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~ SUMMARY

In order to obtain definite informetion concerning the relation-

ships among chemical composition, underbead weld cracking,end the

mechanieal properties, especially the tensile and notched~bar impact

characteristics, a series of 30 laboratory heats was made end studied

in the hot-rolled state to determine the individual influence of each

of the following constltuents when varied over a range sufficiently

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

gilicon, molybdenum, venadium, and aluminum.
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For a standard chemical composition, a typical HTS analysis was
selected, and the elements studied wers then varied one at a time in this
standard composition.

This investigation revealed that the &arbon content should most
probably be limited to 0.15-0.20 per cent as above this value the crack
sensitivity increases with msrked rapidity which is entirely out of line
with the increase in tensile andlyield strength. Increased carbon
content was also aoeﬁmpanied by a reduction in the notched-bar impact
strength.

While mangenese increases the tensile and yield strengths at &
rapid rate, it alsc increases the weld crack gensitiyitf'a%L; rapid rate.
One advantege of manganese is that it is qoﬁ appreciably detrimental to
the notched-bar impact strength in the temperature range of -70°F. to
210°F,

While silicon contents sbove that normally used in HTS steel did
eppear to offer some advantages over plain carbon-mangenese steels for
obtaining slightly higher'yéeld strengths wnd low underbead cracking,
silicon is not comparable with either molybdenum or vanadium for this
'éurpose; . | | | |

‘ ﬁThé use of either méiyﬁdeﬁum‘oé féﬁadium appeared to be the most
lpr&miéing ﬁé#nsndf in;reaéiﬁg tﬂe fensile'éﬁd &ield Strengths without
marked detriméﬁ%él éffécté upon £He degree of underbead craéking.
Hd&e;ar, bo%h'df fﬁeselalléys'ioﬁer the nétcﬁéd-ﬂé$1fmpéct'Strength to
.aﬁ.appreoiableTdégree,especially at roém temperature and lower.

- wData froﬁ a single se?iéé‘of:ﬁeats iﬁ which the aluminum
addition was varied from C %o 5¥§5ﬁﬁds;pér ton indicated’ﬁhat the

aluminum content is an important factor in establishing the underbead



B

weld crack sensitivity. The steels made with low end medium amounts of
aluminum were quite crack sensitive as compared with the steels contain-
ing no aluminum or & very large aluminum content, such as that obtained
be an addition of 5 pounds per ton. Since this wide aluminum range has
not been previousiy invest?gated, it will be necessary to cenfirm these
results with additional date. |

An eluminum addition of about 2 pounds per tqn, .064 per cent
scid~soluble aluminum content in the steei, wasg féund tq have the most
benefic}gl influence upon the notched-bar impéct strengfh. This effect
wes especially noticeable at low temperatures.

Yo rglationship wes found between the tenéile propertiss of the
- plate normal to the surfece and the aluminum content. A previous study
mede oh commerciallp;gte revealed & good éqfrelatiqﬁ between aluminum
content &nd the properties normal to thg piate surface.. This difference
iﬁ behavior of the labpratory gteels and the comgsrciallheats may be
ca;seé by the large difference in the amount of réduction between ingot
and plate, the directional properties being_amplifiéd by the increased
reduction of the commercial product.

The notched~bar impact properties nérmal to the surface were all
found te be quite low as comp&red'with the longitudiﬁal propervies. As
in the case of the longitudinal tests, the.stéel 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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INTRODUCT ION

Thé pyévious work on this pfdject has been confired to an
investigation of thé mechenical propérties, metallurgical cheracteristics,
end the underbead cracking'tendencies of HTS steels that have been used
in welded naval comnstruction. Briefly, the range of chemistry covered
was from 0.14 to 0.23 per cent carbon and 0.81 to 1.53 per cent manganese,
together with sﬁall additions of titanium or vanadium or both. This
range representé about tﬂe extreme limits found in commercial steels of
this gradef" |

In the past; the summation of the cafbon, manganese, and other
alloys has Eeen definitely limited because of underbead cracking.

Recent Work-cn thiéuﬁroject has revealed that the total alloy content
of the steel may be relatively high without being detrimental to the
welding characteriétics, eépeéially underbéad cracking, provided the
steel has heen homogenized fd feduﬁe or eliﬁinate alloy segregation.
This provideg a‘means for uéiﬁg‘a higher alloy 'steel with resultant
higher strength which is not s&scéptible to underbead cracking under
normal welding conditions.

The purpose of this phaese of the investigation is to determine
the influénce of chemical compositién cd%efing a much wider range than
found'iﬁ tﬁe sommoroial HTS steels. The ultimate object is to find the
composition which will give the highest yield strength end still have a
sufficiently low level of crack sensitivity to be satisfactory for welded

ship construction.



EYPERIMENTAL WORK

A Study of the Influence of Chemical Composition

Preparation of Laboratory Heats

t ) i

Previous work on laboratory heate has shown that in the case of
small induction furnace heats, it was. necessary to increase slightly the
carbon and msngenese contents in order to obtain the average level of
underbead crecking normally found in commercial HTS steels. It was
found that laboratory heats containing 0.21 per cent carbon and 1.32 per
cent manganese were quite suitable for inveétigational purposes ag these
steels cracked well within the limits of the weld crack-sensitivity test
conditions used for commercial steels. Using this approximaste analysis
as & standard for comparison, & series df'SO induection furnace heats

were made to study the influence of carbon, mangenese, sillcon,

{stics and mechanical properties. Thése heats consisted of 450-pound
melts deoxidized with an addition of d:; pound of aluminum per ton of
éfeel, with the exception of six heats ﬁade‘to gtudy the effect of
aluminum additions ranging from O to 5 éﬁunds.

The steel‘was cast into two B—S?@—inch-square ingots and sub-

sequently processed by forging from & temperature of 2200°F. to 2300°F.

Q 1. e
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to 2 by 5-inch glabs. Tollowing reheating to 2200
hot rolled to l-inch plate in six passes. The finishing temperature
after rolling was epproximately 1750°F. The plates were stood on edge

‘and allowed to eir cool as in normalizing. By processing each ingot in
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this manner, & uniform hot-rolled condition was produced throughout the
seven lotsg of steelf

The heats made with vérious aluminum contents were cast in 8 by
B-inch ingots and rgduded by ho@ rolling on a commercial mill to l-inch
plate, the reasons for whi§£ will be discussed later.

A brief outline of the heats under cdnsideration is shown in
Table 1 which lists the group and heat numbers, the elements being
investigated, and the range through which the elements were varisd.

The complete chemical analysis of all thirty heats is shown in

Teble 2. .
ITAELE 1. OUTLINE OF LABORATCRY HEATS MADE TO STUDY THE
INFLUENCE OF CELMICAL COMPOSITION

Group . _ BElement Being Range Covered
No. Heat No. in Group Investigated in Per Cent
1 X~1-t§ X-5, incl.. 7 Carbon C.17 to 0.32
zl: u;x-s to ¥~9, inel. = Yanganese 0.93 to 1.51
5 | ‘i-lo to ¥-13, inecl. Silicon 4:' 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. Vanadinom 0.04 to 0.29
6 %25 to X-28, incl. pluminum 0 to 0.18
7 X-45 %o X-46, incl. (Standard composition for comparison

purposes)

I
i!

e,
———

e it

Tensile Properties

Standard 0.505-inch thresded-end tensile specimens were machined
~ from the center of the plate, duplicate specimens being prepared in both

the longitudinal and transverse directions with respect to rolling. The
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TABLE 2. CHEMICAL ANALYSIS OF LABORATORY HEATS

b

vt

—r

Heat No. o Mn P S _Si, Ti Mo v a1

{Group 1)

X-l 0-17 1-36 '025 0024 0.51 0014 - - -
X-2 0.20 1.30 .021 .023 ©.25 .00l - - -
X=3 0.25 1.36 .022 ,023 0.29 .014 - - -

L X~4 0.28 1.42 .022 .020 0.22 .0l4 - - -
X-5 0.32  1.26 022 .020 0.22 .013 - - -

(Group 2)

X8 0.21 0,93 021 .022 ©0.27 .00 - - -
X~7 0,19 1l.22 ' .023  ,018 Q.28 LO11 - - -
X-8 0.22 1.37 .023 .018 0.2% ,0l2 - - -
X-9 0.21 1.51 .023° .018  0.2% .0l1 - - -

(Group 3)

X-10 0.21 1.30 .025 .018 0.41 .02 - - -
X-11 0.21 1.37 024 .019 0.55 .0l2 - - -
X-12 0.1 1,39 .023 ,018 0,79 .01l - -

X-13 0.20 1.31  ,024 ,01% Q.92  .OLO - - -

(Group 4) '

X-14 ' 0.22 1,45  ,023 ,019 0.30 .025 0.10 - -
X-15 "0.21 1.49 .020 .@2C 0.35 .012 0.12 - -
X~16 0.23  1.29  .023 ,022 0.28 .012 0.24 - -
X-17 0.2% 1,32 .020 .020  0.30 .012 0.32 - -
X-18 0.24 1.37 ,023 .,020 0.29 ,014 0,43 - -

{Group 5)

X-19 0.2 1l.27  L020° .019 0.32 . .O1F - 0.04 -
X~20 0.20 1,30 .021 ,020 0.30 .0l6 - 0.08 -
X-21 0.20 1.29 .020 .019 '~ 0.30 .01l4 - 0.19

¥-22 .21 1l.28 ,020 .020 0.29 .018 - 0.29 -

(Group 6) : . s
X~23 0.20 1.25 .02l .022 0.27  .0O7 - - Wil
X-24 0.23 1.36 019 .021 0.28 .OO6 - - <.005
X-25. 0.22 1.24 .020 .020 0.27 .013 - - <0085
X-26 0.22 1.31  .021 021 0.27 .0l6 - - .029
X-27 0.20 1.29 ,018 .020 ©0.31 .0l5 - - .064
X-28 0.22 1.26 .019  .020° '0.27 .015 - - 0.180

(Group 7) ' !

X-45  .0.21 1.35 .02 ,030 0.7 LOl§ - - 003
X-46 0.22 '1.35 .023 .032 0.28 .015 - - 005

i

%

Acid-soluble aluminum content
Heats X~1 to ¥X~22, inclusive, made with an addition
of C«4 lbs. aluminum per ton.
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yield strengﬁh was determined from the strsss-strain disgram using the
load at 0;2 pef"cent-offset. The date frpm‘these tests are summarized
in Table 5”ﬁhich lists the average of the duplicate tests. The complete

data are listed in Table 1 of Appendix A.

nffect of Carbon Conteqﬁ.j The influence of carbon content in the

range of .17 to 0.32 per cent ﬁpdn the ‘tensile and yield strength is
shown greaphically in Figure 1. This figure reveals that as the carbon
is raised from Q.17 %o 0.32 per cent, the 10ngitudiﬁa1 yield and tensile
stfsngth‘increasea progreésiveiy from gpproximately 45;000 P.8.i. to
55,000 nd the ten | ”

- a
2 vopeos e Gl

Pe8sie to 90,000 p.s.i.
This increase in étrength was accompanied by the usual decrease in
ductility as indi;éted by the elongetion and reduction in areu.

A comparison of the transverse and longitudinai properties
févealed.ths expééted lower ductility in the transverse direction. There
Waé alsg a“tendeﬁcy for élightly lowa?]yield’and tensile strength in the
transverse direcficn, buf in most cages, the difference can not be con-

sidered significant. £ similar difference in directional properties was

noted throughout sll thirty heats.

The Effect of Manganese Content. Figure 2 illustreates the

influenQE‘of manganese in the range of 0.93 to 1.51 per cent upon the
tensile aﬁd vield strength, As the manganese is increased from 0.93 to
1,51 per:cent,nthe longitudinal yield strength increased progressively
 from approximately 39,000 p.s.i. to 48,000 p.s.i., énd the longitudinal
“tensile strength from 70,000 P‘S"iflto 77,000 p.s.i. A similar trend and

strengths wers found in the transverse direction.



TABLE 3. TENSILE PROPERTIES CF ECT-ROLLED PLATE FROM
LABORATCRY HEATS
Elong. in FRed. in Yield Tensile
Keat Test 2 Inches, Area, Strength, Strength,
Ho. Direction 9 g Pas.i. PeBals
{Group 1)
X-1 Long « 37.3 74.5 45,630 71,380
" Trans. 31.5 62.1 44,750 72,400
X-2 Tong. 36.0 68.9 44,250 74,600
" Trans. 32.8 83.0 41,630 73,880
x-3 Long. 31.8 67.0 47,380 81,550
" Trans. 29.5 61.1 46,250 80,200
X-4 Long. 20.9 67.5 51,000 86,850
t Trans. 27.8 56,4 48,750 86,450
X=5 Long. 28.5 64.6 55,000 89,800
t Trans. 26,5 52.4 49,380 87,280
{Group, 2)
X~8 Long. 35.5 6.5 39,130 7¢,150
" Trans. 32.0 58.2 39,630 69,500
X"? Igongu 34.8 69.6 4‘4, 650 73,450
L Trens. 29.9 58,3 42,130 71,900
. X~8 Long . 35.6 70.5 46,750 77,350
" Prens. 30.0 59,2 44,500 75,350
%-9 . Long. 34.8 72.1 48,380 77,180
L Trans. 31.6 59.8 46,380 77,650
(Group . 3)
%=10 Long . 34,9 89.7 47,630 78,450
" Trans. 32,53 60.2 44,130 768,300
X-11 . Long. 33.2 68.6 50,880 80,000
" Trans. 29.7 60.7 46,630 79,600
Xe12 Long. 33.0 8.5 52,500 85,450
" Trens. 28.8 58.9 51,000 83,830
X~13 . Long. 33.0 66.0 49,750 83,950
" Trans. 30.5 £59.8 49,250 85,200




e

- TABLE .- 3. (Continued)

Heat Test
L Direction
(Group 4) .
X-14 Long
" Transg.
%-15 Long.
" Treans.
X-16 Long.
B Trans.
X=17 Long.
" Trans.,
. ¥~-18 Long.
# Trans.
{Group 5)
X-19 Long.
" ~Trans.,
X-20 Long.
i Trans.
X-21 Long-
n Trans.
X~22 Long.
" Trans.
(Group G)
¥-23 Long.
" Trans.
¥-24 Long.
" Trans.
X-25 Long.
i Trens.
i~-26 Long .
y Trans

Elong. in  Red, in  Yield Tensile
2 Inches, Area, Strength, Strength,
% {70 poStio PcS-i.
51.8 66.9 50,630 80,000
28.8 58.6 46,000 79,060
31.8 64.1 51,380 81,400
28.8 58.3 48,880 80,950
29.0 63.2 56,000 82,250
24.1 55.2 56,750 82,650
24.0 63,0 68,630 58,630
20.9 49.7 66,250 93,810
22,0 62.6 78,250 59,450
20.8 53.5 75,880 97,280
32.4 65.8 49,130 79,600
29.5 59.0 47,750 78,100
32.6 67.8 56,880 84,200
27. 59, 54,000 82,450
2740 61.1 66,880 93,530
23.0 52.4 64,630 92,550
25.3 59.4 78, 500 105,130
20.3 48.8 73,880 100,400
34.5 66.4 47,500 74,900
29.3 52.2 48,750 73,800
31.3 " 64.5 50,880 82,230
27.8 50, 49,380 81, 850
33.0 68.2 47,750 77, %80
27.8 54.1 46,380 76,380
33.0 68.1 49,630 79,650
26, 3 79,980
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TABLE 3. ({Continued)

Elong. in Red. in Yield Tensile

Heat Test 2 Inches, Ares, Strength, Strength,
No. Direction % % pesS.i. pes.i,
X-27 Long. 33.5 69.6 48,250 76,600
" Trang. 28.3 86.9 45,750 75,980
X-28 Long. 33.5 68.7 48,380 77,750
" Trans. 28.5 55.9 46,3880 75,800

(Group 7)

X=45 Long. 33.8 67.2 52,100 79,10C
n Trans. 238.8 3b.7 48;880 755950
Y-46 Long. 35.0 70.1 50, 750 80, 300
" Trens. 28 51.2 52,000 79,830
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The increased mangenese content did not decrease the ductility
as indicated by the reduction of ares and elongation in both the longl-
tudinal and transverse directions. #hile there was a slight increase in
the reduction of area in the longitudinal direction with increased
menganese oontent, this change wes not enough to be considered signifi-

cant,

The Effect of Silicon Content. The longitudinal tensile data

from the four heets made to study the influence of silicon content are
ghown in Figure 3. From this figure it will be noted that the silicon
content in the range of about 0.30 to 0.90 per cent hes little influence
upon the yield strengtﬁ and the effect upon the tensile strength is only
slight.

In the range investigated, the silicon content had no perceptible

influence upon the elongation or reduction in area.

Effect of Molybdenum Content. The merked influence of molybdenumn

content upon the longitudinal yield and tensile strengths is shown in
Figure 4. By increasing the molybdemum content from C.1G to (.43 per
cent, the yield strength wes raised from epproximately 51,000 p-.s-i. to

78,000 p.s.i» 8nd the tensile strength from 57,000 psi. to 89,000 p-s.i.

This incrense in stroength was cogompanied with the usual

decrease in elongation end reduction in zrea.

The &ffect of Vanedium Content. Figure 5 reveals that the

inerease in longitudinal yield and tensile strength produced by the

addition of venadium was even more merked then that of molybdenum. By
easing the venadium content from 0.04 to (.29 per cent
strength wasg raised from 49,000 p.s.i. o 78,000 p.s«i., and the- tensile

strength from 60,000 p.s.i. To 104,000 pes.i. With this
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inerease in strength, the elongation dropped from 32.4 to 25.3 per cent

and the reduction of ares from 65.8 to 59.4 per cent.

The Effect of Aluminum Content. As would be expected, the

- &luminum content had no:peréépfiple effect upon the tensile properties
of either the longitudinal or transverse tests. The influence of

aluminum upon the properties normal to the surface will be discussed

later 'in this report.

Underbead Weld Crack Sensitivity .

The underbead weld crack sensitivity of all thirty heats in the

hot-rolled condition was determined by the single-bead weld test as

were made on each heat and & 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 of caerbon

content upon the extent of underbead crackin
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 a5 comparsd with 85 and higher

for heats with 0.25 per cent or more carbon.

The Effect of Manganese Content. The effect of manganese content
in the range of 0795 per cent to 1.51 per cent upon the deg;ee of underw-
bead cracking is shown in Figure 7. %hile the data in this figure do not
form a smooth curve becausse of other factors such as the variation in

carbon content, the results do indicate that the underbesd cracking
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TABLE 4. UNDERB£AD WELD CRACKING INDEXES FOR HEATS Xel TO X-28,
 X~45 AVD X~46 IN THE HOT-ROLLED CONDITION .

e

- -

Heat Constituent ' Feld Crack-
No. : Veried . _ Sensitivity Index
X1 ' - 0.17 ) . . . 21
X~2 0.20 ¥ ¢ 27
X-3 : 0.25 )} Carbon - T 85
Xesg 0.28 ) content 97
¥-5 0.32 ) . 104
X-6 0.93 ) % 28
X=7 1.22 ) Mangenese 15
X~8 1.37 ) content L 78
X-9 1.51 ) 59
X-10 0.41 ) % 50
X-11 0.55 ) Silicon : 84
X-12 0.79 } content 84
%=13 0.92 ) - 64
X-14 - 0.10 ) . : 89
X-15 0.12 ) 7 86
X-16 0.24 ) Molybdenum : 66
X~17 0.32 )  content 7
X-18 0.43 ) 66
X~19 0,04 ) % - 51
X-20 0,08 ) Vanadium 64
x-21 0.1 ) content 78
X-22 0.29 ) 74
X-23 7 nil ) . . 6
¥-24 < .005) ' ' 95
X-25 <005} ¥ pluminum :© . 74
X-28 .029)  content 81
X=-27 - J064) (&acid soluble) 57
X-28 .180) 17
X~45 '~ Standard composition heat 57

Xedd 1 e ] 80
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increasad rapidly es the mongsnese content incrensed. Yore data will be
obtained on these steels in order to obtain more points for plotting the

manganese content-crack sensitivity curve.

The Effect of Silicon Content. The addition of silicon above

TY atec]l wona Petmad +n
E b b e N L4 - W i A

Yol

underbead cracking. The data show, however, that an increase from Q.79
per cent to 0,82 per cent silicon resulted in a decrsase in the crack
sensitivity. (See Figure B.,) While it is well established that large
additions of silicon, sbout 1.0C per cent, decresse the tensile and yield
strengths as illustrafed in Figure 3, additional dats are needed to
confirm the effect of silicon content in this range upon the weld crack
sensitivity. The high-silicon end of the crack~sensitivity curve in

Figure 8, therefere, should be considered as incomplete.,

Effect of Molybdenum Content. Iliolybdenum proved to be unique in

that additions ranging from 0.10 to 0.43 per cent did not increase under-
bead eracking to any sapprecisble extent, although the yield and tensile

strengths wore increazsed to & marked extent. The curve comparing under-

The Effect of Vanadium Content. The relationship of underbead

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

figure indicates that additions of vanadium incresses the underbead

.
crecking to a very small extent,

The Effect of Aluminum Contente. The study of the effect of

aluminuﬁ nontent in the renge of 0 to 0.18 per c¢ent (acid soluble)

yielded results which were quite unexpected and will require sdditional

Antn
aata
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The date showing the influence of aluminum content upon the crack
sensitivity of the six heats made in this investigeation sre shown in
Figure 1)l. These data indicste thet the extent of underbead cracking is
extremely low in the stoel mede with no s2luminum addition and increased

very rapidly as the aluminum wes added, the maximum cracking occurring in

with additional aluminum.

Since the reasons for the apparent marked influence of aluminum
content are not obvious at this time, and as the above results were un-
cxpected and based on relatively few data, it will be necessary to obtain

additional data to confirm or refute these results,

Motched~Bar Dmmpact Properties

In order %o determine thé effect of chemical composition upen the
notched-bar impact propsrties, four duplicete specimens were broken from
eech of the 30 experimental heats at five different Tempsratures ranging
from ~75°F, to 210°f"s The standard Charpy test specimen wes used with
the V-type Izod notel cut parcllel with the plate surface. Only longi-
tudinel tests were mede, the length of the test specimen being the
direction of rolling.

The results of these tests nre shown graphically in Figures 12 to
32, inclusive, and %he date from which thess figures were constructed are

listed in Teble 3 of Appendix A.

The Effect of Carbon Content. A compariscen of Figures 12 to 14,

inelusive, reveals thet &s the carbon content is raised, the notched-bar
impeet strength drops ropidly. This is well 1llustrated in Figure 27
which shows the impact strength at +75°F. for a carbon range of 0.17 per

cent to 0.32 per cent.
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Effect of Manpanese CUontent. In the range investigated, 0.93

to 1.51 per cent, it wes found that the menganese content had little if
any infiuence upen the notched-bar impact strength. (See Figures 14 to
14, inclusive.)

Figure ZB shows the impact strength et room temperature plotted
sgainst the menganese content. While these data might be interpreted as
indiesting that an intermediate menganese content was advantegeous; it
appeers that this indication is only iuncidental as similer conditiens

are rnot noted at lower or higher temperatures.

Effect of Silicon Content. At room temperature and lower, the

notched-bar impact strength falls off rapidly as the silicon content is
ineregsed. (See Figures 16 to 1l&, inclusive.} This effect of silicon
content at room témperature is illustrated in Pigure 29.

At & temperature of 10°F., the silicon content hes no

appreciable effoct upon the impsct streongth.

Effect of volybdenum Content. dhile the addition of .10 per

cent molyhdenum lowered to some extent the notched-bar impact strength
when tested at 75°F., increased contents up to 0.32 per cent had no
further effects. The indications were, however, that as the molybdenum

content was raised to sbout 0,40 per cent, the impact strength dropped

=)

p

to a marked extent.
The influence of molybdenum content upon the impact strength at
T5°F. is shown in Fipure 30. The data for the entire range of temper-

atures and coumpositicns stvdied are shown in Figures 18 to 20, inclusive.
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iffect of Venadium Content. The effect of vanedium content upon

the notched-bar impact strength at 76°F. is showm in Figure 31. From
this figure it will be seen thut the impeet strength decreases as the
venedinm content is increased. This would be expected in view of the
marked incresse in yield strength.

The effect of tempersture upon the impact strength of the four

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

nffect of Aluminum Content. The aluminum content was found to

influence the notched~bar impact strength in the expected manner, that
ig, the impact strength especially a% low temperatures increased as the
aluminum content (scid soluble) was increassed until & meximum was reached,
after which the impect stremgth declined with further addition of aluminum.
The aluminum content is known to affect other properties such es grain-
coarsening temperature and hardenability in a similar manner.

The influence of aluminum content upon the notched-bar impact
strength et ~40°F. is illustrated in Figure 32. The complete data
covering the entire temperabture runge studied ere shown in Figures 23 to

25, inclusive.

Standard-Composition Heats. The notched-bar impact properties

of the two standard chemical composition heats; X-45 and X-46, are shown

in Figure 26, The curves for these two heats are in good agreement but do

not duplicete the rosults for heets of similocr composition, X=8 for
gxemple, as well as might be expected.

A Discussion of the Significance-of the Test Data

A study of the tensile properties, weld crack sensitivity, and

the noteched-bar impact properties of the thirty experimental heats
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tested in the hot-rolled state reveals the limitations and possible
advantages thet might be obtained by varying the carbon, manganese,
silicon, molybdenum, venadium, and aluminum contents.

From this investigation, it is quite obvious that the carbon
content is very definitely limited. Above this limiting value of
about 0.1% to 0.20 per cent carbon, the crack sensitivity increasss with
marked rapidity which is entirely out of line with the increase in yield
strength. The increase in carbon is also agcompanied with & reducticn in
the notched-bar impsct strength.

While manganese increases the yleld 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
1,10 to 1.30 per cent, depending upon other factors. Cne apparent
advantage of manganese is that it is not detrimental to the notchedr~bar
impact strength in the range inveétigated.

fhile the use of siliecon as an alloy in this grade of steel
appears to offer an adventage over plain carbon-mesngenese steels for
obtaining yield strengths up to about 52,000 p.s.l., silicon is not
comparable with either molybdenum or vansadium fer preducing higher yield
strength steels that exhibit a low degree of underbead cracking.

It appears quite possible that the use of molybderum and vanadium
as alloying agents may prove Yo be advantegeous. Additions of either of
these alloys produces a substential incresse in the yield and tensils
strength, which in the case of molybdenum is accompanied by little or
no increase in weld erack sensitivity, snd only a moderate increase in
the case of vsnadium. The addition of these allcys does, however, lower

the notched-har impact strength especially at room temperature and bslow.
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The date from the six heats made to study the influence of
aluminum pontent indicate that aluminum is en extremely important
factor in establishing the weld crack sensitivity, the low~and-medium
alumiﬁgﬁ stegls being quite orack sensitive as compared with steels
conteining no aluminum or very large additions of aluminum.

Since this pronounced effect of alﬁﬁinu; had not‘been noted in
the previous work, which may he because the prdpér range was not

investigated, it will be neéessary.fo'obtain more date to confirm or
refute tﬁege r§su1ts. | ' -

The studj of aluminum ﬁontent again.confirmed the beneficial
effects of relatively 1arge‘al;minum édditiﬁns, two pounds per ton,
upon the‘notched;bar impact stféngth, Th;s.effect is especislly
no?iceabie g?liow temperatures. | | .

The Influence of Aluminum Content Tpon the ,
Mechanicel Properties Mormel to the Plate Surface

In order tc¢ obtain more information about the influence of
aluminum and especially its effeot upon the physiocal properties normal
to the plate surfece, Heats X~23 to X-28, inclusive, were made with
aluminum additions renging from O to 5 pounds per ton. (See Tables 1
and 2.}

These heats were made from 350-pound induction furnace melts
which were poured into & single 8 by 8~inch ingot, the maximum size that
can be conviently handled in the laboretory. This large size was
selected -in order to obtain the meximum reduction during hot-rolling to
& l-inch plate. To prevent the structure from being broken up by
forging, these ingots were rolled directly to 1-inch plate on a small

commercisl mill,




_ The analysis of these six heats, including the acid-soluble

aluminum content and the amount of sluminum added, are shown in Teble 5.

TABLE 5. CHEMICAL ANALYSIS OF LARCRATCRY HEATS WADE TO
STUDY THE INFLUENCE CF ALUMINUM CONTENT

SR _ S ‘ .

Veat o © Aluminum Added
To. c “n P s . si Ti Al in Lbs. Per Ton

¥-25 0.20 1.26 .021 ,022 0.27 .007 Wil | 0
Y-24 0.23 1,36 .01y L0281 0.29  .006 q<:.ooé 1/4
X-25 0.22 1.24 .020 .020 0.27 .013 < .00B o 1/2

- X-26° 0.22 1,31 .02l .02l .0.27 ,0l6  .029 1
¥-27 .0.20 1.29 .018 .020 0.3l .015 064 2
X-28 0.22 1.26 .01§ ,020 0.27 015  L18O 5

. . ' . R . .
Tengile Properties Normal to Plate Surfece.

determine the tensile strength of these steels in the directionlnormal

to the plate su:face, tgnsile specimens were prepared from the hot-rolled
plate by welding and machini;g as indicated in Figure 33. Three by six-
inch_specimeﬁg were cut fram each of the six heats,'Haaﬁs X-2% to X~28,
inclusivetl Beveled pleteswere then weldéd to these specimens as shown

in the above figure. The welds were made with four passes using

Lincoln Shield-Arc‘lOO(AVSwEiOOlb) electfodes. The first pess was made
with & 3/32-inch electrodé and reverse polarity direct current using

zn

150 $0 1 Il QO OU.

amperes and an P27t
X - S - _
Tollowing rough turning of the tensile specimens, they were
etched lizhtly in order o establish definitely the location of the test

plate. After determining the position of the test plate, & S/@-inch



-52- .

505" TENSILE SPEGIMENS

4 PASS WELDS

FIGURE 33. AN ILLUSTRATION OF THE PROCEDURE USED FOR MAKING THE.
SPECIMENS TO DETERMINE THE TENSILE PROPERTIES
NORMAL TO THE PLATE SURFACE

0-902




=55
gection midway between the extremes of the test plate was ground to

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

*

precaution was taken to insure that the fracture would occcur in the
desiréd sections

' The results of the tensile tests are shown in Table 6. A study

a

. a

of these data 4

not show & marked relationship betwe
~content snd the tensile properties., It will be noted, however, that both
the yield and tensile strength of the heat made with ne aluminum

v

addition, Heat X-23, are low compared with the other heats in the series.
The low s;rength, however, is not;caused entirely by the sbsence of
aluminum éince both the carbon and menganese cohtents.ére low. While the
deta may ge interpreted in such a-manner ag to indicate & slight inecrease
in ductility wilith increased sluminum, this increease is so small that it
cannot be consideréd significant...

& previous study made on commercial HTS steels and reported on
peges 87 to 89 of the August 24, 1945, report showed a distinct
reletionship between the aluminummdontent and the reduction in area, the
steels with 1ittlé or np‘gciq~soiuﬁla_aluminum content displaying a much
higher reduction in &res that those coqtai;ing-an appfeciable emount of
eltuminum. A4 similar but less mﬂr&ed reletionship wes noted between the
aluminum content and the~per cent elong&tion. The tensile strength in
the higher alu sels wis found to
sometimes quite low.

This difference between the behavior of the lsboratory steels and
the commercilal heats can probably be atiributed to the difference in the

smount of reduction between ingot end plate, the directional properties

obvicusly being amplified by increased reduction.
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TARLE 6. TENSILEZ PROPERTINS BCRWAL TO THE PLATE SURFACE

|

- ol smaraie .- —parare

i

——

sluninum  Along. in Red. in ‘ Yield Tensile

Content, 3/4 Inch, bree, Strength, Strength,
Heet NMo. ot % % pes.i. pPesei.
X-23 ¥il 14.7 18.4 54,000 74,600
L 9.3 14.5 53,000 73,250
" | o 14.7 18.1 58,750 73,750
=24 005 10.7 12.6 63,750 82,880
" 6.7 © 11.5 ' 62,500 80,630
4 9.3 14.1 62,500 84,600
¥-25 < .005 17.3 22, 61,500 80, 750
" 1640 .8 60,750 79,000
" 13.3 18.1 62,000 79,380
¥=26 029 13.3 18.8 61,000 78,380
" 13.3 18.8 60,000 77,880
" 13.3 21.3 61,500 77,750
X-27 064 14.7 23.7 63,000 78,000
" 17.3 27.8 61,500 78,250
", 17.3 27.8 61,500 78,630
X-28 180 16.0 24.1 62,000 79,000
" - - 63,000 74,500
" 16,0 18.4 63,000 77,880
———————— —— .

Speaimen broke in gauge mark.

See\Fiﬁure 19 for details concerning the preparation
of_the tensile specimens.
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¥otched~Bar Impact Strength formel to the Plete Surface. Motched-

bar impact specimens, Charpy specimens with V-Izod notches, were prepared
from sections similar to those used for the tensile specimens. (See
Figure 33.)

Four duplicete specimens were broken at five different temperatures
between the limits of -40°F. and +210°7. The data from these tests are
shown in Pigures 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 plate surface is quite low regardless of
the aluminum content, the values at +75°F. falling between 7 and 2C-foot-
pounds.

A comparison of the six different steels reveals thet Heat X-27
made with an addition of two pounds of aluminum per ton had definitely
better lmpact strength as compared with the other heats. Similar
results were noted when the steels were tested in the longitudinal
direction, that is, the direction of rolling. (See Figures 23 to 25,

inclusive.)

FUTURE WORK

In order to check the effect of aluminum content upon underbead
cracking, & second series of heats will be mede with aluminum additions
ranging from 0 to & pounds per ton.

Since increased additions of molybdenum apparently did not
increase the crack sensitivity but did raise the tensile and yield
strength to a merked extent, it appears desirable to make z gecond series
of hesats but at a slightly lower carbon level in order to confirm the

previous results.
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The influence of homogenization upon the crack sengitivity and
physical preperties of the 30 heats discussed in this report will be
studied. This phase of the work should zid in establishing the meximum
chemicel composition that mey be used without excessive underbesd cracking.
Since it appears that the most practical place to carry out &
homogenization treatment in commerciel production is while the slab is
being heated for rolling to plete, it will be necessary to determine the
~ time and temperature required for this treatment. Sections of commercial
slebs of HTS steel have been obtained and a study is being made to
determine the time~temperature cyecle necessary to homogenize the slab
and also the effect of this temperature upon the crack sensitivity of

the plate rolled from the treated slab.

Date used in this report can be found in Laboratory Notebeok

No. 2581, pages 6 to Bl, Inclusive.

CES:HB1ALW/ab
June 18, 1947
Revised October 9, 1947
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TABLE jl.
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TENSILE PROPSRTIES OF HOT-ROLLED PLATE FRCH

LABCRATCRY HEATS X~1 TC X-28, INCLUSIVE,
¥=-45 AFD X-46

et

e

_ Blong. in Red. in Yield Tensile
Heat Test - 2 Inches, Area, Strength, Strength,
Mo, . Direction, % . % . p.sals p.s.i.
X~1 Long. 37.0 73.9 44,250, 7G, 750
" v 37.5 74,9 47,000 72,000
" Trans. 31,5 62.1 45,500 72,300
“ L 31,5 62.1 44,000 72,500
X~2 Long. 37.0° 6749 45,500 75,100
" L 35.0 69.9 43,000 74,100
" Trans. 32,5 63.3 41,000 73,900
" L 32.0° 62.8 42,250 73,850
X~3 Long. 31.0 65.4 46,750" 81,000
" LI 32.5 68.6 48,000 82,100
" Trans. 28.5° 61.1 48,250 80,000
" L 29,5 61.1 44,250 80,400
X-4 Long. 31.7 68.2 52,750 87, 800
" L 30.0° 66.8 49,250 85,900
n Trans. 28.0 56.0 49,000 86,700
" L 27.5 56.8 48,500 86,200
¥X~-5 Long. 29,5 65.9 55,500 89,900
" LA 27.5 £3.3 54,500 89,700
" Treang. 26,0 53,3 49,000 87,400
" " 27.0 51.4 49,750 87,150
¥-6 Long. 38.0 87.0 39,750 70,200
" " 35,0 85.9 38,500 70,100
" Trans. 33.0 58.6 38,500 69,500
" " Z1.0 57.8 40,750 69,500
X=7 Long. 34.5 69.9 45,250 74,100
" n ‘ 35.0 69.3 44,000 72,800
" Trans. 30.0 58.1 43,500 71,900
" " ' 29.7 61.8 42,750 71,800
X8 Long. 35.5 71.4 46,500 77,600
" L 35.7 69.7 47,000 77,100
" Trens. 30.0 60.8 44,500 75,800
n " 30.0 57.5 44,500 76,100
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TABLE Al. . (Continued)

. L Blong. in  Red. in Yield Tengelle
Heat Test 2 Inches, Area, Strength, Strength,
Now Direction pif o PaSois PeSedi.
X-9 Long. 35.0 73.5 49,250 77,600
" " 34.5 70.6 47,500 76,750
" Trans. 31.5 59.1 46,750 77,700
u "o 31,6 60,3 46,000 77,600
X-10 Long. 35,5 70.4 47,750 78,300
" n 34.2 69.0 47,500 78,600
" Trens. 33,5 £1.8 44,000 76,500
" " 31.0 58.6 44,250 76,100
X-11 Long. 32.0 67.9 52,500 79,400
" " 34.3 69.3. 49,260 80,600
" Trans. 30.2 57.5 47,000 79,800
" " 2942 53.6 46,250 79,400
X-12 Long. 33.0 68,8 53,000 85,400
i L 33,0 68.2 52,000 85, 500
" Trens.. 29.0 59.4 52,000 83,750
" " 28.5 58,3 - 50,000 83,900
¥-13 Long. 33.0 6641 49,750 83,800
" L 33.0 65.9 49,750 84,100
" Trang. 30.5 59.6 49,500 83,300
L " 3045 59.6 49,000 83,100
X-14 Long. 31.0 65.9 50,000 80,000
" " 32.5 67.9 - 51,250 80,800
" Trans. 28.0 58.6 46,500 79,000
" " 29.5 58.6 " 45,500 79,100
%X-15 Long. 31.5 62.8 51,000 81,000
" i 32.0 65.4 51,750 81,700
" Trans. 29.0 57.5 49,000 80,800
" " 28.5 59.1 48,750 81,000
X-16 Long. 29.0 62.8 55,000 81,000
" o 29.0. . 63.6 57,000 83,500
t Trans.. 24.5. 55,5 57,000 82,700
" " 23.7 54+9 56,500 82,600
X-17 Long. 23.0 61.3 66,750 97,750
" " 25.0 64.7 70,500 99,500
e Trans. 21.3 49.8 65,250 93,500
n f 20.5 £9.5 67,250 94,125
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TABLE Al. (Continued)

o EBlong. in Red, in Yield - Tensile
Heat Test 2 Inches, Arem, Strength, Strength,
No. Direction % % p-S:i. Degsis
X-18: Long. 2l.5 82.8 77,000 98,100
" oo 22,5 - 623 79,500 - 100,875
" ' Trans. 20.5. 53.3 76,500 97,750
" L 21.0. - 53.6 75,250 986, 80O
X=19 '~ Long. 32,0 65.6 48,750 79,200
A " 32.7 65.9 - 49,500 80,000
" .~ Trans. 29,0 60.6 47,500 78,000
L L 30.0 - 5745 48,000 78,200
X~20 Long. 32,7 67.7 57,260 84,400
" " 2245 67.9 56,500 - 84,000
v . Trans. . 27.0 58.3 53,750 82, 500
" "o 27,5 £0.6 54,250 82,400
¥-21 Long . 27.0 6046 67,750 92,700
" . no 27.0 . Bl1.6 66,000 94,350
" ' Trans. 24.0 52.5 63,250 92,600
" " ; 22.0 52.2 66,000 92,500
%-22 " Long. 25.5 59.4 77,50  .104,500
" DL C2B.O £9.4 79, 500 108,750
" Trans. 20.0 49.2 74,000 100,400
" " 20.6 48.4 73,750 100,400
X-23 Long. 35.0 673 47,000 74,465
" " 34.0 65.4 48,000 75,400
" Trens. 29.0 52.5 46 ,00C 73,800
" " 29,5 El.9 45,509 73,800
X=24 Long. 32.0 68.6 50, 500 81,700
" " 30.5 60.3 51,250 82,750
" Trans. 28.0 53.6 49,000 81, 800
" n 27.5 47.8 49,750 81,900
X-25 Long . 33,0 68.2 47,500 76,750
" " 33.0 68,2 48,000 78,000
L Trans., 28.0 55.2 46,750 76,350
" " 27.5 53.0 46,000 76,400
X=26 Long. 33,0 68.4 49,000 78,900
" " 33. 0 67 .7 50,250 80,400
" Trans. 27.0 53.8 49,250 80,150

" " 26.5 52.8 49,500 79,800
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TABLE &1. (Continued)

Elong. in  Red. in Yield

_ Tensile
Heat Test 2 Inches, Area,  Strength, Strength,
Yo, Direction % A4 pegoia pe5.i,
X-27 Long . 33,0 69.0. 49,000 77,200
" L ' 34.0 70.1 47,500 76,000
" Trans. 29.0 57.8' 46,750 75,850
" n 27.5 56.0 44,750 76,100
X~238 Long. 3%3.5 68.8. 48,500 78,000
1 n 38.5 68.6 48,250 77,500
" Trans, 29,5 57.3 47,280 75,800
" " 2745 B4.5 - 46,500 75,800
X-45 Long. 34.5 69.0 51,750 78,900
" " 33,0 65.4" be, 500 79,250
" Trans. 24.5 37.9 48,250 77,800
& H 23.0 33.4 48,5800 77,400
X-46 Long. 35.0 70.1 49,750 76,800
n L 35.0 70.1 51,750 80,780
u Trans. 28.0 52.8 52,500 75,500
" o 28.0 49,5 51,500 79,750
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TABLE A2. UNDERBEAD CRACKING VALUES GF INDIVIDUAL SPECIMENS
FROM LABORATCRY HEATS X~-1 TO X-28, INCLUSIVE,
X-45 AND X-46 IN THE HOT-ROLLED STATH

Inderbeead
Heat Specimen ° Cracking, -
No. No. Per Cent

11
34
16
29
19
33
3
25
13
24 Avg. 21

S W0~ Uk b

|

55

21

18

30

16

26

21

33

48

21 Avg. 275

QW om~30 U0 ik h

=

94
80
70
91
89
88
95
78
84
80  Avg. 857

QO O=20w¢ i 1o

—

X-4 104
105
89
81
23
ics
1086
68
113
105.  Avg. 977

O WD~ A -

=
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TABLE A2Z. (Continued)

Underbead
‘Heat - Specimen” Cracking,
MO ot No. Per Cent

120
115
104
88
986
103
101
104
109
3% Avg. 104%

QWO D=1 P DD

ek

48
36
23
18
24
25
19
30
25
31 Avg. 28%

[
QW ~1 Mo PN+ (@ {o RN o'sBE o) Wb I~ V- BV I
—
o]

o)

Avg. 19%

i-8

O W oo -3t
[o¢]
[92]

[

89 hvg. 75
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. TABLL A2, (Continued)

Inderbead
Heat . Specimen Cracking,
Fo. _ Yo Per Cent

71
74
76
68
60
34
58
70
8
71 hvg. 59%

OWwWwm=-3®H kb

[w]

X~10 53
50
65
73
46
23
44
70
45

20 Avg. B60%

DW= MO RN

|

X~11 B4
79
76
93
81
g8
78
89
96
80 Avg. 849

DWW O ~TIDT RGN

)

X-12 91
75
.88
75
78
78
91
88
90

85  Avg. 84%

O W m =3P e

—




TABLE A2, (Continued)

-8le=

Heat

Vo,

Specimen
No. .

Underbead
Cracking,
Per Cent

X-14

X-15

X-186

4

g

-

e

O W -~3hH g a O W ~I 0O s O3 I O WO =] OO D

O W3O D

64
60
56
80
83
63
68
b9
66
43

59
80
86
58
75
&6
76
50
89
53

85
78
84
86
81
93
g6
8o
80
93

73
68
69
58
80
70
66
69
48
74

Avg " 64:?;

Avg. 69%

Lvg. 867

Avg. 66%




TABLE A2+ . {Continued)

~8ld~

Heat Specimen

Underbead
Cracking,
Per Cent

WMo ' No.

=17

| od

¥-18

=t .
WD -I0 N

X-19

O W= Ut woH

-t

X-20

C W W30 W

T

OWw 1D AN

71
74
54
74
71
71
63
81
84
64

64
70
83
68
50
70
73
69
€6
80

58
34
56
50
56
48
€0
8l
50
43

73
49
79
. Bb
61
61
68
83
83
48

D R T e —

Lvg. 66%

Avg. 51%

Lve. 649
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TABLE A2. (Conbinued)

Heat
Mo,

Underbesad
Speqimeg one Cracking, -
No. Per Cent

X-21

X-22

X-23

X~24

80
80
80
74
75
64
81
8l
79
75

QWO @GN

=

74
80
78
70
71
65
86
79
70
o4

[
O W w~FD WGP N

b~

QWwW®=A® e d G-
e
O d Do oee O

-

QWO D 0NN
e
1o

=

Avg. 78%

Avg. 749

Avg © 6%

Avg. 95%
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TABLE A2. (Continued)

B Imderbead
Heat T Specimen Cracking,
Foe , 1o -0 No. Per Cent

¥-25 8%
70
83
68
80
66
70
85
85
69 Avg. T4%

DOV @R I

Jeat

X~26 88
85
83
85
86
85
68
79
78

78 Avg. B1%

O 0o -3 0N P 1O

|

X=27 46

T4

46 -

40

71

35

58

64

65

68 Avg. BT

O WO~ MU N

-t

X-28 30
16
19

4
ls
23
18
11
23

15 Avg. 179

OO0~ P O DO

-
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TASLE 42. (Continued)

_ : Underbead
Heat ' Specimen Crecking,
CNo. Mo« : Per Cent

14
40
99
70
64
25
91
48
26
83  Avg. 577

O WO ~3IC > N s

=4

¥X-46 64

75

an
s

86
29
53
68
75

QW O~ OH A P AN

-
n
[V e

Avg. 80%

—~n
e
o
b I
ot 1=
=
o
b =3
o
D e

4]
TR O W O DD

QWO NN
,_l

pt

A'Vg ° ll%




TLBLE A3.

LONGTTUDINAL NCTCHED-BAR INPACT PROPERTIES CF LABORATCRY HGATS ¥-1 TO.X#QB,.

INCLUSIVE, X-45 AHD X-46 IN [HE HOT-ROLLED STATE. :ALL SPECE L3 NOTC
PARALLEL TC THE PLATE SUBRFACE .

-
HaD

Enl

Reat Testing Temperature, Degrees F.
Mo . -75° -40° , -5° +75° +210°

x~1 3 8 5 2 68 25 21 32 106 119 31 30 107 124 111 112 120 124 119 129
x-2 8 2 4 5 ¢ 7 4 3 24 22 18 14 107 95 66 s? 123 11y 125 112
x-3 4 3 2 2 7 3 8 7 13 21 17 8 34 40 41 a4 86 85 24 85
X-4 2 3 4 4 5 3 4 4 g 18 10 8 26 47 81 37 74 90 83 81
X-5 4 2 4 2 7 8 7 6 13 18_- 12" 19 36 31 25 35 67 88 76 T
X-6 3 4 2 3 6 6 7 4 5 15 18 30 55 73 103 92 96 119 98 108
X7 4 3 4 4 58 8 8 9 48 20 33 21 101 95 9z 108 108 100 104 118
¥-8 5 5 5 3 8 10 24 14 12 a6 a8 14 105 95 119 110 95 112 108 115
X=9 4 6 3 2 22 5 16 6 48 46 41 24 98 47 104 78 108 97 109 105
X-10 E 4 5 3 5 7 6 32 20 19 37 16 63 108 93 112 100 110 106 105
X-11 5 3 2 3 7 5 6 7 22 21 14 34 83 54 55 91 86 85 98 98
X-12 3. 5 5 a 9 6 -8 4 20 12z . 12 14 37 58 B33 . 44 89 ,éb 97 110
X-13 4 4.2 2 1314 3. 4 12 1. e 12 25 18 19 31 85 85 - 93 91
X~14 2 2 2 2 3 4 5 6 13 12 9 13 "8 50 34 43 %6 S0 90 92
X-15 6 3 2 3 3 09 3 11 20 11 11 19 55 43 38 44 95 90 93 97

-.89-



TABLE A3.

(Cbntinued}

Testing Tempersture, Degrees F.

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

Heat
No. ~75° -40° -5° +75° +210°

X-16 6 2 2 3 5 4 8 7 35 21 1z 26 65 64 96 81 77 73 92 86
=17 303 4 2 7 9 8 3 9 21 15 12 33 59 .41 26 78 85 8l 81
%-18 3 32 3 3 4 3 3 13 5 4 4 4 13 10 10 10 84 82 87 95
x-19 5 2 3 2 6 765 & 12 40 25 28 48 32 33 65 89 91 94 85
X-20 5 2 3 3 3 7 8 5 8 11 13 23 113 101 79 100 %4 89 95 103
x-21 2 2 2 2 3 13 3 3 8 6 9 -4 27 10 13 20 87 86 85 84
X-22 2 2 3 3 5 2 2 2 3 3 4 2 4 5 6 5 37 44 27 21
X~23 4 5 4 2 4 6 3 21 13 33 14 11 94 89 90 98 108 107 104 106
X~24 3 3 2 3 7 7 10 8 18 17 18 13 55 99 45 6% 106 105 98 103
X-25 4 4 2 2 9 14 17 7 L1722 19 44 96 98 98 98 105 103 113 118
X-26 4 35 3 15 10 18 10 26 35 26 58 99 111 93 95 99 109 109 106
X-27 10 5 4 4 34 26 18 22 4 45 66 34 104 108 109 105 106 105 104 308
¥-26 6 5 &4 4 1 21 8 12 29 85 . 57 85 80 85 105 90 105 104 108 106
1-45 4 6 6 22 14 19 46 105 27 102 111 125 113 116 121 121 104 111 116 116
¥-46 6 8 9 9 20 30 41 75 30 100 115 121 115 116 123 129 100 110 110 133
NQEZ: The above impact values_:ie given in foot-pounds. The specimens used were the standard V-notch Charpy

~529-



TABLE A4. RCTCHED-BAR IMPACT PROFERTIES NCRMAL TC THE PLATE SURFACE COF HEATS X-23
TO X~-28 IN THE HCT~RCLLED STATE

Heatl Testing Temperature, Degrees F.

No. -40° -5° +40° +75° +210°
X-23 2 2 2 2 2 2 2 2 9 4 5 4 8 9 11 =8 21 21 25 17
X-24 2 3 2 2 3 £ 3 2 5 6 4 3 8 7 7 8 17 18 18 1=
X-25 2 3 2 2 4 4 3 4 7 4] 4 5 10 8 2 9 18 1& 18 19
X-~-26 2 2 2 2 5 & 4 3 7 8 8 7 10 11 13 12 18 18 20 19
X-27 6 2 7 3 13 12 11 7 12 14 12 17 18 1% 17 13 27 28 24 22
X-28 2 2 2 2 4 5 5 5 8 10 1 8 15 14 1z 13 23 22 22 21

—‘99_

Yote: The above impact values sre given in foot-pounds. The specimens used were the standard V-notch
Charpy bars which were broken on a Riehle ilmpact machine heving an initial energy of 220
foot-pounds.



