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In orderto obtaindefiniteinformationconcerningthe relation-

shipsamongchemicalcomposition,underbeadweld cracking,and the

mechanicalproperties,,especiallythe tensileand.notched-barimpact

characteristics,a seriesof 30 laboratoryheats ~~a~made and studied

in,the hot-rolledstateto determinethe individualinfluenceof each

of the following constituents when varied.over a range sufficientlY

broad to definitely establish the trend of the,effect; carbon, manganese,

silicon, molybdenum, vanadium, and alminw.
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For a standardchemical composition, a typical HTS analysis was

selected,and the elements studied were then varied one at a time in this

standard composition.

This investigation revealed that the oarbon content should mast

probably be limited to 0.15-0,20 per cent as above this value the crack

sensitivity increases with marked rapidity which is entirely out of line

with the increase in tensile and yield strength. Increased carbon

content was also accompanied by a reduction in the notched-bar impact

strength.

While manganese increases the tensile and yield strengths at a
. ...,,,

rapid rate, it also increases the weld crack sensit.iyityit A rapid rate.

One advantage of manganese is that it is @ appreciable,,detrimentalto

the notched-bar impact strength in the temperature range of -70°F. to

21O’F.

I:fiilesilicon contents above that normally used in H’fSsteel did

aPPear tO Offer sOme advantages Over plain carbon-manganese steels for

obtaining slightly higher yield strengths tindlow underbead cracking,

silicon is not comparable with either molybdenum or vanadium for this

purpose.

‘The’use of either m~lybderiumor vanadium appeared to be the most
,,. ,’
promising jeans ‘ofincreasirigthe tensile aridyield strengths without

., ..,.. ,,
marked detrimental effects upon the

,,, ,~i

However, both of these alloys iower
i,; . .

an ‘appreciabledegree,especially at
., ’., :,,~

degree OF underbead cracking.
.,;

the notched-bar impact strength

room temperature and lower.

Data from s.single 6cries of heats in which the’aluminum

qddition was varied from c to & pounds per ton indicated that the

to

aluminum content is an important factor in establishing the underbead
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weld crack sensitivity. The steels made with low and medium amounts of

aluminum were quite craclcsensitive as compared with the steels contain-

ing no aluminum or a very large aluminum content, such as that obtained

by an addition of 5 pounds per ton. Since this wide sluminum range has

not been previously investigated, it will be necessary to confirm these

resuits with additional data.

An aluminum addition of about 2 pounds per ton, .064 per cent

acid-soluble aluminum content in the steel, was found to have the most

beneficial influence upon the notched-bar impact strength. This effect,.

was especially noticeable at low temperatures.

NO relationship was found between the tensile

plate normal to the surface and the aluminum content.

made on commercial plate revealed a good

content and the properties normal to the

in behavior of the laboratory steels and

propertiesof the

A previousstudy

correlationbetweenaluminum

plate surface. This difference

the commercial heats may be

caused by the large difference in the amount of reduction between ingot

and plate, the directional properties being amplified.by the increased

reduction of the commercial product.

The notched-bar impact properties normal to the surface were all

found to be quite low as comparedwith the longitudinal properties. As

in the case of the longitudinal tests, the steel made with an aluminum

addition of 2 pounds per ton displayed the highest notched-bar impact

strength when tested normal to the surface.
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The previous work ofithis project has been confined to an

investigation of the mechanical properties, metallurgical characteristics,

and the underbead cracking tendencies of HTS steels that have been used

in welded naval construction. Briefly, the range “ofchemistry covered

was,from 0.14 to 0.23 per cent carbon and 0.S1 to 1.53 per cent manganese,

together with small additions of titanium or mnadiu?? or both. This

range represents about the extreme limits found in commercial steels Of
,:

this grade.

In the past,the summation of the carbon, menganese, and other

alloys has been defin.itelylimited because of underbead cracking.
.

Recent work on this project has revealed that the total alloy content
..

of the steel may be relatively high without being detrimental to the

‘tve,ldingcharacteristics, especially underbead cracking, provided the

steel has been homogenized to reduce or eliminate alloy segregation.

This provides a means for using a higher alloy steel with resultant

higher strength which is not susceptibleto underbeadcrackingunder

normal welding conditions.

The purpose of this phase of the investigation is to determine

the influence of chemical compositi~i covering a muoh widerrangethan

foundin the commercialHTS steels. The ultimate object is to find the

composition which will

euffioiently low level

ship construction.

give the highest yield strength and still have a

of crack sensitivity to be satisfactory for welded
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EXPERIML’NTJLWORK—— .— -—

A Studyof the Influarnceof ChemioalComposition.—

Preparation of Laboratory Heats—.—

Previous work on laboratory heats has shown that in the case of

small induction furnace heats, it was.necessary, to increase slightly the

carbon and manganese oontents in order to obtain the average level of

underbead cro.ekingnormslly found in commercial HTS steels. It wS.S

found that laboratory heats containing 0.21 per cent carbon and 1.32 per

cent manganese were quite suitable for investigationalpurposes as these

steels cracked well within the limits of the weld crack-sensitivitytest

conditions used for conraercialsteels. Using this approximate analysis

as a standard for comparison, a series Of”30 induction furnace heats

were made to study the influence of carbon, mangs.nese,silicon,

molybdenum, vanadium, and aluminum ooritentsupon the welding oharacter-

istios and mechanical properties. These heats consisted of 450-pound

melts deoxidized with an addition of 0“”.4pound of aluminum per ton of

st’eel,with the exception of .!”ixheats made to study the effect of

aluminum additions ranging from O to 5 pounds.

The steel was cast into two ‘6-5/8-inch-squareingots and sub-

sequently’processed by forging from a temperature of 2200”F. to 2300°F.

to 2 by 5-inch slabs. ~oilowing ~eheatin.gto 2200°F., the slabs were

hot rolled to l-inch plate in six passes. The finishing temperature

after rolling was approximately 1750”F. The plates were stood on edge

and allowed to air cool as in normalizing. By processing each ingot in
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this manner, a uniform hot-rolled conditionwas produced throughout the

seven lots of steel.

‘8-inch

plate,

The heats made with various aluminum contentswere cast in 8 by

ingots and reduced by hot rolling on a oomneroial mill to l-inch
,..

the reasons for which will be discussed later.

A brief outline of the heats under consideration is shown in

Table 1 which lists the group and heat numbers, the elements bein~ —

investigated,and the range through which

The complete chemical analysis of

Table 2.

TABLE 1. OUTLINi OF LABORATORY
INFLUENCE OF CWWCAL

the elements were varied.

all thirty heats is shown in

HEATS MADE TO S’flJDYTIDI
COMPOSITION

,———.- — —

Group , Element Being Range Coversd
No. Heat No. in Group Investigated

.—— ___
in Per Cent

..—.— ———

1 X-1 to X-5, incl.’ ““,. Carbon 0.17 to 0.32

2 X-6 to X-9, incl. Manganese 0.93 to 1.51

3 X-10 to X-13, incl. Silicon 0.41 to 0.92

4 X-14 to X-18; incl. Molybdenum 0.10 to 0.43

5 X-19 to X-22,“incl. Vanadium 0.04 to 0.29

6 X-23 to x-28, incl. A.luminurn O to 0.18

7 X-45 to X-46, incl.(S%aniiardcompositionfor comparison —
purposes)

— —.—- .— — -

‘.

Tensile Properties

Standard O.505-inch threrided-endtensile specimens were machined

from the center of the plate, duplicate specimeng being prepared in both

the longitudinal and transverse directions with respect to rolling. The
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TABLE 2. CHEIIICM +INA+,ysIsOF L.4BG~AToRYHWTS

——._.— ..-— —.—. —

Heat,No. C ],m P.. s Si. Ti MO v Al*
,— —.-.. —.

(Group 1)

x-1 0.17
x-2 0.20
x-3 0.25
x-4 0.28
x-5 0.32

(Group2)
X-6 0.21
X-7 0.19
X-8 0,.22
x-9 “0.21

(.Group3)
x-lo 0.21
X-n 0.21
X-12 0.19
X-13 0.20

(Group4)
X-14 .0.22
X-15 0.21
X-16 0.23
X-17 0.23
x-18 0.24

(Group5)
X-19 0.21
x-20 0.20
X-21 0.20
x-22 0.21

‘(Group6)
X-23, 0.20
X-24 0.23
X-25, 0.22
X-26 0.22
x-27 0.20
X-28 0.22

,,.
“(Group7) ‘:’ ‘
,.:X-45 .0.21

X-46 0.22

1.36
1..3.0
1.36
1.42
1.26

0.93
1.22
1.37
1.51

1,30
1.37
1.39
1.31

1.45
1.49
1.29
1,32
1.37

1.27
1.30
1.29
1.28

1.25
1.36
1.24
1.31
1.29
1.26

.,

1.35
1.35

.023

.021

.022

.022

.022

.021

.023

.023

.023

.025

.024

.023

.024

.023

.020

.023

.020
,023

,020
.021
.020
,020

.021

.019

.020

.021

.018

.019

.021

.023

.024

.023

.023

.020

.020

.022

.016

.018

.018

.018

.019

.018

.019

.019

.@20

.022

.020
,020

.019

.020

.019

.020

.02;

.02’1

.020

:021
,020
.020

.030

.032

0.31
0.25
0.29
0.22
0.22

0.27
0.28
0.29
0.29

0.41
0.55
0.79
0.92

0.30
0.35
0.28
0.30
0.29

0.32
0030
0.+30
0.29

0.27
0.29
0.27
0.27
0.31
0.27

0.27
0.28

.014

.001

.014

.014

.013

.010

.011

.012

.011

.012

.012

.011

.010

.025

.012

.012

.012
>014

.013”

.016

.014
,018

.007
,006
.013
.016
.015
.015

.015

.015

.

-.

0.10
0.12
0,24
0.32
0,43

,-

.

.

.

.,

0.04 -
0.08 -
0.19 ..
0.29 -

Nil
<.005
<.005
.029
.064

-. ;C 0.180

-- .003
.- .003

* Acid-soluble aluminum content
Heats X-1 to X-22, inclusive,madewith an addition
of 0.4 lbs. aluminum per ton.

—
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yield strengthwas determined

loadat 0.2 “per””cent offset.
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frOm the

The data

in Table 3 “iwhi”ohlists the average of the duplicate tests. The complete

str,osk-straindiagram using the

from these tests are .smmnarized

data are listed in Table 1 of App~ndix A.

,,

Uffect of Carbon Content.‘ The influence of carbon content in the

range of 0.17 to 0.32 per cent upon the‘tensileand yield strength is

shown graphically in Figure 1. This figure reveals that as the carbon

is raised ,from0.1.7to 0.32 per.cent, the longitudinal yield and tensile.

strength increased progre~sively from approximately 45;000 p.s.i. to

55,000p.s.i. and the tensilestrengthfrom 71,000p.s.i. to 90,000p.s.i.

This increase in strength was accolT,panied,by the usual decrease in

ductility as indicated ‘bythe elongation and reduction in area.

A comparison of the transverse and longitudinal properties

revealed the expected lower ductility in the transverse direction. There

yas alsd a tendenc~-for slightly lower yield and tensile strength in the

transverse direction, but in most cases, the”difference can not be con-

sidered significant. J,similar,difference in directional.properties was

noted throughout all thirty heats.

The Effect of Manganese Content. Figure 2 illustrates the—“—. —

influezioeof manganese in the range of 0.93 to 1.51 per cent upon the

tensile and yield strength. .Asthe manganese is increased from 0.93 to

1.51 per cent ,’the longitudinal yield strength increased progressively

from approximately 39,000 p.s.i. tG 48,000 p.s.i., and the longitudinal

tensile strength from 70,(?00p.s.i. to

strengths were found in the transverse

77,000 p.s.i. A similar trend and

direction. ,,.
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TA.BLE 3. TENSILE PROPERTIES CF HCT-ROL,LiDPLiWIEFROM
LABORATORY HEATS

-—. -————————.—————— . ——_.._._

Elong.in Red. in Yield Tensile
Rest Test 2 Inches, fires, Strength,
No. Direction “$

Strength,
?; p.s.i. p.s.i.

—-.—..——. .—. c

(Group 1)
x-1

f!

x-2
!!

:x-3
!!

,x-4
!1

x.5
II

(Group,2)
&6

f!

X.-7
It

X-8
t%

2$-9
t,

(GrouP.,3)
x-lo
It

x-n
!1

i-12
t,

X-13
1!

I,on~.
Trans.

Long,
Trans.

Long.
Trans.

Long.
Trans.

Long.
Trans.

Long+
Trans.

J,ong.
Trans.

Long.
‘Trams.

Long.
Trans.

Long .
Trans.

. Long.
Trans.

Long.

Trans.

Long.
Trans.

37.3
31.5

36.0
32.8

31.8
29.5

30.9
27.8

28.5
26.5

35.5
32.0

34.8
29.9

35.6
30.0

34.8
31.6

34.9
32,3

33.2
29.7

33.0
28.8

33.0
30.5

74,5
62.1

68.9
63.0

67.0
61,1

67.5
56.4

64.8
52,4

66.5
56.2

8s.6
58,3

70.5
59.2

‘.72.1
59.6

69.7
60,2

68.6
60.7

68.5
56.9

66.0
59.6

45,630
44,750

44,250
41,630

47,360
46,250

51,000
48,750

55,000
49,360

39,130
39,630

44,630
43,130

46,750
44,500

48,380
46,380

47,630
44,130

50:880
46,630

52,500
51,000

49”/750
49,250

71,380
72,400

74,600
73,680

81,550
60,200

66,850
86,450

69,800
87,280

70,150
69,500

73,450
71,900

77,350
75,950

77,180
77,650

78,450
76,300

80,000
79,600

65,450
83,630

83,950
83,200

—.—
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TABLE..3. (Corrtinued)

Elong. in Red,,.,in Yiel,d Tensile
Heat Test 2 Inches, Area? Strength,
No,

Strength,
Direction $~.-.— — -— ._____ $ —p.s.i. p.s.i,

(Gro’up’4)
x-14
If

,,

31.8 66.9
28.8 58.6

Long,
Trans.

50,630
46,000

51,380
48,880

56,000
56,750

68,630
66,250

78,250
‘75,880

80,000
79,050

81,400
80,950

82,250
82,650

98,630
93,610

99,490
97,280

79,600
78,100

84,200
82,450

93,530
92,550

1o5,130
100,400

74,900
73,800

82,230
81,850

77,380
76,380

79,650
79,980

~-15
,,

31.8 64,1
28.8 58.3

Long.
Trsns.

‘X-16
U

Long.
Transo

29.0 63.2
24.1 55.2

X-17
H

Long.
Trans.

24.0 63.0
20.9 49.7

X-18
II

Long.
Trans.

22.0 62.6
20.8 53.5

(Group 5)
X-19
,1

Long.
Trans.

32.4 65.8
29.5 59.0

,49,130
47,750

56,680
54,000

66,680
64,630

78,500
73,880

X-20
ff

I,ong.
Trans.

32.6 67.8
27.3 59.5

27.0 61.1
23.0 52.4

X-21
II

Long.
Trans.

“ x-22
If

,,

Long.
Trans.

25.3 59.4
20.3 48.8

(Group G)
X-23
,1

Long.
Trans.

34.5 66.4
29.3 52.2

47,500
45,750

ko,880
49,360

47,750
46,380

49,630
49,380

.A.-_L_”__

X-24
II

31.3 64.5
27.8 50.7

Long.
Trans.

‘X-25
M

Long.
Trans.

33.0 ““68.2
27.6 54.1

X-26
,1

Long.
Trans,

33.0 68.1
26.8 53.3

...,..,
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TAFII,E3. (Continued)

—.— “——. —___ .

Elong. in Red. in Yield Tensile
]~e~t Test 2 Inches, Area, Strength, Strength,,
No. Direction % % p.s.i. p.s.?>

—.——. — ., .—..—

x.-27 Long. 33.5 69.6 48,250 76>600
1! Trs.ns, 26.3 56.9 45,750 75,980

x-28 Long. 33..5 68.7 48,380 77,750
It Trans. 28.5 55.9 46,880 75,800

(Group 7)
X-45 Long. 33.8 67.2 52,100 79:100
II ‘lrans. 23,8 35.7 48,880 75,950

X-46 Long. 35.0 70.1 50$750 80,300
11 Trans. 28,0 51.2 52,000 79,~3(J

— ——.—==_—--—. ,—===—-—--- :===— -.— —.—
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The increased manganese content did not decrease the ductility

as indicated by the reduction of area snd elongation in both the longi-

tudinal amd transverse directions. ihile there was a slight increase in

the reduction of area in the longitudinal direction with increased

manganese conteut, this change was not enmgh to ‘beconsidered signifi-

Carlt.

The Effect of Silicon Content. The long itudinal tensile data..—. ————

from the four heats made to study the influence of silicon content are

shown in Figure 3. From this figure it will be noted that the silicon

content in the

upon the yield.

slight.

In the

influence upon

range of about 0.30 to 0.90 per cent he.s little influence

strength and the effect upon the tensile strength is only

range investigated, the silicon content had no perceptible

the elongation or reduction in area.

Effect of Molybdenum Contex,t. The marked influence of molybdenum—, ——.. —.— .— —,.-.

content upon the longitudinal yield and tensile strengths is show in

Figure 4. By increasing the molybdenum content from 0.10 to 0.43 per

cent, the yield strength was raised from approximately 51,000 p,s,i. tO

78,000psi. and the tensile strength from 57,000 psi to 99,000 psi.

This incrw.sein strengthwas ficcompcniedwith the usual

decreasein elongationand reductionin &.rea.

The Mfect of Vanadiumcontent. Figure5 revealsthatthe

increasein longitudinalyieldand tensilestrengthproducedby the

additionof vanadiumwas evenmoremarkedthan thatof molybdenum. By

increasing the vanadium content from O.04 to O.29 per cent, the yield

strength was raised from 49,000 p,s.i. to 78,000 p.’s.i:j,and the-tensile

strength from 60,000 p.s.i. to 104,000 p.s.i. With this

.—
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increase in strength, the elon~ation dropped from 32.4 to 25.3 per cent

and the reduction of .are&from 65.8 to 59.4 pe”rcent.

The Effect of Aluminum”Content. AS would be expected, the— ——-
,,.

aluminum content had no per~ep%ible effect upon the tensile properties

of either the longitudinal or transverse tests. The influehce of
-.

aluminum upon the properties normal to the surface will be di6cussed

later in this report.

Vnderbead ‘TeldCrack Sensitivity—.

The underbes.dweld crack sensitivity of all thirty heats in the

hot-rolled condition was determiriedby the single-bead weld test as

previously described in the reports on this project. Five weld specimens

were made on each heat and a summary of the results is listed in

Table 4. The complete data are listed in Table 2 of the Appendix.

The Effect of Carbon Content. The pronounced influence— — .—

content upon the extent of underbead cracking is illustrated in

of carbon

Figure 6.

This figure shows that the crack sensitivity increases quite rapidly as

the carbon content is raised. The heats with 0.20 per cent or less

carbon had a cracking index of 27 or less as compared with 85 and higher
.

for heats with 0.25 per cent or more carbon.

The Effect of Wanganese Content. The effeet of ms.nganese content————

in the range of O.93 per cent to 1.51 per cent upon the degree of under-

bead cracking is shwn in Figure 7. While the data in this figure do not

form a smooth curve because of other factors such as the variation in

carbon content, the results do indicate that the underbead cracking
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TABLE 4, UNDERBtiADW3LD CRACKING INDEcwS WIR MATS XL1 iO X-28,
x-45 AND x-46 IN THE HOT-ROLLED CONDITION

- -—~ — —.—.

Heat ConSt!.tuerit
—.—

No.
~feId Crack..

Varied
—. SenSi+iviity Index

‘v ,. -1
x-2
X-3
X-4
X-5

X-6
x-7
x-8
x-9

x-lo
X-II
X-12
X-13

X-14
X-15
X-16
X-17
x-18

X-19
X-20
X-21
x-22

X-23
X-24,
X-25
X-26
X-27
X-28

x-45
X-46

0.17 ) 21
0“20 ) ;: 27
;0.25 ) Carbon 85
0.28 ) content 97
0.32 ) 104

0.93 ) % 28
1.22 ) Nanganese 19
1.37 ) content ,. 75
1.51 ) 59

0.41 ) % 50
0.55 ) Silicon 84
0.79 ) content 84
0.92 ) 64

0,10 ) 69
0.12 ) * 86
0.24 ) l(oly~denum 66
0.32 ) content 71
0,43 ) 66

0?04 ) -’/= 51
0.06 ) Vanadium 64
0.19 ) content 78
0.29 ) 74

nil ) 6.
< .005) “ 95
C .005) Y Aluminum ~ 74

.029) content 81

.064) (acid soluble) 67

.180) 17

Standard composition heat 57
II “ t, It 60

,’
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ctsthe manganese content increased, Yor& dcta will be

steels in order to obtain more points for plotting the

manganese content-crack sensitivity-cu.rvo.

The Effectof Silicon Content. The addition of silicon above.——— —..— —..—.

that normally used in HTS steel wns found to increase the extent of

underbead crncking. The data show, however, that an increase from 0.79

per cent to 0.92 per cent silicon resulted in a decrease in the crack

sensitivity. (See Figure 8.) 11’bileit is well established that large

additions of silicon, about 1.00 per cent, decrease the tensile and yield

strengths as illustrated in Figure 3, additional data m-e needed to

confirm the effect of silicon content in this range upon the weld crack

sensitivity. The high-silicon end of the crack-sensitivity

Figure 8, therefore, should be considered as incomplete.

Elffcct of MOlybdenum Content. MO1ybdenum——.—. —.—...

thut additions ranging from 0.10 to 0.43 per cent

bead cracking to any appreciable extent, although

strength~ wore incroe.sed to a marked extent. The

proved to

curve in

be unique in

did not increase under-

the yield and tensile

curve comparing under-

bead cracking with the molybdenum content is shown in Figure 9.

The Effect of Vanadium Centent. The relationship of underbead—..————,—.

cracking to the vanadiwm content is illustrated in Figure 10. This

figure indicates that additions of vanadium increases the undorbead

crackingto a very small extent.

The Effect of Aluminum Content. The study of the effect of_—. —— .——

aluminum content in the range of O to 0.18 per cent (acid soluble)

yielded reeults which wore quite unexpected and will require additional

data for confirmation.
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data shawingthe influe!uceof

of the six heatsmade in this

nluminum content upon the crack

investigationare shown in

These data indio~te that the extent of underbead cracking is

extremely low in the steel made with no aluminum addition and inoressed

very rapidly as the aluminum was added, the.maximum cracking occurring in

tho neighborhood of .01 per cent aluminum and progressively decreasing

with additional aluminum.

Since the reasons for the apparent marked influence of alu!rinum

content are not obvious at this time, and as the above results were un-

expected and based on rolativcly few data, it will be necessary to ‘obtain

additional dsta to confirm or refute these results.

~Totched-BarImpact Properties
.. —.—.-—

In order to determine the effect of chemical composition upon the

notchad-bar

each of the

from -754F.

impact properties, four duplicate specimens were broken from

30 experimental h~ats at five different tem.paraturesrvnging

to 210°F. The stondard !7ho.rpytsst specimcm was used with

the V-type Izoclnotch out pm’r.llel with the plate surface. l:nlylongi-

tudinal tests were msd.c,the length of the test specimen being the

direction of rolling.

The refiultsof

32, inclusive, and the

these tests are shown graphically in Figures 12 to

datt~from which those figures were constructed are

listed in Table 3 of Appendix A.

The Effeot of Carbon Content..

inclusi~e, reveals that &s the carbon

A,comparison of Figures 12 to 14,

cent.ontis raised, the notched-bar

imp::ctstrength drops rapidly> ‘Thisis well illustrated in Figure 27

which shows the impact strength at +75”F. for a carbon range of 0.17per

cent to 0.32 per cent.
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Effect of Uang?nese Content. In the range investigated, 0.93

per cent, it wes found that the manganese content had little if

any influeuce upon the notched-bar impact strength. (See Figures 14 to

IL, inclusive.)

Figure 2! shows the impact strength at room temperature plotted

agaifistthe .?nangnncsecontent. “Whilethese data ,mightbe interpreted as

indicating that an intermediatemanganese content was advantageous, it

appears &flatthis indication is only incidental as similar conditions

are not noted at lower or higher temperatures.

Effect oi’Silicon Content. At room temperature end lower, the—. —..—....— —.— _

notched-bar impact strength falls off rapidly as the

increqsed. (See Figure. 16 to 16, inclusive. ) Thj.s

content at room temperature is illustrated ir.Figure

silicon content is

effect of silicon

2.9.

At a tempernturo of 10”F’., the silicon content hos no

appreci.ablee:efectupon the impact strength.

Effect of ?!’olyhdenumContent. “,hilethe addition of O.iO per

cent molybdenum lowered to some extent the notched-bar im~!aotstrength

when tested at 75’F.,

further effects. ‘The

content was raised.to

to a marked extent.

!l!heinfluence

increased contents up to 0.32 per cent had no

irrdj.cationswere, however, tnritas the molybdenum

about 0.40 per cent, the impact strength dropped

of molybdenum content upon the impact strength at

75”F. is shown in FiKure 30. The data for the entire ranEe of temper-

atures and compositic,ns stu.dic;d are shown in Fi~ures 18 to 20, inclusive.
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ii’ffectof Vanadium Content. Th9 effect of vanadium
—.—. ———

the notched-bar impact strength at 75”F. is shown in Figure

this figureit will be seenthatthe

vcmadi,.uncontentis increased. This

marked increase in yield strength.

impact strength decreases

would be expected in view

content upon

31. From

as the

of the

The effect of tempero.tureupon the impact strength of the four

vanadium-bearing steels is shown in Figures 21 and 22.

Effect of Aluminum Content. The aluminum con-tentwas found to_._,_ —.—

influence the notched-bar impact strength in the expected manner, that

is, the impact strength especially at low temperatures increased as the

aluminum content (acid soluble) was increased until a maximum was reached,

after which the impsct strength declined with further addition of aluminum.

The aluminm content is known to affect other properties such as grain-

coarsenin~ temperature and hardenability ixln similar manner,

The influence of aluminum contentupon the notched-bhrimpaot

strength at -40’F. is illustrated in Ipigure32. The complete data

covering the entire temperature range studied are chown in Figures 23 to

25, inclusive.

Standard-compositionHeats. The notched-bar.— .—

of the two standard chemical composition heats, X-45

in Figure 26. The curves for these two heats tirein

impact properties

and x-46, are shovm

good agreement b~t do

rot duplics.t~th(src,sulto for hects of similcr composition, X-8 for

exmple, as well as might be expected.

A Discussion of the Signif’ioance.of the Test Data-—.. -

A study of thfitensile properties, weld crack flensi.tivity,and

the notc?led-barimpact properties of the thirty experimental hetits
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tested in the hot-rolled state reveals the limitations and possible

advantages Wmt might be obtained by varying the carbon, manganese,

silicon, molybdenum, vanadium, and aluminum contents.

Frcm this investigation, it is quite o’oviousthat the carbon ‘

content is very definitely limited. J,bovethis limitinE value of

about 0.15 to 0.20 per cent carbon, the crack sensitivity increases with

marked rapidity which is entirely out of line with the increase in yield

strength. The increase in carbon is also accompaniedwith a reduction in

the notched-bar impact strength.

While manganese increases the yield strength to a marked extent,

it also raises the crack sensitivity quite rapidly and is, therefore,

limited in the case of hot-rolled steel to some place between about

1.1(Ito 1.30 per cent, depending upon other factors. One apparent

advantage of manganese is that it is not detrimental to the notched..bar

impact strength in the range investigated,

while the use of silicon as arlalloy in this grade of steel

appears to offer an advtmtage over plain carbon-manganese steels for

obtaining yield strengths up to about 52,000 p.s.i., silicon is not

comparablewith either molybdenum or vanadium for producing higher yield

strength steels that exhibit a low degree of underbead cracking,

It appears quite possible that the use of molybdenum and ‘ranadiwm

as alloying agents may prove to be advantageous. Additions of either of

these alloys produces a substantial increase in the yield and tensile

strength. which in the case of molybdenum is accompanied by little or

no increase in weld crack sensiti.vit.y,and only a moderate increase in

the case of vanadium. The addition of these alleys does, however, lower

the notched-bar imps.otstrength especially at room temperature and b$low.
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The data fromthe sixheatsmade to studythe influenceof

aluminpmcontentindicate that aluminumis an extremelytiportant

faotorin establishingthe weld cracksensitivity,the 10~.and.medi~m

alumiri!nnsteels being quite craok sensitive as compared with steels

containing no aluminum or very large additions of aluminum.
,.

Since this pronounced effect of aluminum had not been noted in

the previotiiwork, which may be because the proper range was not
,.

investigated, it will be necessary to obtain more data to confirm or

refute these results.

The study of aluminum content again confirmed the beneficial

effects of relatively large aluminum additions, two uounds per ton,

upon the notched-bar impact strength. This effect is especially

noticeable at low temperatures.

The Influence of Aluminum,Content TJponthe ~—. —.,— +_.
n!eohani~alpr~pertles }]Orwl t~e~a~surface
——.—— —.-. .—v .,_..

In order to obtain more iqforme.tionabout the influence of

altqninwnand especially its effent upon the physical properties normal

to the plate surface, JIeatsX-23 to x-28, inclusive, were made with

al~inum additions ranging from O to 5 pounds per ton. (See Tables 1

and 2.)

These ~eats were made from 350-pound induction furnace melts

which were poured into a single 8 by 8-inch ingot, the maximum size ths,t

can be eonyiently handled in the laboratory. This large size was

selected in order to obtain the maximum reduction during hot-rolling to

a l-inch plate. TO prevent the structtue from being broken up by

forging, these ingots were rolled directly to l-inch plate on a small

oominercie.1mill.
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The analysis

aluminum content and

.,

of’these six heats, including the acid-soluble

the amount of aluminum added, are shown in Table 5.

TABLE 5. CHIY,fICJiLANALYSIS OF LABORATORY HEATS MA.DETO
STUDY THE INFLUENCE GF ALUMINUM CONTENT

-— — —_— _,, —

Heat
No” c

Aluminum Added
:?n P s Si Ti Al in $&s. Per Ton

-— ..—— —— .—.

X-23 0.20 1.25 .021 .022 0.27 .007 Nil o

X.-24 0.23 1.36 .019 .021 0.29 .006 <.005 1/4

X-25 0.22 1.24 ,020 ..020 0.27 .013 <.005 1/2

.X-26 0.22 1,31, .021 .021 027 .016 .029 1

X-27 ,0.20 1.29 >018 .020 0.31 .015 .064 2

X-28 0.22 1.26 .019 ,020 0.27 .015 ,160 5

. .——— .._._.——. ——.., ——

Tensile properties I$ormal“to“PlateSurfa:cei In order to.—-—--=—_. _——

determine ‘thetensile strength of these steels in the direction normal

to the plate surface, tensile specimens ‘wereprepared from the hot-rolled
,,

plate by welding and machining as indicated in Figure 33. Three by six-

inch specimens were cut from each of the six heats,”Heats x-23 to x-28,

inclusives 3eveled plateswere then welded to these specimens a< show

in the above figure. The ‘weldswere made with four passes using

J.incolnSh.ield-fire100(4‘7S-EICIOIO)electrodes. The first pass was made

‘witha 3/32-inch electrode and reverse polarity direct “currentusing

1.30to 140 amperes and an arc voltage of 27 to ‘3h’.
,,

Following rough turning of the tensi~~ specimens, they “were

etched li~htly in order to es+abl.ish definitely ihe location of the test

plate. After determining the position of the test plate, a 3/4-inch
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section midway between the extremes of the test plate we.s ground to

0.505-inch diameter, leaving the renminder of the bar 0.550 inch. This

precaution was taken to insure that the fracture would occur in the

deiir~d Section. ““ ‘. ,.,.

,Theresults of the tensile tests are shown in Table 6. A study
!, .,,,

of these data do not show a marked relationship”between the uluminum

content and ‘thetensile properties, It will be noted, however, that both

the yield and tensile strength of the heat made with no aluminum

additi”on,Heat X-23, are 10-wcompared with the other heats in the series.

The lcm strength, however, is not caused entirely by the absence of

aluminum since both the carbon and ms.nganese contents are 1ow. While the

data my be interpretedin such a manner as to indicate a slight incrense

in ductility with increased aluminum, this increase is’so small that it
,,

cannot be considered significant.

A previous study mode on commercial HTS steels’and reported on

pages 87 to 69 of the August 24, 1945, report showed a distinct

relationship between the aluminumcontent and the reduction in area, the
,,

steels with little or no acid-soluble aluminum content displaying a much

higher reduction in aretithat those containing an appreciable amount of

aluminum. A siriilw’but less marked relationship wcs noted between the

aluminum comtent and the per cent elon~r.tion. The tensile strength in

the higher aluminum commercial steels W(.Sfound to be erratic end

sometimes quite low.

This difference between the behavior of the laboratory steels and

the commercio.1heats can probably be attributed to the difference in the

amount of reductior!between ingot md plate, the directional properties

obviously being amplified by inoreased reduction.
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TABLE 6. TEiWILE PROPERTIES NCRMAL TO THE PLATE SURFACE

——. — ,-— ..—- ~—.—.==~ — —.
i,luminum Zlong. in Red. in Yield Tensile
Content, 3/4 Inch, Area, Strength, Strength,

<’Heat YO. ,. z T p.s.i. p.s.i.-

74,600
73:250
73>750

x-23
,,
!!

~Jil 14.7
9.3
14.7

18.4
14.5
18.1

54,000
53,000
58,750

82,880
80,630
84,500

x-24
!1
!t

‘“:.005 10.7
6.7
9.3

12.6
,11.5
14.1

63,750
62,500
62,500

61,500
60,’750
62,000

60,750
79,000
79,380

x-25
,,
,,

<:.005 17.3
16.0
13.3

22.7
20.6
18.1

61,000
60,000
61,500

78,380
77,880
7’7,750

T-26
1!
t,

,.029 13.3
‘13.3
13.3

18.8
18.8
21.3

23.7
27,8
27.8

63,000
61,500
61,500

78,000
78,250
78,630

x-27
1!
It

.064 14.7
17’3
17.3

79,000
74,500
77,880

. lP.O 1:.: 24.1
-*

18.4

62,000
63,000
63,000

x-28
,,
If 16.0

—. .——

*
Speoimen”broke in gauge mark.

See Fi<ure 19 for details concerning the preparation
of the tens,ile specimens.
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l,]&c,hed-Bnr Impact Strength Normal to the Pie.te Surface. ~Totched-
—— ,— .....—.. --. -—.. --.. ——

bar impact specimens, Chsrpy specimens with V-Izod notches, were prepared

from sections similar to those used for the tensile specimens. (See

Figure 33.)

Four duplicate specimens ‘werebroken at five different temperatures

between the limits of -40”F. and +21O”T. The data from these tests are

shown in Figures 34 to 36, inclusive. The test values are recorded in

Table 4 of Appendix A. The above figures reveal that the notched-bar

impact strength normal to

the aluminum content, the

pounds.

the plate

values at

surface is qdite low regardless of

+75°F. falling between 7 and 20-foot-

A.comparison of the six different steels reveals that Heat x-27

made with an addition of two pounds of aluminum per ton had definitely

better impact strength as compared with the other heats. Similar

results were noted when

direction, that is, the

inclusive.)

the steels were tested

direction of rolling,

in the longitudinal

(See Figures23 to 25,

In order to check the effect of aluminum content upon underbead

cracking, a second series of heats will be made with aluminum additions

ranging from O to 5 pounds per ton.

Since increased additions of molybdenum apparently did not

i.ncresse

strength

of he<.ts

previous

the cre.cksensitivity but did raise the tensile and yield

to a mnrked extent, it appears desirable to make

but at a slightly lower car”~onlevel in order to

results.

s,second series

confirm the
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The influence of homogenization upon the crack sensitivity and

physical properties of the 30 heats discussed in this report will be

studied. This phase of the work should aid in establishing the maximum

chemical composition ~hst may be used without excessive underbead cracking.

Since it appears that the most practical place to carry out a

homogenization treatment in cormnercialproduction is while the slab is

being heated for rolling to plc.te,it will be necessary to determine the

time and temperature required for this treatment. Sections of commercial

sls.bsof HTS steel have been obtained and a.study is being made to

determine the time-temperature cyole necessary to homogenize the slab

and also the effect of this temperature upon the crack sensitivity of

the plate rolled from the treated slab.

Data used in this report can be found in Laboratory Notebook

No. 2581, pages 6 to 51, inclusive.

CES:K D QLW/ab
June 18, 1947
RevisedOctober9, 1947
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TABLE AI.. TENSILE PROPBR’llIES OF HOT-ROLL3D PI,M’EI’RI.M
LA.8CR~,TCRYRdATS.X-1TC K-28, INCLUSIVE>
X-45 AND X-46

—. .—.—_— —-——-
Elong.”in Red. ifi Yield Tensile

Heat, Test 2 Inches, Area, Strength, Strength,
NO; DirectiOn. %. % p.s.i. p.s.i.

———.—.

x-1f,
,! .
,, “

X-2
II
It
1,

x-3
!1
!1
tt

x-4
II
1,
!1

x-5 ,
It
1! .
!1

X-6
1!
1,
u

x.?
,%
It ~
II

x-8
!1
!1
!,

Long. ‘
11 .

Trans~
II

Long.
tt

Trans.
!1

Long.
!1

Trans.
?!

Long,
It

Trans.
!1 ‘

Long.
,?

Trans$’
1!

Long.
1!

Trans.
II

Long.’
II

Trani.
,1

Long.
It

Trap;.
r!

—.—.

37.0
37.5 “’
31.5’
31,5’

37.0’
35.0
33.5
32,0’

31.0
32.5”
29.5’
29,5 ““

31.7
30.0
28.0
27.5)

29.5
27.5
26.0’
27.0

36.0
35.0 “’
33.0
31.0 ‘

34.5
35<0 ,’,,
30.0 ‘
29.7

35.5
35.7
30.0
30.0

73s9
74.9
62.1
62.1

67.9
69.9
63;3
62,8 “

65.4
66.6
61.1
61.1

66.2
66)8
56’.0
56.6

65.9
63.3
53.3
51.4

67:0
65.9
58.6 ,,
57.8

6919
69.3
58.1
61.8

71.’4,,
69.7
60.6 ‘(
57.5

44,250,,
47>000
45,500
44,000

45,500
43,000
41,000,
42,250

46,750,”
48,000,
48,250,
44,250

52,750
49,250,
49,000
48,500

55,500
54,500
49,000
49,750

39,750
36>50~
36,50d
40,750

45,250
44,000
43,500
42,750

46,500
47,000
44>500
44,500

70,750
722000

72,300
72,500

75,100
74,100
73$900
73,850

61,000
62,100
80,000
60,400

67,600
85,900
66,700
86,200

69,900
89,700
67,400
67,150

70,200
70,100
69,500
69,500

74,100
7Z>800
7~,9i3(3

71,900

77,600
77;100
75,600
76,100
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T,ABLEAl. (Continued)

—“”=gni7——— Red. in
—-.

,, ... ,., Yield Tensile -
Heat Test 2 Inches, Area, Strength, Strength,

No. Direction . ~~—.. ——— ~,, p.s.i. p.s.i.—.———

x-9
!!
,,
,!

x-lo
t!
,!
!!

X-12
!!
!!
!1

X-13’
11 ,,,
!1
,,

.

X-14’
u
!l:..’
f,

X-15
1,
11
,,

X-16
It
!7
,,

X-17
!!
M
,,

Long.
t!

Trans..
II

Long.
II

Trans.
II

Long.
11

Traqs.
11

Long’.
,,

Tre.ns.
!,

Long’.
!1

Trans.
,1

.,
Long.
,,

Trans.
,,

Long.
,1

Trans..
,1

Long.
,1

Trans.
t,

Long.
!1

Tis.ns,
tl

35.0
34.5
31.5
31.6

35?5
34.2
33.5
31.0

32.0
34.3
30.2
29..2

..
33.0
33..0
29.0
28..5

33.0
33*O
30.5”
30.5

31.0
32.5
28.0
29.5

31.5
32.0
29.0
28.5

29.0
29.0.
24.5.
23.7.

23.0
25.0
2i.3
20.5

73.5
70,6
59.1
60.3

70.4
69.0
61.6
58.6

67.9
69,3.
57.5
59.6

68?8
68.2
59.4
58.3

66.1
65.9
59,6
59.6

65.9
67.9
58.6
58..6“’

62.8
65.4
57.5 ‘
59.1

62.6
63.6
55.5
54.9 ~

61.3
64.7
49.8
49.5

49,250
47,500
46,760
46,000

47,750
47,500
44,000
44,250

52,500
49,250
47,000
46,250

53,000
52,000
52,000
50,000

49,750
49,750
49,500
49,000

60,000
51,250
46,500
45,500

51,000
51,750”
49,000
46,750

55,000
57,000
57,000
56,500

66,750
70,500
65,250
67,250

77,600
76,750
77,700
77,600

78,300
76,600
76,500
76,100

79,400
80,600
79,600
79,400

65,400
85,500
83,750
83,900

63,800
84,100
83,300
83,100

80,000
80;800
79,000
79,100

81,000
81,700
80,800
81,000

81,000
.83,500
82,700
82,600

97,750
.99,500
93,500
94,125
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‘TABLEAl. (Continued)

———.——.—. .—. —..—. —— —--___,__
Elong. in Red. in

Heat
Yield Tensile

Test 2 Inches, Area, Strength, Strength,
No. Di’’’ti”” A: $ ~.soi. p,sOi._.— +...— ,-----

x-18:
,,
It
,1

X-19
II
11
It

X-20
!,
,!
n

x.-z1
11
Ii
,,

x-22
,,
,,
,!

X-23
,,
It
,1

X-24
It
,,
II

X-25
It
t!
!8

x-26
II
1?
11

Long.
It

Trans.
!?

Long.
,,

Trans,.
1! ‘

Long.”
!!

Trans.’,
!1

Long.
11

‘1’rans.
II

Long.
,.11

Trans.
!!

Long.
!t

Trans.
II

Long.
!1

Trans.
,1

Long.
n

‘Mans,
1!

Long.
It

Trans.
!1

21.5
22,5
20.5.
21.0.

32.0
32.?
29.0,
30.0,

32,7”
32.5,
27.0
27.5

27.0
27.0 .,
24.0
22.0

25.5
25.0
20.0
20.6

35.0
34.0
29.0
29,5

32>0
30.5
28,0
27.5

33.0
33.0
28.0
27.5

33.0
33.0
27.0
26.5

62.8”
62.3
53.3 “
53.6 “

65,6
65.9
60.6 “
5’7.3 “

67.7
67.9
5B.3
60.6

60.6
61.6
52.5
52.2

59.4
59.4
49.2
48.4

6’7.3
85.4
52.5
51.9

68.6
60.3
53.6
47.6

68.2
68.2
55.2
530

68.4
67.7
53-8
52.8

77,000
79,500
76,500
75,250

48,750
49,500
47,500’
48,000

57,250
56,500
53,750.
54,250

67,750
66,000
63,250
66,000

77,500
79,500
74,000
73,750

47:000
48,000
46,00Q
45,509

50,500
51,250
49,000
49,750

47,500
48,000
46,750
46,000

49,000
50,250
49,250
49,500

98,100
100,875
972750
96,800

79,200
80,000
78,000
78,200

84,400
84,000
82,500
62,400

92,700
94,350
92,600
92,500

104,500
105,750
100,400
100,400

74,40C
75,400
73,800
73,800

81,700
82,750
81,800
81,900

76,750
76,000
76,350
76,400

78,900
80,400
60,150
79,800

—
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TABLE Al.“ (Continued)

— —. -,-

Elong. in Red. in Yield l!ensile
Heat ‘Test 2 Inches, Area, Strength, S$rength,.
‘‘?:0. Dire.etion “o . p.s.?. ~~~ p.s.i.——

x-z? Long, 33.0, 69.0,. 49,000 77,200
!! ,1 34’.0 ‘70.1 47,500
!?

76,000
Trans. 29.0 57.”8’ 46,760 75,850

,! ,1 27.5 56.0 44,750 76,100

X-28 Long. 33.5 6%,8. 48,500 78,000
t! !1 33.5, 68.6 48,250 77,500
,,. ‘lrans. 29,5 57.3 47,250 75,800
t! II 27.5 54.5 . 46,500 75,800

X-4’5 Long. 34:5, 69.0 51,750
,!

78,900
It 3s.0 65.4

If
52,500

TraiM.
79;250

24’.5 37.9 48,250 77,500
,1 ,! 23.0 33.4 49,500 77,400

x-46 Long. 35’.0’ 70.1 49,750
11

79,900
1! 35.0 70.1 51,750 80,750

!,:” Trahs. 28”.0 52.8 52,500 79,900
,, II, 28.0 49.5 51,500 79,750

.,

,.

.,,,
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TABLE .42. UNDERBEAD CRACKING VALUES OF INDIVIDUAL SPECIMENS
.FRONiLABORATORY HBATS X-1 TO X-28, INCLIJSIVE,
X-45 AND X-46 IN ‘THEHOT-ROLLEI)STAT!!;

. –—..-P
TInderbead

Heat Speci~en L .Cracking,~
NO. ?!0. Per Cent

x-1 1
2
3
4
5
6
7
e
9
10

x-2 1
2
3
4
5
6
7
8
9
10

x-3 1
2
3
4
5
6
7
8
9
10

1
2
3
Q
5
6
7
8
9
10

X-4

11
34
16
29
19
33
3
25
13
24 Avg, 212

35
21
18
30
16
26
21
33

48
21 Avg. 277;

94
80
70
91
89
88
95
78
84
80 Avg. 85%

104
105
89
81
93
108
106
68
113
105. Avg. 9T;<
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TABLE A.?. (Continued)

.— —. —
Underbead

Heat ~pec.imen,.: Cracking,
No. “’ hTO. Per Cent

x-5 1.
2
3
4
5
6
7
8
9
10

X.-6 1
2
3
4
5
6
7
E
9
10

x-7 1
2
3
4
5
6
7
8
9
10

X-8 1
2

. 3.,.:
4
5
6
?
8
9
10

120
115
104
88
96
103
101
104
109
99 Avg. 104~

48
36
23
18
24
25
19
30
25
31 Avg. 285

8
18
8
39
11
35
4
40
5
9 Avg. 197%

74
76
86
71
88
70
69
79
50
89 Avg. 75?:.

— —
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~ .,TfiBLMAd. (Continued)

.— ,.———.-
Underbead

Tieat Specimen Cracking,
No. ,. ~~~. Per Cent

.-———.. -—

x-9 1 71
2 74
3 76
4 68
5 60
6 34
7 58
8 70

x-lo

9
10

1
2
3
4
5
6
7
8
9

10

6
71 Avg. 597;

53
80
65
73
46
23
44
70
45
20 Avg. 60~;

X-n 1 84
2 79
3 76
4 93
5 81
6 89
7 78
8 89
9 95
10 80 A,vg, 84?

X-12 1
2
3
4
5
6
7
8
9
10

91
75
86
75
78
78
91
68
90
85 Avg. 84$

—,, .——. —..-—
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‘J?AB~E‘A2.“:(continued)

.—— ------- - ‘“‘“’

Underbead
~~eat Specimen ,,,

FO ,
Cracking, .

NO.-4. Per Cent

X-13 1
2
3
4
5
6
7
6
9
10

X-14

X-15

X-16

1
2
3
4
5
6
7
8
9
10

1
2
3
4
5
6
7
8
9
10

1
2
3
4
5
6
7
6
9

,
10

64
60
56
80
83
63
68
59
66
43 Avg, 64$

59
80
86
58
75
66
76
50
89
53 Avg. 697

95
78
84
86
81
93
86
69
80
93 Avg, B6%

73
68
69
58
80
70
56
69
48
74 Avg. 66%
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TA~,LEA2, (Continued)

.—..—— .,—_______ . —.. __._,._
Underbea.d

lleat Specimen Cracking,
110,. NO. Per Cent.—. _._e —. —.. ,____

,,

X-17 1
2
3
4
5
6
7
6
9
10

X-18 1
2
3
4
5
6
7
8
9
10

1
2
3
4
5
6
7
8
9
10

x-20 1
2
3
4
5
6
7
9
9
10

X-19

’71
74
54
74
71
71
63
81
84
64 Avg. 7l%

64
70
63
68
60
70
73
69
66
60 Avg. 667;

58
34
56
50
55
48
60
61
50
43 A.vg, 51%

73
49
79
55
61
61
68
63
03
48 A~g. 64$

.—



..,.
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TABLEiA2. (Continued)

—!

.——

Heat ~.
Underbead

Specimen . Cracking, .
NO, “ iio. Per Cent

——_

x-22

X-21 1
2
3
4
5
6
7
%
9

10

1

2
3
4
5
6
7
a
9
10

X-23 1
2
3
4
5
6
7
8
9
10

X-24 1
2
3
4
5
6
7
8
9
10

80
90
60
74
75
64
81
81
79
75 Avg. 78%

74
80
78
70
71
65
95
79
70
54 Avg. 74$

0
5
5

13
0
18
5
14
4
0

95
98
89
90
99
86
94
95
104
101

Avg. 6’7%

Avg. 95;4
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..?

TABLI A2. (Co&inued)

:; 1.

..— — — ________ ,,_,.._._____ .—.— .———,—
,.. [Jnderbead

Heat .,~, “ipec.imen Cracking,
yiJ. ‘. . NO. per cent

.— ___. __, _.. ____. _,,,,._,_”_,___

1-25 1
2
3
4
5
6
7
8
9
10

X-26 1
2
3
4
5
6
7’
8
9
10

X-27 1
2
3
4
5
6
7
6
9
10

x-28 1
2
3
4
5
6
7
0
9
10

83 “’
70
83
68
80
66
70
85
65
69 Avg, 74J

86
86
83
85
8ti
85
68
79
78
78 Avg. 8~Z

46
74
46 , ,,
40
71
35
50
64
65
68 Avg. 5‘?;(

30
-15 “’
19
4
16
23
18
11
23
15 Avg. l?~



.’, .
-Glg~

TAk3LEA2, (Continued)

.— ________ ——
Underbead

iieat Specimen Cracking,
p~~. BTo. Per Cent’

——

X-45 1 14
2 40
3 99
4 70
5 64
6 25
7 91
8 46
9 36
10 83 Avg. 57%

X-46 1 64
2 75
3 90
4 66
5 29
6 53
7 68
6 75
9 9
10 53 Avgs 60%

Steel 37 1 10
(Control) 2 !3

3 24
4 8
5 6
6 19
7 5
8 30
9 5

10 5 Avg. 1l?



-—.———.. .—

Heat
.—

v~,
Testing Temperature, Degrees F._—— —.-——. ——. —.———”.._—.. ______ .—___

-75” -40° -5° +75” +210”
————.— ————

K-1

X-2

X-3

X-4

X-5

X-6

~...7

x-8

X-9

X:lo

X-n

X-12

X-13

X-14

X-15

3s5

824

432

234

424

342

434

555

463

545

332

,3.3- 5

.4 4 2

222

632

2

3

2

4

2

3

4

3

2

3

3

4

2

2

3

68

4

7

5

7

6

8

8

22

5

7

9

13.

3

~

25

7

3

3

8

6

8

10

5

7

5

‘6

14

4

9

21

4

8

4

7

7

8

24

16

6

6

8

3

5

3

32

3

7

4

6.

4

9

14

6

32

7

4

4

6

11

L06

24

13

8.

13

9

48

42

48

20

2?2

20

12

13

20

119

22

21

18

18

19

20

46

46

19

21

~2

18

12

.11

31

16

17

10

12

18

33

48

41

37

14

12

9

9

11

30

14

8

8

19

30

21

14

24

16

34

14

12”

13

19.

107

107

34

26

36

35

101

105

98

63

03

37

25

78

53

124 111 112

95 66 67

40 41 44

47 51 37

31 25 35

73 103 92

95 92 108

95 119 110

47 104 78

108 93 112

54 55 91

.58 33 44.

18 19 31

50 34 43

43 38 44

120 124 1.19 129

123 llL 125 112

56 85 84 ii

74 9@ 83 81

67 68 76 71

96 119 98 108
&

Ice loQ 134 118 ~

95 112 108 115

106 97 109 105

100 110 106 105

86 85 98 96

89 .90 97 110

85 ’85 93 91

% 96 90 92

95 50 93 97



TABLE A3. (Continued)

Heat Testing Temperature, Degrees F.
No. -75° -40° -5. +75” =210”

x-i6

“X-17

X-18

.X-19

I X-20

I X-21

x-22

X-23

X-24

X-25

‘X-26

X-27

X-28

X-45

X-46

6223

3342

3333

5232

3233

2222

2233

4542

3325

4422

4353

i0544.

‘654&

46622

6899

54

79

43

67

37

3 13

32

46

7?

9 14

15 10

34 26

11 21

8

8

3

5

8

3

2

3

10

17

18

18

f!

14 19 46

20 30 41

7 35

3 9

13 5

5 ,12

“5 8

3 “8

2 ‘“3

21 13

8 18

7 “17

10 26

22 45

12 29

105 27

75 30

21

21

4

40

11

6

3

33

17

22

35

’45

e5

102

1.00

12 26

15 12

44

25 28

13 23

94

.4,2

14 11

18 13

19 44

26 58

66 “34

57 55

111 125

115 121

69 64

33 59

13 10

48 32

113 101

27 10

45

94 89

55 99

96 98

99 111

104 108

80 89

113 116

115 116

96 .81

41 36

10 10

33 65

79 100

13 20

65

90 96

45 63

98 98

93 95

109 105

105 90

121 12:

123 129

77

78

84

89

94

87

37

108

106

.105

99

73 92 ,86

65 81 81

82 87 95

51 94 85

89 35 103

86 85 84

44 27 21
A

107 104 105 ;

1(25 98 103

103 113 118

L09 ,109 ,106

106 .1G5- 104 :.’38

105 104 108 106

104 111 116 116

100 110 110 133

.——.—
Note: The above impact values are given in foot-pounds. The s?ecimens used were the standard Y-not.ch Charpy

bars which were broken on a Riehle impact machine having an initial energy of 220 foot-pounds.



TABLE A4. NO TWi3D-BAR 1?!?ACT ?ROFMTIES NCRN4ATC THE PLATEWRF’AC12G3 lIEATSX-23
TO X-28 IN lWE HCT-ROLLEDSTATE

Heat Testing Temperature, Degrees F.—— ———
Xo. -40° 5° +400 +?i” +210”.,

—-—. —.-

x-23 2222 2222 9454 6 9118 21 21 25 17

X-24 2322 3232 5643 6778 17 18 18 i+

X-25 2322 4434 7645 10899 18 19 18 19

X-26 2222 5543 7887 10 11 13 12 18 18 20 19

X-27 6273 13 12 11 7 12 14 12’ 17 16 19 17 13 27 28 24 22

x-28 2222 4555 810108 15 14 12 13 23 22 22 21

.—— —. — ——— ———..

Fete: The aboveimpactvaluesare givenin foot-pounds.The specimensused were the standard V-notch
Charp:r‘oarswhich were broken on a Riehle impact machine having an initial energy of 220
foot-pounds.

I


