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PREFACE

The Navy Department through the Bureau of Ships is distributing this report

to those agencies and individuals who were actively associated with the research
work. This report repraesents a part of the research work contracted for under
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SUMBARY
The purpese of this investigation, which concerns high-tensile

plate steel (ETS type) used in the construction of welded ship hulls, was
twofold, the Uirst bart being an investization of the metailurgical cuality
with special attention bheing given to those factors which might influence
thg welding characteristics and the pérformance of the welded structure.
The second part of the project covers the development of higher strength
_ steels guitaple.&# welded structures.
Since it was decided that the welding characteristics of the HI3

type of steel should be evaluated largely on the basis of underbead
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cracking, it was first necessary to develop a weld test which would
indicate guantitatively the weld crack sensitivity. A4 single-bead weld
test wes developed for this purpose.

A study of twenty commercial HTS type steels showed thet, in
general, the steels with higher chemical compesition were the wmost
susceptible to underbesad cracking, but frequently the variations in crack
sensitivity found in different lots of steel could not be accounted for
on the basis of chemical analysis, hardness of the hest-affected zone,
hardenability, or the other properties commonly determined.

Iurther study of these commercial steels showed that thermal
processing had a pronounced influence upon the underbead cracking or
crack sensitivity, the sensitivity being incressed by annealing and
decreased by homogenizing. In the case of similar chemical compeositions,
the level of crack sensitivity was found to rntrease with
the degree of microsegregation. Homogenizing treatments, therefore,
which decreased the extent of microsegreéation, lowered the crack
sensitivity, while ennealing, whioch produced pearlite bands superimposed
upon the alloy bands, increased the underbead cracking.

Although the crack sensitivity of platg can he reduced to a
| marked degree by.homogenizing_at 2350°F., fof g relatively short period,
such & treatment is not commercially feasible because of the eXcessive
scaling and warping that would cccur to the finighed product. Homogeniz-
ing the slabs prior to rolling into plate was found to be impractical
‘because of the excessive time rquired.

A good cor;elation was found between the creack gsensitivity and the
depth of complete tranbformatlon in the heat-affected zone when expressed

as per cent of the total depth of the affected zone under the weld head.
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The steels with relativelj déep zones of complets transformation were
the nost crack sensitive. This cdfreléfioniwas'nof found when using the
standhrd hafdenability tést, indib&ting that tﬁé‘faﬁe of response of the
stéelhto'the'répid thermal cycle dé#eloped“du}ing welding is & factor.
0f the three:types of HT3 steeis; the ﬁanadium~containing steels
d{éplayed'the best combination of high yield‘gfrength and low underbead
on of low cérﬁon and moderate men
together with high aluminum and & fine micfosﬁructure, was found to be
conducive to high notched-bar impeact strength; While.increased aluminum
content was found to lower the temperabure of the transition zone, as
would be expected,ualuminum additicns up to oﬁé pound per ton were found
to be prOgressiveiy detrimental to the tensile properties normal to the
-plate'éurfaoe.
In the second part ﬁf this project in which the inflﬁence of

chemical composition was investigated, covering e much wider range than

and manganese contents, espeéially carbon, resulted in mérked increases
in the crack sensitivity. '

2dditions of silicon or chromium up to approximately 1.0 per cent
had little effect upon underbead cracking but were not attractive because
the yield strength of the hot-rolled steel was not increased appreciably.
Additions of titanium up to 04 per cent behaved in & similar manners

Vanadium and melybdenum were found to be the most promising

alloy additions since they were quite effective in increasing the yield

bead cracking.
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The use of small or mediwn amounts of aluminum for deoxidizing
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eracking, the cracking being reduced substantially by either omitiing
the aluminum or by using large additions, such as four pounds per Lon.
Ry limiting the carbon snd manganese contents to 0.13/0.15 and
1.30 pef cent, respecfively, and adding spproximately 0.12 vanadium and
0.50 per éent molybdenum to increase the strength, it wes found that a
vield gtrgngth in excess of 70,000 psi. could be_obtained from l=-inch
hot-rolled plate accompanied ﬁith an extremely low tendency towards
underhead cracking. The notched-bar impact strength of this type of

rardles

i}

steel; however; was relatively low re

..... ; however, of the aluminum content.

In order to obtain high yield strength and noteh-har toughness,
together with low underbead cracking, it was found necessary to resort
to quenched and tempersd plafg made from steel with limited carbon and
manganese contents. By using a high-strength electrods, a Jjoint
efficienoy of practically‘IOO per cent could be developed in butt welds

made in the heat-treated plate.
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INTRODUCT IOW

Thé garlier part of this investigatiou was conducted under the
sugpices of the OSRD (Contract Wo. OEer—lssl)'fcr the purpose of
inveétigating the metailurgical quality of high-tensile steels used in
the constfuction of weided ship hulls. The principal assignment was to
determine and to study these factors that would influence the welding
characteristics of fhe plete and the performance of the welded structurce.
This work waé supplemented by a study of the welding quality which was
' conducted by Lohigh University (OSRD Contract No. OEMsr 1523). The OSRD
contract waslterminated on-ﬁﬁgust 31, 1945, but the work on the project
was continued under the Euréau of Ships, li.8.N., Contract No. HObs 31210.
This report is & summary df the work condiucted under these twoe contracts.

‘The work carried out under the OSRD contract was limited to &
study of HTS killed carbon-mangenese steels which had been treated with
titanium or vanedium or both. This part of the program consisted of
tﬁo barts, one being a sbtudy of the steelmaking practices used by the
vérious milis making this grade 6f steel, @nd the influence of these
different practices upon the behavior of the steel. The second part
was a étudy of botﬁ satisfaétory and rejected plate from the shipyrrids.

“hile wide differences were found in the steslmaking practices
used in the different steel mills, the effectes appeared to be insignifi-
cant with the exception of %ﬁevdéoxidation procedure.

.Iﬁ this investig&tion, the'%fééls were evaluated on the basis
of their tensile prbperties, especially the yield strength, notched-bar

impact strength, and the weldability ss determined by the susceptibility
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to cold cracking in therhéat-affected zone under the weld bead. For the
type of comnstruction for which this grade of steel Is used, any sound
steel made in accordance:with accepted steelmaking practice displays
sufficient strength and ductility in the heat-affected zoune to perform
its normal functions satisfactorily; provided there are no defects, such
as weld cracks, Qresent.to actlas Stress raisefs and prevent the inherent
ductility from beiné realized. This.line of thought has been given
additional support by the rscent worl of Sachs(l), which showed that the
poorest duckility in the heat-affected zone occours in the area which is
only partly transformed. It is significant to note, however, that
feilures do not originate in this partielly transforméd area of poor
ductility, but start in the harder zone adjacent to the ﬁeld deposited
metal. This indicates that the failures.are initiatéd by the cracks
which may form atlthe time of welding in the hard heat-affected zone, and
not because of the lack of ductility. It is cbvious, fherefore, that the
principal criterion of waldability for this prade of stesl is that it be
capeble of being welded withcuf underbead cracking by methods normally
used in production, which exﬁludes the usg of preheat in this case. Tor
this reason, considersble effort was expended in the development of a
test which would determine the cracking propensities of steol plate.

In studying the steels from both the mills snd shipyards, a
marked differcnce was found in thelr inherent tendencies towards under~
bead crackiuag which frequently could not be expleined on the basis of
chemical analysis, hardenability, cr the hardness of the heat-affected
zone. It was subsequently found fhat thermal processing and the micro-

structure had & pronounced influence upon the crack seusitivity.



-
The second part of this investigatién, which was conducted under
the spounsorship of the U. §. Navy Bureau of Ships, deals lar
the effecté of thermal processing and the influence of the variocus
elements, including the common alloys, upon underbead cracking and the
mechanical properties. This information was used for developing hot-
rolled plate with high yield strength (75,000 psi. minimum) which can be

welded satisfactorily without prehest.

E¥PERIMENTAL JORK

Since it was decided tc evaluate the welding characteristics of
the steel largely on the basis of underbead cracking, it was first
necessary to develop & weld test which would determine gquantitetively
the weld crack gensitivity. Cbviously, it was necessary to make the
welding conditions sufficiently drastic that even the less sensitive
steels would be crecked to a slight extent.

After considerable Work<2), & single-bead crecking test was
ead 1-1/2 inches long in a
groove 1/16 inch deep by 1/2 inch wide cut in a 2 by 3 by l=inch specimen
as shown in Fipure 1. The use of the groove was the only departure from
the original procedure snd was used to eliminate the possible effect of
surface decarburization. The bead was deposited from u 1/8-inch Class
EG0L1O-type electrode  being J.C. reverse polarity
(electrode positive), and a power input cf 100 amperes at 24 +to £6 volts

with a travel speed of 10 inches per minute. Prior to welding, the
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Figure 1. Weld specimen for single-bead crack-sensitivity test,
showing longitudinal secbion used to expose underbead

cracks.
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specimens were stored at 0°F., and during welding and for ten szconds

°F. unless

w0

fterwards were partiaslly in

o)
ot
i

otherwise steted. Following removal from the bath, the specimens wers
held for 24 hours &t 60°F. and then tempered at 1100°F. for one hour.
After sectioning end polishing, the specimens were magnefluxed to show
the cracks, as shown in Fipure 2, and the total length of the cracks in
any one specimen wes determined and expressed as a percentage of the
bead length.

Experience showed thet using the above welding conditions would
produce up to about 80 per cent oracking in the most sensitive commercial
HTS plate steels while only & very few of the least sensitive showed no
evidence of cracking. This indicated thal the test had sufficient
latitude to cover the range of cracking that could be encountered in this
type of steel. In most of the work, 10 or 20 duplicate specimens were
welded for each steel tested and the average cracking value used.
Although the extent of cracking varied considerably in different

specimens, the average of 10 specimens was found to be reproducible with-

ui

.
4
a4

Study of Commercial HTS Steels

The investigation of the stesl was started by making a study of
20 commercial HTS heats most of which were 7/8- or l-inch thick plate and
e8ll in the hot-rolled condition. These steels were divided inte two
croupsi the first sroup, Heats 1 to 13, inclusive, and 17, were steels
which had been obtained directly from the five steel mills producing this
grade of plate. The melting of Heats 1 to 7, inclusive, snd subsequent

processins was observed in ordsr to compare the steelmaking practices
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36306

Longitudinal section of weld specimen showing
underbead cracks

Firure .
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used by the different mills and to determine the effect upon the behavior
of the plate(s). dhile the details of the‘steelm&kiﬂg and processing
varied widely in the different plants, the only significant factor
appeared to be the difference in the deoxidetion practice. The most
merked difference was in the amount of aluminum used,which ranged from
0.38 pound per ton.to 1.13{pounds per ton. The influence of this
factor will be diséussed later.

The seccnd\group Qf‘stsels, Steels 30 to 39, inclusive, were
obtained from thelvarious shipyvards, part of which had been rejected.
Unfortunately, however, the reason for rejection in most cases could
not be definitely sstablishea(?).

In studying these two groups of steels, the following outline
was followed:

. 1. Chemical enalysis including residual alloys. and the aluminum

content.
0 Mo 2 T - mammam s aade S o beadela (P S . Y . 1 T N T O A el A
[+ ] 1eglislie PI UPUI Lo DU LLL .LUJ.J.E).I. VAU Lllad 2dlU WSlloVol b, ddliud e

properties normal to the surface on selected heats.

3+ Notched-bar impact strength. using both longitudinal and
transverse specimens in the tempsrature range of zbout
80°F. to 200°F.

4. Underbead creck sensitivity.és determineéd by the single-bead
weld test.

5. End-quenched hardenability.

6.‘ Microstructure of the hot-rolled plate.

7. Study of the‘microstructure of the heat-affected zone under

the weld bead.



~12«

Chemical Anelysis

The chemical analyses of the two groups of stee;s are shown in
Tables 1 and 2. From Table 1 it will be noted that the carbon contents
of the steel received from the mills all fell within a very narrow rangs,
0.14 per cent to 0.17 per cent, with the exception of one heat (Heat 13)
which was 2.19 per cent. JIn most cases, the mengenese ranged from 1.1l
to 1.29 per «cent, with three steels being somewhat lower, 0.81 to 0.98
per cent. All of these steels were made with the addition of either
titanium or vanadium, or both. The residusal alloys,_nickel, chromium,
molybdenum, and copper were low in most of these heats, and,although
copper ranged from 0.23 to 0.35 per cent in three heats, copper in this
range 1s relatively ineffective. The acid-soluble aluminum content,
‘however, was found to vary from nil to +02 per cent, which is significant
in view of the pronounced influence of alumipum as will be shown later.

The chemical analyses of the steels from the ghipyerds are gimilar
to those from the mills with the exception that some have appreciambly
highsr carbon and manganese contents which un@oubtedly explains why they

were rejected.

m *

Tensile Properties

The tensile properties were determined in both the longitudinal
and transverse directlons with respect to the final direction of rolling

using a standard 0.505-inch threaded-end type of specimen. The data

specimens. The yield strength of the steels from Group I ranged from

about 41,000 psi. to about 54,000 psi., and the tensile strength from



~1%~

TABLE 1. CHECK ANALYSES OF ALL THE HEATS OBTAINED FRCM
' FIVE STEEL PRODUCERS, GROTP 1

Heat B - Mnalyses; Pﬁ;gieﬂt‘ «
To. c Mn P S Si Ti cu Ni Mo Cr Vv Al

2<b 15 1.29 .023 -.020° .29 " .0l4 ".10 .06 014 .05 .002 .O15
3 .16 1.23 .030 .032° .21 '.018 .007 .02 .00 .03 .003 .012
4 .16 1.16 -.032 .040 .20 .OL0 ‘.23 .11 .0l4 .03 .003 .0O7
5 W15 1.28 .024 021 .28 .009 ‘.24 .15 .040 .05 .003 .006
6-m .14 1,16 -.021 -.024' .27 *.015 .03 .14 .019 .04 .03l .005
7 .15 1,17 --.035 .028 .28 .005 .13 .13 .026 .14 .032 nil
9 J17  1.27 2020 -.026 .34 .01l .06 .18 .033 .03 023 .012
10 A7 .81 .013 023 ° .21  nil .05 .03 .004 .03 .068 .002
11 A7 1.17  LOL7 W017 C .29 011 W35 .16 .018 .05 045 .020
12 17 1.11 .021 .025 .26 4009 .12 .16 022 .04 .030 004
13 .19 .98 .01l .027 .22 .Olb 03 .03 005 .C7 .050 .012
17 .15 ;98 014 019 .21 .0l5 .14 .09 .0l4 .07 .027 .010

Acid-soluble aluminum content
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Acid-soluble aluminum content,

+ 'Heat 37 used for control steel
sensitivity tests.

in making weld crack-

TABLE 2. CHECK ANALYSES OF STERLES OBTAINED FROM SHIPYARDS,
CROUE 2

Stesl fnalyses, Per Cent

No. C 3Mn P 3 Si Ti Cu Ni Mo Cr v ALl
30 «18 1.25 L0233 L0268 .28 .0O7 '.i9 .14 +020  L08  W004 L0186
31 .19 1.38 023 .0286 .30 .ClO .19 .14 .031 LOH L004 L010
32 «17 1.44 025 .020 .28 .009 .36 .22 .O034 .O7 .007 .015
23 16  1.27 .020 W023 .30 ,005 .22 ;12 018 07 .003 004
34 .23 1.53 .016 .022 .24 008 .15 .21 ,033%3 .15 .003 .O13
35 <17 1.1 ,023 .026 .25 nil .26 .23 .018 .10 .08C .0O6
38 +18 1.39 .023 .02z .31 .01z .16 .10 ,040 .07 .GOB .009
37t 16 1.21 .017 .033 .28 nil .07 .01 .030 .03 .120 .020
38 «17 1750 029 rOlS .'52 013 .14 .09 .dll .02 nil .017

Note: x '
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TABLE 3. SUMMARY OF THe T#NAILe PROVERTILS OF THE ONE~INCH TCT-
ROLLED PLATE OBTAIWADL FRCH THp FIVE STEEL PRCIVCERS

Elong. Red. of Yield Tensile

Heat Test in 2 in., Ares, Strength, Strength,

"Nov . Direction 4 % psi. psi.

2-b, Long.  29.0 61.4 44,125 73,200
h Trans. ' 23.2 5843 43,000 75,100
3 Long 34.9 71.2 41,250 67,550
" Transg. C 34,3 - 60,2 41,750 67,2850
4 - Long. 34.3 64.4 43,380 71,000
" Trans. " 28.6 . B57.7 . 42,000 72,300
 Long. 35,7 65.7 43,750 72,100
" Trans. 32.8  62.8 45,500 . 72,000
6 - Long. 35.5 7146 48,13C 73,750
t Trans. 31.6 - 59.8 . .48,630 74,310
- Long. 34.9 72.2 45,630 73,200
" Trans. ©31.0 . Bla7 . 46,250 72,800
9 Long. 32.2 703 51,500 82,100
" - Traops. - 28.2 526 - 52,100 82,000
10 . Long. 31.8 7.2 50,000 75,600
" . Trans. 29.5 - 6249 48,850 75,000
11 . Long. 33.1 7241 53,250 77,000
" Trans., 29.7 <+ B7.7 . 54,000 76,750
12  Long. 32.5 7046 53,100 78,350
" Trans.  30.9 1.1 . 54,750 78,000
13 Long, - .. 3l.5 . 67.3 44,750 73,400
" Trang. 30,0 53.2 43,000 72,280
17 ., Loug. 34.4 6946 42,810 72,880
" Trans. 31.5 5943 40,830 72,630

Note: (1) The above results are the average of two test
{2) gtendard 0.505~inch threeded-end s ol
obtain the shove data,
(3) Yield strength determined from the load at 0.2 per cent
elongation.
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TAPLE 4. SUMMARY OF TE#SILE PROPERTIES CF STEELS
OBTAINED FRCM SHIPYARDS

Eleong. Red. of Yield Tensile

Steel Test © in 2 in., Aresn, "~ Strength, Strength,

¥o. Direction o A psie psia
30 " long. L 34.6 6449 " 50,350 76,150
" Trans. 33.4 6345 49,250 76,650
31 . Longs © 33,0 6741 50,500 79,600
" Trans. 30.6 81.2 47,875 79,350
32 Long. . 3245 6643 " 50,250 83, 500
" Trans. . 20.4 5349 53,130 83,800
33 Long. 34,7 70,5 47,130 74,850
t Trans. - 35.6 70.5 47,250 74,800
34 Long. ©32.2 71.2 " 50,630 85,280
t Trans. 25.0 60.2 50,880 85,600
35 . Long . . 30.4 67.6 53,000 82,350
" Trans. 26.5 59.6 53,000 82,000
36 Long. . 33.5 85.4 46,280 76, 550
" Trans. 31.8 59.8 46,000 75,800
37 Long. 29.2 6749 57,000 83, 50C
" Trans. 24.4 50.0 57,500 84,880
28 Long «  33.8 7246 ' 50,630 79,000
1t

Trans. 28.4 58.0 50,000 79,000

Bote: (1) The stendard 0.505~inch threaded type of test specimen
was used to obtain the above tensile datsa.
(2) The above values are the average of two tests.
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67,500 psi. to 62,000 psi. The reduction in area of the lonzitudinal
speclmens ran from about 81 per cent to 72 per cent, while the transverse
specimens frequently indicated slightly less ductility than the
longitudinal tests.

The plate from the shipyards had a higher average yield and
tensile strength then the steels in Group I, the yield strength ranging
from 46,000 psi. to 53,000 psi. and the ultimate strength from about
75,000 psi. to 85,000 psi. The reduction in aree in the longitudinal
specimens fell between 66 and 70 per cent with the transverse specimens
freguently having slipghtly less ductility.

The most significent information obtained from the study of the
tensile properties was the marked influence of venadium upon the yield
strenzth of these hot-rolled steels as illustrated in Figure 3, In this
plet,which shows the relationship of the yield stremgth to the carbon
equivalent (C+ Wn/%), it will be noted that the vanadium and vanadium-

(5
titanium steels may be divided from the titanium steels by the line Ag:)
Of these two groups, the vanadium and venedium~titanium steels have the
lower carbon equivalent, but alsc have the highest yisld strength. This
illustrates the advantage obtained in strenzth by the addition of a small

amount of vanadium.

Tensile Properties HWormal to the »late Surface

Since structures in welded ship construction are freguently
encountered in which the tensile propertiss of the plate normal +o the
rolled surface are vitally important, a study cf the properties in thig

third direction was made.
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Duplicate tensile specimens were prepared by welding and
mechining as indicated in Figure 4. Specimens, 3 by 6 inches, were cut
from each of the [following six heats, Heats 2-b, 3, 4, 5, 6-m, ond 7.
Beveled plates were then welded to these specimens as shown in the above
figure. The welds were made with four passes using Shield-Arc
100( A4SELO0L0) electrodes. The first pass was made with a 3/32-inch
electrode and reverse polerity direct current using 130 to 140 amperss
and an arc voltage of 27 to 30&6)

Following rough turning of the tensile specimens, they were given
a light etch in order to establish definitely the loecation of the test
plate. After determining the position of the test plate, a 5/4~inch
section midway between the extremes of the one-inch test plate was
ground to 0.505-inch diameter, leaving the remainder of the bar 0.530-
inch. This precaution was taken to insure that the fracture would occur
in the desired ssction.

The results of these tests, as shown in Table 54, revesl that
Heats 2 to 6, inclusive, have very little ductility when tested in the
direstion normal to the plate surface, the elongation in 3/4 inch being
only 1.5 to 4.0 per cent and the reducticn in aree 4 %o 17 per cent.
The tensile strength in this third direction is lower than in the
longitudinal direction, especially in the case of Heats 2-b and 3.

A marked comtrast will be noted in the tensile vroperties of
Veat 7 as compared with the above-mentioned heats, Heat 7 having much
‘better ductility and tensile strength, the latter exceeding the strength
shevwn in the longitudinal diréction. The photograph of the tensile
fractures shoﬁn in Figure 5 reveals a woody structure in all of the

steels with the exception of Feat 7 which epproaches a tvpical tensile

fracture.
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.505%" TENSILE
SPECIMENS

- 1.¥

1
)

WELDS

FIGURE 4 . PROCEDURE USED FOR MAKING THE SPECIMENS TO
DETERMINE THE TENSILE PROPERTIES NORMAL
TO THE PLATE SURFACE.
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TABLE 5A. TENSILE PRCPERTI.LS NORVAL TO THE PLATRE SURFACE
AND THE TEESILE STRLNGTH IN THE LOWGITUDINAL
DikECTICN

o Longitudinal
Properties Normal to ihe Plate Surface Properties
Aluminum® Red. of” Elong. Tensile Tensile +
Heat Specimen  Content, Aros, in 3/4", Strength, Strength,
No. No. % % % pei. psi.
2=b 1 015 6.0 l.5 63,500 73,500
P 4.0 - 55,000
3 1 D012 6.0 1.5 60,280 67,660
2 4.0 1.5 62,780
4 1 007 6.0 2.0 69,000 71,000
2 8.0 2.0 68,600
5 1 006 - 2.0 67,500 72,000
2 13.0 245 70, 500
6-m 1 .005 15.0 - 71,250 73,750
2 17.0 4.0 72,500
7 1 Wil 46,0 9.0 7€,000 73,200
2 40.0 11.0 75,500
*  Acid-soluble aluminum content.

Tensile strength from Table 11, page 25 of the February 15, 1945,
report.

ot all of the reduced sections could be measured as a result of
the type of fractures.
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Figure 5.

36100

Tensile fractures of Heats 2 to 7, inclusive,
tested normal to the plate surface.

Note the difference between the fracture of
Heat 7 &s compared with the remainder of the
steels in this group.
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Tn looking for an explanation for the difference in the behavior

of Heat 7 gl g4 wi 5 v this it was

, &5 comparsd with the eother heats in this group
observed that the acid-soluble aluminum content of Heat 7 was nil as
compared with aluminum contents of .0C5 to .0l5 per cent in the other
heats {see Table 54). It was also noted that the two heats with the
highest aluminum contents, Heats 2-b and 3, displayed the poorest
properties in the third-dimensional direction, the lowest reduction in
area and elongation ﬁogether with the lowest tensile strength.

Therefore, from these data, it appears that aluminum content is
an extremely influentisl factor with respect to the tensile properties
normel to the plate surface, the presence of small amounts of

aluminum lowering the tensile strength and the ductility to a

marked extent.

¥otched-Bar Tmpact Preopsrties

The nctched-bar impact properties were determined in the temp-
erature range of =75°F. to 210°F., using the standard Charpy test
7)

specimen with a V-type Izod notch cut paralliel with the plate surfaceg

Four specimens were broken at each of six different temperatures in the

proncunced diffsrence in the longitudinal and trensverse properties.
Thile the data from the longitudinal specimens indicated that part of
these steels had a definite transition temperature zone, in no case wes
there any indications from the transverse datas of a ftransition temper-~
ature, This difference in the directionsl properties is illustrated in
Figure 6. An example cof & steel which did not show any indicatioms of

& transition zone in the temperature range studied, -75°F. to 210°F.,
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in either direction of testing is illustrated in Figure 7. The reason

for the behavior of this steel, Jtsel 34, is not obvious, especially in
view of the high aluminum content.

The results obtained from this study of the notchsd-bar impsct
propertics indicate that low carbon and manganese, and high aluminum
contents, together with a fine microstructure, are conducive to high
notched-bar lmpact strength. High aluminum content appears to be
especlally effcetive with respect to lowering the trensition-zone
temperature, as would be expected. In additien, however, high aluminum
content appears to increase the dif'ference in the longitudinal and
traensverse notched-bar characteristics. The influence of the acid-
soluble(a) aluminum content upon the transiticn temperature in the case
of the six steels from the steel mills, which wore selected for this
purpose because ol their similerity in chemical analysis, is shown in
Table 52, The date in this table show that the transition temperature

decresses with increased aluminum content.

rather vague as is usually the case in attempting to evaluate this type

of data, indicating the need for more fundamental knowledge of this

subject.
TABLE 58, TRANSITION ZOWES AND ALUMINUTM CCONTENTS
OF HEATS 2 TO 7, IHNCLUSIVE
Aluminum
Heat No. Approximate Trensiticn Zone, Degrees F. Content
2= -40 to =10 «.C15
3 -20 to +10 012
4 =10 to +30 007
5 -10 to +30 .008
6~m +30 to +80 or sasbove 005
7 Yo transition zone™® nil

¥ Ko indications ol & Lransibtioh zone im the temperature roange
investigated, =75°F. to 210°F.
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Underbead Cracking

mderbead cracking tests were made using the single-bead weld
test, as previously deseribed, with twenty specimens being welded from
gsch steei(gy:7 A summery of the results from these tests is shown in
Tables 6 and 7'f

Teble 6 shows that the heats received directly from the mills had
& wide range of crack sensitivity, the underbead cracking ranging from
0 to 59 per cent with three of the heats cracking more than 20 per cent,

while the remasining 9 heats cracked between 0 and & per cent. These

2

Iy ] 1 o - .
5 indicated that the ¢ Tieats which cracked b per cent or les

1 i 7 it O Wil Wil LGRS 44

{

would be quite insensitive when welded under normal conditions, while
Heat 2-b, which cracked 59 per cent,was relatively sensitive and gasht
recuire special ettention to eliminste the possibility of cracking during
febrication. Heat 11, which cracked 28 per cent, was probably a
hordsrline case.

From Table 7 it will be noted that the nine steels from the
shipyards were appreciably more crack sensitive than the steels in the
precediny group. Five of the steels listed in Table 7 cracked 65 per
cent
21 and 28 per cent, while the fourth cracked only 12 per cent. These
results indicated that underbead eracking g, 1ty be & problem in the
welding of the five steels which cracked 865 per cent or more unless

special precautions were taken.
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TABLE 6, UNDERBEAD CRACKING IN THE STEELS FROM -
THE FIVE STEEL PRODUCERS

Plate . Underbesad*

‘Heat Gage, Type Cracking,
No, Inches of Steel Per.Cent
Zb i .. . T 59

3 1 S 5 0
.4 1 Ti 3
5 1 T3 5
6 1 LT &V 1
7 1 Ti & V 0
9 1 CTi& v 21

lO . 1 ' 1

11 1 Ti &V 28

12 1 Ti &V 3

13 1 Ti &V 2

-
~3
(]
+
t

spamramy

e e e

¥ Average cracking of 20 specimens.
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TABLE 7. TUHNDERSEAD CRACKING TH THE STEELS
OBTAINED FROM SHIFYARDS

‘;E;te Underbead”
Heat Jage, - Type Cracking.
No. Inches of Steel Per Cent
30 7/8 T4 28
31 7/8 Ti : 65
32 7/8 T 76
33 7,/8 Ti 24
34 1 Ti 71
35 2-1/2% v(,08 ) 21
36 7/8 Ti 81
37 7/8 V(,12 ) 12
38 1 Ti 66
% Machined to l=inch for weld té;;&ngo

-+ Average of 20 specimans.
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Influence of Chemicel Analysls Vpon Vrnderbead Cracking

In looking for an explonation feor this wide difference in the
underbead cracking characteristics of these hull steels, the first
foctor considered was the chemical analysis: Since it is difficult to
make a correlation, using for one of the terms such a complicated
expression as & complete chemical analysis, the analvses have been
reduced to gimpler terms by using the carbon content plus one-sixth of
the manganess, the other elements being ignored for the present, since
these two anpear bto be the most Influential in this particular grade of
steel. However, the effect of the other elements will be considered

later. The carbon egquivalent and other pertinent data, which will be

{17
IRV

reflerred to later, are shown in Tables 8 and 9. sy

A compariscen of the degres of underbead cracking, or the crack
sensitivity, and the carbon equivalent is shown in Figure 8. Thess data
reveal there 1s a broad trend between the carbon equivalent and the
crack sensitivity as would be expsgcted, the extent of crecking incress-
ing as the carbom and manganese contents are incressed. Howsver, it
also shows that: the crack sensitivity is not entirely & function of the
C plus un, but thers ere other factors of grest significance.
To illustrate ths trend between the aralysis and crack sensitivity, it
will be noted that the stecls with & carbon equivalent of 0U.3% pner cent
end less display & very low degree of crack scngitivity, while the steels
with 0.40 per cent or more equivalent carbon crack 80 to 8C per cent.
However, in the intermedizte range of 0.35 to 0.40 per cent squivalent
carbon, the degree of cracking was found to runse all the way from O to

65 per cont, indicating there ils some facto? other than chemical
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TABLE &, UNDERBEAD CRACKING, CARBOYW EQUIVALENT, AND LONGITUDIFAL TENSILE
' PROPERTIES OF THE HEATS FROWM THE FIVE STEEL PRODUCERS

Underbead Carbon Yield Tensile

Heat - Cracking, Equivalent Strength Strength,

No,  Per Cent C Alin/6 DSi. psi.

30 .37 41,250 67,550

L 3 L3 43,380 71,000

5 5 .36 43,750 C 72,100

6-m 1 +33 48,130 73,750
70 ' .35 45,630 73,200

9 21 .38 51, 500 82,100
10 1 ) 50,000 75,600
11 28 .37 53,250 77,000
12 3 .36 53,100 78,350
13 2 .35 4,750 73,400

17 7 .31 42,810 72,880
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TABLE 94, UNDERBEAD CRACKTI'G, CARBON EQUIVALENT, AND LONGITUDINAL TENSILE
PHOPERTIES OF THE STERLS OBTAINED T'ROM SHIPTARDS

Underbead Carbon Yield Tensile
Heat Cracking, Equivalent, Strength, Strength,
Yo. Per Cent C + Min/6 _ psi. psi.
30 %8 «39 50,350 76,150
31 65 AR - 50,500 79, 600
32 76 A1 50,250 83.500
33 24 .37 47,130 74,850
% 00N : .49 50,630 85,280
35 21 o 37 53,000 82,350
36 : 8l 42 46,250 - 76,550 -
37 12 .36 57,000 83,500
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compesition which has o very marked effect, It is this lather factor which

is of especinl intercst in this investigation,

Comparison of Tensile Provertics and Underbend Cracking

The tensile properties of a steel are established to a large degreoc
by the summation of effects of all of the chemical elements present. There-
fore, it appearcd that the tensile and yicld strength might be uscd as terms
representing the complete chemiecal analysis of the stuel, While_it was
recognized thoat the mierostructurc has an influence upon the tensile properties,
it was belicved that the struclture of thesc stecls was sufficicntly similar
so that any effects arising from this fsetor would be insiguificant,

The relatiouship betwoeen the yield strength and the degree of under-

bead eracking is shown graphicnlly in Figure 9. This fipure revenls there

is no corrclotion between the yield strength nnd the extent of uvnderbend
l].) » ol [) K L s s 2 . EN
cracking » It is of interest to note, and it moy be sigrificnnt, that

Heats 6, 10, and 12, which have high yield strength, nlso kg a notably low
crack scnsitivity.

A comparison of the tensile strength and underbead cracking nlso
feiled to indiente any cvidence of a rclationship. Thesc results, thereforc,
indicate that theore is not a good correlation between the chemical composition,

~s roflected by the tensile strength, and the erack sensitivity. .

End=-Cuenched Hardepnabitity

Since hardenahility has frequently becn used as a measure of

weldability, Jominy end-quenched teats werc made on thesc two groups of
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steels using the stendard L-bar specimen because of the shallow-harden-
ing characteristics of these steols(12),

Duplicate spccimens were hested in protective containers for one
hour at 1600°F. prior to quenching in the conventional menner. A
summary of the results of these tests is shown in Figure 10. It will
be noted from this figure that the group of stecls from ‘the shipyards
had en appreciably higher hardenability than the heats received from the
steel mills. This difference would be expected in view of the higher
chemistry of ths shipyard steels. Thus, the higher hardenability of this
group appears te be in agreement with the generslly higher lewvel of
crack  sensitivity found in those stecls,.

The most significant information, however, obtained from this
study, was that steels of similar hardenability could differ widely in
crack sensitivity. For example, Hpats 2-b, 5, 6, and 7 had cssentially
the same hardenability as shown in Pigurc 11, but these steels differed
widely in crack sensitivity, Heat 2~b cracking 89 per cont, while Steels
5, 8, and 7 crecked 5, 1, and ¢ per cent, respoetively. Additional tests
were made in which the specimens were guenched from 1800°F. Imt these
indicated a slightly higher hardenability for Heats 5, 6, and 7 as
compared with Heat Z-b.

Thesc results indicate, thereforc, that the stendard harden-
ability test is not & reliable measure of crack sensitivity, although,
in general, the more hardenable stsels are more susceptible to underbead

cracking.
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fot=Rolled IMicrostructure

An examination of the microsbtructurss of these steels showed the

St‘-“ﬁa.(lo) %

)

ructurces ¢

1 mldm AR Ay
(SN LS RV |

ol

normat types of st

Wwhile thers were diffurences in grain size

a1

¢sulting from varistions in
the deoxidetion practice used in msking the steel, and from differences
in the [inishing temperature upon completion of hot rolling which also
influenced the degree of penrlite banding, there wes no correclation
betwesn these structures and underbead cracking.

Tt was lster found, however, that pearlitic banding did influence
the cruck scnsitivity of a stecl. For example, the crack sensitivity of
a hot-rolled steel, which had been cooled sufficlently repidly so thot
there was little or no evidence of banding, could be inecrcased by en
arnealing trentment which would develop strong pearlitic banding. A
comparison of the banding in tho original hot-rolled structurcs,

however, could not be used as o gulde to indiecate tne relative crack
L

sensitivity of a group of stecls.

Microgtructure of the Howt=Affccted Zons

Jhile studying the structure under the weld beed in

o

sensitivity specimens, it wes observed that there wes an appreciable
differcnce in the depth to which complete tronsformation extended as
compared toe the total depth of the heat-affected mxm(14). A comparison
oi' « number of crack-scnsitive and insensitive steels indieated that the
zone of complete transformotion was relatively shallow in the insensitlve
stecls. This difference is illustrated by Figures 12 end 13, showing

the structures under the bead in spucimens from Heat 2-b &nd 5 which
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Figure 12. Heat~ -affected zone beneath weld bead
in specimen from Hest 2-b which cracked
59 per cent. Transverse section. 100X
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cracksad b9 ond 5 per cent, respectively.

In order to investigats furthér thig diffcrence in structure
under the weid bead, duplicate cruck-scﬁsifivity test spucimens were
made.?rom ¢uch heet of hoth groups of steelse. For this particular
purpose, the 110U°F. drew was omittad
because the draw treatment pertislly oobliterated the ling of demarcation
between the different structures.

After measuring the distances A and B as indicated in Figures 12
end 13, ths depth of the zone of completo transformetionvwes expressed as
g per centv of the total depth of the heat-affected zonej that is, A/% x
100+ Thesc data for the two groups of stecls are shown in Tobles OB and
10.

The relationship of the above data, thet is. the depth of the
zone of complete transformation exprosscd as A/B % 100, to the underbead,
crecking is shown grephically in Figure 1l4. This figure shows a good
corrclation between these two factors, tho relationship being a straight
lin; when ploﬁfed on;c.somilogISGSle 8.8 illustrated.'

Probably thu:most significant feature of thesc‘daté is that they
indicato thero;is o marked.dif?erence in the response of the crack-
sensitive and insonsitive stecls to the rapid thcrmdl bycle developad

during tho welding ceporasion.

The Influence of Thormal Historx

The Effect of Momogenizing

“hile looking for means of oxplaining the difference in underbead

cracking in steels of similar chemicel compositiorn and hardenability, it
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TABLE 2B. ‘UNDERBEAD CRACKINC AND THE PER CENT OF COMFLETE
TRAVSFOLMATION IV TiE HEAT-AFFECTED ZONE FCOR THE
HELTS FROM THE STEEL PRODUCERS

| —— | —

Underbead Ratio*
Heot Type Cracking, L/B,

Ko, of Steel Per Cent Per Cent
2b T1 59 ‘ 53
3 Ti 0 29
4 Ti. 3 29
5 T 5 32
6-m Ti& v 1 32
7 Tio& V 0 | 27
9 Ti &V 21 30
10 Vv 1 29
1 Ti & ¥ 28 34
12 Ti &V 3 | 31

* The facteor A/B x 100 is o measure of the depth of
complete tronsformation expressed as a per cent of
the tetal depth of the heat-affected zone. Heats 13
and 17 were not available at the time this study weos
mnde., '
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TABLE 10. UNDERBEAD CRACKING Axn Tdb PER CLWT OF
CC:PLETE TRANSFORMATION IN THE HEAT-AFFECTED
ZONE FCR THE STERLS FROM THE SUTIPYARDS

R R T

Feat Type Craciing, A/B,
Mo - ci Steel Per G.at Fer (ent
30 Ti 28 38

31 Ti &5 43

32 Ti 76 49

33 Ti 24 43

54 Ti 7. 62

35 v 2. 36

38 Ti gx 53

37 v 12 32

28 Ti 86 48

*  The fastor A/5 X 100 is a measure of the depti
of complete trensformation expresgsed as s per
cent of the total depth of the heat-sfflected
zone.
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was found that 3/4-inch and 1-1/4-inch he'-rolled plate from Heat 2,as
supplied by the mill cracked 65 and.SS per ceut, respectively, as
aompared with 59 per cent for the l-inch plate, 2-p(15), Since these
three steels were from the same heat snd were practicelly identiccl in
chemical anslyses as shown in Table 11, i- appeerec that differences in
the processing of these lots, which could net be detected from the
microstructure, may haeve béen a factor contriﬁutiﬁg to the variation in
thé crack sensitivity. If this wers the case, it gpreared that the

dirference: could be obliterated by the vnroper thermal treatment.

TAELe 1L, ANALYSES OF PLATE FRCOM HEAT 2

Flate
Gege
Heat in o }
¥No: Inche:z C Mn r i Mo Cr v

2-n 3/4 L16 L.23 .023 .020 .2F «0X1 .08 .05 010 .06 .003
2-b i o185 1.29 L0235 020 .22 04 3D .08 014 L0B  L002

2-c 1-1/4 .16 1.29 021 .020 .26 013 .10 .08 .013 .06 .002

After machining the l-inch aﬁd 1-1/4-inch plate to 3/4 inech in
order to eliminate the poszible efféét of guge, the three steels wers
homogenized by hzating o 2350°. for four hours fo?lowed by normelizing
at 1650°F¢.for one hour. The homcgenizing was carried out in an
atmosphore~controlled furnace to prevent decarbvurization. In this
particglar cass, the surfaces of the specime:rs were very slightly
corburized.

The results of teﬁsile tests following the above treatment, us

listed :n Table 12, show that the proverties of the hot-rcolled and
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homogenized-normalized steels were crugentislly the seme, with the

exception of Stesl 2-a which wes slightly lower in strength following
the heat treatient.

TARLE 12. TENSILE PROPERVIES OF PLATES FROI IRAT 2
TN TEE LOT-ROLLED CONDITICN AND AFTER
A

ITALEANTIAT T TR T 10T T 1 Y 3% WIONEIAT YR TTIN
UM TGN LA LN G fU LW :L)A' i‘n‘\., DAl b LINAT

Grge Elong . Red. of Yieid Tensile

Beat in in 20, Area, Strength, Strength,
Wo.  Iaches Troatment A % psi. vei.
2~a  3/4 Homogerized & 33.0 7540 44,000 67,630
2-b 1 Itto 37,8 T6a3 48, 500 72,100
2-¢  1-1/4 " 27453 7603 45, 500 70,400
2-a  3/4 Hot rolled 36.4 7569 47,500 70,200
2-b 1 " " £9.0 6l.4 44,130 73,900
2mc  1-1/4 L m 31.0 73,4 44,000 72,600

Tweaty weld specimens were made on each of the three steels, snd
s summary of the data together with the hot-rolled creck sensitivity is
shown in Table 13. From these data it will be noted that the homogeniz-
ir - tr-oatment followed by rormellzing had & pronounced effect, the wuder-

o , . .
gtieslly 2lininated in

[ W g M
SR LI W e MR L L - AL o AL

s

111 three steal: Thase

=3 ey~ £ s

{

resulte, therefore, indicated that the difference in crack sensitivity
of these three lots of stesl, 2-a, Z2-b, and 2-¢, wes not an inherent
difference but was most probably the result of wariati-us in the
processing, sinece it could be eliminated by thermal trestment. It iz
also equally sigrificent to note that the crack seasitivity wes redoced
to o meriked extent by the hemogenizing and norm&lizing trastnent without

any loss in tensile or vield strength.
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TAELe 13, UNDERBEAD CHACKING OF STEEL FROM
HEATS 2=0., b, AND ¢ AFTER HOMOGENIZINGY
AND RORMALIZING?

Plats Underbead
Hect Gage, Crucking,
los . Inch ‘ __Per Cent
L-a 3/4 Less then 1
2-b 3/4 | 2
2 3/4 2

T T e T R T . o, Lo o s = S s i 0

* P : . .
Hote: The homogenizing trentmen® consisted of heating
to 2250°F. for four hours.

The steels were normalized by heating to 1650°F.
for one hous-

The Infiuence of Verious Thermal Treatnm hus
Tpon "Tnderbend fracxing

in order to obtain more information concerning the sfiect of
theraal trsetments upén underbead craocking, plates from Heet 1l and
_ . - (16)
Steel 30 wers trected in the fellowing three ways:
1. Eormalizsd at 1680°F. for one hours

2. a%ter guenched from 1650°F. followed by a 1000°F. drnw for

~ Ty
~LL HiVUL e
3. Anncaleq &t 1650°F. for one hour followed by furnace cocling.

& summery of +the tensile dato and the results of crack-~sensitiv-
li*y.tests are shﬁﬁn in Table 14. These date show thet the amnealing
treatmens, which resulted in the lowest tensile strength, produced the
highest crack sensitivity, practically doubling the cracking as compared
witﬁ‘the h$t~rolled stesl. While both the other two trsatmentg,

normalicing end :uenching and drawing, increased the cracking somewhat,
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their effect wos much less thon thsl of eunealing.

TABLE 14. TENSILE PROPURTIES OF PLLTE FROM MBATS 11 AWD 30
FOLLOWING HeaT TREATYENT

R L TR T ¢ Bt B TRt TR 9 TRy M 5 T

Elong. Red.of Yieid Tensils . :

Heat in 2", Area, Sireagth, Streagth, Orackineg;

NG s T-eatment “ % pele psi. Per Tent

11 Hot rollied 5.1 721 53,80 77,000 z8

11 Aonenled 36.0 £65-0 51,280 71,250 o7

11 | ﬁ01malized 36,9 71.0 54,250 74,380 37

11 Quenched & Jdrawn 25.0 657.9 81,880 100,830 35

30 Hot rolled 34 .6 64.9 "0,350 76,150 28

30 Arnealed i5.3 8%.4 18,750 71,880 48

30 ¥ormalized 0.8 67.7 52,500 76,250 58

30 Quenched & drewn 234 62.8 80,880 108,200 38

An examinatioun of the microstructures of these stecls showed
that the rrnealing treawent preduced a stroangly banded structure.
{See Figure 185.) This phenomenon can be explained con the basis of
hetersgsneous zlloy distribution resulting from dendritic segregation

of the ingo*t. 87 the

Aunrine the Troezin MONNese . nri )
ring Tne Treezl angan 5 12 proneipa

du h ng
in this steel, <iffuses very alowly at temperatures normelly used during
roiling or heat treating, the manganese segregation persists throushout
processing. “'hile this segregation is on ¢ microscale, it results in
eress both much lower or higher in alloy content then that of the

average analysis. On the other hend, carbon diffuses very recdily so

that during the slow cooling of the annealing cycle, the carbon
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Figure 15. Comparison of hot-rolled and annealed structures.
The above photographs show how the presence of
alloy banding is revealed by annealing.
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segregates to the high-mengsness crens, which remrin custenitic for the
longest period. Thig finelly results in the formation of peerlite in the
high-mengeuness hands.

coplc examination of the crasks in the anncaled cracke-

i
r,J
e
=
)
m
[

sensitivity specimens revesied perblunent *nformation regarding the

phenomencn of underbesd cracking(lv),

{1 trensverss sections through
the weld beud, the underbead cracks cre normelly found rumning concentric
with the fusion line forming = segment of « eircle as shown in Flzure 16.
However, in the ennesled steel, the cracks did not follow this normal
pattern. One end of *the crack started in the regicen where the cricks
usually ocecur, but instead of continuing along the cireculer path, they
extended inward along lines parsllel will the bending in the micro-
structure of the plate. This typs of crack 1s shown in Figure 17, the
spocimens boing annenled steel from Heat 11,

The above observations, together with the fact thet underbead
cracking can be elimineted, or greatly reduced, by sn homogenizing
treatment, indicate . that alloy banding is sn important factor

influeneciny underbend crecking.

Tnderbead Heordness in Heat-T;eated Steels

In order to determine if there was eny relotionship betweon the

underbead hordness develcped in the heat-treated steels and the crack

-

f1ah
sensitivity, Steel 31 wss studicd in the following four conditions' %/
e As-received hot-rolled plate.
2, Weter gquenched from 1650°F. =nd drawn at I000°F. for one houra

3. fnnesled at 1650°F. for one hour follewed by furnuce cooling.

4. Pomocgenized ot 2350°F. for four hours followed by normalizing
at i650°F,
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the corack gensitivites o tlwee Tour steels and the maximum

hardness developed in the heat-aflscted zone are shown in Table 1&.

TABLE 15. COMPARISON OF UNDERBRAD CRACKING AHD THE
MAX TV FARDNASS IN UYHy HEAT-AFFECTED ZONX

ey A oot S W T s L mer—eovme e o vy R e —

Condition Underbrad Vickers
of Cracking, Hardness
Plate Per (snt Humber
Ho*t zolled TE 437
Quenched & tempered 70 434
tnnealed 72 430
Homogenizad & normelized 3 445

While the hot-rolled, guenched and deew:, tnd the ennesled steels all
cracksd betwesn 70 @nd 75 per cent, the homogenized and normalized sbteel
cracked c¢nly one per cent. The maximum hardness in the heat-affected
zone of these fouar steels was essenclally the same showing there is no

correlation between the underbesd cracking and hardness.

A Study of Hemopenizing Tine-Temperuture Cycles

In oroaer to determine the effoctiveness of wvarious homogenizing
cysles for redveiny tite creck sensitivity of l-inch hot-rolled plate,

o

Teat 31l was homogenized at Serperatures of 2250°F. and 2350°F.,
, o (1u)

for periods oif %iue ranging from 1,2 hour tc & hours. Following the high-

temperature treatment, the steel was normalized at 1650°F. for one hour.

The results of the crack-sensitivity tests mede on these steels

rre showi: Ja Filgore 18, each datum point being the everage of five tests.
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These results show that even 1,/2 hows nt 2330°F. or one hour at 2850°F,
had a proncunced etffect, the underbsad cracking being reduced from €6 to
less than 15 per cent. Increasging the homogenizing Time beyond the cbove-

mentioned times reculted in only siight edaitionsal reductions in the

since there was some reacon bo suspsct that the higher carbon und
manganese stesis would not respond so resdily o the homogenizing treat-
ment ag the steels of lower chemical compositica, a ~btudy was mads of
the effect of vorious time-temperature cycles upon the crack sensitivity
cf Steel Lo. 34, wnich had a carbon content of 0.23 ner cent and =
manganese content of 1.53 pver cent. The results of this study are showm
in Figure 19. Bach velue shown in this figure is the zverage of five
weld tests.
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three hours or less at 2260°F. had little effect upon the crack

sengitivity of Steel No, 34, four hours heing reguired to reduce the
aoracking from 71 Lo 47 per cent. This slow response to homogenizing
appears to ne typical of the steels with higher carbon and mangsnese

contenta.

The Effect «f ot Deduction on the Jate

of Fomogenizaticn )

o A b+ b e

In crder to obtain some ldea of the influence of hot reduction
upor. the reszponse To the nomogenizing Treatment. a study was made or the
time reguirea te eliminste micresegrepation in sbteels from g 8 by &~inch
laborateory ingot wlter verious degrees of hot reduction. The rasulis of

this study arce ghown in Table 16, which indicates that the homcgenizing

A1 mie ey
[RRCRVIRS SN
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UNDERBEAD CRACKING IN A STEEL OF

HIGHER GCHEMICAL ANALYSIS.
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TABLE 1&. THE BFFECT OF UL RBWDIVCTION UPON THL

TIMi RECUIPED TOR HOMCOCGENTZING
T For comt Tiue of £850°F. ta
Reduction Tiomcgenlze
0 Lt hours
12.5 7 !
2l. b O "
375 1 "
50 Less Lhan 1 hour

while the underbezd cracking of I-inch plate could be drastically
reduced by homegenizing, it was obvious that such & high-temperature

treatment would not be commercially nracticable because of excessive

R e 8 o me My A e

=13 o -~ - N A L T B 1~
ALt s beil owci b n_lit.) ULl Liled ‘F:JJ.U-
be feasible to homogenize the slabs in the slab heating furhace or soalk-
. . . . {20}
ing pits pricr to relling to plate ™77,

In order to determine the effectiveness of such & procedure,
8 inch-thick slabs from & commercial heat (Stesl Mo. 23) were homogenized
for 2—1/2, 5, and 10 hours at 2350°F. in & stendard ingot-soaling vit
prior te rolling into l-inch plats. The chemicel analysis end the
results of underbead cracking tests made on plate from the homogentzed
slabs ore shown in Table 17. This teble also includes the results of
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efter the plate was homogenized at 23B0°F. for various lengths of time

under cunditions preciuding decarburization asnd scaling.



TABLE 17.
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CHEMICAL ANATYSES AITD DATA ON HOMOGENIZED
SLABS AND PLATLS

FROM STEEL 23

T —— T s . . it T e e s o B o

Steel Chemical Composition, Per Cent
No. . ¢ in P .8 8L M .
23 Q.19 1.486 2020 .018 0.256 CaZ7
Underbesad
Steel Homogenizimg* Weld Crecking,
Noa Time, Hovre %
23 six-inch slab 0 {Direct rolled) 79
23 1" " tt 2_'1_,;,2 81
2 5 ry n 1 5 80
5s " i 10 79
23 cne-inch plate 0 (As rolled) 78
on it ] 1 1/‘6 3 5
- D "n 1t Hl ‘! 2 8
oz I " " zZ 30
g3 M " ¢ 5 14
*

Homogsuized at 232C°F.

From Table 17 it will be noted that homogerizing the slebs at

2350°F. for periods of time exbvending up to 10 hours did not reduce the

ecracking in the pletoessubsegquently relled from them. then the plate,

itself, was hoemopgenized, howewver, st 2350°¥. for only 10 minutes,
followed by normelizing at ldCO°F., the cracking wes reduced {rom 78 per
to 35 pver cent, while homogenizing for © hours reduced the cracking
to 14 per cent. These results showed that the time reguired to obtain

gufficlent diffusion of the high-alloy areas in the coarse slab structure

to reduce cracking would be entirely too long for prectical purpcses.
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Tor the crack-sensitivity test used in this investipgation, the
EB0)0-type electrode wss selected becavss of its wide use in ship con-
struction and because of its strong *Hendency to produce underbead cracks.
It is well known, however, that there ~re other types of electrodes
which sre less prone to dsvelop underbead ciracks,end efforts are being
made to perfect such en electrods which will bé universally acceptable
for all types of work. Considerable progress has been made, and the
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well. 8ince the ocject of this investi:ation was fo study the
metallurgicsl foctors influencins vnder ead crecxing, the E 6010 type of
'élﬁétrode was the obvious type to use.

To show the effect of the electrode coating, crack-sensitivity
tests were made using three different types of electrodes with ceoatings

. . . . {
which varied widely in hydrogen content\21)c

For this test, a hot-rolled
commercial steel was selected {Steel 39, 0.197 ¢, 1.43%7 ¥n, and 0.337 Mo)
which wes prone to crack. Ten spécimens were welded with each twpe of
eleétrcde,aud the summary of the results is shown in Table 18.

The date in Teble 18 show the iufluence of the elsctrode cooting
upon. the extent ¢f underbead crecking. “elding with the cellulosic-
coated wB60LC type eleqtrods, which developes an arc atmosphere hizh in
hydrogen, produced 78 par cent cracking as compared to no cracking when
the low-hydropen, lime-coated E 6015 type electrode was used.

Whiie tne use of the § 60320 type electrode results in considerably

lees c.acking, a5 comparcd with the E 6010, the explenetion {or this
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differerncs is not toc obvicus sinsze the arc atmosphere of the F 60z0 is
relatively hirh in hydrogen; however, the volume of zas generated per
ineh of elceectroede consumed is conslcerably less. As previocusly pointeg

S | S - ‘g 3 s
out by Voldrich; edditional study will be necessary in order t©o obtain
a better understanding of 1lhe difforence in behsvior of these two
glectrodes.

TABLE 18. THE EFFECT CF TH& ELECTRODE COATING UPON
UNDERBSAD WilD CRACKING IH STEHT, NO. 39

dydrogen
fontent
Tvpe of Underbend™
ilectrode  Coating  Coating  Crecking, 7
E 8010 Cellulosic High 78
R 6015 - Line Low 0
L 8020 Minersal ? o {Soe text) %0

Aiverage of ten specimens.

When the welding conditions were originelly selected for the
crack sensitivity test, an initinl plLste tempersture of 0°F. was chosen
in ordsr to make conditions exceedingly drestic so thot cracking would
ccour in the less sensitive steelss For similar ressons, o small
eloctrode vize and © high rate of “reavel were used.

Later in the investigation, it wus deemed desireble tc study the
aeffect of the initial plate temperature upon underbead craoking(zz). For
this atudy. nite steeis were selected, Hesis 2b and 13, and Steels 30,
31, 52, 33, 34, 37, snd 38. Crack-sensitivity bests were mede on those
stesls using the same procedure s previously dessribed with the excep-

1.
¥

tion that initiel vplate temperatures of 5%, 60°, 120°, and 200°F. were
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used with the specimen being held in & bath ot these temperstures.

Twenty weld specimens were made on each stezl at each of the above four

temperslures. A aummary of the results {rom these tegts is shown in
Tizure 2Cs. The results of this study were somevhat surprising since

the maximum cracking did not oceur wher the spocimens were welded 2t

0°F. as wes anticivated. From Figure 2, 1% wiil be noted that in mos
AR oo +ho atmata wars =2liohdlsr mavs Aare sl saraidios whon wel dad ad 10
AVa<spigs] il [=R LR SR Ny ) LA B ] LN B Al W R L Al Gl Bl e Wl VS ¥YLLO AL ¥ d AL G £y N

than at 0°F. This is especially noticegable in the cuse of the less

t

crack-sensitive steels, Nos. 33, 11, and 30. An initial temperature of

200°%., practically elimineted cracking in the less sensitive steels and

sharply reduced the crecking in the more sensitive steels.

This influsnce of the inlitisl tenperature upon underbead crack-
io} s er

ing has been confirmed by similer resulty from other trades of steel,

and, in the casc of certain highe: alloy steels, ths effect is more

noticeable, the difference in craciking beotween Q0°F. and 120°F. or 150°F.

N P T a2t ot 2T L |
Al LR LWLV .

Phenomsncn of Undervead Cracking

Sinece the major portion of this Investigation has been centured

eround underbead cracking, it sppewrs desirable to consider the
phenomenon by which underbesd cracks are doveloped.

There has beer consideroble misapprehension concerning the
properties of the herd structure in the hent-aifected zone, 1t being
assumed that mertensite is inherently brittle and that this lack of

= RPN = A
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racks. Althou

fel

the martensite or structure resulting from the drastic guenching of

carbon-manganese or mengeness-molybdenum steels and similar types that
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might be used for structural purpcos.s ilg net normally brittle. In
order to demonstrate that these guenched structures are ductile, both
toensile end impact tests wers made using water-quenchsd and untempered
specimeng from twr commercial heats, Slecls 25 and 268, The chemieel

vsis of these two stescis is shown in Table 12.

anal

TaBLE 19. CHEMICLL ANATLYSIS OF STEELS USED IO
STUDY TH% PROPERTIES COF FULLY HARDIME

STEEL
Steel  Chemical Composition, Per Cent
NG« C Mu P S S1 1o

23 0.1 1.46 020 018  0.25 0.37

2¢ C.la 1.44 013 027 0.256  0.48

After wat@r guenching from 1850 ¥., the threadcd-end tensils
specimens werg ground under water from 0,530 inch %o 0.500 ineh in
diameter with a 2-inch parasllel section. To study
the effect of even mere drastic quenching, & sccond set of specimens was
machined to 0.249 inch in diameber, water guenched from 1650°F., and
tested in that condition and size.

The cata from the ahuve quenched specimens are shown in Table 20,
together with the tensile data for the hot—rolled.steela These data show
thet,with & fensile streungth of over 210,000 psi., the reducticn in aresa
of the fully gquenched steel {Steel No. 23) was aoproximately 50 per cent
when using the 0.8500-inch specimen and 47 per cent for the small specimen.
These veluss compare favorably with the reduction in area of the hot-
rolled steel which was approximetely 58 per cent. The slonpation in

%z zuches was 15 to 16 per cent in the gquenched bars ss compared with



22 to 24 per cent in the hoterolled
The Charpy notched-bar impaét sﬁecimens were prepared by water
quenciing from 1650°F., aftcr which they were notched perpendicular to the
plate surface by grinding under water; the standard Tzod-V noteh being used.
The results cbtained from these specimens are shown in Table 21. The data

TAELE 20, TENSILE DATA ?RDM HOT~ROLLED AkD WATER-GUENCHED
UNTEMPERED MANGANESE -MOTYBDENUHM STFELS

Specimen Llong. Red, of Yield#* Tensile
Steel Cendition Diom., in 2",  Area, Stiength, Strength,
Ho. of Steel Ir, % % Dal _bsi BHN__
23 Hot-rolled 0.505 22,5 0 86,5 70,500 101,200 202
26 ' o C.505 240 61.% 63 .70 102,500 207
23 Quenched 0.500 17,0 L9.0 143,500 212,200 421
23 oo : C.530 15.5 52.0 146,500 212,200 -
26 Quenched 0,500 16.0 57.0 137,500 187, 500 363
26 n ~ L 500 16.0 58.0 136,700 184, 300 -
23 Quenched  0.247 8.5 46.5 - 221,300 -
23 n r 8.5 48.5 - ?.19,700 -
26 Quenched 0,247 10.5 59.0 - 195,200 -
26 L » 11.0 59,0 - 196,200 -

* Yield strengfh frcn strain at 0.2 per cent offset.
show that these rully Lzrdened steels are far rrom being brittle but have

good notched-bur imnact resistance at temﬁeraéures as low as -750F., Steel

No, 26 displeying 16 tc 24 foct-pounds, énd Steel No, 23, 11 to 25 foot~pounds,
at this low ilempersture, as compared with 39 to 41 foot=pounds and 25 to 26

i P L. w - ~ - s s -
OoT-pounds at £ /5F., respectively, for tne two stsels.

Hy
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TABLE 21. HOTCH=-BAE InPACT STRLDGIH CF WATER-QUELCHLD
MANGANESE-MOLYRDENUYM STEELS

Bteel Tmpact 3trength, Foobt-Pounds Cra;pv .
Ho. Testing Temp.: ~75°F, -40%F. -5°F. +40°% +75“” FSURITH
23 11 13 15 23 25 53

" 11 13 13 25 25 24

" 12 13 18 25 a7 34

" 25 24 18 30 29 35

26 18 21 22 36 39 40
" 17 21 24 37 35 43

" 21 23 25 37 40 43

" 24 23 28 42 &1 45

lNote: The abovs data were obtalusd f-om Charpy specimeus with s

V-type Tzod notch, the notch being pernendicular to the

plate suriace. After water quenching from 1830°F., the
specimens were notched undsr water.

o
i)

From the abovs tensile and impect data, it is obvious that these
steels in the fully hardened state have considerable ductilivty and
resistance to noiched-bar impact. It has bsen shown, however, by vrreg‘
that the ductility of £ully herdened steels is decreased to a marved
extert by the presence of hydrogen and that the tensile strength is
erratically lowered. The impact properties, however, are not affected

to the sane extent. Fortunatel

the ductility of low- and medium-

v
o Y ' -

carhon stecls cmbrittled by nydrogon is rapidly recovered while sthanding
et room temperature or by & stress-relieving ftreatment. The following
concention of nndsrbead cracking is similor to the discussion presented
129

in "Metallurpical PFactors of Tnderbead Cracking”, & paper concerning

low-alloy hirh-tensile stesls.
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In order [or underbead cracks bo devolop, & combination of several
faétors is esgsential; that is, the delayed transformaticn of retained
sustenite, hydrogen absorption, and stresses, the absence of any ong being
sufficient to eliminate the cracking.
In the previcus investigation of low-alloy steels, the prescice
of retained austenite in the heat-affectsd 20NE waé éuspected from the
finding that ecracking occurred at about room temperature and progressed
for a veriod of hours after welding. The vresence of retained sustenite
was confirmed by X-ray examinotion and appesred to be congistent with
dilatometer results. Data concerning post hesat treatment supported this
idea, since, regardless ¢ the hardness of the heat-affected zone, crack-
ing was eliminated by causing the austerite to transform completely at a
sufficiently elevated temperature.

Tnen
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these may be explainéd on the basis of heterogeneous distrivution of

alloy content as a result of dendritic gegregation during freezing as
indicated by the pearlite banding fodllowing annealing. This segregation
is on a microscale but results in areas both lower or much higher in
alléy content than the average analysis. Some of these elsments, notably
manganese, difltuse so slowly that ordinary heat treatments are ineffective
in remedying the conditiorn. JCarton, of coursge, diffuscs readily, but in
the normalized or ammesled condition of the steel, the carbon will tend

to e =zegre
lengest during cooling. In the rapid heating and ccoling cycle of arc
welding, carvon dces not diffuse apprecisbly, and the high-carbon hizh-

manganese areas tend to remaein austenitic in the zone where the lower alloy

areay around them form martensite.
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The effect of hydrogen absorption ou underbead cracking hés been
. ) (3'\:)) . (31) . ) . ) ;
discussed by Terres end Voldrich y» who showed the vital role played
by this ges. Herras suggests thet the pressurss produced when this pas
precipitates at discontinuities may excesd the strength of the metal.
It has been cbserved thet underbend crecking alwavs occcurs in

Vs
na

' martensitic areas. This material has a strength in

sg. in. gnd the stross
exceed that firure. Tt is obvious, then, that shrinkege stresses alons
are quite inadequate to initiate such cracks when 1t 1s reslized that
the unaffooted perent metsl has a yivld strength under 100,000 lbs per
8q. inch. Tt hes been demonstrated that retained amustenite and the
deleyed decomposition %o martensite playv a vital part in the cracking.
2t the same time, decomposition of the retained austenite at room temp-
erature in the absence »f hydrogen docs not cause cragking, and the
fairly repid decomposition of sustenite at temperatures above 5H00°F.
also does not lesd to cracks.

Fitting these observations together, the mechanism seems to be
as follows. During the welding operation with the usual weld rod,
quantities of hydrogen are dissolved in the weld bead. This diffuscs
rapidly intc the perent metal, which is heated above the trensformation
tomperature. lvdrogen 1s soluble in austenite at all temperatures hut
is practically insoluble in cold ferrits or martersite. When the heat-
affocted zone transfermg, therefore, hydrogen iz rejected from all areas
excenpt those thrat remain sustenitic. In thesc areas of austenite, the
hydrogen concentrates to relatively high values. When they leter trans-

form at roam termperature and hvdrogen is rejected, with no place to 1o,
+ A . 3 &

enoraous acrostatic pressures are set up, which disrupt the adjscent
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structure even though it be hardest nartensite. The cracks thus ferme
are undcubtedly duite small, and the principal functien of thermal
stresses probably is to ceuse the cracsks to grow te visible size. ihis
growth has been observed frequently and was demonstrated in the course
of the presgent investigaticr. If this austenite is trensformed at
elevated tomperaturcs, the hydrogen cen diffuse sufficiently to preveut
the maximum stress. This is a common experlience with shatter cracks,
which are never produced at temperatures above 200°F.

It follows, therefore, that the more hardenable stecls are in
general more croeck seusitive because they tend more to retein sustenite.
TLikewise with mors complete sclution of tne carbides, the likelihood of
reteining austenite is greater.

The very nature of the src-welicing process, with its steep tomp-
ereture gredients, i1s ideal to set up local stresses of high megnitude,
though the moghitude will depend o the degree of restraint imposcd.
thile thesc strussus in themselves seem inadequate to cause cracking in
the martensite, they are additive to the aerostatic stresses of the
rejected hydrogen and might logically be the straw thet bresks the
cemzl's back. This is in line with the expericnce thet sometimes cracks
mey form when welding is done under conditions of restraint wut not when

there is no restreirt.

fonclusions from Study of HTS Steels

The results of the investigation of these two zroups of HT3
stoels, the plates from the steel mills, and those from the shipyards,

gre briefly suwmarized as follows:
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1. The relative creck sensitivity of the high-strength hull
steels can be determined by meens of o single-bead wold test mede under
closely controlled conditieons.

2. Whilc in general the stecls with the higher chemicel compo-
sitions have the greater sensitivity to underbead crecking, frequently
the variations in crack rensitivity fourd in different lots of BYS could
not be accounted for on the basis ~f chemicel analysis, hardness of the
heét—affectad zono, hardenability, or other propertics commonly
determined.

3. The thermal treatment was found to have a pronounced influence
upon the crcck sensizivity, homogenizing decreasing, and annealing
increasing the sensitivity.

4. For similar compositions, the level of crack sensitivity
appears to be closely associated with the degree of microsegregation,

the crecking increesing with increased segregation.

N
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e the crac
to & marked exbent by homogenizing at 23E0°F. for a relatively short
period, provided the carbon and manganese contents are not too high, the
uge of such a btreatment is not commercially feansible.

6. Underbead crackang can be sliminated by the use of low~
hydrogen elcctrodes which have not vet been developed Yo the point that
they nre universelly acceptable for e1ll types of work.

7. A good correlation was found betweer the crack sensitivity
end depth of complete transformation in the hsat-affected zone when
expresscd &s per cent of the totel depth of the zone under the weld bead.

The stesls with releatively deep zones of complete traensformetion werc the

most crack sensitive.
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. Of the threc types of W13 steels investizeted, the vansadium~

containing stecls displeyed the best combination of high yield strength
and low underbead craclhiag.

9. Low carbon and manganese contents and high aluminum centont,

togethor with & {ine microstructure, werefound to be conducive to high

notched-bhar impact strencth.

1In | R Ll =k sE T TR o e - . B P Pk S ) 4 samim oS T
L e I &U‘Ju CUl'lfc.idblUll wWas L widlid - Lwe il uile LilaliolwdiVll
temperature end the acid-scluble aluminum content, high eluminum

lowsring tho trensition temperaturs.
11. Aluminum contentsup te .0Ll5 per cent were fournd to be

detrimentel to the tensile properties normal to the plate surfaco.

The Development of High-Strerngth Low-Alloy
Steels for Wel'ed Construction o

The first part of this report has been confined te a study of
the mechanical properties, metallurgical characteristics, snd the under-
bead cracking tendencies of HTS steesls that have been used in welded
naval conebSruction. Briefly, the range of chemistry covered was from
C.14 to C.23 per cent cerbon and 0.80 to 1.55 per cent mangansse, together
wilth small additions of titanium or vanadium, or both. This renge
represents about the extreme limits found in commercial steels of this
grade s

The vurpose of this phese of.the investigation is to determine
the influence of chemical compositicn covering a much wider range than
found in the commercial HTS steeis, with the ultimate object belng o
find the composition which will give the highest yinld strenyth and

acceptable notched-tar properties, and gtill have a sufficiently low
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level of crack sensitivity to be matisfaoctory for welded ship construc-
tion.

The first step in this study was to determine the influence of

each of the individual elements, which was later used as a guide for

establishing the complets anzlysis of the steel.

Irifluence of the Indivi

In order to determine the relative infiuence of the common
alloying elements upon underbead cracking and the yield strength, a

study was nade of & series of laboratory heats in which the fellowing

elements were varied through the range irdiﬁatedgzg) .
Group 1 Heats Carbon 0.17 to 0.32 per cent
ooz Menganese 0.33 to 1.51 per cent
- Siiignn 0.27 to 0.92 per cent
L Molybdenun 0 to 0.43 per cent
© 5 0 Vanadium C %o 0.29 per cent
A - Chromium Q0 to 1.00 per cent
L A Titanium 0 to 0-38 per cent
B 8 " Standsrd Composition -

The stendard composition chogsen for comparison .purposes was 0.4l
per cent carbon, 1.35 per cent manganese, 0.28 per cerf gilicon, and
.015 per cent titsnium with an addition of 0.4 pound of aluminum per ton,
This composition was selected hecause previous experience indicated that
laberatory hesats of the 2bove analysis cracked well within the limits of
the crack-sensitivity test conditions used for the commercigl steelg.
The indications sre that laboretory heats cast inte small ingots are
'somewhat less crack sensitive than steel of & similar anelysis from
corraercial iﬁg6+s¢

The chemical analyses of the 32 laboratory heats are listed in

Table

L]
AN

. These steels were processed by forging the §-5/8~inch square



TABLE 22.

CHENICAL ANALYS.S OF LABORATORY HEATS USED 10
STUDY THE INFLUSYNCE CF VARIOUS ALLOYS

T

T RLvsue, ber cent -

Heat Wo. ¢ jtis} F 3 31 Ti Mo WV . Qr
(Group 1)

X=1 0,17 1,36 023 024 0,31 +Ol4 - - -

X-2 O.20 1.30 021 .-023 O.25 001 - - -

L3 0425 1,38 022  ,023% 0.2% 2014 - - -

X-4 (28 3:42 ,022 080 0.22 014 - - -

X-5 0.32 1.26 022 020 0s22 013 - - -
(Group 2)

X"'E 0021 0n93 0021 3022 002? 001@ - - -

X_"‘? On}q ;“.022 1023 u018 OJ28 .Oll bl hae -

X"'B 0022 1057 b023 6018 012} -012 - hnd

K-S 021 1.51 .023 WOLE Q.29 011 - ~ -
(Group 3)

X-10 - 0.2l 1,30 085 .18 C.41 012 - - .

=11 0.21 1.37 ,024 019 0.55  .012 - - -

X"lz 0019 1039 0025 . -\018 O\;?g 3 .011 - - -

X-13 0,20 1.31 024 .019 0.92 . .010 -
(Group 4)

X-14 Q.22 1.45 023  .019 0.30 .025 Q.10 - -

X""15 0021 1:\4:9 9020 cOEU 0(55 -012 Onlz - -

X-18 0.23 1.29 023 - ,082 0.28 L0112 0.24 -

X"l? 0125 1»32 COZO =020 0-50 oOlZ Oa52 -

¥~-18 De24 237 <023 020 0,29 014 0.43 - -
{Group 5)

X-19 C.21 1.2 020 L0198 0.32 .013 - 0,04 -

£-20 0a20 1.30 001 .020 0630 016 - 0.08 -

X-z1 0.20°  1.29 020 018 © 0.30 014 - Q.19 -

X=-22 0.21 1.28 020 020 0.29 2018 - 0.29 -
{Group 6)

X"‘&Q O.ZQ 1037 »025 0026 0032 1014 ot - Cc28

x-60 0420 1.33 074 030 0.33 012 - - 0.22

X=61 0.21 1.36 2024 028 Q.34 .Q12 - - 0.78
- X562 0.22 1.30  -.024 025 0.31 015 - - 1.08
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TABLE 22. {Coat.)

inalvecs, Yer Jent
feat No. L in P s 71 Fio 7 r
{ Orenn 7Y
\ AV EA UM'E:./ ’ ;
X-41 D.25  1.86 L0212 L0270 0,24 Wil - - -
A~42 0.22 1.33 021 228 024 027 - - -
X-43 0.22 1.36 023 025 0.20  Nil - - -
X-44 Cez2 1.36 021 024 0.20 +038 - - -
(Group 8)
X=45 0.21 1.35 021 030 0.27 2015 - - -
X-4.6 022 1.35 023 032 028 018 - - -

flote: £11 of the above heasts were deoxddized with an addition of
U.4 pound of sluminum per tom.

ingots at 2200°F. to 2300°F. inte 2 by SH-inech siabs. Following reheat-
ing to 2200°F., the slabs were hot rolled to l-inch plate in six passes
with the finishing temperature being approximately 1750°F. The plates
were stood on edge and allowed to alr cool as in normalizins. £11 tests
were mode on the plete in the hot-rolled condition unless otherwise
stated.

Influence of Chemical Analysig Tpon Underbesd
Cracking and the ¥Yield Strength

The results of the underbesd crack-sensitivity tests together
with the yield strengths for the seven gzroups of stesls are shown

graphically in Figures Z1 to 27, inclusive(ZQ).

The sirngle-bead crack-
ing tests were made as previousiy descrived, with esch of the dats
points in the above fipures being the sverare of ten tests. The yield

strencth was determined from longitudinal 0.505-inch spscimens using the

load at (.2 per cent offset os indicated on the stress-sirain curve.
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A compariscon of the above figures shows that carbon end manganese,
especially carbon, have & pronounced influence upon underbead cracking,
the cracking inqreasing rapidly as the carbon or menganese content is
raisaed. An increase in the silicon content from about 0.20 per cent to
about 0.90 per cent, however, resulted in only a sﬁhll increase in the
cracking, but there was no significant gain in yield stfcngth.

The addition of vanadium and molybdenum, up to approximately
0.30 and 0.40 per cent, respectively, resulted in no significant
increase in underbead cracking, bubt was accompanied by an increase in
yield strength of épproximately 25,000 psis. It will be noted that the
gain in yield sbrength resulting from increasing the carbon from 0.17
per cent to 0.32 per cent was only about 10,000 psi., while the cracking
increaSed from epproximately 20 to 100 per cent.

Little advantage appeared in these tests from adding chromium
since the yield strenzth was not increased appreciably, even thourh
additions up to 1 per cent were not debrimentel to the underbsed crack
sensitivity. The addition of tifonium produced no appreciable effect
upon either the yield strength or crack sensitivity, as is indicated in

Figure 27,

The Effect of Aluminum Deoxidation

While investigating the influenoe of deoxidation practices upon
the notched-bar impact properties, it wés noted that the aluminum
content appeared to effect the underbead weld crackiﬁg of the steel. In
order to determine if the alumlnum conmtent resulting from deoxidation
was an important fector with respect o weld éracking,.a geriss of six

heats were made with aluminum additions of 0, 1/4,'1/2, 1,2, and 5
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pounds per ton. The chemical aralyses of these heats, togethner with the
standard composibion, are shown in Table 23&. These henrts were cast in

8 by 8=inch molds and rolled directly to l-inch plete on a small

- 2

. ., ) -~ o
commercial mill. All test

-~ VAP ek A o]y -y 4l ~
S5l WwWere mede 0 uhae late

e p.ave in
condition.

The results of the underbead cracking tests are shown in
Figure 28, and other pertinent date including the yield strength are
shown in Teble 24. From Pigure 28, it appears that the aluminum
content may have a marked influence upon the Qeld crack sensitivity of
the ateel though, from other evidence, 1t appears that thig effect

depends on other factors as well, A small or medium amount of aluminum

appears to be the most detrimental, indicating tha® the aluminum should

eithgr be omitted or addsd in a large amcunt to minimize weld cracking

TLBLE 23. CHEVICAL ASALYSSS OF STELLS USED TO STUDY

THE INFLUENCE OF LALUMINGE: CCHTENT

Heat fnalyses, [er Soot e Aluminum Added,
No . ° M P 8 Si il 41 Pounds per Ton
X-23  0.20  1.25 021 22 0.27 007 %Kil o
X-24 0.28 1.% -019 J21 7 0.28 L0086 < .0C5 0.25
¥-£8  0.22  1l.24  .020 .02C  0.27  L013 << .005 0.5
Y-2¢  0.22  1.31 021 021 0.27 L0168 08¢ 1
¥-27 0.20  1.29 018 L0200 0.31 015 064 2
¥=28 0.22 1.26 018 G.20 0.27 015 0.180 5
X-"]:S 0121 1-35 0021 1050 OOET 0015 uOOS O>4:
X=48 0.2 1.%5 .03 032 0.Z8 . L0L5 »003 0.4

Acid-soluble aluminurn content,

Heats ¥-45 and X~46 are the standard composition steels.



-8 -

!

|

© STANDARD HEATS

’

C

‘{r

8

o
o

ur! e

IN3J H3d — ONINOVYD OGVIBYIANN FOVYIAV

18 .20

16

14

.12
ALUMINUM CONTENT -PER CENT

04 .06 .08.10

.02

58449

w
e
o
&)

18

UNDERBEAD WELD CRACK SENSITIVITY



¥

TARLE 24. DATA FROM HEATS MADE FOR STUDYING THE
INFLUENCE QF ALUMINTL. ADDITIONS

e

Anelvses, Yield ' finderbead

Heat Per “ent  Aluminum Added, Strength, Weld Cracking,

Noe ¢ m o Pounds per Ton psie. A
X-23 Ue2l 1425 O 47,500 6
%-24 0.25 1.36 0.25 50,880 95
X-25 0.28 1.24 _ O+5 47,750 74
X-28 De22 1.3% ' b 49,620 81
X=-27 0.20 1.29 2 48,250 57
X-28  0.22 1.26 5 48,380 17
X=45 Cs21 1.35 . 0.4 52,100 57
=48 Oe22 1.3 0.4 50,750 €0

Since the reason Tor the apparent influence of sluminum was not
obvious and the data rather limited, & second group of heats were made
to see if the ambove results could be verified. Three 450-pound induction
furnace heats were made, and esch heat was poured into two ingots, the
first ingot being cast without the use of aluminum, while the second
ingot was poured from the remainder of the healt after being deoxidized
with an addition of 0.5 pound of aluminum per ton of steel. The 6~5/8=~
inch ingots were then processed into l-inch plates by forging and
rolling in the seme manner as the first group of 32 heate.

From Table 25, it will be noted that the chemical enalyses of
these six ingots are quite similar with the exception of the mangenese
content, which varies from 1.13 per cent to 1.40 per cent and, therefore,
mast be taken into consideration.

The data from the creck-sensitivity tests in Figure 29 coufirm
the previous results since they definitely show thet the crack gensitive
ity was increased to a marked extent by the addition of 1/2 pound of

aluminum per ton as compared to a similar steel with ne aluminum. The
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MICAL ANALYST

il Alaki ALRLVdE Aok i

OF SPLIT HEATS MADE TO
TUDY THE EFFECT OF ALUMINUM

avilias R

F

Heat  Ingot
No., No. G kin P S Si T1 fi1%

X-zg 1 0021 1.]6 9023 ¢02/+ 0'20 I008 Nil
1-29-L 2 0,21 1,13 .019 .025% 0,17 008 ,005

X-21 1 0.22 1.28 023 ,O27 0.26 008 Nil
{-31-L 2 0.21 1.25 ,023 .026 0.24 .006 005

X=33 1 0.21 1,40 .022 025 0.26 0C9 Wil
X“B:’}‘j‘, 2 Oi-?.,l 1;40 =022 =024 Os 24 9007 .005

* feoidesoluble aluminum content.
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influence of mangancse content is also well illustrated in the above

figure.

Infiluence of Chemical Analvsis Upon the
Hotched-Bar Immact Strength

The effects of the wvarious elements included in this study upon
the notched-bar impact strength (Charpy V-Noteh cut parallel with plate
surface) when tested at 75°F, are shown in Figurcs 30 to 36, inclusiv§(25)
These figures illustrate how the notched-bar impact strength of the hot-
rolled plate decreases as the carbon, silicon, molybdenum, vanadium, and
chromium contents are increased,

In the case of manganese and titanium, the scaiicr band is rather

wide, and the data do not apvear to follow a definite pattern, so it is

difficult to draw any conclusion from the data other than that these

clements do nat appear to be especially detrimental in the range investigated,

In reviewing the notehcd-bar propertics of th.se steels, it
appears that the notched-bar impact strength of the standard heats,
Heats X~45 and X=46, is higher than night be oxpected, being especially
noticeable in Figures 3%, 33, and 35, The reason for this apprarent dis-
crepancy is not obvious since it can not be explained on the bagis of
chemical analysis and the othsr properties are in the expected range with
the exception that the yield strenpth appcars slightly high, It might be
pointed out that the standard heats werc made at a different time thean
the remainder of the hests in this study and some slight difference in

processing might aceount for the high impact strength,
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fhen tegieq at room temperature, the aluminum content had 1ittle
influence upon the noteledebap strength, 7The exXpected effect, however,
was Found when tested ot lowep temperatures, the intermediate aluminum
contentg producing the highesgt, notched-kanr strength at ~40%, as showil in

Figure 37,

thimuquhémical‘Analxsis

From this study of the influence of carbon, hanganese, silicon,
chromium, molybdenum, varadium, titanium and aluminum contents upon the
behavior of 4 low=alley high-tensile strength hot-rolieq steel, it ig obvious
that both the carrton and manganese Contents, €specinlly the carbon, must
be carefully limited in order to minimize the underbead eracking, Wit}
fhe carbon and manganese contents lowéred +o obtain the degired Wéluability,
the required yield strength mist pe obtained by the addition of such alloys

as mclybdenum op vanadiur whiclh o not inecresge the underkead cracking.

L9W~Carbcn—Manfqpesewvanadium Steels with no Aluminum

Since the addition of small Or medium amounts of aluwninum was
found to increase the Susceptibility 4o underbead cracking, the aluminum
may be omitted(eé), In order 4o busure zound ingots, the silicon coutent
should then pe not less than about 0,25 per cont,

Ir order to determine the Paysieal pProperties and the &CCopany -
ing level of underkead cracking that couid be obtained by the above
approach; a series off four laboratory induetion furnace heatg were made
aiming at the Yollowing chemical analysis with vanadiug contents of (,

0.20, 0,30, ang U440 per cents
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to 14 points higher than desired but that otherwise the analwses sre in
the desired rangs. The titanium recovery wes erretic og would be
pxpected when no aluminum is used. Affter processing the heats to l-inch
plate in the same manver as the other laboratory hsats, they werc tested
in the hot-rolled condition.

TABLE 26, CHEJICAL AWALYSES OF LOW-CARBON VANADIUM
SYEELS WITH MO ALUMITUM

Heat Anelyses, Ter Oo Aluminum
0. C Mn P 3 Si T1 Y Addsed

e

872 .17 1.22 .018 =018 .28 0056 Wil Mone
X-38 0.18 1.30 017 <043 0.29 005 0.22 Yone
=39 0.l8 1.34 018 041 3 50 025 0.29 hone
X-40 0.16 1.32 012 040 0,33 025 0.9 None

The results of the underbead craciting tests and bhe yisld
strengths of these steels sre shown in Figure 38. These deta show that
the suscepbibility to underbead cracking can be reduced Lo an extremsly
low level by limiting the carbon conbtent snd omitting the aluminum while
obtaining the desired yield strength by the addition of vanadium. Ry
adding (.39 per cent venedium to & 0,16 per cent carbon steel with 1.30
per cont mongenese, snd omitting the aluminum, & yleld strenpgth of

72,000 pei. was obtalned from the l-inch het-rolled pluts which ecrucled
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only /4 per cent, indicating an extremely low tendency towards underbead cracking.

The notched-bar impunet stirength of the two low-carbon (0.16 per cent
max.) heats containing 0.22 and 0.39 per cent vanadium tested ot temperatures
ranging from n?SOF. to 210°F, using specimens notched parallel with the plate
surface is shown in Figure 39, Although aided by the relatively low carbon
content, the Charpy strength of these vonadium steels is quite low vhon tested
in the hot-rolled condition. It is obvious, however, that omitting the aluminum
in order to lower the underbend cracking is not conducive to good notched-tar

impact strength,

High«Aluminum Vanadium-Molybdenum Steels

In order to detcrmine if any advantage might be gained, cspocially in
the notched-bar impact strength, by using a large addition of aluminum and a
combination of vanadium and molybdenum as alloys to increase the strength, a
serics of four heats were made with a vanadium content of approximately 0.12
_______ [V R R N . RN T S . = -~ oM a o PNy .“(27) 'y 4 N '
per cent and the molybdenum ranging from 0.12 to 0,72 per cent ¢« DBach heat
was deoxidized with an addition of 4 pounds of aluminum per ton of steel. The
chemical analyses of thesce steels are listed in Table 27.

TABLE 27, CHEEMICAL AFALYSES OF LOW-CARBON VANADIUM-MOLYBDENUNM
HEATS MADE "ITH FOUR POUNDS OF ALUMINUM PER TON

Heat Analvses, Per Cent
No. G Jin P S S5i Vv Mo Al

X-48 0,15  1.28  ,016  .027 0.31 0.2  0.12  0.19
X-50  0.14  1.30  .020  .027  0.28  0.12  0.32  0.19
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manner previously described.

the hot~rolled plate

which display &

relatively low notched=-bar impact strensth.

~100~-
These heats werc forged and rolled into l-inch plate in the
A brief summary of the test results from
is shown in Table 28 and Figure 40.

These date

£ high
L=
very low tendency towerds underbead cracking but heve

In this case, the use of a

large sluminum sddition and the combination of vanadium and molybdenum

did not improve the Impact strength to any apprecisble extent.
TABLE 28. SUIMARY OF DATA FROM HOT-RCLLED LOW-CARBON
VENADIUM=HCLYRDENUNM HEATS HWADE WITH FOUR
POUNDS COF ALUMINUM PDR TON
Charpﬁ Tmpact
Antlyses, Yield Red. of Underbead V=ijotch, Ft-lbs.
Heat _ Per Tent Strength, Aresa, Weld Tested Tested
0. C In Mo psie a4 Cracking,?%  =40°F. T5F.
¥-48 0.18 1l.28 0,12 53,880 04,2 1 6-18 52=50
¥-50 0.14 1.3C 0.32 67,130 63.8 Q 57 33-3E
X=-52 (.15 1.31 0.4% 72,500 6C.7 1 3-8 14~19
=54 0,13 1.28 0.72 75,000 64.1 0 2ed 9~i1
Tt s bl :! 37 4'11(:-—-1;"\('1'(":,) t+oaota wews medas sn 1 =-'::\ A T e
FLR R VAN - . Py Wi LA W T Vs o Uy TIO L O LA LA ES dwllioll }JJ—U\- e e

From these results it asppsars that the combination of high yield
(70,000 psi. minimum) and notched-bar impact strengths, together with low
one-inch plate with these combinations of alloyinr elements, It is
necessary, therefore, to resort to some other scheme to obtain this

com»ination of properties,
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Hoat=Trested Plete

Sinec previous worl indicated that the crack sensitivity of hot-

rolled plate was not altered eppreeiably by quenching and tempering, the
use of such a heat treatment eppeared to be a practical methnd Tor

improving the notched-bar impact strength end still retaining the othar

desired properties.

Carbon=Manganese Steel

Tn-ordoer to obtuain more inforiction, sspecially abogt the wolding
charecteristics of quenched and ten e 7
cormereinl heat with 0.18 per cent carbon and 1.25 per coent mengeansse
(Steel Wo. 30) was water guenched from 1650°F. after being at temperature
for one hour, followed by tempering at 1000°F. for one hour(ga); The
chemicalvqnalysis; t@ngile stréncth, and notched~bar impect properties of
Steel Wo. 30 are showr in Table 29. Ths tonsile tests show that the
abeve heot trestment developed a yisld strength of‘90,000 psi. aﬂd &
notchoed-bar in@adf gtrength of 18 to 0 foot-pounﬁs Charpy (V-notch
specimen) &t —52°f. as compared with only 7 to 21 foot-pounds for.the
hot-rollcd steel tested under similar conditions. Thc‘underbend:cracking
tests showed that the gquenched and tempered steel cracked 38 per cent
ag cémpared with 28 per cent for the hobt-rolled plute. This differsnce
ig insipnificaat in view of fhulgain in tensile sfrength.

From the above results, it 1s obvious that the underboad cracking
could be roduced and the notched-bar impect strength further improved by
lowering both the cerbon and menganese contonts and still retaining » hizh

75,000 psi

b b +o B85.000 »nsi. vi
Uyl ps L0 G2 I psl

p=
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TABLE 29, CHEMICAL ANATYSIS AND PHYSICAL PROFERITIES OF
HOT-RCLLED AVD QUENCHED AND TEMPERED ONE-INCH
PLATE FRO# STEEL NG. 30

g

Steel Chemical Com;géitiOH, Per Ceint
o, C n P S _Si Ti . v Al
30 0.18 1.25 .023 026 0.28 .007 004 016

Tensile Properties

7 Elong. Red. of Yield Tensile

Steel in 2%, Area, Strength, Strength,

Mo, Condition of Piate %_ % psi, nsi,
30 Hot-rolled 34,6 649 50,350 76,150
30 Quenched & tempered 23.4 62.8 90,880 108,200

Notched-Bar Impact Strength, fi-lbs.*

Steel Testing Temperature, Degsrecs F,

Ho. _Condition of Plate -3/ =32 /s 33 76 -
30 Hot-rolled 6 11 25 31 79

n y i 6 21 26 52 57

it " L 6 7 26 52 76

4 W n 5 18 2/ 75 58

30 Quenched & Tempered 7 22 64, 82 71

i 1! 1 n g 25 70 76 67

n 1] H 1 12 18 40 v 67

" " n " .12 30. 38 6, 75

*(Charpy specimens with Izod V-type notch. )

Note: Chemical analysis and tensile properties of hot-rolled plate from
Tables 2 and 4, respectively.
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results of lowering the carbon and mangansse, a commerciael plate steel was
tested having a carbon content of 0,15 per cent and 0,79 per ceunt menganese,
the steel being supplied by the producer in the form of 3/4-ineh quenched and
tempered plate(eo). The chemical analysis, heat treatment, and tensile proper-

ties are shown in Table 30. It will be noted that the yield strength is in
excess of 80,000 psi.
TABLE 30, CHEMICAL ANALYSIS, TENSILE PROPERTIES, AND HEAT

TREATHENT OF QUENCHED AFD TEMPERED 3/4-INCH
COMMERCTIAL PLATE

Steel Chemical Analysis, Per Cent
No. C Mn P S Si o Cr _Ir AL%

2/ 0.15 0.79 ,024 .032 0.73 0.16 0,61 014 .033
* {Acid-soluble aluminum contont)

Tensile Pronefties of Heat~Trested Plate*

Elong. Red, of Yield Tensile
Stecl in 2%, Arca, Strength, Strength,
No. % % psi . _pei.
24 21,3 64,0 €3,300 101,000

*(The plate was water quenched from 1650°F. and tempered
for one “our at 1200°F.)

showed no evidence of underbead eracking. This might be expected as a result
of the low carben and manganese contents, while the high silicon or the small
amounts of molybdenum, chromium, and zirconium would not be considered as

detrimental .,
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The results of notched-bar impact tests broken at temderatures
ranging from =75°F. to 212°F, are shown in Figure 41. These rosults
were obtained from longitudipnal Charpy spocimens with an Ized V-notoh
cut pern

he notched-

R 2 ey RN TIO LG

2ihe

impret strength wes between 15 and 21 foot-pounds, and when tested b
'~40°F. wag between 21 end 25 foot-pounds. Trese results can be con-
gsidered satisfactory notch-bﬁf propeftiés;' The indications aru; however,
that better impzet strongth might be obtéined fr§m £his stecl since some

Perrite wag Ffound in the miecrostrueture. Tests showed that the fuerrite

was the result of incomplste austenitizing previous %o quenchinga

Joint Efficicney of Feldad Heat-Treated Plate

Jhile high strength caﬁlbé obtained from the cuenched and
tempersd plate, the question arises concerning the influence of the heat-
effected zone upon the sfrgngth of th&lﬁlalé following ﬁelding. Td
endwer this cuestion, tests were mads to determins the tersile efficiency
of welded butt Jolnts in quenched and teompered plate. For this purposs,
two cormercial stoels were used; Steel Wo. 24, which was previously
described in Table %0, and Steel Yoo 40, a mongansse-molybdenum stocl,

In this case, both stecls were wuter queﬁched From 1600°#. and tempored
st 1200°F.

The welds werc made with 3/16-inch high-strength lime-coated
electrodes (approximately on k 9015). ®ach sidc of the double-V joint
weng welded in four passes es 1llustrated in VFigure 42, the tomperaturc
of the plate being ellowed to drop to 200°F. between cach pass. Tgnsile

hers 1-1/2 inches wide were preparsd as indicated in Fi ure 42,
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/TENSILE SPECIMEN
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The date obtained from thesc tests are shown in Table 31.

TABLE 31. DATA FROU JOTHT EFRICIENCY TEST

Stecl CJhemical Compesition, Per Cent Stf@rgth
o 3 Bn 51 Mo  fr - W1 Degeription of Specimen psi.
24 0,15 0,79 0.73 0.16 0,62 0.14 3/4" plate -~ not welded 79,600
24 3/4% plate ~ welded re-

infercement intact 78,500
24 ' - 5/4" plate - weld beads

machinsd flush 78,400
40 0,14 1.24 0.24 0.43 1" plate ~ not welded 86,600
40 I" plate - wolded re-

inforcement intact 82,800
40 1" plate -~ weld bheads

machined flush 84,100

e r— e P L PP =

Note: The fracture in all the specimcus from Steel 24
T e 24 -rﬂnuu flan P

Am e
L TO & incned Irom T

(JCL()
pvl

: n Jtecl 40
tures wore oll zporoximetely =172 inchus

outside the weld.
Trhe dats in Table 31 indicate that the strongth of the weld end

heat-alfected zone is cquivalent to that of the base plate.

ﬁ..\.,\ ....... Trig The 57 PR SN T S T B 'r'“
LU b.LJ‘DJ.\/.(.LD L;UJLL;L.[ iy ”i') LIl ouleCLLON Ol LUN""}&J..I.O:‘,? H1 L 1=
Tensile-Strongth Steels for Jelded Construction

£ study of the influence of carbon, manganese, silicon, molybdenum,
venadilun, chromium, titanium, and alumimam showed that increeses in carbon
and manzeness content, especielly carbon, were sccompanied by a marksd
inecrease in ander-bead eraciin.: | The addition of silicon
or chromium up to approximeétely 1.0 per cunt had little effect upon under-

bead erecking but wes of little valus since the yield strungth of the
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het-relled shtecl wag not incressed spprecisbly. The addition of titanium
up to appreximetely .04 per cent beheved in & similer manner.
The uge of vanadium and melybdenum was found to increasc the yield

strongth to o marbed extent with ne sienificont incrcase in under

L JEE Y

o
T

ey

A

cracking.

The use of small or medium amoints of aluminum for deoxidetion
in the steelmalring practice wes found to be guite detrimental with respect
to underbead crecking; the cracking being reduced substantially by either

omitting the aluminum or hy using large additions, such ng 4 pounds per

By limiting the carbon mnd monganese contents to 0.13/0.15 and

1.30 par cent, regpoctivel and &dding avproximately .12 vensdium and
E I ¥ 3 &3 Y

a yiuvid strength in excess of 70,000 psi. could be obdsined from l-inch
hot~rollied plate with en extroemely low Lendency towards underbvesd crack~
ing. ?hg netehed=-bar impaot strgng?h of this stecl, howevir, was
rolatively low regardloss of the eluminum content.

It was found that both high vield strength and notch~bar toughness,
accompanicd by low underbeed cracking, could be obtained from quenched and
tempired plate mide from stesl with limited cerbon end mangenese contents.
Thé Joint efficiency of this heab-treated plate whoen butt welded with =

high-~strenzth electrods way practically 100 per cent,
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Subjects for Additienal Investigation

In the course of this investigation, a number of observations
have been made which appear to be pertinent with respect to a better
understanding of the response of steel to the metal-arc welding cycle
but will require more study in order to destermine their full significance.
Since. these subjects should be appropriate items for future investigation,

those which appear to be most promising will he discussed briefly.

Influence of Cooling Rate and Electrode Size

.Since it has been well established that preheat temperatures of
about 400°F. or higher, such as frequently used for the welding of the
more hardeuable steels, will normally eliminate underbead cracking, it
was generally assumed that the cracking became progressively worse as
the initial temperature was decreased. The evidence obtained in the
ccurse of this investigetion now indicates that this is nobalways the cise
since increasing the initial temperature cof the crack sensitivity
specimens from C°F. to 120°F. resulted in slightly more cracking in most
of the HTS steels(ﬁz). It was aiso noted thét increasing the electrode
size from,I/B-to S/iﬁ-inch increased the cracking in these tests(za).

It is not known, however, in this latter case, whether this increase in
cracking was the result of the slower cooling rate or higher stresses
caused by the larger area heated., This effect of the initial or preheat
temperature has been found to be even more pronounced in some of the

higher strength steels. These results are significant, because they

indicate that the most drastic cooling rates are not necessarily the most
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detrinentel but that there are certain intsrmediate rates which may

produce the maximum cracking an

which appear to vary with the type of

jo

steel.

In the case of some high-cerbon sveels, it is well known thet
the most drastic quenching dees not retain the most sustenite, but that
an intermediate rate, such as the o0il quenching of tool steel, retains
more aushtenite than wster quenchin:. There may pe a similar situation
in the case of welding, the slower cooling rate resulting from the
higher initial temperzture may cause the retention of more austenite
which tremsforms at or nesr room temperature.

- There 1s an obvicus need for more informetion concerning the
~eustenite transformation in the various types of low snd medium-ctrbon

steels, particularly the behavior of the last 4 or & prer cent of
sustenite, which apparently decomposes at consient temperature durinz the
" Pirst 24 to 48 hours after welding. This information would do much

towards expleining the mecharism of underbesd cracking and thereby aid
SR e

in providing means for overcomi

this difficulty.

Response of Hteel to Repid Ieating

4 study of the microstructurg under the weld bead on the crack-
sensitivity tests revesled &« good correlation between the depth of the
gone 00 complete transformation, when expressed as per cent of the Lotal
depth of the aifected zone, ﬁndlthgzcrapk sensitivity of the steel(§3).
£t vinst, this eppeers to be an indicetion of hardenability, hut thig did
not provg to be the casse, &s hardenability determined by the conventional
manner did not correlate well with underbead creecicing. This relationship

of thz heat-affecied structire ond crucxine appsars to indicete »
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pronounced difference in the response of various Lots of HTS steels to
the rapid thermal c¢ycle developed during welding, which cannot be
explainegd from the informetion now aveilalble.

It was also shown in this investigation that the aluminum
content of the steel hasg a strong influence upon underbead cracking,
small or medium amﬁunts being guite detrimental{sb), Jhile the reasons
for this are not known, it may be that aluminum is one of the factors
which influence the rate of thermasl resnonse of the steel. Thermal
response during heating is the rate at which complete austenitization
takes plece and, more vartieunlarly, the rate of dissolution of csrbides.

In studying the rate of responss, i£ is suggested that the
gffect of the type, size, and distripution of the curbides sheuld be
investigsted together with the influence of alloy banding or segregation.
The influence of theso factors can be studied by means of the rapld
dilatometer teochnigue in which the specimens are rapidly hested followed
immediatuly by & controlled cooling oycle which will indicate the menner
in which the stecl responded during hsating.

An understending of the factors affecting the rete ol response

of steel te the thermael cycle developed during welding could lead o a

broadening of the field of readily weldnble steels.

Cracks in the Jeld Deposited Metal

ihile developine the craokmsensitivity test, vertical cracks were
froguently found in the weld-deposited mectal when the single bead weld
specimens wure sechtioned 10ngitudinallyé55>. As far ss could be
determined, these cracks did not extend To the surface of the weld hesd,

but occasionelly they did oross the fusion zone and Jjoin the underbead
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A% firgt it was thought thet the chisf ceuse of these vertical
crecks might he the very rapid cooling resulting from using en initial
specimen temperature of Q0°F. It was later found, however, that theso
cracks occeurr<ed in about the same number when the initial specimen
tenmperature wes raissd to 60°F.

Metallographic examination of these vertical oracks showed that
they were interdendritic in ths columnar structure of the weld metal
indicabting that they may be shrinkage or hot cracks. Since in most
weldability studles the beeds are sectloned transversely, it appsars
thet the presence o7 thess vertical cracks which lie in a plane
perpendicular to the axis of the weld bead, would not be exposed.

| Since the scope of this investigation was limited to & study of
the base metal, thc-cause of the vertical weld-metal cracks was not
investirated., Tt is.suggestcd that this type of cracking should be
studicd because its oresence in test specimens may induce failure and
cauge erroneous evaluation of the ductility of the heat-affected parent
metal, or of the weld metal itself. Likewise, the presence of such

crecks in welded structures sould lead to dissstrous feilures.

Notched-Bar Impect Properties of Pluate

In studying the notched-bar impact propertics of the plate steels

3

in this investigation, a marked differcnce was noted in the longitudinal
and tramsverse charactoristics which became more pronouncced s tho
aluminam content was increcsed to 0ZO0 per cont. In no case did the

trangverse tests indicate o transition zonc when tusted in thu renge of

-80°F. to 210°F., although the longitudinal specimens from a part of
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these stecls showed a definite transition zone when apparently similar

(36},

hests did not The ressons for these differences in beheavier are

not known. There is also evidence %o indicate that homogenizing some
heats increascd the notched~bar impact strength to en avpreciable

extent, while in the cese of other heats there were no benificial ¢ffocts.

From the above it is evident that more fundamental work is needed in

this field.

CLSsH IR : AL#//abn

September 23, 1948
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