bean

had in attempts to correlate‘chemicalcompositi”bnor other physical

properties with notch sensitivity.

It is established@hat hull plate made from steel fully killed

with aluminim ‘isless notch sensitive in the h.ot-nolledcondition than

steel not aluminum killed, and also is les’ssubj~ct to further:decrease

‘innotch-impact resistance’when the steels are strain aged. For various

reasons, it F&s been considereduneconomical to produce hull plate from

fully killed steel. Holuever,the use of aluminum-killed steel provides

a ‘means of obtaining samples with high notched-bar impact resistance in

cmnpariscm with nmalumiri&n steel. These samples can be “usedto determine

2. J. R. LOW and U. Ge”nsamer,‘!tAgiagand the Yield Foirit‘inStsel’i,

Metals Teohnolog.y,December, 1943 (A.I.?J.E. T.P.. 1644).-.
3. S. Epstein aridH. L. !!iller~‘tAging‘in

Handbook, American Society for Metals,
Iron and Steelft;‘
Cleveland, 1939,

Metals
pp. 602-611.
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the utility of various testing methods to be considered.

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 tre&t-

ment according to established practices.

2. Obtaining sound samples for testing. It is not

known whether this can be done for low-silicon,

as-cast samples. Additions of deoxidants to the

sample may change its properties.

3. Accounting for varis.blesin processing of plate

which may increase the notch sensitivity of

finished plate in comparison to that of the

furnace or ladle test samples.

The following seotions describe tileprogress of experimental work

directed toward solution of these problems.

EXPERI&ENTAL VJORK

production of Steels for Testin$

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. ‘i’able1 gives chemical compositi.oasof experimental steels used.

The aluminwm-treated and nonalwninum-trea.ted stee1s which were used as

comparisons are l!.stealin 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. ~latOhedmelts were t~~Omelts made to obtain

aluminum- and nonalumin,um-treatedsteels 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 a typical melting record for a split melt. A

matched set of melts would be made in the 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 molts and matched melts, base metal of Armoo

iron punchings was placed in the furnace wibh 0.10 per cent mango.neseas

ferromanganeso and the amount of silicon indicated in Table 1 as ferro-

silicon before the melt-down W*S started. At the end of the melt-dom

period, the melt was skimmed free of slag, ferromangsmese, farrophosphoru,s,

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 zindrecoveriss. In further discussion, those steels are

designated high silicon and low silicon according to tho Imount of

silicon that was added to the melt. Low-silicon steels received 0.22



TABLE 1. CHlilMICALCOMPOSITICNS OF STEELS

—. -._. —— .......

Additions Before
Type Silicsn Tap

?!@1t of Added tc Silicon, A1.uminw& Cor,position,~
Number Melt Steel Charge, z % Lbs./Ton

.—— —_
c Mn p s T

~— . —. ——. ——..——.——.—..__

A-2399

A-2399

A-2887

A-2888

A-2936

A-2938

A-2773

A-2773

A-3185

A-3185

Split

1,

Katched

,,

It

II

tt

t,

,,

,1

A2

A3

G

H

I

J

M

IJ

o

P

0.10

0.10

0.10

0.20

0.10

0.10

0.20

0.20

0.20

C)Oz(j

0.25

0.25

0.25

0.11

0.08

0.12

0.00

0.00

0.00

0.00

lJone

1.5

N’oQ~

2

None

2

]J~ne

3

lione

6

0.24

0.23

0.24

0.21

0.21

0.22

0.22

0.23

0.17

0.22

0.40 0.032

0.40 0.032

0.46 0.027

0.40 0.029

0.37 0.024

0.34 0.022

0.37 0.023

0.35 0.023

0.37 0.024

0.42 0.024

0.038 0.06

0.038 0.13

0.027 0.14

0.O27 0.05 :4

0.032 0.01

0.034 0.02

0.050 0.01

0.030 0.08

0.028 0.01

0.028 0.01



TABLE 2. MELTING RHCORD

Rest No. A-2399
Date - 23 September 1946

Furnace - 500-lb. induction
~$go;Type Of Backing - MgOTy~e of Lining - ..

Type of Melt - 3 Ingot Split

—.—... —. _——— —-—.-———. -----

Charge and Additions
Total, MIl, Si, S, P, ,Al Time, Heat Log

Material Lbs. ?% % % $
$ A.M. Addition

—.
Te~Y Notes

FeSi
FeMn

FeSi
i?eP
FeS
FeMn
c

Iron 493.000
0.650
0.625

1.630
0.51
0.26
3.329
1.05——. .

501.045

0.04 0.020 0.002 0.013 0.004

0.10

0.008 0.10

0.15
0.025

0.025
0.020 0.53 0.002

0.21
c27%- 0.650 mm m

9:00 Fe, FeSi, FeMn
10:45 Melted slag
10:55 removed

I

%’

11:00 FeP 2880
11:00 FeS 2880

2920
li:04 FeSi & C 294C
11:08 29E0 Slag re-

moved

0.10

11:11 Ingot Al

FeSi 0.43
Poured

11:11
11:12 Ingot A2

Poured
Al 0.123 0.075 1].:14

11:15 Iucot A3

v.one 2980 !.iold temp.,
250”F.

FeSi
2960 Mold temp.,

2500?.
Al

2940 Mold iemp.,
250“P.

Remarks: Bleeding and slight riming action on Ingot 1,1
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por cent or less silicon and high-s!.liconsteels received 0.30 ‘co0.35

por cent silicon.

Obtaining Sound Test Specimens—— _,.—. _—

An importcnt requisite of any test for determination of mechani-

cal properties of

ments was carried

tions when poured

low-silicon steel

either baked sand

in diameter end

content to 0.25

ton. equivalent)

and the former,

sample.

6

B metal is a eound test specimen. A series of experi-

oat to detmnine the soundness of hull plate composi-

into different kinds of molds. “Itwas found that ths

was too unsound for test purposes when poured into

or copper chill molds in th~ form of round bars 1 inch

inches long or of keel blocks. Raising the silicon

per cent or an addition of 0.1 per cent aluminum (2 lbs./

gave sound keel block castings, but the latter, certainly,

possibly, affect the notch sensitivity of the steel

Sound samples may be obta.imed from unsound castings by hot

working, which welds blowholes, in the samo manner as sound plate is

obtained from unkilled ingots. It is also possible that sound castings

could be obtained by centrifuging at high spe~ds d,uringsolidification

or by ,USOof a mold especially designed to “givedirectional solidifica-

tion. Such methods (and all chill casting) are open to the objaction

that the metallurgical structures developed are radically different

from that of hot-rolled plate and the properties may vary corres~:cndingly

unless subsequent special heat’t~eatments me used.

Therefore, these special casting methods, and the possibility

silicon additions to the snmple, were temporarily neglected. Sound

of
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samples for test purposes were obtained either from high-silicon ingot

castings, or fr,:mlow-silicon castings which were subjected to hot

working.

Standard Notched-Bar Impact Tests— ———. —. —,_

V-notch Charpy impact tests over a suitable testing temperature

range were used as a standard measure of notch sensitivity or quality.

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 specimens to the impact testing machine and breaking them

within a few seconds. Figure 1 shows a sohematic drawing of a hardness

testing machine which was originally designed for high-temperaturework,

but adapted to l?w-temperatureuses by substituting an acetone and dry-

ice bath in place of the srall electric furnace. Low-temperature

Brinell hardness readings were obtained by immersing the ends of Charpy

specimens in the bath and then applying a lo:,dof 500 kg. for 30 seconds.

Table 3 gives impact o.ndhardness results for normalized speoi-

mens from steels A-2 and A-5,over a range of testing temperatures from

75”F. to -40”F. The specimens were taken frcm the center of l/2-inoh

and l-inch

ing o.tthe

cooling in

slices sawed from 165-lb.

temperatures indicated in

still air. Table 4 gives

ingots +andthen normalized by hold-

Table 3 for one hour, followed by

results of Charpy V-notch impact

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

* Table 8 is a sumnary of metal treatments for notched-bar impact
tests discussed in this and subsequent sections of the report.
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TABLJ2.3. V-NOTCH CHARF’YIMPACT AND HARDNESS TEST RXSULTS FOR
STII?LSRECEIVING DIFFEFCENTDEOXIDATION T’REATMKNTS

—

Normalizing }Tormalizing 1~.c,ctTests,

Temperature, llr.ickness, Energy ~bsor.ici,R, -~bs. Brinell H&iness

‘F. In. 75°~. o“~. -@”r. 75”F. O°F, -b”F.Ingot No.

AZ 1;00 l~z 24 7 4 109 -
AZ 23 5 109 -
.A3 11 n 17 G 107 -
A3 1! !1 20 ; 3 103 -

A2
A2
A3
A3

1500
1!
11

t!

A2 1$50
A2
A3 n
A3 II

1
I!

II

1!

[
12

II
n

20 5 3 103 -
21 6 3 111 -
10 5 101 109 119
10 5 t 101 -

25 k 113 - L
26 ; & 114 119 128 P

32 16 4 109 -
33 11 6 109 -

A2 1:50 1
:2 : 2

109 -
AZ n 109 -
A3 0 II 33 3 103 -
A3 II n 32 J 3 10? -

A2 1s00 12
1

21 5 109 -
A2 II 20 5 2
A3 11 n

113 -
12 109 -

A3 11 U
i: lo ? 109 -



TABLE 3. (CONTIIm)

—

Normalizing Xorme,lizing Imna.ctTests,

Temperature, Thickness, Energy absorbed, 3’t.-Lbs. Brinell Hardness
In~ot No. “3. In. 75”F. cm. -40”F. 75W. o“F. -40”F.

A2
A2
A3*
A3

Moo
n
u

u

1
II

!!

II

20 5 3 109 -
5 113 -

: 10 t 103 -
29 ~ 3 103 -

A2 1950
[

12 1/3
2;

109 -
AL? II

I
19 114 -

A3 !1 It
-~

40 10
t!

5 109 - Y
A3 11

39 12 5 109 -

A2
A2
A3
A3

1950
11
n

!1

1
11

II

II

M 5 3 109 -
U3 5 3 109 -
35 12 5 103 -
36 12 5 103 -

* Steel A3 received an aluminum addition equivalent to 1-1/2 lbs./ton.
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lW3LE 4, V-NOTCH CIiiPY IMPACT-TEST RESULTS OF AL“@,llNo?i-
TREATED ANV liOIJ,iI,u;IIl~,l-~EATED STEELS IN ~
AS-CAST AND NOHMALIZED CONDITION

— —..__- .—
Heat Testing Impact Energy,

Steel Treatment Temperature Ft.-.Lbs.

As %&d
;

75“F.
II

899
7.5”F. 6 10 11

G n

Ii
o “F. 455

1! O“F. 345

G t!

H“
-45“F. 3 2.5 -

It -40 ‘F. 33-

G 1600 “F. 75”F. 27 29 30
H Normalize** 75‘F. 47 49 50

G ,1
0 ‘F’,

H ,,
568

0 “F. 9 10 12

G ,. ,, -40”I?.
H It -40°F.

G’ 1950”F. 75~p.

E Normalize** ~, 75”F’.

4 3.5 -
34-

15 18 21
25 30 39

G ,, O“F.. 4 ..5 5
H 1, O“F. 556

G ,1 -<.°F.
H

3 3.5 -
,, -40 “F. 38-

* Steel H received an alwminurnaddition equivalent to 2 lbs./ton.
** fj~ 6 x I-ir]chsec,tionsheld at temperatur~ for 1 hour and’cooled

in still air.

.,
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The steels tested in the as-cast condition show very poor

~pact. reslstanoe even in room-temperature tests. The fact that there

is no significantdifference iu notch sensitivity between the steel

treated with aluminum and that not treated with aluminum discourages

$he”possibility of utilizing an as-cast sampi> “fordetermining the

,,.
‘qualityof hull plate. .,.

In the normalized condition, for normalizing temperatures of

1600”F. or ‘nigher,the alumin~um-treatedsteels show .me.rkedlybetter

notched-bar impact resistance than the nonaluminum steels, for testing

temP@ratWes of +75”F. and O°F. At -40°F., the impact resistance of

both steels has fallen off to a low value. The steel normalized in

l/2-inch-thick sections showed slightly higher impact resistance than

that normalized in l-inch-thick sections.

A thorough .mioro-exa,nination was me.deof 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-inch sections,.were

aPParent in any one Steel. Differences in structure between 1/2- and

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

anticipated from the hardness and notched-bar impact values.

Marlced”dif’fer@rices in strut’tiii+kwsr6 apparent between the A-2

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

to develop a much coarser ferrite grain size and irregular carbide

distribution at normalizing temperatures above 1650”F. Austenitic

grain coarsening, with which these charqgesare associated, was inhibited

at ter.pere.turesup to 1800°F, in the alwainwn-trcatod steel (A-3).
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Specimens normalized at 1500”F. were evidently not heated above

the critical temperature, and, therefore, incompletelyaustenitized. The

aluminum-treated steel was less completely austenitized and appeared to

have a less uniform structure than the steel without aluminum.

NO method for readily distinguishing steels with good Or Poor

notch sensitivitywas apparent from the microscopic investigstion.

Development of Round Notciled-i3arLnpact Specimen

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

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

testing temperatures. In this respect, it is superior to the round

Izod test with a circumferential notch, which is used in some labora-

tories. Because the machining operations on standard Charpy specimens

require more time and, consequently, greater cost in preparation, it

was decided to try to use a round specimen with a circumferentj.alnotch

for a beam-type impact specimen which would be cheaper to prepare.

Normalized and as-cast samples of high-silicon steels, G and H,

which showed poor and good impact resistance in standard V-notch Charpy

tests, were turned down to l/2-inch-roundbars in a lathe, A tungsten

carbide tool ground to cut a 45” V-angle notch with a O.01-inch notch

radius was then used to cut O.O5 inch deep at two-inch intervals along

the lengths of the l/2-inoh-roundbars. The bars were then sawed into

individual test speci,mens2 inches long each with the notch in tha middle

of the length. The specimens wers broken in a standard impact testing

machine. Fig~re 2 is a photo~raph of round and standard Charpy specimens

before and after breaking.
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46751

Fi~re 2. Photograph of V-Notoh Charpy and round Charpy
specimens before and after breaking.
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One difficulty with the round test pieces was that l/Z-inch-

diameter bars were a little large and sometimes jammed between the

hammer and the anvil of the testing machine. This was corrected by

grinding off the corners at the ends of the test pieces.”“

Table 5 shows notc}led-barimpact test results for,steels G and

H with standard V-notch Charpy specimens and round Charpy specimens with

O.01-inch-radiusnotch. The values for the round specimens me higher

at all testing temperatures than those for standard specimens, The

decrease in impact resistance with decreased testing temperature is

less severe for the round than for the standard specimens.

Round Charpy specimens with 0.005-inch-ra.diusnotches 0.05 inch

deer]were then machined from normalized samples of steels G and H. The

values obtained are shown in Table 5 and Figure 3. The more severe

notch has given lower vc.lueswhich are more comparable ,?~ithtl’mse

obtained for standard specimens thsn the O.01-inch radius, and 0.005-inch

,. radius was therefore used in preparin~ all subsequent round Charpy bars.

Although the minimum values obtained at .-40”F.are not so low for the

round as for the standard specimens,the round specimen readily dis-

tinguishes between the good- and poor-quality steels. The round specimen

is less expensive and time consuming to prepare, and, therefore, was

used in m?.lcitlgthe tests described in the following sections of this

report.



TABLE 5. CO fPARISOXOF NO?ChWD-BAR IEPACT VALUES FOR TIE.STAiWU3
V-NOTCH CHXPY SPECIMEIT&ND TILERO~INDCHARPY SPECIMEN

I

Round Char~y Round Charpy
Heat Testing Charpy V-Notch, 0.01-In.rRadius~otch, O.005-InrRadius Notch,

Steel Treatment Temperature Ft.-Lbs. Ft.-Lbs. Ft.-Lbs.

AS ~ast
It

75”F.
75”E’.

8
6

9
10

5
4

2.5
3

29
49

6
10

3.5
4

18
30

5
5

3.5
8

9
11

12
10

13
12

6,
‘7

8
5

51
64

28
44

;:

44
54

23
32

10
13

15
12

9
7

53
67

30
46

44
,57

29

.7,

‘.

o “F.
O“.F.

5
5

6
5

G
H

,,
!1

!1

,?
-40”F.
-40’F.

‘ 3
3

8
,5

G
H

28 29 30 31
39. 43 47 47

75”F.
75”F.

27
47

30
50

50
57

G
H

160003’.
Normalized

10 12 13 1?!
15 18 20 20

u

II
o “F.
O“F.

5
9

8
12

27
40

G
H

,1

II
-40 “F.
-40”F.

4
3

17.5
19

9. 9 12 14
10 10 10 n

G
H

1950”F.
~tormalized

75”F.
75”F.

15
25

21
39

36
44

G
H

,1 O*F. 5
6

20
28

G 4
H It o‘F. 5

I G
,, -40”F. 3

H II -40“F. 3
7.5
12

* Steel H received an aluminum addition equivalent to 2 Ibs ./ton.
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Effect of Different Iiot.RollingTemperatures on Notched-Bar Impact
Resistance of Alwminum-’i’reatedand NoA=w-Tre~ted Steels

Four steels, two high-silicon and two low.silicon, alwminum- and

nonaluminum-treated,were hot rolled and finished at various temperatures

above the critice-lrange. Round Charpy specimens were rnnchinedfrom the

finished bars and tested at 75”F., O“F., and -40”F. to determine the

influence of different hot-rolling finishing temperatures upon the notch

sensitivity. ‘l’hetwo high-silicon steels used

steels G and H, previously used to standardize

against the standard test. Two matched melts,

in these experiments were

the round Charpy bar

J and I, were made up

for low-silicon, aluminum-treated, and nonaluminum-treated steels used

in the experiments. Steels I and J were poured into baked core sand

molds which made small test castings 1 inch in dinmeter and 6 inches

long. Since steels G and Iiwere originally cast into 100-lb. ingots,

small sections 1 inch square and 6 inches long were sawed from the in~ots.

Samples frcm the high- and low-silicon steels were heated to a

rolling temperature of 1950”F. in a large electric furnace and given

three passes through the rolls which gradually reduced their cross

sections from l-inch roundsor l-inch squares to square bars slightly

larger than 47/64 inch. These bars were returned to the furnace,

reheated to 1950”F., and rolled in three passes through the rolls from

47/64-inoh squares 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 each of the four steels was reheated to one of’the

following four temperatures; 1500, 1600; 1800, and 1950“F. and then

given the last pass through the rolls which reduced the cross section
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from 39/64-inch square to 9/16-inch square. This operation gave 16

groups”of st;els obnsistiri~of 9/16-in&h-squarebars from -thealuminum-

.,
‘and‘nonaluminlm-’created,high- and low-silicon .stee1s which had been

,. given their last hot-rolling finishing pass at the four hot-rolling

temperatures listed above. The bars were then machined into round

CharpJ specimens. The resulting specimens were tested at 75, 0, and -

-40”F.

Results of these tests are listed in Table 6 and plotted in Figures

4 and 5. The high-siiico.nsteels G and H (Figure 4) show a marked

superiority of aluminum treated over nonalwninum steels at finish

roll.ihg temperatures of 1600 and.1800“F. ‘fheadvantage is less Imarked

at 1500”F.’and not evident E.t1950”F. Rolling

an important variable which must be taken into

a steel-quality test.

The low-silicon steels I and J (Figure

ths.nwas expected between the aluminum-treated

temperature is, therefore,

account in develo~ent of

5),show less difference

and non~luminurn-treated

steels. A possible explanation,was that with the lo,~~-siliconcontent,

cn aluminum addition eqlui~lqnt to 2 lbs./ton was insufficientfor full

deoxidation,* An additional pa,irof steels, O and P, was, therefore,

made to dcter,ninethe effeot of an aluminum addition equivalent to

6 lbs.~tom:on the :totched-barimpact resistance of the low-silicon steel

after hot rolling. Figure 6 shows tha ,t rriththe larger alwminum

addition, a mar@sd superiority in impact resistance is shown for the

aluminum-treatedsteel finish hot rolled at 1600 or 18CO”F.

* The”amourit“of’aluminum required for.deoxidatioa is influonced by the
raw materials and melting practice, and would be expected to be some-
what higher for the induction-furnacepractice used in prepring
these steels than for normml basfc ope~l-hearthpr”otice.



TARL3 6. EF?ECT OF DIFFRRENT HOT-ROLLING FINISHING TEL!PEXATURESON
NOTCH-TOUGHNESS PROPERTIES OF ALUMINOM-AND NOEALOMINOM-
TREA~D, HIGH- ANC LOW-SILICON STEELS

i@t-Rolling Steel G Steel H
Finiehing Testing .HighSilicon, High Silicon + Aluminum, 2 Lbs./Ton
Temperature Temperature Impact Ener~, Ft.-Lbs. Impact Energy, Ft.-Lbs.

1500“F.
,1
,,

1600”F.
,,
t!

1800“F.
!,
,,

1950”F.
,,
,!

75”F.
O“F.

-40”F.

75°F.
O“F.

-40”F.

75°F.
o “F.

-40”F.

75”F.
O‘F.

-40”F.

46.5
16.5 ,
18

43
17.5
10.5

4.7

9
7.5

46
13
11

52
22
16.5

45
17
15

36
12
10

44
15.5
13

66 90
23.5 27

22

110+
41
27

29 110+
13 16 23

11

33
17 9.5

6.’5

91
28
19

110+ 110+
45
23

110+ 110+

24 30.5
13

44 55
8.5
9.0

Steel J
Low Silicon, Low Silicon + Aluminum, 2 Lbs./Ton

Impact Energy, Ft.-Lbs. Impact Ener~, Ft.-Lbs.

1500”F. 75”F. 30 51 55 60
*4

73
0“F. 12 17.5 19

1,
18 18 19.5

-441”F. 9 12 8.5 11.5

1600°F. 75°F. 17 25
1*

36 43 70 63
O“F. 11.5

It
15.5 20 21.5

-40”F. 8.5 8.5 16.5 19.5



TABLE 6. (CONTINOED)

Hot-Rolling Steel I
Finishing Testing

Steel J
Low silicon, Low Silicon + Aluminum, 2 Lbs./Ton

Temperature Temperature Impact Energy, Ft.-Lbs. Impact Ener~y, Ft.-Lbs.

1800“F. 75”F. 35 33 20 23
,1 O“F. 13 14 14.5 10 15
,, -I-Joy. 6 ? 8 11

1950 “F.
,1
!!

75°F.
o°F.

-40”F.

15 19 23
9 9.5 10 14
8.5 7

16 17
8 9.5 12.5
11 12.0

Steel O Steel P
Low Silicon, /Low Silicon + Aluminum, 6 Lbs. Ton

Impact Energy, Ft.-Lbs. Impact Ener&f, Ft.-Lbs.

k.
1600”F. 75”F. 40 39* 56* 79 90 83 97
,! O“F. 15.5 21.5 15* 50 45 47 F
,, -40“F. 7 9 21 26 22

1800”F. 75”F. ’18* 35* 40* 108 108 75*
w O“F. 7 6.5 10 37 34 35
,, -40”F. 10 7 6 19 19 22

* Test specimen contained flaw.
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Microscopio examination of these hot-rolled steels was carried

out. As illustrated by the photonicrographs 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 addition. For 1950”F. hot rolling, all

steels are coarse grained with irregular carbide 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 bsnding

(alternate concentrations of carbide and ferrite in layers parallel to

the rolling direction).

In general, the m.iorostructuresparallel those discussed earlier

for normalized steels. Although qualitative

it would not be possible to make an accurate

tivity of the various steels on the basis of

differences are apparent,

estimate of notch sensi-

the micro-examination alone.

Effect of Straix Aging on Notohed-3ar Impact Resistance
of Aluminum-Treat ed and Nonaluminum-Treated Stae1s— —

were

with

bars

Two low-silicon steels, with and without. aluminum (iiand N),

cast into l-inch rounds 6 inches long, and two high-s~.1icon iugots,

and without aluminum (G and H), were sectioned to give l-inch-square

6 inches long. These bars were hot rolled and finished at 1800”F.

The hot-rolled 9/16-inch bars were machined into O.500-inch and

O.ii27-inohrounds. The O.500-inch rounds were notched, ‘thensav~edinto

two-inch lengths to be used directly for round Charpy specimens. The

O.527-inch rounds were slightly tapered for a short distance on one end

and cold reduced 10 per cent in cross-sectionalares ky drawing through

a O.500-inch die. The cold-drawn bars were then sawed into two-inch
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Xloo 49906

a. No aluminum

Xloo ~ 499@

b. AluminumAdded.

Hot-rolledand finishedat 16c@F.

am 49907 Xloo M9W
c. No alldnum d. Aluminunadded.

Figure7.

Hot-rolbd and finishedat 18(W?F.

Kicrostructureaof a high-silicon steelhot rolledat various
tsmperaturea. Aluminum addition equivalent to 2 pounds per ton.
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Xloo

a. No

499X3

alsdaum

Xloo 49915

b. Aluminumadded.
Hot-rolled and finished at 1600°F. \

Xmo k991.4 Xloo 49916

c. No aluninum. d. Aluminum added.

Hot-rolledand finishsdat 1.801)°F.

Figure 8. Hicrostructuresof a low-siliconsteelhot rollsdat various
tanperatures.uuminum additionequivalentto 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

w:aterand sged for 40 minutes at 212“F. The strain-aged and nonstrain-

aged specimenswere broken at 75°F., O“F., and -4i1°F. The notch-

toughness values ‘oh,;sobtained before @nd after are recorded in Table 7

and plotted in Figure 9. It may be seen that

decrease in the notched-bar impact resistance

silicon steels with no alumimm addition,bdt

there has been a marked

of both .1ow-and nigh-

that the same steels with

aluminum addition show no significant decrease after the strnin-aging

treatment.

In processing, fabrication, and service, hull plate steel is

subjected to varyiz%gdegrees of strain aging. The decrease in notch

toughness induced by strain aging may have a very important influence

On service performance. The above tests indicate thzt lWriOus steels

may be :moreor less susceptibleto strain aging and that this variable

must be taken into account in development of a stebl que.1ity test.

Notched-Bar Bend Tests

The notched-bar bend test has considerable merit

closely represents the condition of structural’failure in

“As shown by Sachs, and others4, when metals”are tested in

in that it

hull steels.

tension or

bending, the pr~sence of + n+ ch increases the load at fracture if the

mete1 breaks in a completely brittle manner.

.—

4. G, Sachs, L. J. Ebert,,and W. F. Bro\*m,
Structural Alloy Steels by Mess of the
Te~t!t. Metals TechllOlOgy,Vol. 13, No.
(A.I.x.z. T.p., 2110.)

,:

‘fComparison tifVarious
Static Notch,;Bar Tensile
8, Deee?ober,1946.



TABLE 7. NOTCH.TOUGRNESS,PROPERTIES OF LOW- ANO HIGR-SILICON
STEELS BEFORE AND AFTER S’f.RAINAGING

Before Strain Agin~ After Strain Aging,
Impact Energy, Ft.-Lbs. Impact Ener~, Ft.-Lbs.

Steel Treatment Type 75”$’. 0 “F. -4Q”F. 75”F. O-F. -40”.F.

G Hot Fin+ Rolled 1800°Fi High Si
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Aluminum addition equivalent to 3 lbs./ton.
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Whether or not a steel is brittle

concetitration system introducedby

depends on the severity of the

the notch, the temperature of

testing, and the rate of loading. A steel which fails in a ductile

manner, by shear de,formation, under a given set of testing conditions

may fail in a brittle manner, by cleavage fracture, if the tenperaturo

of testing is lowered or the severity of the stress concentration

increased (either by decreasing the radius of the notch or increasi~g

the cross-sectionalarea of the bar).

A series of bead bars was made from samples of steels A-2 and

A-3 which had been normalized at 1950 ‘F. and had room-temperature Charpy

impact values of 18-19 ft.-lbs. and 35-40 ft.-lbs., respectively. The

bars were machined with a V-notch of 45° angle and O.01-iuch radius.

Testing was carried out in testing machine 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 m.aclhineand slowly loaded to failure.

The depth of notch, the cross-sectional area, and the temperature of

testing were variables.

Initial tests were made on l-inch-squarebars, 6 inches in

length, with V notches 0.079 inch deep (Figures 10a znd 10b). A similar

set with dspth of bar increased to 2 inches was broken next (Figures 100

and 10d). A third pair

broken (Figures 10e and

give the maximum stress

The differences

of bars with a notch depth of 1/2 inch W*S then

lof). The lattw notch depth was calculated to

concentration for this size bar (Figure 11).

in breakiag loads among the above pairs of steels

are not sufficient to separsto the two steels.* A pair Of bars ~~itha

* The S1i~htly higher breakin~ loads for the steel without aluminum
than for the steel with aluminum are only equivalent to the dif-
ference in Brinell hardaess of the &timetwo steels, Table 3.



Bend Bar Fractures

a.

No Aluminum

m
Breakingload- 16,500lbs. Notoh depth 0.08 inoh b.

Bar depth - 1 inch

Bar width - 1 in~h

AluminumTreated

Breakingload - 15,700lbs.

NO Aluminum
Ahneinum Treated

&y

c. Breakingload- 64,0WJlbs. Notchdepth-0.08 inch d. Breakingload-60,000lbs.
~. .Y,--!---

mr aepm - G EIJUIIW~

Barwidth - 1 imh

No AlUmiIUIXI

e. Breaking load -42,700 lbs. Notoh depth l/~ i~oh

AluminumTreated

f. Breakingload-38,500 lbs.
-.

Figure 10. Fraoture

Bar depth - 2 inches
Bar width - 1 inoh

photographsand breaking leads of bars tested at ronn temperature.
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FigureIl. Variationin Str9SS concentrationas a functionof
notobdepthfor bar of indicatedtiensions.
(Calculationby L. R. Jackson,AppliedPhysice
Division,BattelleMemorialInstitute.)
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l-inoh-square cross section and a O.OP-inch-deep notch was broken at

.40”F., using the arrangement 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 wss observed for the aluminum-

treated steel (compare Figures 10b and 13b), but the steel without

aluminum (compareFigures 10R and 13a) shows a falling off in breaking

load witindecreasing 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 ba?s was reached in room-

temperature tests, while the aluminum-killed steels “cmokewith a ductile

fracture under a gradually decreasing load. It would be possible to

measure the rate of crack propagation or the energy of breaking c~lculated

from stress-deformationcurves of room-temperature, notched-bar bend

tests. Iiowever,this apprO~Ch does not appee.rto offer any particular

advantage over t:e notched-bar impact test.

The falling off in bend load of the notch-scnsitiv~ (nonalumin,um)

steel does provide a dmmonstrmtion of the dcnger of using such steels

for critical structures.

Wedge-Impaot Tosts

The Walker wedge test, which h&s been used in the malleable iron

industry as a measure of impsot resistance of malIeable iron @f‘ter

annealing, was irr?estigated on the su&gestion of Mr. E. G. To~uceda,
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POWDERED SILOGEL

Figure12. E!athfor lov-temperaturetestingof notchedbend bars.



a. Breakingload- 12,100lbs.

Bend Bar Raotures

R&ah depth-0.08 inoh
w depth - 1 i~h

.

Aluminum Treated

w wlith - 1 inch

Pigure1S. Rmoture photogr~pk ad breekingload8 for bare tooted st -40”F.
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Consultant to the Bureau...ofShips, Navy Department.

out by placing a wedge-shaped specimen in a testing

The test is carried

machine and repeatedly

dropping a 21-lb. weight on,it from a distance of three and one-half

feet. The standard size of the test specimen is 1 by 1/2 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 smsll amount

to begin the “curl”. Succeeding blows with the trip increase the curl.

The anvil of the testing machine may be adjusted to shift the specimen

laterally so that the trip always falls on the top of the curl.

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 aluminum and A-3 with aluminum, were used and wedge specimens

were machined from smnples 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, and in the 1950”F. normalized condition, where

the notched-bar impact resistance of the aluminum-killed steel was

,nmrkedly superior 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

tests were made by immersinq the bars in an acetone and dry-ice bath and

holding at a temperature 5“F. below the testirigtemperature for 15
,:

minutes, then quickly transferring the specimen to tIietesting me.chine

a.~dimpacting 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

conditions than the normalized test bars, but it was not

separate the aluminum-treated steel from the nonalwminum

was considerable scatter in test results. An additional

possible to

steel and there

series of

wad~e-iinpactspecimens is being prepared for testing.

SUMMARY

The problem of developing a fairly simple but reliable method

for evaluating the quality of hull plate before the steel is rolled into

plate is outlined. Notch sensitivity as judged by notched-bar impact

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

standard of steel 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 aluminum additions. Sound samples, for test purposes, may

be obtained from ingot oastings of the high-silicon steel, but the only

means thus far found for obtaining sound test specimens from unkilled,

low-silicon steel (the major source of hull plate) is to hot work the

cast samples.

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

and without aluminum, are low and uot significantly clifferent. When the

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

bar impact resistance of the aluminum-treated steel is markedly superior.
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A round C!’mrpyspecimen with circumferentialnotch was developed.

It provides a more rapid and less expensive means of separating steels

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

Charpy specimells.

A series of notched-bar impact tests was made on steel samples

hot rolled and finished at various temperatures. A marked superiority

of aluminum-treated over nonaluminwa steels was observed for finish

rolling temperatures of 1600”F. and 1800”F., but not for lower or higher

temperatures. Specimens hot rolled and finished at 1800”F., then sub-

jected to strain zgi~g, showed a further decrease in notched-bar impact

resistance of the none.lumiawmas compared to ths aluminum-trefitedsteels.

These tests (summarized in Table 8) indicite that, since various steels

are differently affected by hot-rolling te.mpere.tureand strain-aging

conditions, these variables of processing the steel must be taken into

account in development 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 smnll-size .apecimens,it was necessary to decrease

the testing temperature to -40”F. before a significant decrease in bend

load for the nonaluminum as compared with the aluminum-treated steel

was obtained. The two steels could be separated by their fracture

appearance or manwr of breaking in room-temperaturetests, but this

possibility does not appear to offer any particular advantage over

notched-bar Lmpficttesting.

On the suggestion of M!. E. G. Touc@da, a series of wedge-impact

tests was made. The results were not significant because of scatter in

test values.
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CONCLUSIONS

At present, it is believed possible to evaluate the quality of

hull plate steel by casting a l-inch-round bar, hot rolling to approxi-

mately 9,/16inch at a temperature corresponding to the mill practice,

strain aging, and testing as round notched-bar i,mpaotspecimens. This

procedure provides sound samples from unkilled steel and introduces the

plate-processing variables. Other simpler test methods which msy pos-

sibly be developed should be shown to be capable of distinguishing

betreen steels variously deoxidized and processed. It appears that as-

cast scmples do not provide an adequate distinction of notch sensitivity

unless normalized or hot worked and prestrained.

FUTURE ‘WORK

Further attempts will be made to obtain sound as-cast samples

from unkilled steel. A deoxidation addition which could be made to the

ssmple without changing its notch sensitivity, relative to the rest of

the melt, would be suitable, and the influence of small additions of

silicon in tk.isrespect will be investigated. An attempt will be made

to cast sound samples of unkilled steel by centrifuging.

Arrangements nre 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,

out in

stress

Further investigation of the wedge-impact test will be carried

the near future. The investigationof a fatigue-type test at

levels considerable,above the endurance limit is being considered.

—
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.’

The original“data,fromwhich this report was written

are recorded in B.M.1, Notebook, No. 2756, pages 1

to 43, inclusive.

ViGNH/SAid/CHL ; am

August 11, 1947
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