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SUMNARY

The purpose of this investigation, which concerns high-tensile

plate steel (HTS type) used in the constructionof welded ship hulls, was

twofold, the first @rt being an inve.stl~ation of the meta~wgical qualfi,:

with special attention being given to those factors which might influence

the welding characteristics and the performance of the welded structure,

The second part of the project covers the development of higher strength

steels suitable for welded structures.

Since it was decided that the welding characteristics of the WYS

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 quantitatively the weld crack sensitivity.

test was developed for this purpose.

A study of twenty commercial HTS type steels

general, the steels wi~h higher chemical composition

A single-bead weld

showed that, in

were the mo s’c

susceptible to underbead cracking, but frequently the variations in crack

sensitivity found in different lots of steel could not be accounted for

on the basi~ of chemical analysis, hardness of the heat-affected zone,

hardenability, or the other properties commonly determined.

Further study of these commercial steels showed.that thermal

processing had a pronounced iufluence upon the underbead cracking or

crack sensitivity, the sensitivity being increased by annealing and

decreased by homogenizing. In the case of similar chemical compositions,

the level of crack sensitivity was found to lll~reasewith

the degree of micro segregation. }~omogenizing treatments, therefore,

which decreased the extent of micro segregation, lowered the crack

sensitivity, while an~.ealiqg,which produced pearlite bands superimposed

upon the alloy bands, increased the underbead cracking.

Although the crack sensitivity of plate can be reduced to a

marked degree by homogenizing at 2350°F. for a relatively short period,

such a treatment is not commercially feasible because of the excessive

scaling and warping that would occur to the finished product. Homogeniz-

ing the slabs prior to rolling into plate was found to be impractical

because of the excessive time required.

A.good correlation was found between the crack sensitivity s.ndthe

depth of complete transformation in the heat-affected zone when expressed

as per cent of the total depth of the affected zone under the weld bead.
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The steels with relatively deep zones of complete transformation were

the”most crack sensitive. This correlation was not found when using the

standard hardenability tsst, indicating that the rate of response of the

steel to’t’he”rapid thermal cycle developed during welding is 8 factor.

,,
Of the three’types of HTS steels, the vanadium-containing steels

displayed the best combination of”high yield ‘strength end low underbead

cracking.” A combination of low c“arbonand moderate manganese contents,

together with hig!laluminum and a fine microstructure, was found to “be

conducive to high notched-bar impact strengtin. While increased aluminum

content was found to lower the temperature of the transition zone, as

would be expected, iluminum additions up to one pound per ton were found

to be pro~ressively detrimental to the tensile properties normal to the

plate surface.

In the second part of this projtct in which the influence of

chemical composition was investigated, covering a much wider range than

found in the commercial IiTS steels, it was” found that increases irlcarbon

and manganese contents, especially carbon, resulted in marked increzses

in t}~ecrack sensitivity.

~.dditions of silicon or chromium up to approximately 1.0 per cent

had little effect upon underbead cracking but were not attractim because

the yield strength OS the hot-rolled steel was not increased appreciably.

Additions of titanim up to .04 per cent behaved in a similar manner.

Vanadium and molybdenum were found to be the most promi sin.{;

alloy additicns since they were quite effective in increasin~ the yield

strenCtn of tkm hot-rolled steel with no significant increase in under-

bead cracking.
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The use of small or medium mounts of aluminum. for deoxidizing

the sieel was found to be quite detrimental with respect to underbead

c.rac.king,the cracking “being reduced substantially by either omitiin~

the aluminum or by using large additions, such as four pounds per ton..

By limiting the carbon and manganese contents to O .13/().15and

1.30 per cer,t,respectively, and adding approximately 0.12 vanadium s.nd

0.50 per cent molybdenum to increase the strength, it was found tk,uta

yield strength in excess of 70,000 psi. could be obtained from l-inch

hot-rolled plate accompanied with an extremely low tendency towards

unclerbead cracking . The notched-bar impact strength of this type of

steel, however, was relatively low regardless of the alumintun eonteit.

II?order to obtain high yield. strength and notch-bar toughness,

together with low underbead cracking, it was found necessary to resort

to quenched and tempered plate made from steel with limited carbon and

manganese contemts. By using a high-strength electrode, a joint

~ffioiency Of practically 100 per cent could be developed in butt welds

made in the heat-treated plate,
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INTF.OIYJCTION

The earlier part of this investigation was conducted under’ the

auspices of the OSRD (ContractNo. OElkr-1331)f.’0rthe PurPO~eOf

investi.gating the metallurgical quality of high-tensile steels used in

the construction of welded ship hulls. The principal assignment -v.’asto

determine and to study those factors that would influence the welding

characteristics of the plate and the performance of the welded structure.

‘Thiswork was supplemented by a study of the welding quality which was

conducted by L;high University (OSRD Contract NO. OEMsr 1“323). The 0S1?D

contract was terminated on August 31, 1945, but the work on the pro,ject

wes continued under the Bureau of Ships, U. S.N., Contract No. NObs 31219.

This report is a summary of’the work conducted under these two contracts.

“The work carried out under the OSRb contract was limited to a

study of HTS killed carbon-manganese steels which had been treated wit?l

titanium or vanadium or both. This part of the program consisted of

two parts, one being rIstudy of the steelmaking practices used by the

vario,usmills makinE this grade of steel, and the influence of these

different practices upon thi behavior of the steel. ‘Thes econd part

was a study of botiilsatisfactory aridrejected plate from the shipmr:~.~;.

“-,llilewide differences were found in the steelmaking practices

used in the different steeS mills, the effects appaared to be insignifi-

cant with tho exception of ‘thedeoxidation procedure.

In this investigation, the “’st&elswere evaluated on the basis

of their tensile properties, espeo”ially ~he yield strength”,notched-bar

inpact strength, and the weldability as determined by the susceptibility
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to Gold

type of

cracking in the heat-affected zofieunder ths weld bead. For the

construction for which this grade Of steel is used, any sound

steelmade in accordance with accepted steel.mal:in~ practice displays

sufficient, str,en.gtk].and ductility in tho huat-affecte d ZOF.C to per.!’or:n

its rmrmal functions satisfactorily, provided there are no defects, such

as weld oracks, present to act as stress raisers and prevent the inherent

ductility from bei.mg realized. This line of thought has been givcm

addibi.onal support by the recent vmr:; o.fSachs (1), which showed that the

poorest ductility in the heat- affectc;d zone occurs in the area wF,ich is

onl,ypartly transI”ormed. It is significant to note, however, that

failures do not originate in this partially trc.nsformed area of poor

ductility, but start in the harder zone adjacent to the weld deposited

metal. This indicates that the fail~.u’esare initiated by the cracks

which mm;.form at the timu of welding in tinehard heat-affected z,one,and

not becatise of the lack of ductility. It is ob~ious, therefore, that the

prir~cipa.1criterion of weldability for this grade of steel is that i.tbe

capable of being welded without underbead cracking by methods normally

used in production, w!7ic.hexcludes the l.~s~,oif-preheat in this co.se. For

this reason, considerable effort was expended in t!ledevelopment of a

test which would determine the cracking propensities of steel pi,:.te.

IIIstudying the steels from “both the mills and ,shipyards, a

marked differonce was found in their inherent tendencie 8 towards ufl{ler-

bead cracking mhich freql~ently couli not be exple.ined on t~,ebasis of

chemical analysis, hardena”bility, or the hardness o.fthe h~,at-affcc.ted

zone. It w~.s subsequently fo,undthat +;hernal

structure h~~.dG pronounced influence upon th~

processingandt.he

crackSellSitiVit.y.

nicrO-
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I%e second part of this ir!vestigation, which was conducted under

the sponsorship of the 13. S. Na~ Bureau of Ships, deals largely with

the effects of thermal processing aud the influence of the various

elements, including the common alloys, upon underbead crackin~ 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 preheat.

Underbead Cracking Test—.

Since it was decided to evaluate the welding characteristics of

the steel largely on the basis of underbead cracking, it was first

necessary to develop a weld test which would determine quantitatively

the weld crack sensitivity. Obviously, it was necessary to make the

welding conditions sufficiently drastic that even the less sensitive

steels would be cracked to a slight extent.

(After considerable work 2), a single-bead crs.ekingtest was

developed which was made by depositing a bead 1-1/2 inches long in a

groove 1/16 j.nchdeep by 1,/2inch wide cut in a 2 by 3 b!~l-inch specimen

as shorn in FiEure 1. The use of the groove was the only departlwe from

the original procedure and was used to eliminate the possible effect of

surface decarburization. The bead was deposited from a l/8-inch class

E6010-type electrode being J.C. reverse polarity

(electrode positive) , and a power input cf 100 amperes at 24 to 26 VO].tS

with a travel speed of 10 inches per minute. Prior to welding, the
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56902

Figure1. Weld specimen for single-bead crack-sensitivity test,
showing longitudinal section used to expose underbead.

cracks.
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specimens were storedat ()”F., and duringweldingand for ten s~,r.cn+.s

afterwardswere partiallyimmersedin a liquidbath at O“F.unless

otherwisestated. Followingremovalfromthe bath,the specimenswere

held for 24 hoursat 60”F. and then temperedat 11OO”F’.for one hour.

After sectioningand polishing,the specimenswere magnafluxedto show

the cracks,as shownin Figure2, and the total length of the cracks in

any one specimen was determined and expressed as a percenta~e of the

bead length.

Experience showed that using the above welding conditions would

produce up to about 80 per cent crmcking in the most sensitive commercial

HTS plate steels while only a very few of the least sensitive showed no

evidence of cracking. This indicated that the test had sufficient

lat,itude to cover the range of craokin~,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 specimcms was found to be reproducible with-

in about 5 to 10 per cfmt.

Study of Commercial17~SSteels

The investigation of the steel was started by making a study of

20 commercial HTS heats most of which were 7/8- or l-inch tnick plate and

all h the hot-rolled condition. These steels were divided intc ho

groups; the first group, Heats 1 to 13, inclusive, and 1?, 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, and subsequent

process in; was observed in order to compare the steelmhking practices
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36306

FiTure 2. I.,JnCitudinal section of:weld specimen showing
unciorbead crack.



used by the different mills

of the plate(3). ;hile the
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and to determine the effect upon the behavior

details of the’steelmakirig and processing

varied wide l>,in the clifferent plants, th,eonly significant factor

appeared to be the diff’,ar.sncein the deoxi,dation practice. The most

marked difference, was in the amount of aluminumused,which rangedfrom
,,.’

0.38 poundper tog.to 1.13poundsper ton. The influenceof this

factorwill be discussedlater. ..

The seccnd.groupof,steels,Steels30 to 39, inclusive,were
.:

obtainedfrom the,variousshipyards,part oi’whichhad been re,jected.

[Unfortunately,however,the,reasonfor rejectidnin most cases could

not ,be definitely established (4).

In studying these two groups of steels, the following Outline

WaS foll,owed:

1.

3.

4.

5.

6.
,:

7.

Chemical

content.

snalys,is including residual .alloy.s,and the aluminum

Tensile properties both longitudinal and transverse, and the

properties ,normal to the surface on selected heats.

Notched-bar impact strength

transverse specimens in the

80”F. to 200”F.

‘Jnderbead crack sensitivity

yield test.

End-quenched hardenability.

using both longitudinal and

temperature range. of about

as determined by the single-bead

~ficrostructure of the hot-rolled plate.

Study of the microstructure of the heat-affected zone under

,the,weld bead.
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Chemical Analysis

The chemical analyses of the two groups of steels are shown in

Tables 1 and 2. From Table 1 it will be noted that the carbon contents

oi’the steel received from the mills all fell within a very narrow range,

0..14per cent to 0.17 per cent,with the exceptionof one heat (Heat13)

whichwas 0.19per cent. In most casea, the manganese ranged from 1.11

to 1.?9 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 residual alloys, nickel, chromium,

molybdera).m,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 is 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 ?f aluminum as will be shown later.

The chemical ana Iyses of the steels from the shipyards are similar

to those from the mills with the exception that some have appreciably

higher carbon and manganese contents which undoubtedly explains why they

were rejected.

Tensile Properties

The tensile properties were determined in both the longitudinal

and transverse directions with respect to the final direction of rolling

us ing a standard O.505-inch threaded-end type of specimen. The data

shown in Tables 3 and 4 are the averages of the results “fromimo test

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

about 41,000 psi. to about 54,000 psi. , and the tensile strength from
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TABLE 1. UJEC3 ANALYSES OF ALL TRE IiENIS OBTAINED FROM
FIVE STEEL PROIXICERS, GROUP 1

., _— —--:.—
Heat ;,)zlalysssi}Jer~ep.t——
No. c

—.
Mn P .s Si Ti Cl-1 Ni Mo &=------v+ .—

2-b

3

4

5

6-in

:. ,7

‘9

10

11

12

13

17

+15 1.29 .023

.16 1.23 ..030

.15 1.16 .032

.15 1.28 .024

.14 1.16 .021

.15 l.lT’.O35

.17 1.27 .020

.17 .81 “.013

.1’7 l-.l’7 .01’7

.17 1.11 .021

.19 .98 .011

.15 .98 .014

.020 .29 “.014 .10 .06 ;o14 .05

.032 .21 ‘.016 .007 .02 .006 .03

.040 .20 .010 .23 .11 .014 .03

.021 .28 .009 ‘.24 .15 .040 .05

.024 .27 ‘.015 ‘.03 .14 .019 .04

.028 .28 .005 ‘.13 .13 .026 .14

‘.026 .34 ‘.011” .06 .18 .“033 .03

.023 .2i nil .05 “.03 .004 .03

‘.017‘ .29 .011 ‘.35 .16 .018 .05

.025 .26 .009 .12 .16 .022 .04

.027 .22 .015 .03 .03 .005 .C7

.019 .21 .016 .14 .09 .014 .07

.002

.003

.003

.003

.031

.032

.023

.068

.045

.030

.050

.027

.015

.012

.007

.006

.005

nil

.012

.002

.020

.004

.012

.010

— _ ——

* Acid-solublealuminumcontent
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TABLE 2. CHECK ANALYSES C~FSTEELG OBTAINED FRON SHIPYARDS,
wu:)u.P2

steel i.nal~;ses, i>erCemt

No. c ],~n P s Si Ti Cu Ni 110 Cr V
*1*

——, - .—— —. —.— ———.—

30 .18 1,25 .,023 .026 .28 .007 .19 .14 .C20 .05 .004 ,016

31 .1,9 1.38 .023 .026 .30 .010 .19 .14 .031 .05 .004 .010

32 .17 1.44 .025 .020 .2s .009 .36 .22 .034 .07 >007 .015

33 .16 1:2’7 .020 .023 .30 .005 .22 .12 .018 .07 .003 ,004

34 .23 1.53 .016 .022 .24 .008 .15 .21 .oq3 .15 .003 .013

35 .+7 1.19 .023 .026 .25 ni1 .26 .23 .01s .10 .080 .006

36 .19 1.59 .023 .022 .31 .012 .16 .10 .040 .07 .003 .009

37+ .16 1.21 .017 .033 .28 nil .07 .01 .030 .03 .120 .020

38 .17 1.50 .029 .01S .32 .013 .14 .09 .011 .02 nil .017

— ___ ——

Note: * Acid- soluble aluminum content,

+ Heat 37 used for control steel in making weld cracic-
sensitivity tests.
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Elong. Reu. of Yield
Heat Test

Tensile
in 2 in.,

No. .
Area, Strength, Strength,

Direction ~ d,/0 psi. psi.

2-!3, Long.
!1

29.0
23.2

34.9 ‘“’
34.3

34.3
28.6

35.7
32.8

35.5
31.6

34.9
31.0

32.2
28.2

31.8
29.5

33.1
29.7 ‘

32.5

30.9

3! ..,5
30.0

34.4
31.5

61.4
58.3

71.2
60.2

64.4

57.7

65.7
62.8

71.6
59.8

72.2
61.7

70.s
52.6

67.2
62.9

72.1
57.7

70.6

61.1

67.3
53.2’””””’

69.6
59.3

44,125
43,000

73,900
75,100Tran=.

3
!,

4
!1

Long.
Trans.

41,250
41,750

67,550
67,950

43,380
4,2,000

71,000
72,300

,Long.
Trans.

5
!1

6-m
II

7
,!

9
11

10
,,

11
,,

12
,,

13
!!

.Long.
Trans.

43,750
45,500

72,100
72,000

48,13C
48,630

Long.
Trans.

73,750
74,310

Long .
Trans.

45,630
46,250

73,200
72,800

Long .
.Trar~.s.

51,500
.52,100

82,100
82,000

50,000
48,850

75,600
75,000

Long.
Trans.

Long.
Trans.

53,250
54,000

77,000
76,’750

Long.
Trans.

53,100
54,750

78,350
78,000

Long ●

Trarls.

Long.,
Trans.

44,750
43,000

73,400
72,250

. 17
,,

42,810
40,630

72,880
72,630

Note: [;] The above results are the average of two tests.
Standard O.505-inch threaded-end test specimen used to
obtain the above data.

(3) Yield stren~th determined from the load at 0.2 per cent
elongation.
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TABLE4. SUMMARYOF TEXSII.EPROPERTIESCF STEELS. ,.
OBTAIITEDFROM SHIPYAl?DS

_—...— .. .. ———.— —

Elong. Red. of

Steel

,Yield Tensile

Test in2 in. , Area, Stren&th, Strength,
1:0. Direction ti/

(~ Z psi. psi....—

30 Long. : 34.6 64.9 50,350 76,150
11 Trans. 33.4 63.5 49,250 76,650

31 Long. ‘ 33.0 67.1 50,500
,!

79,600

Trans. 30.6 61.2 47.,875 79,35@

32 Long. 32.5 66.3 50,250 83,500
!! Trans. 29.4 53.9 53,130 83,600

33 Long . 34,7 70.5 47,130
f,

74,850

Trans. 35.6 70.5 47,250 74,800

34 Long. 32.2 71.2 “ 50,630 85,280
II Trans. 2s.0 60.2 50,880 85,600

35 Long. 30.4 67.6 53,000 82,350
1! Trans. 26.5 59.6 53,000 82,000

36 Long. 33.5 65.4 46,250 76,550
!1 Trans. 31.8 59,6 46,000 75,8CJ0

37 Long. 29.2 67.9 57,000 83,500
!1 Trans. 24.4 50.0 57,500 84,880

558 Long. 33.8 72.6 50,630 79,000
t! Trans. 28.4 58.0 50,000 79,000

—-——.=

Note: (1) The
Was

(2) The

standard 0.505-inch threaded type of test specimen

used to obtain the above tensile data.
above values are the average of two tests.
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67,500 psi. to 62,000 psi. The reductio!l in area of

specimens ran f’ro!nabout 61 per cent to 72 per cent,

the lon~it,,iinal

while the transverse

specimens frequently indicated slightly less ductility than the

longitudinal tests .

The plate from the shipyards had a higher average yield :Ind

tensile strength than the steels in Group I, the yield strength ranging

f’rcm46,000 psi. to 53,000 psi. and the ultimate strength from about

75,00~ psi. to 85,000psi. The reduction in area in the longitudinal

specimens fell between 66 and 70 per cent with the transverse specimens

frequently having slightly less ductility.

The most significant information obtai~.ed from the study of the

tensile properties was the marked influence of mnadium upon the yield

strength of these hot-ro].led steels as illustrated in Figure 3. In tnis

plot,which shows the relationship of the yield strength to the carbon

equivalent (C+ ~~n/6), it will be noted that the vanadinn and vanadium-

(5)
titanium steels may be divided from the titanium steels by the line AB.

Of these two groups, the vanadium and vanadium-titanium steels have the

lower carbon equivalent, but also have the highest yield strength. This

illustrates the advantage obtained in atren~th by the addition o.fa small

rmou.ntof vanadium.

Tensile Properties Normal to the ‘?lateSurface

Since structures in welded ship construction are frequently

encountered in which the tensile properties of the plate normal

rolled surface are vitally important, a study of the properties

third direction was made.

to the

in this
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Duplicate tensile specimer,o were prepared by welding and

machining 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, rind7.

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(AfSEIOOIO) electrodes. The first pass was made with a . 32-inch‘/

electrode and reverse polarity direct current using 130 to 140 amperes

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 location of the test

plate. After determining the position of the test plate, a 3/4-inch

section midway between the extremes of the one-inch test plate was

ground.to O.505-inch diameter, leaving the remainder of the “bar0.550

inch . This precaution was taken to insure that the fr~ct!me would occur

in the desired section.

The results of these tests, as shown in Table 51.,,revesl that

l~eats 2 to 6, inclusive, have very little ductility when tested in the

direction normal to the plate surface, tineelonj~ation in 3/4 inch beiiig

only 1.5 to 4.0 per cent and the reduction in area 4 to 1’7per 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 contrast will be noted in the tensile properties of

Heat 7 as compared with the above-mentioned kLe?.tS, Heat 7 having much

better ductility and tensile strength, the latter exceeding the stren$::th

shmn in the longitudinal direction. Yhe photo~raph of”the tensile

fractures shown in Figure 5 reveals a woodj structure in all of the

fiteolswith the exception of Feat 7 which @approaches a typical tensile

fracture.
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.505’” TENSILE
SPECIMENS k

-p I !1!
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;-- /----’Jk’~- 5“

4- PASS
WELDS

FIGURE 4 . PROCEDURE USED FOR MAKING THE SPECIMENS TO

DETERMINE THE TENSILE PROPERTIES NORMAL

TO THE PLATE SUR FACE.
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PropertiesNormalto the Plate Surface
Longitudinal
_P:Operties

Aluminum* Red. of* h’long. Tensile Tensile +

Heat Specimen Content, Area, in 3/4~t, Strength, Strer@l,
No. No. $

d
1. $ psi. psi.

2-b 1 .015 6.0 1.5 63,500 73,900
2 4.0 55,000

3 1 !012 6.0 1.5 60,250 67,550
2 4.0 1.5 62,750

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
2

72,000
13.0 3.5 70,500

6-m 1 .005 15.0 71,250 73,750

2 17.0 4.0 ?2,500

7 1 Xil 46.0 9.0 76,000 73,200
2 40.0 11.0 75,500

—. ,--—._-—————..
* Acid-soluble aluminum content.

+ Tensile strength from Table 11, page 25 of the February 15, 1’345,
report.

$ l~otall of the reduced sections could be measured as a res?ult of

the tyjpeof fractures.
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36100

Figure 5. Tensile fructures of Heats 2 to 7, inCIUaiVe,
tested normal to the plate surface.

Note the difference between tilefracture ‘f

Heat 7 as compared with the remainder of the
steels in this group.
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In looking for an explanation for the difference in the behavior

of H“eat 7, as compared ‘with the other heats in this group, it was

observed that the acid-soluble aluminum content of Heat 7 was nil as

compared with aluminum contents of .005 to .015 per cent in the otk,er

heats (see Table 5A). It was also noted that tkL~two heats with the

highest aluminum contents, Heats 2-b and 3, displs.yed the poorest

properties in the third-dimensional direction, the lowest reduction in

area and elon~ation together with the lcwest tensile strength.

Therefore, from these data, it appears that aluminum contefit is

an extremely influential f’actorwith respect to the tensile properties

normal to tkheplate surface, the presence of small amounts of

aluminum lowering the tensile strength and.tl,e ductility to a

marked exter,t.

hTotched-Bar Impact Properties

TIT.notched-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 parallel with the plate surface.

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

above-!nentioned range. The results of these tests showed there was a

pronounced difference in the longitudinal and transverse properties.

While the data fromthe longitudinalspecimensindicatedthatpart of

thesesteelshnd a definitetransitiontemperaturezone,in no casewas

thereany indicationsfromthe transversedata of a transitionte.nper-

ature. Tilisclifferencein the directionalpropertiesis illustratedin

Figure 6. An example of a steel which did not show any indications of

a trmsi.tion 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 tl’.ebehavior of this steel, Steel 344 is not obvious, especially ir.

view of tl~ehigh al.lminum content.

The results obtained from this study of the notched-bar iml~~[~t

properties indicate that low carbon and nmnganese, and high aluminu]l

contents, together with e,fine micro strtlc.ture,are conducive to hi~;h

notched-bar impact strength. ?iigh aiuminum cOntent aPPears tO be

especially ef’fcctivowith respect to lowering the transition-zone

temperature, as would be expected. In addition, however, hi~h aluminum

contentappears to increase the difference in tho longitudinaland

transverse notched-bar characteristics. The influence of the acid-

‘8
saluble~ ) almninum content UPOQ the transition temper:~ture in the case

of the six steels from the steel mills, wnicb were selected for this

purpose because of tlneir similarity in chemical analysis, is showm in

‘fable 5?. The data in this table show that the transition temperature

decreases ‘witlnincreased aluminum cgntent.

The above summary of the notched-bar impact study is obvimasly

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

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

subject.

— —
Aluminum

Iicat110. Approxime.te Transition Zone, Degrees F.
—... Content

2-”: -40 to -lo .015
3 -20 to +10 .012

4 -lo to +30 .007

5 -lo to +30 .006

6-m +30 to +80 or above .oo~

7 ~{0tra~~~itiOn z~ne* nil

——
* 1,10indications of a transition zone in the temperature run~o

investigated, -75”F. to 21O”F.
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Underbead Cracking—

‘Underbead cracking tests were made using the single-bead weld

test, as previously described, wit,h twenty specimens being ‘welded frmn

~&ch ,te’1(9)::
A summary of the results from these tests is shown in

Tables 6 arid7.

Table 6 shows th.[ltthe heats received directly from the mills h:,d

a wido range of crack sensitivity, the ur.derbead cracking ranging from

0 tO 59 per cent ‘with three Of the heats cracking mOre “th~ 20 per csnt,

while the remaining 9 heats cracked between O tmd 5 per cent. These

results indicated that the 9 ‘Ieatswhich cracked 5 per cent or less

would be quite insensitive when welded under normal conditions, while

Heat 2-b, which cracked 59 per cent,was relatively sensitive and m$t

require special attention to elimins.te the possibility of cracking during

fabrication. Heat 11, which.cracked 28 per cent, WaS probably a

borderline case.

From Table 7 it will be noted that the nine steels from the

shipyards were appreciably more crac’ksensitive than the steels in the

preceding group. Five of the steels listed in Table 7 cracked 65 per

cent or more. Out of the remailing $our steel% three cracked between

21 and 28 per cent, while the fourth craoked only 12 per cenk. These

results indj.cated that under”bead

weldin~ of the five steels which

special prc?ca.utionswere taken.

crackin~~,l:,:,!,t,be a problemin the

cracked65 per centor moreunless
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TABLE6. UNDERBEADCRACKINGIN T8E STEELSFROkl
TRZ FIVE STEELPRODUCERS

.— .—
Plate Underbead+

Heat Gage, Type Cracking,
No. Inches of Steel PerCent.—

2b 1 ., Ti., 59

.,3, 1 Ti o

4 1 Ti 3

5 1 Ti 5

6M 1 .Ti&V 1

7 1 Ti&V o

g ,1 ,, Ti&. V 21

10 . 1 v . 1

J1 1 Ti.&, V 28

12 1 Ti&V 3

13 1 Ti&V 2

17 1 l’i&V 4

,_— .___ ——— —

* Averagecrackingof 20 specimens.

,, ..,.
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.———. -... -. —-. —-—. ——-.

Plate IJnclerbead+
He<it :;age: Type cracking,
?$0. IncheS of steel Per Cent

. .—...——— —.——. -.— —.. —

30 7/8 Ti 28

31 7/8 Ti 65

32 ‘7/8 Ti 76

33 7,[8 Ti 24

34 1 Ti 71

~~ 2-1/2* V( .~~ ) 21

36 7/8 Ti 81

37 7/8 V(”12 ) 12

38 1 Ti 66

..—. _—_. ..— — —— -———.

* Nachined to l-inch gage for weld testing.
+ f.verage of 2U s;)ecimerh$.
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T.nfI.uerlccof Cheroicel Anal.ysi,s?pou vr,derbend CrackinK
— .. . .. .... ,— .-—--..--.— .— .—,.—.—. —..-.

In lookLng fOr an eX\?l~.natiOn for this wide diff”’crenccin tk.o

unclerbead cracking characteristics of these hull steels, t!)~first

factor considered was the chemical analysis. Since it is dil’f’i~ult

make ?.correlate.onn using l-orone

expression as a complete ohemical

reduced to simpler terms by using

the mango.nese, the other el!ements

of the terms such a complicated

malysis, the analyses ha.vc been

the carbon content plus one-sixth

to

of

being, ignored for the present, since

these two appear tO be th[>.710st influential in this pcu-tic,ulargra?.ecf

steel. ?iowever, thu effect of:th,;okher el.cments will be considered

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

referred to later, are shown in Tables 8 and 9.:.(10),

A compari son of the dekgr~~sof anderbead cracking, or the crack

sensitivity, and the carbon equivaleI1t is shown in Figm-e 8. ‘These data

reveal tlnere is a broad trend between the cnrbon equivalent and the

crack sensitivity as would be expected, the extent of cracking increas-

ing as tb.c carbon and rnang’nnesecontents ,arc!incroeseal. ].~owc<?er,it

also shows thak tinec,racisensitivity is not er,tirel,.ya ,fun,cti.on cf the

c plus i,.n, but there are other factors of grer.tsignificxmco.

TO illustratethe trendbetweenthe acaiysisand craclcsensitivity,it

will be notodthatthe stee1s with a carbonequivalelit of 0.35 per cent

and less display a very low degree of crack stinsitivity, while th. steels

with 0.40 lpercent or more equivalent carbon crack 60 to 80 ,pcrcent.

I?owever, in the intermediate range of 0.35 to 0$40 per cent equivalent

carbon, the de;.;ree of cracking was found to r:.n~~:.].1the way frOm G to

6S per cc.nt,indic~ting t!tere is some facto? other than chemical
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UNDERBEAECRACKII?G,CARBOITEQUIVALJWT, AI\!DLONGITUDINAL
PROPERTIESOF TIE HEATSFROU!TRE FIVE STEELPRODUCERS

TENSILE

— ————- .—--—. ——— ——..
Underbee.d Carbon — Yield Tensile

Heat Cracking, Equivalent Strength Strength,
_lo. Per Cent C +lin/6 usi. Dsi.

3’0 .37 41,250 6’7,550

I+ 3 .34 43,380 71,000

~ 5 .36 43,750 72,100

6-m 1 ,33 .48,130 73,750

.7 0 .35 “’ u’; 63o 73,200

9 21 .38 51,500 ~~~100”

10 1 .31 50,000 ‘75,6oo

11 28 .37 53,250 77,000

12 3 .36 53,100 78,350

13 2 .35 44,750 73,400

17 7 .31 /+2,810 72,880

——— ————
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— ——.—— .—. .—.. —_ ,—— ~.—.. — .+ —.——. —m—.— .——,. +—.

J.Jnderbead Carbon Yield ‘Tensile
Heat Cracking? Equivalent, Strength, Strength,
No,. Per Ceut c + l!n/6 pei. psi.
.— ——...—--, — — —.—-—. — ,——

30

31

32

33

34

35 ~~~

36

37

38

28

65

76

2.4

71

21

81

12

66

039

.42

.41

.3’7

.49

.37

.42

.36

.&

5~,350

50,500

50,250

47,130

,50,630

53,000

46,25o

57,0(20

50,630

76,15o

79Y600

83,500

74,850

85,280

82,350

76,550

83,500

79,CO0

=— _ —-. —.—. — -—.— ,—. — — .——— —...——.. —————

,.
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compositionwhictlhas a,veryrnxrkedeffect. It is thisl:>t+,crfactorwhich

is of especiulinterestii this inv~stigation.

~~.g~arisonof TensilePrnucrti,?sand.Un.dorbca.dCrac&———.. —...

Tno ter,sj.lcprrrpcrtiosof a steel.ore estc.b].ished to ?.l.orgcdogrec

by the summationof effectsof all of the chcmfcnlelementspresent. ‘fhwre-

fore,it appco,redthattha tunsi].eand yield strwngthmiSktbo usrxias terms

representingthe completechcmicrrlanalysisof tke stuel,,l~hileit l;!as

recogni.sod that the mi.crostr’ucturehas m i.nfluencoupon the tensileprope~.’ties,

it was believedthavthe structureof thesestec?lswas suffi.cicnt~.ysimilar

so thatany c~fi’cctsarisingfrom,thisfactorwouldbe insj.gvificant.

‘lhcrelntionshipbeticen theyieldstrengtho.ndthe degreeof under-

bead crackingis showngraphicm.llyin Figure9. This figurereve?.lsthme

is no corrclatior:bf.ctwecnthe yieldstrength..ndthe

crackin~l]”), It is of intc,~.e.,-t to net,c,and it i-fw.y

l@.ts6, 10, and U?, whi.ch havehighy;.eldstrength,

cracksensitivity.

A comp<-.risonof tlu>tensilestrcngt’nand under’bea,dcracking?.1so

fr.ilodto ir~d;.cntcafiycvi.denceof a rclatiorlship.Thc;scresults,therei’ore,

indicntethatthereis not a good correl.nkl.on

?.srtiflectedby the tonsile st,rcnp;th,,?,ndthe

End-QuenchedHardenabi].ity—.

betw~on the chemicalcomposition,

crncksawitivity,

Sinceharrlenahil.ityh?.sfrcquentl.ybecxnused as a me::sureof

weldo.bil.ity,Jominyend-quenchedtestswcr[~made on theso two groupsof
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steels using the standard L-bar specimen because of the sFmllow-h&trden-

ing characteristics of tinost,stwcls (12).

Duplicate specimens were heated. in protective contmincrs for one

hour at 1600 “F. prior to quenching in the conventional me.n!~er. A

summary of the results of these tests is shown in Figure 10. It will

be noted from this figure that the group of steels from the shipyards

had an appreci ably higher hardenability than the kwats received from the

steel mills. This differcmce would be expected in vie-wof the higher

chemistry of the shipyard steels. Thus,the higher hardenability of this

group appears to be in agreement witin the generally higher level of

crack sensitivity found in these steels.

The most si~nificant information, howcvsr, obtained from this

study,was that steels of similnr hardenability could differ widely in

crack sensitivity. For example, Htiats 2-b, 5, 6, and 7 had essentially

the SP.!IIC},.artenability ?.sshowm in Fis;,,lrc11, but thost+ st,;(ls differed

widely in crack sensitivity, Heat 2-b cracking 59 pcr c:,nt,while Steels

5, 6, and 7 crccked 5, 1, and ~,per cent, r(,spcctivcly. Additional tests

were made in -which the specimens were quenched from 1800”}7. b!ltthese

indicated a sli,~htlyhigher hardenability for Heats 5, 6, and 7 as

compared with Heat 2-b.

These results indicate, therefor~, tilatthe standard harclen-

ability test is not a reliable measure of crack sensitivity, although,

in genera]., the more hardenablc steels are more susceptible to underbeed

cracking.
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_ __,___.lL-.2fret-~o].]f,di,3.croArucf.ure
—. ._.—

ah excmintition al’tl,emicros Lructures of’thf>se stee1.s Shcrwcd the

13)
nornml i-ypssof sti-uctur:,scxpectcd in this grcde of hot-ralkd stce1( ~

IThile t.ere were dif’f.:rcnmzsin g,r,ainsi~c rcsultin,g .fromAvariations in

th~ deoxidation practice used in making *I1c stcci, and from differences

in the f’jnishing temper ntu,reupon compaction of hot rolling which also

infillc:ncccit.hcde~.reco.fpf>[lrlitebanding, there was no correlation

betwe+n tlicse structure,s and undcrbcad crficlcing.

It was l.:~turfount?,however, that pearlitic lxmdi.ng did ini’luence

the cr:.ck sensitivity of’a stocl : For example, the crack sensitivity of

a hot-rollod steel, whic”nh:,.d “hckn coolc:isufficie:.tlyrapid l.y:<0that

there was l.ittlcor no evidenc~) of handj.ng, co,uldbe incr~ascd by an

wnea lin::treatment wlli.chwould d::vclop strong pearl itic banding. A.

comparison of the bz.ndin~ in the crigin~l hot-rolled structur~ S,

howtiver, ccml.d not bG usi;d ?.su ~,uidcto indicp.t(jt;>artiluti.recracic

sensitivity of IIgroup of steels.

rn~icrostrLtcturcof the HL!:.t-~.f’f[.ctc:dZone
-—. ——-.—.— -——- .—.——. —. ——.

.?hilestudying ‘thestructure under the weld bced in the crnck-

sensiti.vity specirner!s,it was observed tlmt thcro was an apprcci.able

differ unc(>in the depth to ‘whic}lcomplete trcnsfor!mtion extended as

compared ‘ccthe total depth of tl-,e hmt-af’fected z.nnc(14). A comparison

oi’/..mntbcr of crack-sunsit.ive und insensitive steels indicated thzit the

zontiof cmnplct~ transf’ormction was relatively shallow in the insensitive

steels . ‘Thisdifference is illustrzkcd by Figures 12 and 13, showing

the structures under th,;bead T:I1sp(.:cim[;ns -from.HcPIt2-b ::nd 5 which



-40-

i 7
LowerlimitOf’
heat-affected
zone

37659

Figure12. Heat-affectedzonebeneathweld bead
in ~peo~en fromHeat 2-bwhich cracked
59 per cent. Transversesection. 100X
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L
Limitof
complete
transformation

B

Lowerlimitof
heat-affectedZone 37660

Figaro 13. Heat-effectedzo~e beneathweld bead in specimenfrom
Heat 5 whichcrack~ 5 Per cent. ‘immerse section”
lCKIX



crrickcd59 :.nd5 per cent,respectively.

In order to investigate further this diffcrer,c[.:in a.tr,.ct~,.re

because the draw treatment pcrtially o“~litcratcd th[>line of demarcation

betwec:n the different structures.

After measuring the distances A and B as indics,ted in Figures 12

and 13, th.cdc?pthof the zone of co.mpletc transformationwls expressed as

a per cent o.fthe total depth of the k:,at-a.ffectcd zone; that is, rl/Bx

100. These data for the two groups of’steels arc shown in Tc.blesQ!? ::.od

10.

The relationship of the above datc~,th~t is, the cic,pth of tl,e

crackin(; is shown graphically in Figure 14. This figure shows :>.good

correlation bcbwe~n these two factors, tl’crelationship being a straiflht

lintiwkn plotted on’c scmilo?; SCCIC,2.sillustrated.

Probably thi,most sitnifi.cant feature of Ii!escdata is that they

indica.tc th(>rcis o.marke d difference in the response of the crack-

scnsitivc :Indinsensitive. ste(:1s to the rapid thermal cycle developed

The Influence of Tlhcrma.1.History——-.-. — .

The Effect of Homogenizing———.. —.—

~.’~hilC looking for mesns of explaining the difference in underbead

crac!king in stools of simil:m chemic~.1 composition and hardenability, it
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TA’BLE9B, UNDF;RBEADCRACKINGAND TIE P7R CEET OF COMFLITE
TRAI’SFOIMATIOI(IIJTHE HEAi’-AYFECTED ZONE FOR TIE!
HELTS FROM THE STEEL PRODUCERS

=z—-.—-.. -=—-~-—— —-,’-:— ‘—-—— —..

— “—-—’—Rmw-Uncleroeui
Hec.t Type Cracking, rI/B,
No of Steel Per Cent Per Cent.4.. —.— .—.

2b Ti 59 53

3 Ti o 29

& Ti 3 29

5 T~. 5 32

6-m Ti&V 1 32

7 Ti&V o 27

9 Ti&V 21 30

10 v 1 29

11 Ti&V 28 34

12 Ti&V 3 31

—.—— —.-——
.—— — ——.. —

* The factorA/13x 10C is a measureof the depthof
completetransformationexpressedas a per centof
the total~epthof the heat-affectedzone. Hec.tsJ-3
and 17 were not e.vnil.ableat the time this studywas
m7de.
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—.--——— .- .—”..——. ,.- ———. ,—..--. ——— —.— ——-,—.—. -— .
IJl,Jeubcad

Yeat
B$it/iO*

TJp? Cradci.~~g, w>
~J~ or steel Per CxIt l’erCent

-——-—-.. -—-. ..-..—— —— —-. .——-.. ..-..—.— —

30 Ti 28 38

31 Ti 65 43

32 Ti. 7s 49

33 Ti ~g, 43

35 v 2. :fi

37 ,“. 12 32

,,,_.,,._,, -_,, -,_ .=,..__ =-._-.. —,. —.. ~, ,-_——..—. .—-- .— ————-.
* The fazto;- I!/’D x 100 is a meas~..reof the depth

of ccmpl.ete transformation ewpressed as a per
cerrtof the total d.epihof the heat-affected
zone.
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was found that 3/4-inch and l-1/4-’in:!]ho’!~-rolledplate from Heat 2,e.s

supplied by t!e mill, cracked 65 and 35 per ceut, respectivel,r, as

(15)”compared with 59 per cent for the l-inch plate, Z-b Sir’cethes?

three steels were ?rom the same heat and were t>ractically identi,ccl in

chemical analyses as sh.owmin Table il, i.=appcareci t,mt di~feren{:esin

the prooessmg of these lots, whicil could not be detected from the

microstructure, m?.yha-<e been ‘Lfa,>tor ccl?tri:.mtingto the variation in

the crac?ksensit~.vity. If this wer+ +.hecase, it cppeared that the

differences could be obliterated by tiw ;?roper thermal treatment.

-..—- .— -~—_-, -... —---- .—-. == ~.,.__= — ,—-__———. --.,----—. .—.—..— . . .— -- r.=-

Fiate
Gage

Hent in .,..m.:13.:~..jJs.,:,,::_e&.C::.::,;___,.,_______ _____

blo In.the: c Mn P s s>. Ti Cu ~?i )!a c? v

2-a ~,/4 .16 1.23 .023 .020 ,21 .01.1 .0i3 .05 .010 .06 .003

z-b 1 .?5 1.29 S023 .020 .~g -014 .10 .06 .o14 .05 .002

2-c 1-1/4 <.16 1.2’3 .021 .C20 .29 .013 .10 .08 .013 .,06 .002

—... -—— .-. —

After machining the l-inch and 1-l/”4-in~hplate tc 3/4 inc? in

o:de? to elimlnat.e the pos~ib~ e effect of ga~e, the three steels were

?lomogenized ?>jrheat:.ng to 2350”~. for four hours’ l’o-’.lowedby normalizing

at 1650”F$ for one ho~::r. The

at.mo~~h<>re-co~ltrolled fur~]ace

pe.rtj.cular case, the surfaces

ccrburized.

hemcqenizing wcs carried out in LIE

to prevent decarburiza’cion. In this

Q: the specimez s were very slightly

Th,e res]ults of tensile tests following the above tx’ez’.tm.e,l:,t!s

li.m,ed ~!l‘!abie 1.2, show that the properties of the hot-rolled and



—.,.—..—— .== ....=. .= .— ——— —. —. --—

(GLge Elcng qed, of Yield Tefl~i~e
Heat in in.z~, Area,

Inciles
Strength, Stren:;th,

]]0.
_.--._-_.-.?. . .—-.l--

‘Tr’eutnerlt ,,. psi. osi.
.—. ——.—-. -.—.- ——....—..——. ..

2-a 3,/4 Ilomogmi zed /. 39.0 75”9 44,000 67,630
rmrnwlized

2-b 1 D:tto 37>Z 76.3 46,500 72,100

2-e ‘~,,t, Hot rolled 36.4 ‘73.9 47,500 70,200

2-b 1 f, r! 29..0 6i.4 44,130 73,900

2-C 1-1/4 “ “ 34.0 73,4 44,00~ ‘72,600

_ _____ ~ __=,.___= -=-=,=,, ----- ~,=. -= -=--,, — ~..==-,:.::, -_—_

Tweo.ty 7,,mldspecimens wertimule on each of the three steels,c,nd

;!summary si’flLedata togethe,-with the hot-rolled crc{ck SellSitiVit:~.is

shown in Table 13. From t~,eeedata it will bo noted that the homogeni.z-

results$ t}ierefore, indicated that the difference in crack sensitivity

of tnese three 10:s c,f steel, Z-a, 2-b, znd 2-c, was not an inherent

processing, sj.nceit could be eliminated by ti,lerma.1trea tmen-t. It is



-_-—-..—- 1..=.= .—— .,.=——.. ------- =------q. -4:.- =. .---—
.-— —.

plat<~ T.:nderhead
]~e~~ :age, Cr[cking,
Ho . Inch Pai-Cent—-..— .— ---—----- ...—.— .—. .——--- .— —-—

:-a 3/4 ~e5S than 1

2-b 3,/4 2

2-c ‘z/4-/ 2

-—- - e=====.-—,-===--——..——= .=.=.:.>.:==..:-.=.-----.-——..=-———.=-—- r--

The homogenizing trewimen: consisted of heating
to 235001’. for four hours.

!’hesteels were noriuallzed by heating to 1650”f’.
COF one hou; .

In order to obtain more inf’ormatior.conce:rni.ngthe efl’ectof

theriml tr:,ctments upon underbend crt.cldng,piates from He/it 11 md,

Steel 30 were tre~ted in the followinc; three ways~
(16)

1. Normalized at lfi50°F.for one hour~

2. ,~ie.. qUenched from 1650”F”.followed by a.1000”F. dr~w for

cm!>hour.

3. Am.a:led e.t 1650” F. for on,?hour followed by Furnace oooling.

} summary of the tensile

i+y I.esisare shcrm in Table 14.

treatment, which resulted in the

data and the results of crack. sensit,iv-

These date show that the annealing

lowest ter~sile strength, produced the

hithest crack sensitivity, practically doubling the cr~cki.ngas com~ar-d

with the hot-rolled steel. While ‘both the other two trea+bne.nts,

normuli:in.;e,r.d:!uenchingand drawing, increa.secithe cracking somewhat,



11

11

11

11

30

30

30

30

Hot rolled

Annealed

h!o~malized

Quenc!mci ?:drawn

Hot rolled

Annealed

?iarmalizcd

Quenchei & dr’cw.

?3.1 721

36.0 63. (J

35.9 71.0

25.0 67.9

34.6 64:9

55.3 63.4

,55,6 6’7. ?

23,4 62.8

53,2s,)

5?.,250

54,250

81,880

“0,350

48,750

52,500

90,880

7’7,000

71,250

74,380

100,630

’76,1 W

71, fj80

76,250

108,290

28

57

37

35

28

48

32

38

.———-. --. —.-. ———--—. -.———.. - -—. ———.. .—-— . . . ..————. —-—.. — .— .—. —————... —,— ..-. — . .—. —

An exeminatiou of tinenic~ostructures of’these steels showed.

that the ,~mealin,g trea ‘hent prodluc~d a strongly banded structure>

(See l’:.gu.re 15, ) This ghenmenon cal]be exFlained m the basis of

heterogeneous: alloy distribwkion resulting from dendritic segregation

durim; tine‘roezi.ng of the inEo+. S“.ucem:.ugonese, the pr<.ncipal alloy

ir.I.his #zeel. .liffuses very slowly at tenpertiimres normally used d,ming

roiliog or b.ee.t trecting, the mangwese setqregation persists thro~j”hollt

Froccssing. ,Jhii.ethis segreg;.tion is on z,micro sczle, it resu].ts in

arec,$ both m.lch lower or higher in allojTcontent th?.nt,hat CJ?‘d>.e

avera,ge analysis. On the other hind, carbon diffuses vtiryrecdily so

that dwring the slow cooling of the annealing cycle, the carbon
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42053

Aircooled from about 1750°F.
following hot rolling. 100X

. . .- m.

Furnace cooledfrom 1600”F.
100X

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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se,~re~e,tettu tl.:i,i~;l.,-ncng:.nc::tic.r~:.s, whit.1.lre:min custenitic for the

longest period. This finally results in the i’ormntion of nee.rlite in the

hi:;h-man~;cnese hsnds.

Micro sccpi<:exmninatior~ of thz sre..tks i.nth:~aar,caledcr;ur,k-

sensitivity specimens rw~eaien pertinent !r..f’ormationreg~,rdi:~~tiite

phenomenon of underbead cr~c.king(17)+ tn Lrznsverse sections throu;h

the weld bead, the underbead c.rc.cks c.re;LLOD.lC.l?.>,foundrunningconcentric

witinthe fu.sion 1inc forming .?,segmen+~of L cir~le a~ shown in Fi?ure 16.

However, in the e.nn.fial.ed steel, the cracks did not fo].low this nornml

patterr,. one end of the crack stcrtcd in the region where the cr:.cks

usual ly occur, but instead of cent;.n,~ingalong the circ,,lcrp~.th, they

extended ?.nwardaiong lines pt’.r~.llelVILW t,ho‘oendin~ in the micro-

structure of’the plate. Tfii.st~,e of cr[.ck is shown in Figure ].7,Wce

spocinwns bc>in,:;nnnealed steel from HeaT 11.

The above observations, togetlher w~Lththe fact the.t undorbead

crack].n~ con be eliminated, or greatly reduced, by m homogenizing

tree.tment, inciicute that alloy ‘o,~ndintis an important factor

infl~ue~.ci~.;>;Lln,derbi>c.dcrcckir.g.,

TT*,derbead‘Hc.’lllessin Hcc.t-Tre~ted Steels
— ....-———.. ,——. ——. — .——-——

In order to det~rmine i.fthere was my relr.tionship bekwesa the

underboad hardness deveicped in the heat-treated steels and the cr~:ck

(18)sensitivity, Steel 31.was studied in the following four conditions :

1.. As-re=ived ‘not-rolled plate.

2, Water q~.enched from 16.50”F. end drevm z..t 1000‘F. for one hour.

3, Annealed at 1G50”F. for one hour followed by ‘furn:ce cooling.

4. Homcgenizbd ot 2350”F. for four hmn-s fcllowe i by normr.lizing
at L650”T.
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~igure 16. Photographof typicalunclerbead.crack. Note that the
cracksin the abovetransversesectionfollowthe
circular contow of the fusionline. 100X
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Figure17. Transversesectionthroughannealedspecimenshowing
underbeadcracksrunningparallelwith the banded
structure. lOOX
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‘Thecraci~sensitiviti.wOf t:cmc:f’ou.r steels and tb.e maximum

hardness developed in the heat-affected zone we shown in Table 15.

-... —.— -.-2-->--—-.. -=-——— -------- ----- ———- .- .—=-=:. :——

Condition Underb?ad Vickers
of Crackii~g9 marane ~~

Plate Per (:snt l?~mb~r
~. ——. —.. -— —— —... ......—,-- .—.. _— ——

Hot :olled ‘/6 43’7

@enched 8:tempered 70 434

.Annealed 72 430

;Iomoge,nizad/,normalized I 443

.—— ....—. —L—~-_—_ ,-=------- ..—__ _ =-,-.,.— .— .— ---————-.———

While tinehot-rolled, qllenchedand dr<:w~~, ~ncithe annealed steels all

cracked ‘oetwesn 70 6.w.1,7S per cent, tilehomogenized and normalized steel

cracked CEIY one per cent. The maximum hardness in the heataffected

zone of these .fcdrsteels wns esse:ncially the same showing there is no

correlation bstween the )].nderbeadcracking and hardness.

).Study of’Horflo{eniziug Tir,.e-TemT?e?L,.tl:.reCycles..-..——. ——— —_,._.

m :.roerto determine ti-)eeff.ctivenees of’various homogeni zing

cy~l.esfor red~:cln;:;t;he crack sensitivity of l-inch hot-rolled plate,

steei from IIeat 31 was homogenized at temperatures of 2250”F. and 2350”F.

(19)
for periods oi *11.Eranging from 11’2hour to 6 hours .’ .kbllowin:;the high-

temperakure tre~tment, the steel was normalized at 1650”F. for one hour.

The results of th~ crack-sensitivity tests made on these steels

r:rc>shoJr’,~J Fig(,.re 18, each datum po~.ntbeing the evera<e of five tests.
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FIGURE 18 . THE INFLUENCE OF HOMOGENIZING TIME AND TEMPERATURE

I

I

UPON UN DER8EAD CRACKING .
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These resu].~s slmw th,.t even 1,/21:0::.:.IJ23S()”}t.or one I!o,,m a.t22W!”F.

had a pronouncs[i el’feet,the underbe:.d crackin: “being reduce~. from 65 to

less tl~ar,15 per cent. Increasin~ the homo~enizing time be!~o:ndthe [bc,ve-

1ted ~.nonly s]ii$t adtij.tionalrech~ctions i.nt’nementioned ti.IIEsre::u..

,underkead c.rt].c?cin~~.

Since there was some rea~on to :su.sn.,c+ that.the higher carbon und

man~anese steel.swould not respcnd ,SO re~).dily Lo the ho.nmgenizir~,~tr&at-

ment as the steels of lower chemical. composltic:,i], a ;iudy was made cf

the effect of vo.rious tir,e-’temperatui-e c)ol..es upon the cr.ck sensitivity

of Steel 10. 34, which hud a carbon content OL’0.?,3per cent and :.

!.sstuJy are s:h,ovm

>>-erageof five

h-edtmemts of

the craCk

sensitivit]- of S+,eel1?0, 34, I?oljrhours k,eingrequired to re<p,ce the

cr~ckin.; f’rom71 to 47 per cent. ‘ThflLsslaw response to homc~q?nizing

appee.rs t:~no typical 0< the steels with higher carboriand nmngg,nose

contents .
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—.—~. :...*------ ,,-_-. —_- ,—_-_—-= :-————.——.———A- - =

Rr Cent Time at 235Q” U. to
;<ed.,ction t:mnc>gel.,izc

..—.— .—. — ,—.—— ...-.---.——. .—..——. ——

0 1.7.hu,rs

21.,5 ,3 “

37.5 1 “

50 Less Lhan 1 hour

-—.———-.—— --——.-..--— —-=--=- . ..-..——-==.=-..---—.--—, -——

vl,~ile.tk,eund.e rbead cr~>.Gkir.,-;of l-inch plate could be c]rastically

reduced by homogenizing, it was ~bviol.lsthat sc.ch a higl]-.tenlperatl~l-e

treatment woi,l.d not be commercially prazti.c{iblebec:tuse of excessive

scalin:;azd WCYp<.ng of the plate. It did appear, however, that it might

be i’easi~bleto homogenize the slabs irlthe slab h@ating furuace !>rsoak-

(~~,)
ini<pits ~.ior to rollir~g to plate ,.

11.1~rdet’ to deterlnine the ~Sf’fective.ness of such a DrOcedU1-e,

6 inch-thick slabs from a cormx>rci~l hcmt (Steel !To.23) were homogenized

for 2-1,12, 5, and 10 hoers &t 2350°F. in 3 standard ingot-soaking git

prior to rol.l.inf;into l-inch plate. The chemical analysis end the

results of ,underbead cracking tests made on Plate from the ho.mogen~zecl

slabs are shcnv.nin Tabie 17. This table also inclwdes the results of

underbead c:tuckir,,:tests made on ‘regulsrhot-rolled plate from Skeel 23,

after the p]atc was homo.qvnized at 235G”F. for varic,us len~ihs of time

under conditions pleciudill.gdecarburization and scaling.



—. —.. —
Steel Chemical Composition, Per Cent.—. —.. .—. ..——— .—.——. ——
No. c Mn —...- ..–-_.......-–___._El__. ... ..

P s Si— .—— ..-..—.

23 o’i9 1.46 .02,0 .018 0.25 C.Z7
----- ----- ----- . . . .. . ----- -----

Steel

Underbead
HOmOger~izimg* ,’feldCracking,

No . Time, HOY- g
-—.— .—.—., ——--- ,--,..—-. -— ———,.—.

23 six-inch slab O (Direct iolled) 79

23 “ “ “ ~-1/’2 81
23 “ “ “ 5 80
23 r: 1! !! 10 79
---- ---- ---- ---- ----- . . . . . ---- -

23 cn.e-iceh plete O (As rolle:) 78
2, ,, ,, f, ~//6 35
23 “ “ “ ]. 28

23 “ “ “ 3 30

23 “ “ ‘: 5 14

——.—— .——-. -— ..-.-— .——. —. .——. .—-— ——
*. IIomogeuized at 2350”F.

7r~m Table 17 it will be noted that homogenizing the slabs at

2350°F for periods o.?time extendimg l:Pto 10 hours clidnot reduce th,e

cracking i.othe plates subsequently rolled f’ro,nthem. ~hen tileplate,

itself, was Fcmogenized, however, at 2350”F. for only 10 minutes,

feilomd by normalizing a.t16CO”F. , the cracking was reduced from 78 per

Gent to 35 per cent.,whii.ehcmo~enl zing for 5 hours

to 14 per cent. T1-,esoresuits showed th!utthe time

swf’f~..~~.snbdiff’u.sion of the high--alloy areas irithe

reduced, the craeking

required. to obtain

coarse slab structure

to reduce crac~k.ingwould be ent.irely too Ian.gf:orpre ctical purposes.
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The influence of the Electrode ~Wlating
‘a= ~e=a~—~l~o-ri%=i% ~>dCrackmm-— ..— —— ..—.— —. —. ——. —.=

For ijne~rack-serlsiti~ity

E601.0-.type e]ectrode was seleolmd

test used in this investigation, t}e

becauss of its wide usv in shi~ oon-

str]lction ar,d.because of its strong +,c:r.d.encyto produce underbeaci crac?ks.

It Ls ‘we11 knmm, howevey, that there Tireothey types of electrodes

~rhich are less prone to rievelopuncle:-bead cracks,and efforts are being

made Im perfc-ct such an electrode vihi.chwii1 be universally acceptable

for all types of work. Considerable progress has been made, and the

rea].ization of this goc.1,would solve the u.:.derbeadcrac!{i.n(;problem very

well . Since the object of’this investi;at>on was to study the

metal Iurgi.cs1 fuctors inf’11.tenci.r.!.under” eud creeking, t.h,eE 60i0 type of

electrode was the okv?.ous type.to use.

To show +-hoeffect of the electrode coating, crack-sensitivity

tests were made ‘using three di.fferen! types Oi’ electrodes with coati.l~s

/21)which varie?.widely in hydrogen conterLt\ . For this tesi, a hc,t-rolled

cormnerci,a.].steel wcs selected (Steel 39, 0.19~ZC, 1.,43~?!n,and 0.337~.MO)

whio’r was prone to crack. Ten specimens were welded with each type of’

~l.tjctro~e~,,’]4G~lesurm.a.ryo.ftfi.e :-esu;.ts is SF,OWTIin Ta’ble 18.

The da.+:.in ‘fr,blelF show the i~,fluonce of the electrode coating

upon. the ex tent cf lmd~rbead creeking. ‘:,,eldinL with the CCll U~OS’LC -

coated .:i601.Ch’pc electrode , which develop:.s an arc atmosphere high in

hydrogen, produged 78 par cent crackin~ a.scompared to no cracking when

the low-hydrogen, lime-coated F 6015 type electrode was used.

‘?K>G tl,euse of the E 6b20 type .eiectrode i-esnlts in considerably

less c,.ac.king, 3s compared,witin the E 6010, the expLPnation ~or tFLis
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differcmco is ;n~t too obvious si:uw t!,e arc atm.,sphere of the F,6C!Z0is

relatively hi~b. in hydrogen; however, the voiume of gas generated per

irlcho.felectr:)cleconsumed is consioera’oly less. Ps previously pointed

‘1 ,..out by ~l”oldri.ch;eIdltional study will he necessary,,in o:.derto o’vcai.n

a better ,understmcljng of i“h.e difforence :.nbehevior of these two

electrodccs.

——...——— - . . . . . ..———z .._———— ——. -... -.—- ——-. —-. —

Hydrogen
content

*~~Jp~ of Tjnderbef!.d
xlectr9de ~rjat.i~,.T coating Crzckin. ~“ -g.,______,__., -,._—,, o,

—— .—. — ..——— —. .—. —..—- .—..—-—- —..-.—. —-— —...-—. -..-.—.—. — .. ...--——-.. —.-
* ,,

}veraqe of ten specimens.
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used with the specim~n being held in a bath c.tthese temperatures t

Twenty weld specimens were made on ewh ste:l at each of the above four

Iwnperwlmres . ILslmmry of’the resu.iks from these tc~ts is shown in

Fi~l.me 20. The r[-suitsof this studywere somewhatsurprisingsince

tb.emnximumcrackinLaid noi occurwhcz.::?especimenswereweld,:,<,;,t

O“F, as WP.S Fmticipfitea. From Figure 2.),i, will he noted that in n,ost

cases the steels were slightly more crac!cse~:,sitive when welded at 120”F.

thm at OO}. This is especially no+ice:.ble in the c:.se of the less

crack-scnsi.bi.ve steels, Yes. 33, 11, acd 32. An initial temperature of

i?OO”F . prr.ctically eli.m~na.’cedcracki~~g m the less sensitive steels and

sbarplv i-e~.;icedthe oreckin~ in t’hcrncjpeSeu.sitiyc steels,

This influence of the ir,~.tial.mmpereture upor,,underbes.d cr:<ck-

;.nghas beer, confirmed bjr s~mila> resuit:i from other ~;radcesof steel,

and, i.ntineC[lSOcf certair,hig:hey c.lloy steels, the effect is more

noticeable, the difference in cracking be+mwen O“F’. and 120”F. or 150”F.

being much more prcmounced.

Phenomq]cn of Unrlwrbead crackinp:
——. —. —-—,. -—. -—.+

Since the m?.,jorportion of this investigation has been cent,.red

around underbead cracking, ii appears desirable to consider the

phenomcmon by which lmderbe[d cracl.sare developed.

There has beet ccnsicierckblemisapprehension concerning the

propcrti.es of the her? Strdcture in tinebent-ai’?’ect,edEon.e,it bein~

assumed that mart$::nsiteis inhermrltlybrittle and that this lack of

ductility i:;th, most lih-elycause of cracks. A1.tiioughrelatively lard,

the rrartensite 0; structure resulring f?-mnthe drastic qucnchir.g of

carbon-mt!.nganese 01 nlanganese-molybdc.mum steels and simil ir types that
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order to

TABL219. CHN7C4.LJ!;NAIYSIS OF STEELS USED TO
S’NJDiW? PROFEIiTIES OF FULLY“IARD;IL5D
STEEL

— .—— — -=.-=-=— —.- —-—----=--
steel Chemical. Conpositicn Per cent-7 ______ .r._T<_. Ti_ ~,v.
No. . “,’J1

——— -. —... —. —____ ,.._ ._. -_ .____,

23 0.19 1.46 .020 .018 0.25 0.37

2C 0.14 :.,4.4 ..21.:4.027 0 ,?,5 0.48

—-—- —.-— ._, _. — . ..___ . . .__ .,_,_. ._ .._, ___ ___

Afterwater quc~ichingfrom 1C50F., the threaded-endtensile

specimens were ,grounduntierweter ?rom O,, 530 inch to O.500 inch i~

dianwter wi.liI a Z-inch parallel section. ‘T,3SbUCi:f

the effect of even more drastic quenching, a second set of specimens was

machined i::)O.249 inch in diameter, water quencheu from i650°F. , and

tested i.nthat condition aud.size.

The data from the a!wre quenol:od specimens are shown in Table 20,

*Oget~ler,>ntllthe ten~ilc data for the hot-roli.ed steel. These data show

that,with a tensile strength of over 210,000 psi ., the reduction in area

of th.(efully quenched. steel (Steel NO. 23) was approximately 50 per cent

when usinfg the O.500-inch specimen and 47 per cent for the small specimen.

These values

rolled steel

2 llkcb>eswa s

compare :e.vorably vtilththe reduction in area cf t.hcl,ot-

which.was approximately 56 per cent. The elonqation in

15 to 16 per cent in the q~emched bars as conpared with
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22 to 2f+ per cent in the hot-rolledsteel.

The Charpynotch~d.barimpactspecime]mwere preparedby water

quentig from 1650°F.,afterwhichtheywere notchedperpendicularto the

platesurface by gzil,d.ingundermater$the standcu-d Tzod-V notch being used.

The results obtained from these s;~ecimens are shown in Table 21. The data

TABLE 20, TENSILE 11.kTAi’ROliHOT-ROLLED AfD WATER-OUENCREII
UI’JTIIEMPERMDI!IAPJGANESZ;M2T,Y”BDE1{LJ!STliELS

——. . _,_______ -——.,—.. ___, _-__.”_
——-..-—. —— —— .-..—.-—.— —..—— .——. —...,—, .

Specimn E’lGnq. Red “ of Yield* Tensile
Steel Condition I)i2.m., in 2’!$ Area, S iie,tgth, Stren,yth,
~ of CJteei

—-...4-A-—— ~1:, D:i csi.—— .....—. ———. -.— —. M~._

Hot-rolled 0.505 22.5
;; ‘ t!

56.5 70,5~a 101,200 202
G,,505 24.0 6i.?; 6s ‘;’:’0 102,500 207

23 Quenched 0.500 1:.0 02.0 U3,,500
23 ’11,

212,200
0.520 1.5.5

421
52,!0 11,6>500 212,200

26 Quenched o,,~oo 16.0 57.0 ::37,500
26 “

1.87,500 363
:.~oo 16.,0 58.0 1.36$7C0 184,300

23 Quenched 0,.247 $3.5 46.5 -
23 “ 1!

221.,300
8 ‘“., ‘48.5 - 219,700

26 Quenched o,2~/ 10.5 59.0 - 195,200
26 “ t, 11.0 59.0 - 196,200
-— ______ ,—.—— __,__ ,——..._ —.—— ..-—— ..—. —-

* Yie21streng?hf.rcmstr~inat 0.2 per centoffset.

show that il.eseidly L~~denedsteo1s are far I“rombeingbrittlebut have

gooduokched-uarimpacttesis~anceat temperaturesas low as -75°F., Skeel

No. 26 displaying16 tc 24 foot-pounds,and SteellJO.23, 11 to 25 foot-pounds,

at thislow tempers ti~-e, as com~ared with 39 to L1 foot=pounds and 25 to 29

foot-pouadsatf 75°F.,respectively,for tinetwo steels.
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..—— .—-— :——-.= .-..=. = .—z=== =-=-. ,=.::-—--—..—— ..—-==.=.-.== =----==.,.—-..- .—-—-— .....—

Stee1 Imact ;;tr$n~th,?oot-?oundsCharpy,.._____.— .ti_.,_.~__.—:&F_”......_.._.s___,.-.—3 ~z...?Jo. TestinLTemp: -75”Fj -+0 F +40 F. +75 i3 +.ZIC)”,F.
—. .___ ——_.,. —.—,.-.—-._—_. -_.—-—. -.-—.-—---- .— .—-..——.

23 11 11 :5 23 25 33
1, il 13 la 25 25 24
11 12 13 18 25 2‘7 34
11 2.5 2~, 18 30 29 35

26 16 2?. !22 36 39 40
1! 17 21, 24 37 3s 43
II 21 23 25 37 40 43
!! 24 ?3 28 42 41 45

——. —-.. --. —— ---- .—.,—-——-— .———— .-—. .- -- .-.... ——.—. ____ .—.- .——-—. — .—.— .—-— — .—..— .———-. — . ..—. —.-. —...-—...—

Note : ?h.e above data were obtaiu(~i.:’..-cm.Charpy specimens with a

V-type Izcd notch, ~}lenotch bein,%perpendicular to the

plate surface. ,At’terwate] quenching from 1630”F0, the
specimens were notched und>r water.

From the aho,fi~tensile and i!mpect data, i5 i.sobvio!ls that these

steelsin the fdlly hardenedstateliaveconsiderableductilit~yand

resistar.ce to n,,tchc:d-har impact. It has been shown, however, b~”Cer(i$;d,

*PA the d~uctlli.ty of f:.ll?lharden e:?steels is derreassd. to a m.arkr.ed

extent by the presence of hydrogen and that the termile strength is

+0 the Sixv?extent, Flrtur.:*teJ.y,the ductility of 1OW- and medium-

cur’,on btecl~ cnbrltt-~eciby r!ydrogon is rapidly recovered while standin,g

at rocmntemporat.me or by a stresfi-reliev.ingtreatment. The followi~lg

low-alloy F,i:h-tensile steels.
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In order for underbead crac’<sto CICW:1OP, a combination of’several

factors is essential; that is, the delayed transformation of retained

auster.ite, hyrirog~n absorption, and stresses, the absence of any one being

sufficient to eli,mintitethe cracking.

In the previcushvestigationof lww-alloysteels,the preti~.:ce

of retainedmstenite in the heat-affecttidzen!.was suspectedfrom the

finding that cracking occurred at about room temperature and progressed

for a period of hc~urs after welding. The presence of retained austenite

was confirmed bjrX.-rayexamination and appeared to be consistent with

dilatomcter rosult5 . Data concerning post heat treatment supported this

idea, since, regardless cf the hardness of the heat-affected zone, crack-

ing was eliminated by causing the austeriite to transform completely at a

sufficiently, elev~’ted temperature,

The presence of retained austenice in a low-allny steel such as

these may be explained on the basis of heterogeneous distribution of

alloy content as a result of dendritic segregation during freezing as

indicated by the pearlite banding f“cillowingannealing. This segregation

is on a mic;oscale but results in Hreas both lower or much higher in

alloy content than the average analysis. Some of these elements, notably

zkmg%ncse, dif.?use so slowly tk%t ordinary I’wattreatments are ineffective

in remecQying the concl~.tier.. Car”bon,of cour~e, diffuses readilj,, but in

the nnrmaliz(?d or annealer] condition of the steel, the carbon will tend

to be segregated in the mangan~se-r”ich areas bec?,use they remain austenitic

longest during cooling. In the’rapid heating and cooling cycle of arc

Welding, car”:mn does not diffuse appreciably, and the high..carbon hi~h-

manganese areas teud to remain austenitic i.nthe z’on~where the lower alloy

areas around thcm form martensite ,



-(5&.

The effect of hydrogen absor;;tion or,unciorboad cracking ‘!!6skeen

discussed by Eerres (3i))and.Voldrich,(311 who showed the vital rolo played

by this gvs. Hfirres sug~eststhat,th~pressuresproch~cedwhcm thisc.as

precipitates at discontinuity es may exceed the strengtn of the metal.

It has been :bser-red thet underbeo.d cracking alwavs occurs in

r!.2L).:1,:

the most”‘,?:> ; rnartensi(-icareas. This mr.te:ial has a strengtin in

excess of 200,000 lbs.per sq. in. and j-l,{:str[ss that cracks it must

exceei that fi{;urc. It is obvious, th.:n,that shrinkago stresses :11ODC

are quite inadequate to initiate such c:”ackswhen it is r~alizcd that

th,:un,,ff.c.tedparent metal has a yield strength under 100,000 lb:.per

~q. inc~l. It hes been demonstrated that retained austxnite :;adth~

del:.,yeddccomposi’bion ‘Jomartensite play a ..ital part in the cracking.

At the snn(=time, dec!ompos~.tionof the retflined austenite at room temp-

erature in the absence of hydrogen does not cause crackin!:,and the

fairly raFid decomposition of’austenitieat temperatures above 500°F,

also does not iced to cracks.

Yitting these observations tof:;ether, the meck,anism seems to be

~s follow-s. Ouring the welding Operation with the usual we] d rod,

in the weld bead, This diffuss

is heated above the transformation

au.stenite wt all temperatures hut

is practically insoluble in cold f,,rrite or marten site. When thu heat-

affcc.ted zone transfo:.ms, i,hertifore,hydrogen is rejectod from al1 t<reas

excer.tthose thvt remain austenitic. In these areau of austenite, tho

hydrogen conccmt~ctes to relatively high -~alues. When they luter trans-

form at room ter.perature and hydrogen is rejected, with no plc+coto ~<o,

eno~:nollsaerost.~<t<cpressures are set up, which disrupt Vh( adjacent
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structurfiev~n though it be harde:~-bmrtm)site. ‘fhc cre.cks thus f,.rred

are undoubtedly a.ui+esmall, and the principal function of thermal

str[?ss,esprobably i.sto CL,USOtb.ecracks to grow to visiblt; siz.(., ‘.~l,is

growth has been observed freq~cmtly and was demonstrated i,lthe co.].rse

of the pres,~nt investigaticc. If this a~l:-Lc:niteis t]ansform[,d at

clovatcd tti,u~>craturcs,the hydrogen ce.ndilf.~ce sufficiently to prevent

the maximum stress. This is a comrmm experience with shettcr cracks,

whick, are novor ‘pr@duced at temperatures above 400”]+

It Follows, t,hercl’ore,that the more hardenable steels are in

gencrai mo?e crl..ckseusitive bcca,lse they tend more to retair Eus+;el?,ite.

Likewise with more complete sclution of t“n~carbides, the likelihood of

reteinin,g austenite is greater,

The very natllre of ‘the ?~c-m-cli.ingprocess, with its st::cptfimp-

erature g,raclie,nts,is ideal to set up Iocsi stresses of hi~h magnituda,

though th.:mo?;hitud.ewill depend OILthe degree of restraint imposed.

lhile these strtisses in themselves seem j.nadequate to cause cracking in

the m.artcnsite, tl,~:?,are additive to the aerostatic stri)ssesof thti

re,jectcdh:,~drogenand might logico.il>yho the straw thzt bre~ks tr,u

ca:nel!s beck. This is in l,inowith the exporicuce tlhe.t scmwtimc,s cracks

nsy fOrm whtinWC,lding is do~e ,mdcr condi.bions of restraint but rmt ‘when

there is no restrairi.

Coocl.usions from Study of FITS Steels...——— _ .—..—. ———. ..—
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1. ‘?hcrelative cr,..cksemsiLtvi~y of th. hiph- strefiLthhull.

steels can be dc?t:~rmincdby mee.ns of (.single-bead weld test made under

closely controlled conditions.

2= ‘,ihile ~.ngeneral the ste~ls with the higher chemiccl compo-

sitions have Yhc grsa+.er~eI.,Git~vlty to ,.U::(~erbO*d~r[~.eking,freq,tf..~,[~tiy

the variations in crack censitivi ty fou.r.di.nd.iffer~~ntlots Of WJ~S ~O~ld

not b,>accounted for on the basis ~f chemicsl analysis, hardness of the

hegt-kff ect~d zon:,,harden a.bility, c.rother properties conmonly

determined.

3. The thermal treatment was found to have a pronounced in$luence

upon the creek semsizivity, hcmogeni zing increasing, and annealing

incroasin: the sensitivity.

4. For similar com.posit~.On~,the level of crack sensitivity

aPFears to be closely assooiatod with the degree of micro segregation,

tne cracking increasing with incrcaseil segregation.

5. “;;hi.lcthe crack sensitivity of l-inch plate can be reduced

to a marked “extent by homogenizing at 2350”F. for a relatively short

period, p~:wided thu carbon and m:inganesc contents are not too high, the

use of such a treatment is not conmcrci.dly femsible,

6. Tjr,derbead cre.ckm:~ can be eliminated by the use of iow-

hydrogen electrodes which have not yet been developod to the point tl’,at

they are universr lly acceptable for c.11tyyes of work..

7. A good co-relation wns found betweor the crack sensitivity

End depth of co”mplete transformation in the I_.::at-affcctxd zone when

expressed a.spez cent of the total depth of the zone ur.de~ the weld bead.

The stssls with relatively deep zones of complete ‘cansformation were the

most crack scnsiti’ve.
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containing

and low uncierbead Cracl:ing*

9. Low c~.rboi.and mar,ganese contents End high alumi~.ml cett.nt,

together with c fin? microstructure, were found to be ~onducj.ve to !igh

notched-bar impact stren!th.

10. ~1.~oG,icorrelation was f,mnd between the transition

temperature and the ocid- solu”blealuminum conten+, b,ighxl~.lmin,.ufl

lowerin,~ tho transition temperature.

11. Aluminum contentsup to .015 per cent were found to be

cletiim:ntd to tne tcnsiie properties rmrna 1 to the plate sui-face:.

The Development. of High-Strer:gth Low-.!lloy.,—, ——r.. -,— ———. -.—
bteel.s for Welled Con.tructi.orl.—— —-.-—...- ,—.— ..— —

‘Thefirst part of this report has been confined to a study of

the mechanical. properties, metallurgical characteristics, snd the under-

bead crackin,g tendencies of HTS steels that have been LIsed in welded

naval conetructian. Briefly,the rmngeof chemistry coveredwas from

0.14 to 0.23 per cent carbon and 0.80 to 1.55 per cent manganese, toqother

with small additions of titanium or vanadium, or both. This i-cnge

represents EZ’COULthe extreme limits found in commercial steels of’tl,j.s

grade .

‘Thepurpos<? o? tb.isphase of the Investigation is to determine

the influence of chemical composition covering a nuch vmder range t?can

found in the commercial HTS steels, with the ultimate object beinE to

find the composition which will give the,highest yield Str~P.@L ar,i

acc.eptabie no’u>hed-oar properties, and still have a suffi,;ien.tilylow
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level of crack sen~itivity to be sat!sia.c’toryfor weldecl ship cOnstrl.lc-

tion.

Th* first step in.this stl,.d)ywas to determine the influence of

each of the individual elemsnts,which was later used as a guide fwr

estab1.ishinC the conylet+ P.no.lysisoi t~,esteel.

Ir!fluenceof the Indivi.dus.lAlloys—— .-.———. - -—— —.—

alloying elements upon underbead cracking and the yield stren.gt:l,a

stludywas made nf a series of laborstory P,eats in which, the .followi?ug

(23)
elements were varied through the range ir,d~.oeted.

Group 1 Heats
II 2 1’
1, 3 “
,, 4 “
!! ~ r!
1! ~ t!
,! 7 If
!, 8 “

Carbon
l!a.r.ganese
Si.iicou
‘%7.ybcienum
Vana6ium

ClmOmi,tm
?itaniun

Standard C[>mposition

0.17 to 0.32 per cent
0.93 to 1.51 per cent
O .27 to O .92 ~er cwot

O to 0.43 per cent

O to 0.29 per cent
O to 1.00 per cent
O to 0,38 per cent

The standard composition chosen for comparison purposes was O .21

per cent ~-,rbon, 1.35 per cenc manganese, 0.28

.015 per cent titaniunmwitF, an addj.tion of 0.4

~nl~ composition was, selecteribecau~e prev~.ous

laboratory heats of the above analysis crs.eked

the ~rac][.~<jrj~iti-ritvt,estcondi.tiOnS used for

The im:icat:.on.sare t!latle.bor~tory heats cast

somewhat.less crack sensitive than steei of a.

commercial ir,g,~+s>

per cer.t sillcon, and

pound of aluminum per ton,

experience indicated ‘chat

well within the lim.i.ts of

tie commercial steels.

into small ingots ar,>

simiiar analysis from

Tb.s chemics.1analyses of the 32 laboratory “heats are listed i:!]

Table 22. These steels were processed. by forging; tine6-5/8-inch square
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—--—a--c=—_—--.g_- -— —.—.— == _— ——
i.rl.n?-snk Y cel :.t “–==——-———.—.,—z

?ieat No. C I’n P s Si Ti 1{0 1“ Cr
.—— .—. -—.. ——

(Group1)

x-1 0!17
x-2 0.20
x.. 3 0.25
X-4 0.28
~-5 0.32

(Group2)

X-6 0.21
x-7 0.1.9
x-s 0.2,2
X-9 0.21.

(Grcup3)

x-lo 0.21
X-n 0.21
X-12 O.lg

X-13 0.20

(Group 4)

X-14 0.22
X-15 0.21
X-16 0.23
X-17 0.23
x-18 0.24

(Group 5)

X-19 C.21
~,.20 0.20
X-21 0.20
x-22 021

(Group 6 )

x-$9 0.20
X-60 ~a~o
x.~i 0:21.
X-62 0!22

—. —._.,_

1.36
1,,30
1.56
1.~42
1.26

9.93

1.22
1,s’7

1.51

1“30

1’37
1.39
1.31

1,45
1.49
1.29
1.32
:.37

1.;:.7

1,.30
1,29
1..2s

1.37

1.33
1.36
1.30

>02.2

.021
,023
.023
.023

,>025
>024
.023
.024

,023
.02(3

.023
.020
.023

.020

.021
.020
.020

.025

..024
>024
.024

—

.024 0.31

.023 0“25

.0’23 ,0.?9

.020 0.22

.02G 0.22

.022 0.27

.018 0,28

.018 ().2?

.Oul oe~q

.019 0.55
.918 0.7’9
.019 0.92

.019 0.30

.020 0.35

.022 0.28

.020 0.30

.020 0.29

.026 0.32

.030 0.33

.o~~ 0.34

.025 0.31

.014

.001
.014
.014
.013

.Ola

.011
.012
.011

.012

.012

.O11

.010

.025

.012

.012

.012

.C14

.013

.016

.014

.OJ.8

>014
.012
.012
.01.5

.
..
.

..

.

0.10
0.12
0.24
0.32
0.43

.— -

.,
.

0.04
0.08
0.19
0.29

.

,-

.

..

(2.28
0.52
0..78

1.02
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TAt3LE22. (Cont.)

(Group 7)

x..h~ 0.23 1.36 .021 .02’7 0.24 Nil - --

X-42 0.22 1.33 S021 .028 0.24 .037 -. .

X-4:3 0.22 1.36 .023 .025 0.20 ~jil - -.

x-44 0.22 1.?6 .021 .024 0.20 .’338 - .-

(Group 8)

X-45 0.21. 1.35 .021 .030 0,27 .015 - --

X-46 (1.22 1.35 .023 .032 0.28 .015 - --

,_=-=_ .=-_.=_,=-==:_- __ ._-_.._.__:=_ _,. _—. _.. ——-— ——

b~o.te : t.11o.FtilIe?I.hoveheats were deoxidized ‘with an nddi.tian ~f

C.4 Pound of aluminum pcr ton.

ingots at 2200°F. to 2300°F. into 2 by 5-inch slabs, Followin!i reheat-

ing to 2200”F’., the slabs were t,otrol].ed to I-incl!plate in six passes

with th,o finisl)in<temperature being approximately 1750”F. The plates

were stood o!2w?ge and al.loweclto air cool as in norms.lizinc. 1:11tests

were m<:,deon t,huplate irlthe hot-rollc~d condition unless otherwise

stated.

The results of the undersea.d crack-sensitivity tests togetiier

with the yield strengths :fbrthe seven ,<roupsof steels are shown

Kraphic$l.liyin Fi!;ures 21 to 27: inolusive (24’). The sin~le-.bead craok-

i.ngtests were made as pre..niousiydescribed, bwith each of the date.

points in W:. ,.hovefi{ymes being the tiveraqc of ten tests. The j’j.elcl

str:?n:;t?-,ws determined. from Ionp,it’,ld,inal. O,505-inc};s,peci~mensusin~ the

load a{:0.2 per cent offset as indicated on the s’tress-strair.curve.
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A compariSOI1Of the abollefiy.lresShOTWStlnatcarbon and manganese,

especially carbon, have a pronounced influence upon unclerbead cracking,

the cracking increasing rapidly as th,ecarbon or ms.nganese content is

raised. An increase in the silico~.1content f’romabout 0.20 per cerrtto

abm,t 0.90 per cent, howover, resulted in only a small incretise in the

cracking, but tik,erewas no significant gain in yield strength.

‘Theaddition of vanadium and molybdenum, up to approximately

0.30 and 0.40 per cent, respectively, resulted in no si~nificant

increase in undfirbead cracking, but was accompanied by an increase in

yield stren~:,thof approximately 25,000 psi. It will be noted that the

gain in yield strensth resulting fram increasing the carbon from C.17

per cent to 0.32 per cent was only about 10,000 psi., while the cracking

increased from Approximately 20 to 100 per cent.

Little advantage appeared in these tests .i’romadding chromium

since the yield strengtl!was not.increase d a.pprec+.ably, even tnouch

additions up to 1 per $e%t were not detrimental to the underbead crack

sonsi.tivity. The addition of titanium produced no appreciable effect

upon either the yield strength. or crack sensitivity, as is indicated in

Figure 27.

The Effect of Aluminum Deoxidation.— .——

‘Ihileinvestigating the int’luenoe of deoxidation “practi.ces upon

the notched-bar impact properties, it was noted th2t the aluminum

content ~~pearcd to.affect the underbead weld cracking of the steel. In

order to deterr,ine if’the aluminum content resulting from deoxidation.

was a!~important factor with respect to weld craokin$, a series of six

heats were made with aluminum additions of ~, 1/4, 1,{2,1, 2, and 5



8 by S-inch molds

commercial mill.

condition.

alld

Al.1

rolleddirectly

testswere ms.de

T}~eresults of the underbead cracking tests are shown in.

I’igl.]re28, and other pertinent d.a’caincludin~ the yield stren@h are

shown in ‘7abl.e24. From Figure 28, it appears that the aluminum

content.may have a marked influence upon the weld crack sensitivity of

the steel though, from Otlher evidence, it appears that this effect

de~ends on other factors as well. A small 0r medium amount of alumj.num

appears to be the

ei ther he omitted

TABLE

——— ——. --. —.. —.....- ,-----—. - .—— ——-. ——. -—.,.-.. ..——. ——. —-—-, —UVS,-=.,U——— ——... —

Heat ~,,r.alyses, pf.,r “,(.xt Aluminum Added,.— .... ..-—...*
No . c! !m P s Si. ‘/i Al Pm]nds per Ton

——-— .—-—-. —— ——..—.-—.-.—— _ ——.- .-

X-23 0.20 1.25 .021 .(]22 0.27 .Ocl? ~;il 0
x-24 0.2: 1.36 .019 .021” 0.29 .00~ <.:,.005 0.25
~-~~ 0.22 1.24 .020 .020 0.27 .013 < .005 0.5
X-2C 0.22 1.31 .021 .021 0.2,7 .C)ls .~~$l 1
X-27 (o,z~ l.~g .018 .020 0.31 .015 .064 2
1-28 0.2?, 1<26 .019 C),20 0.27 .015 0.180 5

X-45 0.21 1.35 ,021 .030 0.27 ,C15 .003 0>4
~-~~ 0.22 1.35 .G23 .’332 0.28 .015 .003 o.~

?~eats,X-45 and X-46 are tilestandard composition steels.
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‘fM31E 24. DATA.FIKM lfJATS?TADEFOR STIJDYING THE
INFLUENCE OF ALIT!INU 4.I)DITIONS

e—:... —.
An:.1?:ses, Yield. 10nderbead

Hewt, i>er ‘cut Aluminum Adde6, Strength, Weld Craeking,
No. c :‘Ii Poundsper Ton psi. %—

X-23 0.20 1.25 0 47,500 6
X-24 0.23 1.36 0,25 50,880 95
X-25 0.22 1.24 0,5 47,750 74
X-26 0.22 1.31 1 49,630 81
X-27 0.20 1,29 2 48,250 5’/
X-28 0,22 1.26 5 48,3%9 17

x-45 0.21 1.35 0.4 52,100 .57
x-46 ().221.35 0.4 50,’750 60

—,

Since the reason for the app~,-ent influence Of aluminum WaS nOt

obvious and the data rather limited, a second group of heats were made

to see if the above results could be verified. Three 450-pound induction

furnace heats were made, and each heat was poured into two ingots, the

first ingot being cast without the use of aluminum, while the second

ingot was poured from the remaimder of the heat after being,deoxidized

with an addition of O.5 pound of aluminum per ton of steel. The 6-5/8-

inch,in@s were then processed into l-inch plates by fOrgirLgand

rolling in the same manner as the firs”tgrOT.lpof 32 heats.

From Table25, it will be notedthat the chemicalanalyseso.f

these six ingots are quite similar with the exceptiop of the manganese

content, which varies from 1.13 per cent to 1.40 per cent and, therefore,

must bc taken into consideration.

The d?.tafrom the crack-sensitivity tests in Figure 29 confirm

the pre~-i.(ousresultti since they defim.tely show that the crack serlsitiv-

ity was increased to a markedextentby the a.dditiorlof 1/2 pouud of

aluminum per ton as compared to n si?nilar steel with 1~0 al,~minu~. The
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TJLBLE25. 131E1111C}.LI~If}LLYSISOF S?IJITmi\TSLIN,DEIIO
STUDYTHE EFFECTOF ALUMINUM

-————.=—— -——.—— ——.—.—.—. .——. .——-
Lluminum

Heat Ingot :wided$
~1~ N’~ c !?in P s Si Ti fLl* lbs. per Ton-- . ..—— ——.

X-29 1 0.21 1.I.6 .023 .021+ 0.20 .008 Nil o
X-29-A 2 0=21 1.13 .019 .025 0.17 .008 .005 0.5”

X-?l 1 0.22 1.28 .023 .027 0.26 .008 Nil o
X-31-,1 2 0.21 1.25 .023 .026 0.2L .006 .005 0.5

x-33 1 0.21 1.4.0 .022 .025 0.26 .009 I\I~l o
X-33-!2. 2 0.21 1.40 .022 .024 0.24 .007 .005 0.5

-.—......——— .— — .——. —.,. -.. —
__, —-..— — ————.——..—— — .— —-—

* ~.eid-~olul>lealuminum content.
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influenceof man~auesecontentis alsowell illustrated i.nthe above

figure.

Influence of ChemicalAnal~~is Ur)onthe
~Ot~hed-BarIm~actStren~t~““---—

The eff!ectsof the variousel.cment,sinclu,iedin this st~lclyupon

the notched-barimpactstrengl;h(Chs.rpyV-Notchcut parallelwith plate

surface)when tested at,75°F, are shown in Figures 30 to 36,,iuclusj.ve(25) .

These figures illustrate how the notched-bar impact strengthof the hot-

rol.ledplate decreases as the carbon , silicon, molybdenum, vanadium, and

chromium contents are increased,

In t?u3case of mangrmcs e and t5.tanium, the scatter band is r8thw

wj.de, and the data do not appearto followa definitepattern,so it is

difficult,to drawany conclusionfrom the data otherthan t!mtthese

clem~ntsdo not,appearto be especiallydetrimeu.t,alin ttr range iuvo,stigated.

In reviewing the notcl,,cd-barproporti.csof th.sestmls, it

appearstl’!attilenotched-barimpactstrengt,llof the s.tandardheats,

Heats X-1,5 rindx-f,6, is higher thannlightbe expected,bci.ngespecially

noticeablein Figures 31, 33, o.nd35. The reasonfor thj.s apparentdis-

crepancyis not obvioussineeit can not,be explainedon the t,asi.sof

chemicalaln:il>rsisand th~ otherpropertiesare in the cxpected rangewith

the exception.thatthe yj.eldstrcn@h app~arsslightlyhigh. It mi~htbe

poj.ntcdout,thatthe standardheatswere made at a differenttime tilan

the remainderof the he?.tsj.nthi.s studyend some slightdi.fferonccin

processingrrightaccountfor the hiflhimpactstrength.
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V:he,n tes ;;ed at room temperature,the al.umillumconterlth~d little

inflUenOeupon th~ notcl:ed-barstrength.
The expectedeffec~,however,

WaS fOund when tested ,?.t lo~,el.temperak,lres,

the j.ntermediate a].uiinl~
coi~tentsP~’Odu~ing the highest notched-bar ~trengt,h at -400F. as ~ho,,jilill

Figure 37.

FrOm thisst~ldyof the influenceof cal-bon,mangane~e,silicon

9chrou]iwn,molybd,ellm,varvldiw
, titaniw and almin[m contentsllporlth::

M-mvi.or of a ].ow-al~.oyhigll-te~qsilestrengthhot-rol].edsteel,f,tis obvious

thatboth the carkolqand mal~ganese corlteni-,s

~ especi...l,y,ythe ~a~bon~~,u~t
be carefdl.ylimitedin orderto min~.rnizethe unclerbeaderackil~~..,

Iii~~1the carbonand msnganesecont(;ntslov~eredto ob,;ainthe desi.:,ed“wel.r]abili.ty,

the .Teollired~T;.C,.‘IdStrenEtllmust be obtaiiled‘bytb.e addition~?

Sueh.al~0J7sas mcl.ybde~lm. m vanadim whi.Ch do not i,nc~:ease the mderbsa,i crackil~~;.

Since the additj.ozlof smnllor mediumamountso.faltlrf)in~was

fO~~dtO in~reasethe susceptibi~.ityto underbeadcracking,-~~le~,lwinllm

maY be omitted.
.Inorderto e~sllresound ;.rgatsj

t!he siii.concollt,eyltshotidthen be not 1(:ssthan abou.b0.25 per ~jnt.

Ii?order to doterrfiinctl?ephysicalpropertiesand the aceo,npan:,-

in? level of u.nderLeadcs’acl,:in~:t;!at could be obtained by the abolre

aPPrOach~a S@ri. es of’ fOur laborat(j,~rindl~ctionf,J.rl,ace he?t~ ~{e.re~Oade

ai~ng a’;the i’dlowi.ng chemical fi.r,al.ysiswith vane,dium Co]lt;ellts~f 0,

O,zo, 0.30$and CI.LOper cent~
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pklte in the Swm manr~er as the other ].aboratory heo.ts, they ,werttested

in the imt-roll.cxlcondition.

‘TABLE 26 , CIIEW~ICJ.LANALYSES GF LOLT-CARNXT VANAOITTM
S’I’EF;LS wITH NJ ALU”’;I.IEUM

—...—..——..——. .-.-—..—. ———. —— —. .-.—c —.— ..—-.———_.. _.—-—.—.——— .-——.— .—.-—-—----
Heat An:.1.scs ;,,,~i:(~,’;~__, ,,, 3 Aluminum
NO . ,. ~?r,. P s ‘~~~———~i~-—.-–l--’ c,dded—-—.—.-.—-—-.-——. ——— —.—.-.-.——— ———. ——..-—.— .— ___

972 ().1’; 1.22 .018 .018 0.29 .005 ~[i1 ~:;oll*

X-38 ().16 lo~o .01’7 .043 0.29 .005 (3.22 Hone

7.-?,9 0.15 1.34 .013 .041 ().30 .025 0.29 ;!ollc!

X-40 0.16 1.32 .012 .~~() 0.33 .o:~~ 0.39 No:ne

.-— — ......——— ——-— ——— —...—— ... ... .— --.————-... ——-. ——... ———. —... —- .—.. ———-.. —

T116:rosul-ts or the unclerb~ai crackin~; tests amd the yiol.d

stre@hs o.fthese steels are sb.ownirLl?i{?;ure 38. !Chesc dc.ta slw~~that

th[? NJsc{,pt~.bilityto unoorbe>.d cracking can be reduced to an ext,rune1},

low 1tivo1 by 3.hni.ting the carbon conte:ritand omitting the nllminu.mwhile

obtaining tihodh~tii.red yic~ld.strangth by the addition of vanadium. By

adding O.39 per cent vanadium ‘toa O.16 per cent carbon steel with 1.30

per $omt rccr,.fyr,c.. se , and omitting ih~ ~lu,lp.in,r,n,a yield stren@ of

72,000 pri. was obtai.ned.from t}x,l-inch Fmt-roll.ed pl:te w!i~.chtrucked
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per cent, indicating an extremely low tendency towards underbead cracking.

The notched-barimpactstrengthof the tmo low-carbon(O.16 per cent

max.) heatscontaining0..2.2and 0.39per centvanadiumtestedat temperature.

rangj.ngfrom -’75°F.to 210°F.usingspecimcrrsnotchedparallelwith the plate

surfaceis shownin Figure39. Althoughaidedby the rel~tivelylow carbon

content,the CharpyGtrengthof thesevanadiumsteelsis quitelow when tcsteci

in the hot-rolledcondition, It is obvious,however,thatomittingthe nluminum

in orderto lowertho umderbcwd crackingis not corrducivoto good notched-bar

impactstrength.

&h~_lm-Molvbdi3num Stcel~

In orderto determineif any adv~.ntagemightbe gai.ncd,cspccicrllyin

the notched-barimpactstrength,by usingc largeadditionof nl.rsrrinurnrrnda

cornbinmtion of vanadi.wrrand molybdenumos alloysto increasethe streng-bh,a

serl.es of four heatswere made m,itha vanadium contentof o.pproxi.mateljj0.12

per cent and the molybd~numrangingfrem0,,12to 0.72per cent(27). Ez.chheat

was deoxidizedwith curaddit~.onof 4 poundsof mluminumper ton of steel..The

chemicnlanrrl.yscwof thesesteelsars listedin Table27.

TABLE27, CHEKICALfd;ALYSESOF LOW-CARBONVf,liADIUM-rtOLYBDEN~fl
HEATSliUiDE~~Ti’HFOUR POUNDSOF ALUMIIWJMPER TON

———,—... —.— —..—. .———— — — -——— —.,——
Heat Ana].vses. Psr Cent.—. ——c
No. c — ~n . . . . ... . _P s St v MO Al——.—.

X-48 0.15 1.28 .01..6 .027 0,31 o.~z 0.1.2 0.19

X-50 0.14 1.30 ,020 .027 0.28 0,12 0.32 0.19

X-52 0.15 1.31 .020 .029 0.32 o.1~ 0s4’3 0.19

x-54 0.13 1,,28 ,01.8 ,.031 0.29 0.13 0.72 0.19
—.—— ..——c...— _ —.— .—— .——. —, —--,. — .— -
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Theso heats were forgod and rolled into l-inch plate in the

manner previously described. A brief summary of the test results from

t!.lo]lot-rol~ed plate is shovm in Tab].c28 and FigUre 40. These data

again show the’thigh yield strenf,th hot-rolled steels can b:,prod,lced,

which ciisploya very low tendcricy towards underbead crsckirlgbut have

relatively 10-wr.etched-har impact strength. In thi$ or,se, the use of e

large aluminum addition and the combination of vanndium and molybden~lm

did not improve the imptict strength to any appreciable extent.

.—

)L~p.J.t~e8,
Charpy Impact

Yield Red. of IJnderbead V-liotch, Yt-1.bs.
~~cat Per Cent Strength, Area,,

— -.—_ ..—
We1d Tes~ed T[+sted-——.—.

ro . c Mm >:0 psi. d/. Cracking,% -40” F. 75” F.
-—— .—-. ——

X-48 0.15 1.28 0,12 53,S@3 6+.2 1 6-16 32-50
X-50 0.14 1.30 0.32 67,130 63.8 0 5-7 33-35
X-52 0.15 1.31 0.49 72,500 60.7 1 ~..~ 14-19
x-54 0.13 1.28 0.72 75,000 64.1 0 3..4 9-11

..--,.—
Note:

—

Y-
—..—.

All the above tests ‘weremsde on l-inch pl::te.

Fron!these results it appears that the combinaticm of high yield

(70,000 psi..minimum) and notched-bar impact strengths, togmther with I.OW

sensitivity to underbead cracking, cannot be obtained from hot-rolle d,

one-ir.ch plate with these com’jinat ions OJ”alloyin[; elef,lents. It is

necessarj, thei-efore, to resort to some other scheme to obtain ti,is

com:>ination of properties.
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Heat-rllreatedPldtc——.—.—.——

improving the notched-bar impact stren<.th end still reta.inir,,,:th, ct~,.>r

desired properties.

Carbon-%n;;anes e Steel—.

In order to obtain more infor,:i:,,tion, especially a“boutthe welding
,.

cha.ractsrictics of quenched and te,npc:rcdsteel, l.-ir.chplate f’rom$.

cormercinl heat with 0.18 por cenb carbor]and,1.25 per cent nmgan=se

(Steel i!fJ.~~) W:IS inter q,.~enchedfro.,1650°7. after being a.ttem~eratme

for onc hour, fol].owed by “tc>mpc~ilig’at 1000”F. for one ho,:r(28). ,~~c,

chemical analysis”, tensile str4nSth,and r,otched-ba.rimpact properties of

steel ‘JO. 30 are sh.wwr!in ‘Table2S. !rhctensile tests shgw Iimt the

~bovc.hf;r.ttree.t,ment,developed a yic~lcistren,gth Of’90,000 PSi. fir,da

notched-btir impact stren@h oS’18 to 30 foot-pounds Charpy (V-notch

speci,nen) at -32°F. as compared with only 7 to 21 foot-pounds fon the

hot-rollrd steel tested under similar cundi.tions. ‘Thbunderbead cracking

tests showed that th quc:nchedand tempered s,teelcracked 38 per cent

8.scompared nith 28 pzr cent’for the h.ot-roll.ed plate. This difference

is insi~nificac% in view of the gain in tensile “stren.gtii.

From ‘thonbove results, it is obvious that tk,c ~lndorboad cracking

could be rcducod and *ho

lowtiringhoth the ca.rbo~

strength, 75,000 psi. to

notched-bar impact strength further improvoc?by

ana ,marlg&n.I:Secordx.nts and still retain;n.::;~ l)izk<

85,000 psi . yield strength, To dctermise the
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‘TABLE29. CHEMIC1.LJ“.NAIYSJS ANI PHYSICA1,Yi?OPER1’IESOF
HOT-ROLLEDADD QUENCKEIIMD TEMPEBIJDONE-INCH
ELATEFRO!iSTEELNO. 30

.—— ——..—.———..—.—.——— —-.————— —.. ——.—-—.. —
~teel

——.— — ———..
ChemicalCOmDOsibiOn, Per WILt— —.—.

~. c Mn P S Si Ti V &_—.——

30 0.18 1.25 .023 .026 0.28 .007 .00.!4 .016

—— — -— ..—. ,——.
T~--es-——

Elong. Red. of Yield Tensile

Steel in 21!, Area, Strength, Strcn@l,

_\IQ. —>___.-—._..— pCondition of Pinte % nsi. sic - .

Hot-rolled 34.6 64.9 50,350 76,15o
% Quenched& tempered 23.4 62.8 90)880 108,200

-— ——..—. ——.— .——.—
Notched-BarimpactStrend,h.ft-lbs<

Steel Testing~~m~,erature.DerrFcsF.—-—— —
Conditilonof Plate-~]o. - -81, --32 -~ ‘“”—’TY—:—7T ,_

30 Hot -rolled. 6 11 25 31. 79
11 11 II 21 26 52
1! 71 t, : 7 26 52 z
1( lr 11 5 18 2/+ 76 58

30 Quenched?.Tempered 7 22 64 $32 71
11 It 11 II 8 25 70 76 67
n 11 M 1, 12 18 40 67 67
It t! 11 :1 12 30 38 64 75

*(Charpyspecimenswith Izod.V-type notch. )

-————..-.—..— - .——.- ——- ,.. ——
.— .-,. -.— —.. .— —,—.—-—-——

]]ote: Chemicalanalysisand tensile properties of hot-rolled plate from
Tables 2 and L, respectively.
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results of loweringthe carbonaridnmnganese ~ a

testedhavinga carboncontentof 0.15 per cent

the steel.beingsuppliedby the producerIn the

commercial plate steel was

and 0.79 per centmanganese,

form of 3/h-inchquenchedand

temperedplate(20). The c~jemicalanalysis,heat treatmeltt, and tensile proper-

ties are shownin Table 30. It will be noted that the yield strength is in

excessof 80,000psi.

TABLE 30. CWiMICALANJ.LYSIS, TENSILEPROPFWJI’IES, AND HEAT
TMA~;iEYToF QIIEJJC~D10’DTEMPEFED3/L-iNCH
COMMERCIALPLA’TF

——— . —- ——. —-. —.—
.——.—, ——.—..———
Steel

.——.——.—- ——,.~
Chemical.Analysis.Per Cent

1:0. c Mn
—————.——-.———,

Ps Si .-k— Cr zr_, AI*..——

24 0.15 0.,79 .02/+ .032 0.73 0.16 0.61 0.1/+ .033

* (Acid-solublealuminumcontent)

——-— — ——.——.-—
TensilePropertiesof Heat,--r.eatedPlat=
Elong. Red, of Yield Tensile

Steel in 21!, Area, Strength, Strengthj
_NO.

-,
>. ——=.——- psi,.—_..Q&—————

24 21.3 64.0 83,300 101,000

The twentyweld-beadcrackingtestsmade on specimensfrom this beat

showedno evidenceof underbeadcracking. This mightbe expectedas a result

of tiielow carbonand mangmesc contents,whilethe high siliconor the smo.11

amountsof molybdenum,chromium,and zirconiumwouldnOt be cOns~.de~edas

detrimental.



ran.ging .fro:fl-75°F. t] 2,1.2°F. are shwn in Fiture 41. Thes~. rcsults

ferrite :Ws fo,md ii-,the m.icrostructur~?. T{:sts showc.dthat the ferrite

was thk?reslllt,of incmplete ~usteniti. zinv prm, i.ous to qUf Xld L’iIIg e

JOin.tF,ffici[:ncv o.f;Telded Heat-’Ire8t~d Plate
—.—. ..———. . .. —.-——.— —..——

Xhi]e high strcn,qth can be obtained from the quenc~hcldand
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Mn 0.79 %
Si 0.73 %
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,TENSILE SPECIMEN

15” ●

Y’oov

—

-4 t%”
METHOD OF PREPARING TENSILE SPECIMENS FOR

DETERMINING THE JOINT EFFICIENCY OF QUENCHED

AND TEMPERED BUTT- WELDED PLATE



shown in T~ble 31.

~;FFICI~JCY TESTS

.—— —.—..____ —.. _,_____ ,—.. — _______________ . . ._ .,_. . . . . .

Yi:ld
Steel c~,emicnl Composition, per Cc;nt $trm-,gt,h,

——
~J~. cm Si “NJh @r T Description of Sl:lecimcn psi...————. —..—..——.——. —. ——-- .— .-.-+.-—-.—. —.-

24 0.15 0.79 0.73 0.16 0.62 0.14 3/’411plate - not wulded

7,4 3/41!:plate - vrelclcire-
inforctinwnt intact

24 3,/4!1plate - weld bead,?
machine d fl,lsh

40 0.14 1.24.C.24 0.43 1“ plclte - not welded

40 1“ plate - wsldei re-
inforcement intact

40 111 pla.to- weld beads
r,e.~hincd flush

79,600

78,500

78,400

86,600

82,800

84,100

Conclusions Coflccrninp the Selection of Lo-w-,(dloyHigh-—, —A.._—
Tw.\sIle-Strength Steels f=l~ea Construction— .—- ,—



q aluminun for deoxidction‘L!Seof Sm:!llor mc,dil.mlmnolil’lt,s 0.
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Subjectsfor AdditionalInvestigation—

In the courseof this investigation,a numberof observations

have beenmadewhich appearto be pertinentwith respectto a better

understandingof the responseof steelto the metal-arcwelding cycle

but will require more study in order to determine their full significance.

Since.these subjects should be appropriate items for future investigation,

those which a~~pear to be most promising will he

Influence of Cooling Rate and Electrode Size

Since it has been well established that

about 400°F. or higher, such as frequently uc.ed

more hardenable steels, will normally eliminate

diso~ssed briefly.

preheat temperatures of

for the welding of the

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 investigation now indicates that this is not alwa,yst,},eci.se

since increasing the initial temperature of the craok sensitivity

specimens from C“F. to 120”F. resulted in slightly more cracking in most

of the HTS steels(32”). It was also noted that increasing the electrode

(20)
size from l/& to 3/16-inch increased the cracking in these tests .

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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but that tfiereare certain

:Taximu,T,craokin;:and which.

intermediate rates which may

appear to vary with the type of

Irithe case of’some high-carbon steels, it is we11 kno~;:nthat

the m~st drasticquenchingdoesnot retainthe most austenite,but that

an intermediaterate,suchas the oil quenching of’tool steel, retai:~s

more .austenite than wtiter quenchi,.i:. There may “bea simil:ar sit}.mtion.

in the cese of 7#elding, the slower cooling rate resultirlg fron the

hi{?,her initial twmperz.tu.remay cause ths retentj.on of more a,ustenite

which tretnsfor;ns at or near room tem,pera+,!lre.

‘i’hereis ar,obvicus need t’crmore i.nformatio’~,concern in:.gthe

E<ust~nite transformation in the various types of 10,+and med.ium,-chr?>on

s%eels, particularly the behavior of the last 4 or 5 per cent of

aus+cenit.e, which apparently decomposes at constant temperature d~riq: the

first 24 ‘to48 hours after weldin,:. This infarmati.on would do much

towards expleinirig the me chal:nismof un:ierbeed cracking Gnd thereby aid

in proviclin(;mee.ns for overcomin~ this (iifficul’cy.

~ Steel to R@.pidI(eating ‘Response o. .—— —-—-

A.st~dy of the microstructure .mder the weld bead.on tb.ec.rack-

se~sitivity tests revealed h good correlation between the deptk,o; the

cone Df complete tra.nsforr!a.tion, when expressed as per cent of the total

depth Of’the affected Z011L3, (n)and the.cracl:sens~tivity of the steel -Y- .

., #,ts,inst,,this EZUDeSrS .to be an indication of hardenability, hut this did.,

not prove,to be the case,us .harc~enobilitj’determir.ed by the conventional

manner did nut correlate well with underhe:).d tcreckir,g. This relationship

of th:~heat-aff’ected struct,~.re[)r.dcruc,Kiny appears to indicate *
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tho rapid tl.,.ermalcycle developed during welding, which cannot be

clfrom the information now availah,le.oxplaine.

It wcisalso shown in this investigation that the alwninu.m

content of the fiteelhas a strong influence.upon underbead crackinE,

small c,rmedium amounts being $]uitede,trimentt~.~(34), ,“Jhilethe reasons

for this are not known, it may he that aluminum i.sone of’the factors

whi ch influence the rate of thei-m[+.lresoon~e of the steel. ‘lhermal

response ciurintheating is the rate at ‘which complete fiustenitizstion

tak-esplac,e a.ncl,m,orcparticular-’ly,th[,rate of dissolution of carbitcs.

In studyin~,the rate of response, it is suggested tha-tthe

effect O.ft!letype, size, and distribution of the c,irbides should ‘DC

investigated together with the influence of alloy banding or segregation.

Thtc inflllcrlc.eqf these factors can be studied hy means of the rapid

dil.atomdxsr technique in which the speciens are ,rapidly heated followed

immediat,.l.y by a controll ed cooliry,cycle which will indiGate the manner

in which th[~steel responded during heating.

An understanding of the factors affecting the rate OF re~ponse

of steel to the thermal cycle developed ouring welding could lead to a

broadening; of the field of readily wfildnblu steels .

Cr:icktii?.1 thu :;eldLoposited ??cta.1——.. —

,-,lhilc:dtivelonin,: the.craok-sensitivi.ty test, v,.:rticalcracks were

freq>.~vntlyfound in the weid-deposited ?!letialwl:enthe sirqle bead weld

speciment<w-br~
(35),~eCtion~d Longitudinal.ly: As far as could be

deternincd, these cracks did not =tcn.d to thu surface of the weld bead,
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cr:>.c!ks.

At.,fi-rstit was tlmugh.tthat the chief cause of’these vertical

cr:cks night b6 the very rupid cooling resulting fromusingan initial

$p~ciment,:fiw~rat~lrtiof O“F’.It was laterfound,however,thatthese

cracksoccurred in about the,same!number when the initial specimen

temp:r:lixre WS.S raise[i to 60“F.

~!eta.llographic examination of these vertical crac!<s showed that.

they-wore interdendritic in the columnar structure of the weld met[,l

indicati.n,;that they may be shrinlmge or hot cr~cks , Since in most

welckbi1ity stud’ies th.;buads e.restictio.ledtransversely, it app+ai-s

that the prcsencc af these vertical cracks which lie i.na plane

pc.rpendic’~lar to the axis of’the weld beau, WOUld n!otbc :;xposed.

Since the scope of tinisinvestig:~ti.on:was limited to a study of

the base metal, thti caIIsecf the vertical weld -netal cracks was not

investi;:a.t!,d. ‘(tis sugg,;st(;(ithat this type of cracking snould be

studied hccausc its preserlcc in.test specimens mny inciucefailure and

cause crroneolls e~aluation of’the ductility- of’the heat-affcctfid par,mt

nwtal, or c,f bhc wc,ldmet:il itself. Likewise, the presence of mch

cre.c”ksin we.liiedstructures muld lead to disastrous f&ilures.

ilotched-Bar ImpactWaperties of Pl+,to— .—— .—,. —. ——.. ——

Irlstlid~rin~:t,hcnotched-bar impact properties @f the plfite steelS

k this investigation, a mar’k<;d.difi’ercnccwas notod in the longitudin~l

and transv~rse charactdribti. cs‘Munich.became more pronounced [;sthe

aluminum contunt ‘:.:asincre? sed to .020 per cent. IrIno CaSe did the

transverse bests indicate a tre,nsition zon<,iwhcr,ttisteclin th~ re.ngcof

-tlO°F. to illO°F. , ultho]:~h the longitudinal specimens from a part of
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these st=els shored a definite transi.t;.on zone when apparcmtly similar

h~ats did no-t(36). The reasons for these d:ifferfincesin bekmvi.or are

not known. There is also evidence to indicate that homogenizing sone

heats in.crcas:.d the notched-bar impact sbrengtl~ to m appreciable

extent, whi.lc.in thtice.se of other beats there wercjno beneficial *!’f’ticts.

From the above it is evident that more fundamental work is needed i.n

this field.

/Ci:s:H m3:AL?!ahn

September 23, 1.948
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