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Mletallurgical Quality of Steel used for Hull Construction”,
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summary report of the work done on Research Project
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Ships, Navy Department and Battelle Memorial Institute,
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T ABSTRACT

':This'réport discusses some of" the pertinent factors, especially

‘considéred.

“banding and homogenizetion, which influence the susceptibility of HTS
"hull steel to underbead weld crecking. The use of laboratory heats for

' evaluating various chemicel compositions and deoxidation practices is

The pecific items covered are as follows:

(1) The influenpe of time and temperature upon the
homdgeni;afioﬁ bf Eﬁth avqrage;apd high chemical
compoé£ti6n ﬁTS sfeelé._

(2) Theréffect‘of variéus degrees of homogenlzation

upon underbead cracking and tensile properties.
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(3) The effect of hot reduction upon the response to
homogenizing treatments.

(4) A demonstration of the mechanism of bending in HTS
hull steels.

(5) A study of the underbead cracking characteristics of
quenched and drawn HTS having & yield strength above
75,000 p.s.i.

{6) & comparison of the underbead cracking characteristics

and mechanical properties of laeboratory and commerciel

HTS hull steels.
SULVMARY

A study of the effect of various homﬁgenizing‘éyéiéé on HTS hull
steel heats that were weld-crack sensitive revealed that ons-half hour
at 2350°F. or one hour at 2250°F. was effective in reducing the under-
“béad cracking in heats of a#érége chemicel ;ﬁai&sié.f In the case of

'ébndrm&liy‘high chemicai”EdﬁpbéitiSn,”a'ianger‘homogeﬁizing time was

' réqﬁife&;‘ | | |

ﬁefélldéréphié éxaﬁihﬁ%ioﬁléﬁﬁﬁed-thaﬁ relatively loﬁg homogeniz-
ing cyéies; in the'ﬁeighborhﬁbd‘of two?houré 8t 2350°F. of four hourslat
2950°F., were required to‘camplétéiyﬁélﬁmiﬁate the banding. In view of
' the results from the wel |
the pesks of the alloy éegfégaéidﬁlhéed be reduced to meke a marked

" improvement in welding characteristics.
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The tensile strength of the homogenized-nOrmélized steels was
comparable to the hot-rolled strength, while the yield strength was some-
what higher, being similer to that of hot-rolled and normalized steel.

In the case of some heats, the ductility was improved, but in others
there was no appreciasble change.

In order to illustrate the mechanism by which banding is produced
irn the medium-manganese steels, a macroscopically banded composite steel
was made in the laboratory by hot-rolling tégether sheets of alternately
high=- and low-manganese steéls, both of which had the same carbon content.
- Métellographic study of this composite steel showed that carbon segrega-
“%fion; or ‘banding, found in the commercial hull steelshfé caused by
meinganese segregation as previously postulated. |

The time required for homogenizing was found to decrease rapidiy
with increased reduction of the steel by hot-rolling, 11 hours at 2350°F.

being required to homogenize the cast structure of a 6" x 6" laboratory
~ ingot as cémpared‘wifh‘7 hdufé after'ié;é éer‘cent reduction, while 50
‘per cent-reddttioq'fédu&éd'fhe'éiﬁé to ieéégfh;n one héuf.

‘An investigation of the méchaﬁical‘p;opertiéé %ﬁd‘weld crack
sensitivity of three cormereial Héafé'ih'ﬁériéus héat-tréated conditions,
such as quenched and drawh,'ﬁarhﬁliéed; homogeniéed; and annealed, showed

“that high tensile.propertieésd{d'nat neeéssarily cauge underbead cracking,
“but - that microsegregation was'an.imparfant factor.
"In order to obtain the sahe Ievél‘of crack sénsif&vity and

"méchanicgl properties from laboratory-haats-as found in commercial steels,

R PR

’fit'wés necessary.to increase the carbon and manganese contents slightly

‘ abqvé fhat of the commercial steel. It appears that ﬁha low residusal
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alloy content and the small-scale segregation in the laborateory ingots
account for these differences.

Steel plate made from the laboratory ingots was found to be
lecking in the directional characteristics found in the commercial steel.
The small degree of hot reduction seems to azccount for this difference.

The notched~ber impact properties of the laboratory heats
appeared to be in good agreement with the results obtained from the
large production heats, each being influenced by the deoxidation
practice in a similar manner.

An investigation of the grain-growth characteristics, temper
brittleness, and nitrogen content failed to reveal any correlation

between these fuctors and the extent of underbead cracking.

INTRCDUCTICH

~This investigation is & continuation of the C.S5.R.D. Project
NRC+87, entitled "Metellurgical Quality of Steels Used for Hull
Construction".* The research program under the 0.S.R.D. sponsorship
wes termineted August 31, 1945, and since then, the work hes been
-continued under Nevy Contract NObs 31218.

_This report .is a summary of the first three progress reports
covering work cerried out under the new contract. - In presenting this
report, it is assumed that the reader is femiliar with the information

given in thes four progress reports issued under the 0.8.R.D. sponsorship
-

:5
)

See progress reports issued on N.D.R.C. Research Project
NRO-87 eéntit a4 "Investigation of Metallurgical Quelity of Steels
Used for Mull Construction” (N§S-285) by H. M. Banta, Fred Dunkerley,
‘and C. E. Sims, dated ¥ay 14, August 24, and Cctober 14, 1945, also
finel report dated Cctober 14, 1945. OSED #5062, M-497; OSRD #5492,

M-569; OSRD #6073, ~587 and OSRD #6075, M~610, respectively.

roe
= Bl
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The investigatidn is being carried ouf élbng‘fhe 6figinal lines
;étabiﬁshed dﬁrihg‘the first yeér's work, that is, &n;iﬁﬁééfigation of
fﬁe metallurgical quality of HTS hull steel #ith aﬁ émphd;i; upon those
'fabtor; which might influence therweiding characteristi;s.ﬁﬁa the
be;fofmance of the welded st?ucfure.‘rTﬁe ﬁlfimate oﬁjeéﬁi&é;is to
6Btéin‘inﬁbrmatiﬁh#fhat will lead to aevéiopmen£ éf an improved high-
'teﬁsileasfeei fof Wéiaéd hull-construcfion, éither by alfering the com-
posiﬁién or by controliing the sfeelmaking and processiﬁg bfactices to
give & steel of the desired characteristics. A4As in the.érevious work,
underbead weld crackiné referred to as crack sensitivity is considered
bne‘df the more impér%ant criteria for evaluating hull steel. Consider-
ation isféiso givéﬁ to the mechanical pfoéerties that are eégential to

satisfactory fabrication and service in welded ship construction.

EXPERIMENTAL WORK

The Effect of Homogenizing Treatments (jpon
Weld Crack Sensitivity and Alloy Segregation

Homogenization Studies on Steel No. 31

. Exploratory work previously reported showed that the weld crack-
sensitive Steel No. 31 could be made quite insensitive.by homogenizing
at 2350°F. for four hours followed by normelizing at 1650°F. for one
hour, the latter treatment béing added to refine the grain structure and
improve the physical properties.

In order te cbtain more date concerning the tempersture and time

‘reguired for homogenizing and its effect upon the weld creack sensitivity




.
and physical properties, specimens from Steel No. 31 (see Table 4) were
treated at 22B0°F. and 2350°F. for time intervals renging from & few
minutes to six hours. The homogenizing was carried out in an atmosphere
controlled furnape to minimize decarburization and scaling. Following
the high-témperature treatment, the specimens were normelized at 1650°F.

Crack-Sensitivity Tests. The crack-sensitivity tests were made

using the single-bead weld test, five duplicate weld specimens being
made for each heat treatment. (See Appendix for description of weld
test.)

The fesults of the weld tests are summarized in Table 1. These
daﬁa show that the time required to heat to 2350°F., approximately
5«1)? houfs,'was sufficlent to reduce the weld cracking to a negligible
valueg. To obfain similar results when homogenizing at the lower
temperaturé, 2250°F., one to two hours at temperature was reguired.

The results from this work on homogenization are especially
significant because they reveal the importance of alloy segregation with
respect to underbead cracking. The segregating alloy in this grade of
steel is principally menganese, An element which is known to diffuse
rather slowly. This subject will be discussed more fully later in this
report.

¥icrostructure. The influence of the Eoﬁagenizing treatments

upon the degree of alloy segregation wes determined by'miéroscopic
examination of the specimens following an annealing trestment which
consisted of holding at 1500°F. for one hour followed by furnece cooling.
During the slow coeling, the carbon, which diffusés very feadily,
segregates in the high elloy areas because these regions remain

austenitic for the longest period. Therefore, the distribution of the
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STMMARY OF CRACK-SENSITIVITY DATA ON STEEL 31
AFTER VARIQUS HOWOGENIZING TREATMENTS -
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carbon in the annealed sarples can be used as a rough index of aliloy
segregation or banding.

Figures 1 and Z show how the degree of banding is reduced as
the temperature and time of the hcomogenizing ftreatment is increased.
From Figure 2 it will be noted thaet the banding is still quite prominent
after heating to 2250°F. but decreases rather rapidly upon holding et
this ftemperature. While evidence of banding still exists after 30
minutes at 2250°F., it is significant to note that complete homogeneity
is not necessary to reduce the underbead cracking to an appreciable
extent. Presumably, it is only necessary to reduce the exceedingly high
peaks of alloy segregation to produce e marked decrease in the underbead
cracking.

| From Figure 1 it will be noted that the high-temperature treat-

ment, ':2350°F., was much more effective -than 2250°F. for reducing the
banding.

Tensile Properties. A summary is shown in Table 2 of the tensile

properties of Steel 31 after being homogenized at the various times and
temperétures followed by normalizing. These data indicate that the
“"¥éngile strength of the homogenized and normelized steels is sbout equal
to that of the hot rolled. The yield strength, however, in the case of
this hest iz slightly higher than that of the hot-rolled steel but is
also somewhat less than that of the hot-rolled normaliéed steel. The
ductility appeared to be improved by the homogenizing, but this is not
always the case as will be shown later. These results are significant
because they reveal that the underbead cracking can be reduced without

adversely affecting the tensile properties.
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42201
Homogenized 10 minutes at 2350°F.

t

Figure 1. Microstructure of Steel 31 after homogenizing a
2350°F. for one and for 10 minutes, followed by
annealing to bring out any banding. 100X
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42203
Homogenized 15 minutes at 2250°F.

Figure 2. Microstructure of Steel 31 homogenized at 2250°F. for 1, 15,
and 30 minutes, respectively, followed by annealing to bring
out any banding. 100X
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SUMMARY OF THE TENSILE PROPERTIES OF: STEEL 31

TABLE 2.
HOMOGENIZED FOR VARIOUS TIMES AT 2350°F. AND
2260°F. THEN NORMALIZED AT 1650°F.

Elong. Red. in Yield Tensile  Yield %o

Heat in 2V, Area, Strength, Strength, Tensile
Treatment % A p.s.i. p.s.i. Ratio
"1 minute at 2350°F. 35.7 69.1 54,175 80;250 67.5
30 ® ow ow 37.0 72.1 52,185 78,125 66.7
1.0 hour " " 36.4 71.8 51,875 78, 300 66.2
1.5 " v 3g.g 71.7 52,800 78,650 67.2
T 36.2 71.9 53,425 78,750 67.8
v 35.6 7.7 53,780° 79,125 67.8
mooowm o 84.5  T1.4 50,000 77,875 64.4
1w v 2280°F. 35.9 7.3 751;575 77,7bb 686.7
I I R B 35.7 71.6 '52,506. %7,825 67.5
W " 36,2 7Tl.6 52;175 78,125 66.8
4w w 36.0  72.0 51,650 77,500 86.6
s Tmw 56.0 72.9 52,500 77,875 67.6
Hot rolled 30.6 61.2 47,875 79, 350. 61.0

"ts received"

" Normalized 32.5 62.8 55,000 80,000 68.8
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Homogenization Studies on Steel N¥o. 24

{(High Composition Feat)

In order to determine if steels that are abnormelly high in
chemical cbmpoéition for commeréiél;HTS kull s£eels would respond to
homogenizing treatments, steel from Heat 34 containing 0.23 per cent
carbon and 1.50 per cent mengenese wes investigated. (See Table 4 for
complete chemical analysis.)

Specimens from Heat 34 were homogenized at two temperatures,
2250°F. and 2350°F., for time intervels ranging from a few minutes to

four hours,

beadthld—cracking tests is shown in Teble 5. These data indicste that
the weld crack sensitivity of this high-composition steei can be reduced
to an gppreciable extent by homogenizing. It will be noted, however,
that‘allonger homogenizing time is required as compared 'with steels of
normal chemical analysis such as those listed in Table 3.

Tensile Properties. The tensile strength of the steel from

Heat 34 after being homogenized at 2350°F. for variocus pericds of time

is shown in Table 6. As previously indicated, the homogenizing followed

he tensile strength but the yield

strength is raised, the normalizing probably accounting for the later

improvement. It will be noted that in this case the ductility was the

seme &8 in the hot-rolled steel. It is significant to note that a steel
with & yield strength of approximately 57,000 p.s.i. can he trested so

that it will not be unduly weld crack sensitive,
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CHECK ANALYSES OF ALL THE HEATS OBTAINED

FROM FIVE STEEL PRCDUCERS

Heat *
Vo. C Mn P S 81 Ti Cu Ni Mo Cr v Al
1 0.16 1.26 .024 .022 0.26 .0l4 0.10 0.05 012 0.04 .002 .Olq
2~8 0.16 1.23 .023 .020 0O.21 .0Ql1 0.08 0.05 .00 0.06 .003 -
2-=b 0.15 1.28 .023 .020 0.2% .0l14 0.10 0.06 .0l4 0©0.05 .002 .015
2-c 0.l 1.29 .021 ,020 0.29% .0l3 0.10 0.08 .013 0.08 .002 .L.0l4
3 0.16 1.23 .03C .032 0.21 .01l ,OOY 0.02 .008 ©.03 .003 .0l2
4 0.15 1.16 .032 .040 0.20 .010 0.23 0.11 .014 0.03 .00% .007
5 0.15 1.28 .024 .021 0.28 .009 0.24 0.15 .C40 0,05 .003 .008
6-t 0.15 1.18 .021 .025 ¢©.28 .0l5 0.03 ©.14 .019 0.04 .031 .003
S-m 0.i4 1.18 .02l .024 0.27 .015 0.03 0.14 .019 0.04 .031 .00%
6-~b 0.14 1.15 .022 .021 (©.28 .0l5 0.03 Q.14 .019 0.04 .031 .007
7. ¢.16 1.17 .035° .028 0.28 .00 ©.13 ©.13 .026 0.14 .032 nii
=g 0.17 1.27 .020 .026 0.34 011 0.0 0.18 033 0.03 .023 .012
10 0.17 ©.81 03 .023 0.21 nil 0.05. 0.03 .004 0.03 .068 .002
11 0,17 1,17 .017 .017 0.29 .011 0.35 (.18 018 0.05 .045 .020
12 0.17 1.11 .02Z1 025 0.26 009 0.12 0©.16 .022 0.04 .030 .004
13 0.19 ¢€.98 .011 .027 0.22 .0l5 0.03 0.03 .005 0.07 .050 .0l2
17 0.15 0.98 .014 .019 0.21 .C1l5 0.14 0.09 .0l4 0.07 .027 .0lO
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TABLE 4. CHECK ANALYSES CF STEELS OBTAINED FROY SHIPYARDS
steel - - -

¥a. c M P 3 ‘,ﬂ§i Ti Cu‘ ¥i Mo Cr v Al
30, ¢.18 1l.25 .023 .026 0.28 007 0.19 0.14 .020 .05 .004 .0l6
31 0.19 1.38 .025 .026 @.30 .010 ©0.19 0.14 .031 ,05 .004 .Ql0
32 0.17 1.44 .025 .020 Q,éB .008 ©0.36 0.22 .034 Lb? .007 .015B
33 C.16 1.27 .020 .023 O.20 006 0.22 0.12 ..018 ,07 .003 .,004
34 0.23 1.53 .016 .022 0.24 .,008 0.15 0.21 .023 0.15 .003 .013
35, 0,17 1.19 .023 .026 0.25 -pil OC.26 ©.23 .018 0.10 .080 .006
36, 0.19 1.3% .023 .022 0.31 - .012 0.16 0.10 .040 ..07 .003 ,009
37) 016 1.21 .017 .033 0.28 il 0.07 0.01 .030 .05 0.120 .020
38, 0,17 1.50 .029 .0l8 0.32 .013 0.4 0.09 .011 .02 nil .017

* .Acid-soluble aluminum content.

* Heat 37 used for control steel in maiking weld crack-sensitivity

tests.
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TABLE 5., UNDERBEAD CRACKING DATA FOR HEAT 34 AFTER VARIOUS
HOMOGENIZING CYCLES AT 2250°F. ARD 2350°F. FOLLOWED
BY NORMALIZING

- - Number of Underbesad

: Specimens Cracking

Homogenization Treatment Tested Index
1 minute at 2250°F. 5 . 84
15 " " " 5 66
éO " | " " | _ 5 61
1 hour | " " : 5 : 40
gz " " " | 5 27
3 " " " _ 5 9
4 " i n 5 11
10 minutes at 2350°F. 5 85
40 " " " 5 56
1 hour u " 5 28
2 n " " 5 21
3 " " 5 16
4 " " " 5 2

Hot rolled, as received 20 71

|
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SUMMARY QF TENSILE PROPERTIzS FOR HEAT 34 AFTER
VARTOUS

HOMOGENIZING CYCLES AT 2350°F. FOLLOWED
BY NORMALIZING AT 1600°F.

ong . Red. in Yield Tensils

in 2", Area, Strength, Strength,

Heat Treatment % % . DeSel. pas.ie.
Homogenized 10 min. at R350°F. 33 71 58,750 84,975
" 40 mooom o oom 33 71.2 57,750 85,250

" 1 hour " " 33.1 71.1 57,180 85,625

" g " " " 32 “Tl.8 658,760 87,180

" 3 " " i 33.7 T2.4 57,185 85,000

" 4 " " " 33.2 72.2° 57,250 84,935

Hot -rolled, as received 32.2 71.2 50,6256 85,275
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Effect of Hot WNork on the Rate of Homogenization

In order to determine the effect of hot work upon the subseguent
rate of homogenization, sections were rolled to various geges from a
laboratory ingot representing reductions in thickness of 12.5 to 8l.3
per cent. These secticns were then homogenized at 2350°F. for time
intervels ranging from a few minutes to 10 hours. After annealing to

bring out the segregation, the specimens from each treatment were

Table 7 were compiled showing how the homogenization time decreases with

increased reduction.

TABLE 7. TIME REQUIRED TO HOWCGENIZE TH# SECTIONS
FROM INGOT 1719 AFTER VARYING AMOUNTS CF

ITAM TATATTTAM T AT

Nl BEUUL LRV

Per Cent Time at 2350°F.
Reduction to Homogenize
0 (cast structurs) 11 hours
12.5 7 "
2l.5 3 "
37.5 1 "
50 less then 1 "
62.5 less than 1 %
8l.3 lesg than 1 T

Vicrographs showing the effect of various degrees of hot
reduction upon the rate of homogenization are given in Figure 3.
In summerizing, it may be sald that hot reduction increases the

rate of response to the homogenizing treatment by & very marked extent.



42262 T 42261

per cent

42260
Hot reduced 37.5 per cent Hot reduced 50 per cent.

Figure 3, Microstructures of longitudinal sections from laboratory Heat 1719,
hot-reduced 12.5, 21.5, 37.5, and 50 per cent, then homogenized
at 2350°F, for one hour, followed by annealing to bring out any
banding, 100X
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This can be accounted for by the decrease in the distance that the
alloys must diffuse in the reduced sections and the breaking up of the
structure which increases the surface area from which diffusion can
oceur.
For commercial apﬁlication, these results indicate that =
homogenizing treatment would be much more effective after the ingot hes

been reduced to & slab than if cerried out in the inget soaking pit.

The Mechanism of Banding

In this investigetion, it has been shown that annealing will
bring out banding in steels that may appear quite homogeneous in the
hot-rolled or normalized stateg%) The explanation has been advenced that
dendrific segrega#ion of manganese persisted and was present as bands in
the hot-rolled plate. Slow cooling reveals.these high-manganese bends,
because there is time for ﬁhe carben to 4iffuse during the transformation
of the austenite and segregate in the high-manganese areas which are the
last to transform. This explanation is based on the general theory of
elloy segregation which occurs during the freezing of metals, but no
dif@ct-evidence has been presented showlng that manganese segregation
wiil‘cause péarlite banding. Experimental evidence will be shown to

illustrate how banding is produced.

Preparation of Manganese Banded Steel. A composite steel was

" made by hot rolling a steck of 1/8~inch sheets of elternetely high~ and
low-manganese steels containing 2.80 per cent and 0.30 per cent
mangenese, ;espectiveiy,'and both containing 0.14 per cent carbon. The

final composite produced was a one-inch plate having the average

1 wee Reference
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chemical analysis of medium-mengenese hull steel, but made up of macro-
scople bands of high and low manganese contents.

Vicrostructures After Fast and Slow Cooling. Typical micro-

structures are shown in Figure 4 of the composite steel after hot
rolling and following furnece cooling from 1600°F. For compérison
purposes, the structures of hot-rolled and annealed specimens from the
commercial Heat 35 are included.

From Figure 4(a) it can be seen that the carbon is uniformly
distributed betwsen the low- and high-manganese areas, & condition which
resulted from the repid air cooling following hot rolling. In the slow-
cooled specimen, Figure 4(b}, however, the carbon has diffused completely

he low-manganese layer and se

out of th W-mangan y d seg

ressted in the edpe
egated 1n the edge

of the high-
mengenese layers. The mobility of carbon waé furthef demonstrated by
‘reheating the snnealed sample to 1600°F. and air cooling, the miecro-
structure reverting to that of the original hot-rolled steel.

AS can ﬁe seen from Pigure 4 (¢ and dJ, a similar treatment

' produced an analogous microstructure in the commercial steel, except

" that the bands are much closer together.

Effect of High Strength Cbtained by Guenching and
Drawing Upon Underbead seld Cracking end Physical
Properties

‘Quenched snd Drewn HTS Hull Plate Steel

Steels with high yield strengths, 80,000 to 100,000 p.s.i., are
normally expected to be weld crack sensitive, especially if the high

strength is obtained by high chemical composition.
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44021 L4019
(a) Air cooled from hot-rolling (v) Furnace cooled from 1600°F,
temperature

(¢) Air cooled from hot—rolling (d) Furnace cooled from 1600°F.
temperature

Figure 4. Microstructures of composite steel and commercial hull steel Heat
35 in the hot~rolled and full-annealed states. 100X, Nital Etch.
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In order to avoid the high chemistry and yet obtain a high yield
strength, it was declded to ‘investigate the welding characteristics of
quenched and drawn HTS plete steel. - Since segregation has been found
to be. an important factor im establishing the weld crack sensitivity of
hot-rolled plate, it was also decided to include homogenization in the
eveluation of quenched and drawn steels.

Selection of Steels. TFor this phase of the investigation,

leats 30 and 34 were selected, Heat 30 being a typical commercial vanity
HTS steel and Heat 34-representing a s
.composition for the. commercial HTS hull plate grade. The chemical
~analyses of these two steels are listed in Table 4.

Heat Treatment. ~Three lots of steel from Heat 30 were treated

- . as follows:

Lot 1. Specimens were heated to 2350°F. with the-furnace
end upon reaching 2350°%. were 'air cooled. The
gspecimens were then heated to 1600°F. for ‘one hour
followed by weter quenching end drawing &t 1000°F.

PR T

for one hour ar

¢ water guenched.from the draw.

Lot 2. Same as Lot 1, except that the steel was homogenized
at 2350°F. for one hour.

Lot 3. Same as Lot 1, except that the steel was homegenized
et 2350°F. for three hours.

Five lots of steel from Heat 34 were treated as follows:

Lot 4. The specimens were homogenized by heating to 2350°F.

and upon reaching temperature were immediately air

cooled, reheated to 1600°F. for one hour; water quenched,
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drawn et 1000°F. for one hour, and water guenched.
Lot 5. Same as Lot 4, except the steel was held at 2350°F. for
orie hour.
Lot 6. Same as Lot 4, except the time at 2350°F. was 2 hours.
Lot 7. Bame as Lot 4, except the time at 2350°F. was 3 hours.
Lot 8. BSame as Lot 4, except the time at 2350°F. was 4 hours.
All of the ebove treatments were carried out in an atmosphere-

controlled furnace to keep decarburizetion to a minimum.

Tensile Properties. The tensile properties of Heat 30 and Heat

34, after being treated as outlined above, are listed in Table 8. These
date are the average values of two duplieate tests obteined from
standard O.505—inch-diameter tesf gars taken in the direction of rolling.
For comparisbn pﬁfpoées; the feﬁéilé properties of the two steels in the
gqt—rolled cdn&ition ere included.

| ny&ﬁ Taﬁle 8;.it will be séén that the yield strength of the

82,000

s
p.s.i:;‘whéfe;s; the tensile st}éngtﬁs lie in the }aﬁge of 90,000 to
101,000 p.s.i. These values are considerably above those of the hobe
;ollea élate. |

The yield énd £ensile strengths of the steels from Heat 34 are
evenrhigher théﬁ fﬁr Heat 30 as a result of the higher carbon and
manganese contehts.

™ . )

Teld Crack Sensitivity. After having been heat treated as

desofibed above, weld crack-sensitivity tests were made using the single-
bead deposit test. A summary of the results of these tests is listed

in Table 9. These data also include the underbead cracking data for
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TABLE §.  SUMVARY OF TEFSILE PROPERTIES OF HEATS 30 AND
34 HOMOGENIZED AS INDICATED, THEN GUENCHED AND

DRIWN

T T Elong. :=Red._z; Yield — Tensile

Heat Homcgenization in 2%, Ares, Strength, Strength,
To. ~ Treatment % A p.Seis p-S.i.
30 1 minute at 2350°F. 23.4 57.8 65,250 90,375
30 1 hour at 2350°F. 22.1 60.1 75,500 98,750
30 3 " 23 1.7 82,625 101,750
30 Hot rolled only 34.6 64.9 50,380 76,150
30 Hot rolled, quenched 23.4 82.8 90,880 108,200

and drawn

34 1 minute at 2350°F. 24.1 62.4 90,375 103,250
54 1 hour at 2380°F. 21.8 =~ 64.8 101,825 115,890
34 g w © 22 - 64.8 103,125 116,080
34 3 " " | " 23 T63.2 101,750 115,780
34 g m woow 21.8 - 63.8 103,750 117,250

34 Hot rolled only 32.2 71.2 £0,630 86,280

]
{
{




55
=~ 5

TABLE Y., UNDERBEAD CRACKING INDEXES FOR HEATS 230 AND 34
AFTER VARIOUSLY HOMCGENIZING, THEN QUENCHING
AND DRAWING

i

Humber of Underbead
Heat Specimens Cracking
No. Heat Treatment Tested Index
30 Homogenized 1 minute at 23B0°F.,
- then quenched and drawn* 5 33
30 Homogenized 1 hour at 2550 F.,
then quenched and drawn”™ & C
30 Homogenized 3 hours at 235Q°F.,
then quenched aud drawn™ 5 1
30 Hot reolled, then quenched eand drewn™ 20 38
30 Hot rolled only 20 28
34 Homogenized 1 minute at 2350° F.,
- then guenched and drawn® ° 10 64
34’ Homogenized 1 hour at 2350°F.,
then quenched and drawn* 10 63
34  Homogenized 2 hours at 2350°F.,
- then quenched and drawn™ 10 21
34  Homogenhized 3 hours at 2350°F.,
then quenched snd drawn™ 10 9
34 Homogenized 4 hours at 2550
then quenched and drawn” , 10 18
34 Iot rolle only 20 71
34 Homogenized 10 minutes at 2350°F.,
then normalized 5 65
Z4 TTrymnmrani 2o A0 minntes g+ 230D
[ L 4 AWV E L L a0 T LG n Qv LYuUw Doe gy

ized 5 56
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TABLE 8. (Continued}
Number of Underbead
Feat Specimens Cracking
Mo, Heat Treatment Tested Index
34 omogenized 1 hour at 2350°F.,
then normalized 5 28
34 Homogenized 2 hours at 2350°F.,
then normalized 5 21
34 Homogenized 3 hours at 2350°F.,
then normalized b 16
34 Homogenized 4 hours at 2350°F.,
then nqrmalized 5 2
Control
average
L of Hot rolled, as received - 10
" previous
~ tests
* Quenched from 1600°F., drawn at 1000°F. for one hour
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Heats 30 and 34 in the hot-rolled condition and for Heat 30 in the
guenched and drewn state without a prior ﬁomogenizing trestment.

The underbead cracking tests from Heat 30 reveal that homogeniz-
ing for one hour at 2350°F., prior to qﬁenching and drawing, eliminated
the cracking al
It is significant to note that the steel from Heamt 30 which was guenched
and drawn, omitting the homogenizing £reatment, had an underbeed cracking
index of 33. N

The cracking résults from Heat 34 show the need of & more
drastic homogenizing treetment for this high composition steel, three
hours at 2350°F., reducing the cracking to an index of about ten. It
is of interest to ncte that the yield strength of this steel is
101,7507p.s.i.

'T¥~%---~~£t caﬁ bé concluded from this study of homogenized and quenched
Aéﬁd d£awn stéels that heat-treated steels of the medium-manganese HTS
type, having yield strengths in the range of 8C,000 to 100,000 p.s.i.
can be welded without serious underbead creacking, provided the stesls
are properly homogenized.

Comperison of Laboratory Heats With
Commercial RIS Pull Steels

Since lsboratory heats are more convenient and less costly to
make than commerciel heats for investigeting the effect of various steel-
meking practices, different chemicel enalysis, and processing procedures,
upon the properties of the finished steel, it was decided to meke a
study of laboratory heats to see if they behaved in a manner similar to

the large commercial heats. In starting this work, it was reelized
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that the dendritic segregation in the ingot which leads to the micro-

scale in the labofatory ingots. Therefore, it would probably require
some experience to produce a hull steel of equivalent weld crack

sensitivity in the laboratory.

Laboratory Heats of HTS Hull Steel

For this first study, four 250-pound induction furnece heats

were made andlcast into .6 x 6-inch cross-section ingots. The aluminum
addéd for deoxidation was varied from O iﬁ the first ingot to 0.38,
0.75, and 2 pounds per ton of steel, respectively, in the following
three heats. The chemical analyses of these four heats and a commercial
sﬁeel, Heat No. 30, included for comparison, are listed in Table 10.
Note the similarity in anﬁlysis, tﬂe carbon contents of all falling in
the two point range of O.l? to 0.18 per cent and the manganese contents
between 1.19 and 1.25 per cent, with the exception of one heat; Heet

1817, which is somewhet lower.

The 6 x 6-inch

= sETD

holding at this temperature for three hours prior to forging to slabs
4 x 2 inches in cross secticn. These slebs were reheated to 2150°F.
and hot rolled to one-inch plate.

Tensile Properties. The tensile date were obtained from

standard 0.80f-inch specimens prepared in duplicate from the center of

the l-inch hot~-rolled plates cut in the directioen of rolling. A summary

[}
+
-

ct
s

[

o ven in Table 11,

These data show that both the tensile and yield strengths are

from 5000 to 8000 p.s.i. lower then commerciasl hot-rolled plate of
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TABLE 10. CHEMICAL ANALYSES OF EXPERIMENTAL STEELS
§72, 1517, 997, 998, AND COMMERCIAL STERL 30

- e v l———
Heat No. o Mn P S Si T a1*
972 0.17 1.22 .008  .018 0.29  .005 Wil
1517 0.17 1.08 .012  .019 0.28  .00% .00
998 0.18 1.19 .007  .013 0.28  .004 .0l6
997 0.17 1.21 .0089 .021 ©.2%  .005  .073
30 0.18 1.25 .023 .026 0.28 .007  .016

e y e e e B -

Acid-soluble aluminum content.

TABLE 11. SUMMARY OF TENSILE PROPERTIES AND UNDERBEAD
CRACKING OF EXPERIMENTAL STEELS 972, 1517, 997,
998, AND COMMERCIAL STEEL 30 IN HCT~ROLLED STATE

Red. of Yield Tensile 'nderbead

Elong., 4Area in  Strength, - Strength, i Cracking,
. Heat Yo. - ¢ Inches DeS+i, pPeSei. %
972 : 38.3 72.9 41,500 70,750 2
1617 34.5 69.4 46,125 67,875 0
998 36.3 74.6 41,500 71,000 2
997" - 38.5  74.3 41,125 68,875 0

30 34.6 64.9 50,350 76,150 28
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similar chemical composition. The ductility, however, as measured by
the reduction in

steel. A possible explanation is that the commercial steel is higher
in residual alloys, which c¢ollectively contribute to the higher strength.

Weld Crack Sensitivity. The results of the weld craclk-

sensitivity tests made on l-inch hot-rolled plete from the laboratory
heats are given in Table 1l1. TFor comparison purpeses, the crack
sensitivity of the commercial Heat 30 is also listed.

From the deta in Table 11, it is obvious that none of the
laboratery heats are crack sensitive, the extent of cracking being
extremely low sonsidering the chemical composition of the stesls. This
phenomenon may he explained on the basis of the greater homogeneity

which naturally accompanies the small laboratory ingot.

The Effect of the Residual Aluminum Content

It was previously shown in this project that aluminum contents
in commercial HTS hull plate heats improved the notched~bar impact
properties but was detrimental to the tensile properties in the direction

normal to the plate surface.2

Tensile Properties of Laboratory Heats ¥ormal to the Plate

Surface. Welded tensile specimens as illustrated in Figure & were used
to determine the tensile properties of the 1abdratory heats normal to
the plate surface. The data from these tests are shown in Table 12. It
is obvious from these dates that the residual alvminum content did not

influence the tensile properties as expected.

2 wee reference
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Jo85" TENSILE

smcmm%\

FIGURE 5 - An illustration of the procedure used for making the
specimens to determine the tensile properties normal

to the plate surface.
a-902
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TABLE 12. TENSILE PROFERTIES CTF LABCRATORY HEATS 972, 1517,
AVD 99T WORMAL TO PLATE SURFACE AWD IN LONGITUDINAL

DIRECTION
Residual Eiong. Red. of Yield Tensile
Heat Direction  Aluminum  in 3/4", Area, Strength, Strength,
No. Taken Content % % pes.i. pes.i.

Tormal to

872 plate surface nil 10.5 16.5 50,750 70,600
1517 Ditto 008 14.0 28.2 53,250 70,875
997 " 073 12.0 24.8 49,000 71,780

Elong.
in 2",
- %
Longitudinal
1972 - 'to direction  nil 38.4 72.9 43,080 70,780
of rolling . _
1517 Ditto .006 34.2 65.4 46,175 87,3560

987 “ 073 38.05 74,3 46,125 . 68,8256
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Microscopic examination of these steels in the cast state showed
the types of inclusions normally sssocimted with the different degrees
of deoxidation, or residual aluminum content. These are shown in
Figure 6. Obviously, these three types of inclusions exert different
degrees of influence upon the properties of the cast steel, It appears
that these different types of inclusions aid in establishing the directional
properties developed in hot-rolled steels, the directional difference
becoming more pronounced as the per cent of hot reduction is increased.
It is
reduction, the laboratory steels did not develop the directional properties
found in commercial hot-rolled steels. It now appears that the influence
of aluminum content upon the directional properties of hull steel cannot

be accurately eppraised from laboratory heats.

Hotched-Bar Impaet Strength. Longitudinal .notched-bar specimens,

Charpy spscimens with the Izod-V notch cut péraliel to the plate surface,
were machined from the centér‘of the one-inch plate. The data from these
tests are presented graphicéliy in Figure 7. From ﬁhis figu}e it will be
ééenﬂfhat the transition teﬁpéra%ﬁfe decreases as the aluminum content

(acid soluble) is increased, and that the impact strength of these steels

ke

out the same range as commercial steels of similar

b
2)

R T RIS
Iall W1lLIin

~—~

composition.

Discussion of Results Obtained From Leboratory Heats

The results obtained from the laboratory heats indicated that,
in order to obtain tensile properties and weld crack sensitivity similar

to that of commercial HTS hull steel, it will be necessary to use

slightly higher cerbon and manganese contents. The reason for the
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12271 12272
Type I sulfides found in Heat 972, Type Il sulfides found in Heat 1517,
no alumimum used for deoxidation. 0.38 pound of aluminum per ton used

for deoxidation.

42273

Type 1II sulfides found in Heat 997, 2 pounds
of aluminum per ton used for deoxidation.

Figure 6. Micrographs of Types I, II, and 1II sulfides present in hull steels
made with 0, 0,38, and 2 pounds of aluminum per ton. 500X
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lower tensile strength is not too obvious. The absence, however, of the
residual alloys normally present in the commercial steels may account
for the difference. This lack of residual alloys together with the
greater homogeneity resulting from the small ingots may account for the
low weld crack sensitivity of the laboratory heats. |

It was established that small ingots, 8 x 6 incheé, forged and
hot rolled to one-inch plate do not have the directional propert;es
found'in-éommercial plate. This lack of marked directional properties,

'especially in the direction normel to the plate surface, probably
results from the smail degree of reduction by hot rolling. If any
facter is to be studied, therefore, which includes directional
propertiss, it appears that it w#ill be necessary to use larger ingots
~and carry oul the entire reduction by hot rolling.

The reSults obtained from the laboratory heats do indicate that
such steels are satisfectory for studying the influence of deoxidation
practice, such as residual aluminum content, upon the notched~bar impact

properties.

Laboratory Heats With High Chemical Composition

The first group of‘labofatory ﬁeats showed that the conventionsl
comnercial hull steel composition was too low to produce underbead
cracking in steel processed from small ingots. In order to produce a

-erack-sensitive stecl, it was decided to increase the carbon content to
0.2]1 per cent and the menganese to 1.32 per cent. In addition to the
composition, it was also decided to investigaete the effect of ingot

heating practice.




-36-

Steel Processing Practice. The three 225-pound ingots for this

study were cast in 6 x 6-inch molds from induction furnace heats. After
reheating to 2300°F., the ingots were held at this temperature for 1/4,
1, and & hours, respectively, after which they were forged to 2 x 2-inch
slabs. These slabs were then reheated to 2100°F. and rolled to one-inch
plate. The analyses of the three heats are shown in Table 13.

Microstructure. The structures of the three heats after being

annealed are shown in Figure 8. From this figure, it is obvious that

~upan the extent of banding.

TABLE 13. CHEMICAL ANALYSES AND UNDERBEAD CRACKING DATA
FOR LABORATORY HEATS 1784, 1765, AND 1767

w

Heat Composition, Per Cent _ Underbead
No. ¢ Mn P S Si Cracking Index
1764 0.21 1;32 .026 “ 025 0.31 Sé |
1765 0.2z 1.34 .019 .028 0.28 a
1767 0.22 1.33 .025 .025 0.30 ) 4%'-

— e
e it

Underbend Weld Cracking. From the underbead cracking date,

| which are alsc listed in Tébi3715, it will be noted_fhat the three steels
.‘ére quite similer, all cracking betwsen the limifs of 38 and 47, an

ideel range of crack sensitivity for experimentél work sincé it falls in
ebout the middle of the test range. These results also indicate that

the.differences in ingot heating procedure had no appreciable effect

upon underbead cracking.




Flgure 8.
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| 44,016
(a) Annealed atrucB;re of Heat 1764,
soaked at 2300 1/4 hour before

-
forging and rolling.

44017

(b) Annealed structure of Heat 1765,

soaked at 2300°F. 1 hour before
forging and rolling.

Microstructure of Laboratory

14018
(¢) Annealed structure of Heat 1767, soaked

3 hours at 2300°F. before forging and
rolling. '

Heats 1764, 1765, and 1767 after full

annealing at 1600°F, These heats were held in the soaking furnace
-at 2300%, for 1/4, 1, and 3 hours, respectively, prior to forging

and rolling.
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Miscellaneous Factors Investigated

Grain Growth

Since grair ¥th may occur for a depth of several grains in
the heat-affected zone, it appeered desirable to determine if there was
any obvious reiationship between the temperature at which grain-growt
starts and underbesd cracking.

in éx&mination of twenty-one commercial steels showed no
correlation between weld cracking and grain growth. There was, however,
8 relationship between the residual aluminum content and the tempersture

at which grain growth started, high eluminum content raising the temper-

ature.

¥itrogen Content

The nitrogen
in this project were determined snd are listed in Table 14. These
resultémé}e typical for basic open hearth steel ranging from .003 per
cent to .006 per cent. There is ne reason to suspect that nitrogen in
_tgis range aﬁd grade of steel should have any &ppreciablﬁuéffect upon

the properties or behavior.

Temper Brittleness

While there is no reason to suspect any relationship between

emper brittleness and the performance of welded ste

ar hao
Wity LLA Liv

el "
il

o
(=988

impertant factor with respect to notch sensitivity. For this reason, a

study was mede of the susceptibility of commercial hull steels to temper
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TABLE 14. NITROGEN CONTENTS OF HULL STEELS

Heat N2
Ko. Content
1 .003
2b .003
3 003
4 .004
5 005
ém 004
7 .005
9 . .005
10 .004
11 , _ .003
12 o ‘ .006
13 ‘ .004
16 R .004
17 - .004
30 : L0058
3l .003
32 003
33 .005
34 L0086
35 .003
35 .005
37 .004
38 - ' .003

brittleness. #hile this type of brittleuess is not uncommon in medium-
manganese steels, only twoe heats out of the eight examined showed any
tendency towards temper brittleness, and in these two cases, the extent

of the brittleness could be considered negligible.
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CORCLUSICHS

The following conclusions should be regarded as tentative since

some medifications may be required as additional deta are obtained.

(1)

(2)

(3)

(a)

(5)

(6)

- (7)

Homogenizing at 2350°F. for 1/2 hour or at 2250°F. for 1
hour will reduce underbesad cracking in l-inch HTS hull
plate to en appreciasble extent. In the case of abnormally
high chemical composition, & longer homogenizing time is
recuired.

To completely eliminate banding, a relatively long
homogenizing cycle is required, approximately 2 hours at
2350°F. or 4 hours at 2250°F.

The homogenizing treetment is not detrimentai to the
tensile properties of the HTS stesl.

Banding is caused by alloy sepgregation ﬁhich is principally
manganese in the HTS hull steels.

The time required for homogenizing dedféases fapidly with

increased reduction of the steel by hot rolling.

Relatively high tensile properties mey be obtained from

gquenched and drewn HTS hull steel accompénied with e low
degree of underbesd cracking provided the steel was
homogenized.

It is necessary to increese the carbon and manganese
contents of laboratory heats slightly sbove that of
commercial hull steel in order to obtain the same degree

of underbead cracking.
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(8) BSteel plate rolled from lasboretory heats lacked the
directional c¢haracteristics found in commercial steel.

(9) The notched-bar impact properties of laboratory heats
appeared to reflect the influence of deoxidation practice
in a manner similer to that observed in commercial steels.

(lQ) No correlation was found between underbesd crecking and .
grain-growth characteristics, temper brittleness or

nitrogen content.
FUTTRE WORK

In order to obtain information that will lead to the development
of a steel analysis that will give the highest mechanical properties
together with-a permissible level of underbead cracking, a study is
being mede of the influence of the various individual alloying elements
upon the welding characteristics and mechanical properties.

A series of thirty-five 1&bcfafory heats has been made in which
s were veried through the range that appeared to be
the most promising; carbon, manganGSE, silicon, vanadium, molybdenum,
and aluminum. The purpése in studying the first four elements; namely,
carbon, manganese, silicon, and vanadium, is to obtain information that
will indicate the best possible combination of these elements for
nmechanical properties and welding characteristics. The use of
molybdenum is being investigafed, because this element raises the
- oritical temperature end, therefore, mey be sn aid to overcoming the

detrimental effect of the segregating alloys thet lower the critical
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temperature &nd promote banding. Aluminum content is being studied
because of its influence on notched-bar impact propertiss, especially
at low temperaturs.

Commerciél slabs of hull steel have been obtained in order to
determine the feasibility of homogenizing commerciel hull stecl by
holding the slebs in the slab-heating furnace prier to rolling into
plafe. After the time-temperature cvele required to homogenize slebs
has bsen established, it is proposed that actual mill tests should be

made .

CES:HYB: ALW/ 2b

February 28, 1847
Rovised 4/3/47



Underbead Crack-Sensitivity Test

for High-Tensile Hull Steel

by

C. B. Voldrich
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UNDERBEAD CRACK~SENSITIVITY TEST
FOR HIGH~TENSILE FULL STEEL

Introduction

The underbead crecking test was made by depositing = weld bead on

a block of the test steel and measuring the length of cracks that develop

.in the heat~effected metal. A cooling rate or series of cooliﬁg rates
‘is used, by the selection of electrode diameter, welding current, welding
‘speed and preheat, which will produce cracking in the less sensitive
léteels of & class. While the laboratory welding conditions mey be more
‘drastic than those that obtain ip the average ship wgldf they are still
Iwifhin the range of production welding conditions.

An imﬁortant requirement of this type of test is to cobtain an
index of crack semsitivity which cen be used guantitatively, rather than
as & crack-or-no-crack indié&fioﬁ; Thié is accomplisheé by‘using the
average cracking value for a reasonably large number of identical
specimens. It has been found that, while individual specimens of a set
mey vary in cracking as much as 20 or 30 per cent, the average cracking
values for several sets of specimens of a given steel will fall within &

much narrower range if the number of specimens in a set is adequate.
Test Method

Contrel Steels

At the beginning of this investigation, because of the large

number of test steels and weld spscimens involved, it was necessary to
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divide the steels into groups of three to five, and to contimue the
welding ‘of indivﬁéggl specimens over a period of several days. To check
the possible ;ariations ércm déy'fo dey in welding conditions and
incidence of underbead cracking, twe commerciml heats were designated as
"control" steels, which were tested on every day that a group of the
other steels was tested. One of the control steels had a relatively low
craclk seﬁéifivity,‘ﬁhiie the second steel was highly crack sensitive.
Thislpréfided the desirable range in cr&ck sensitivity for the controls.
During the past two y‘
| no gignificant veriations in the cracking index, for a given steel and
“cﬁnstant welding conditions, have béen observed. Thé ﬁore recent

'practice has besen to make the tests without the deily use of controls,

but to make an occasional group of tests on one of the control steels.

<

Preperation of Steels ror Welding

The steels used in these tests were rolled plates of structural
-high-tensile steels received from various mills and shipyards and steels

. made at Battelle.

 The electrodes used in the tests described above were 1/8~inch
G. B. W22, AWS Class E6010. The ¢lectrode cartons were opened and stored
in a cebinet maintained at 60 to 80°F. and 25 to 35 per cent relative

humidity for severel weeks prior to the weld tests., . -
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Yelding Method

A typicel group of test specimens consisted of five to twenty
2- by Z-inch steel blocks from each stecl. Using an automatic stick-feed
welding heﬁd, a 300-empere direct-current motor-generator set, and the
1/8-inch cellulose-type electrodes described above, & 1-1/4-inch weld bead
was deposited on eech block. A new'electrode was used for each bead.

The welding current was about 100 amperes et about 25 arc volts
{electrode positive), with a weldingz speed of 10.0 inches per minute
(9.0 secords arc time),

Fach block was precooled in & cerbon tetrachloride-dry ice bath
to 0°F., and then clamped ir & welding jig in a similar bath at 0°F. The
level of the liquid wes held at sbout 1/4 inch from the top surface of

*
the block.

After the completion of the weld bead, the block was held in the
cold bath for 1/2 minute (the crater of the bead was cold to the touch
after about 20 seconds), and then placed into a c¢irculating-air cebinet
at 60°F. for 22 to 26 hours.

The welding setup is shown in Figure 21, and a typical current

record in Figure AZ.

Measurement of Underbead Cracking

Af'ter the 24-hour storage &t 60°F., the welded blocks were stress-
relieved one hour at 1150°F. end sectioned longitudinelly as shown in

Figure A3. The sections were polished through ¥o. 600 emery paper, and

* Tt has been found that the test can also be conducted with the
blocks at room temperature, with no significent change in the
smount of cracking. (See Tel. & on pege B3.)
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Figure A1, Automatic Welding Bead, Jig, and Cooling Bath Used for Underbead

Cracking Test,
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Full Size

36306
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typical magnaflux indlcations of under=
bead cracks on longitudinal section

along center line of weld bead.
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100X Transverse Section

Figure A5. Typical underbead weld cracks,
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magnafluxed (direct-current wet method) to bring out underbead cracks.
A typical welded block and magnafluxed section are shown in Figure A4,
and a photomicrograph of & typical crack is shown in Figure £5.

The magnaflux indicétions were transferred to record cerds with
adhesive transparent tape, and the length of cracks under eachrbead was
meesured, to the nearest hundredth of an inch, from the record cards.

The length of intermittent cracks wes added, but when adjacent
crack; overlappeé, the length of overlap was counted only once.

set of twantvy

For each

lengths were averaged to give the cracizing index for the steel.
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