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EVALUATION OF NOTCH SENSITIVITY

OF

MILD STEEL SHIP PIATE

BY

DIRECT Explosion TEST

INTRODUCTIQ~, . .,“ ,,,,.

It yill,be remembered that the Board to Investi@t@ the Design and

Constructioriof Welded Steel Merchant Vessels placed a major share of blame

for the brittle fractures which occurred in service in a number of ships on

the excessive notch sensitivity of the steel plate used.l This conclusion

emphasizes

a need for
,.

materials..

.“ this field

the importance of the phenomenon of notch sensitivity and suggests

a thorough evaluation ~f the notch sensitivity of structural

It has, indeed, stimulated an extensive program of re~earch in

and considerable light,.hasbeen shed on the notch sensitivity of

steel plate as a functionof its chemistry,,heattreatment, and service

temperature. U@ortunately~ much l~ss.informationis available on the notch

sensitivity of welded joints. .,!..

It is generally co~ceded that notch sensitivity is essentially poor

ductility uncier$r+axial tensile stress such a= is usually present at points

of severe stress.concegirationand severe stress gradients, of.which a notch..,’.. ,-

is a typica~,,but not necessarily the only, e~ple. .,While it is comparatively

simple to deter@ne the notch sensitivity of a homogeneous material by,ustig

notched s,pectiens,:ip,:non-homogeneous

cated by the difficulty of predicting

a notch to impose the,triaxial stress.,

materials the task is considerably c,ompli-

the proper location and orientation of,. ,, ,.

=ystem on the most vtierable component,

In the case of a welded joint the,problem is further ag,gr.avated,p~’:the ,~e:-,

metrical complexity of the diss@ila~,regions and by,the fag,t,that phe difference.,,.,

;, ,,,. ,.’

.. . . . .-
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in their mechanical properties, particularly yield strength, produces a strain

gradient of its own which is destroyed or modified by the introduction of a

notch. While a systematic study of the weld region with notch location and

orientation covering every conceivable region and plane

a welded joint is possible, the volume of work required

impractical as a means of determimhig probable relative

welded structures and welding procedures. Furthermore~

that the integrated perforqace

of the weakest region,tested.

of the welded joi@ isof even

notch sensit~vity of the.plate

of +11 the regions would

of weakness within

makes such a study

performance of specific

there is no assurance
,’
be the same as that

‘,...,

Yet adequate knowledge of the notch sensitivity
,:!.

greater importance than the knowledge of’the
.! ,!,

itself, since welding is usually present at all
.,.,

‘, ‘: ? -:,
,,

structural pointswh%re multi-axialstresses can be expected to occur.
... ... .

It is significant that.although in welded Ships the path of frac~k~e
“,;.,.,,:+

does not usually.follow the line of welding but runs through prfie plate, ”i~e-
,:; ...’

origin of fracture in virtually every observed instance is in & atia weldm ““ :
,,f,,:. :,

Though this in,itself does not necessari~y ~onst~tute a proof that ~h~’we~’ ““”,..,! ::;.,- ~;...... ,.. . .. . .-
has a greater notch sensitivity than the prime plate, it doe-spoiit out-that’

.“”.,
since’weldsarq in,yayiablypresent-,,atstructural points wherb ‘triaxial”t&sioh “... ;.,, .,,! .,,’ ,,>,.-
occurs, the maxim~~loa@ carr@ng ,capaci\yof a structure is a ‘~”reck”fiu”hction

t,
.,. ,(..,.’..: ,’

of the’notch sensititi}y.,of.its welded joints.
.,:,

It may be argued~”of’”coir~e~’”‘:’”:
,’,,.,.~.,.

that refinement of..design,caneliminate or at least reduci’~o a vafis~n~’;:”’ “,, .’,;’,.:~,-~.
point, both the number and severity of instances of triaxial tensio’~.ffi&. ~

.. .,-;:-, ,.
,:

argument> &Lthough plausible in,the,o~y
(.

is hardly tenable in practice since ‘‘:’;’,.,:,,’,,.,,.,+,,y..,:,.,= ,;- .,:.,.,.

even H a super-design did su~ce~d h reco,~cilingon paper the tfiooPP~~i’~e”s””, ....?.,,, ,,.,’ -{:::’;..! .~;....;,,.,.
of perfect stress streamlining and functional requirements,’flaws in; and . “f!,, ,,.

:.::,.~,j,.,.“:“2 :,........,. .,:.+.,-,>,,,
limitations of, fabrication techniques ,arealmost sure

.:l’:~.,:.:,,,’) ‘.:!

,.
to reintroduce points ‘“

.::
.:

.,,” .,,., ,,,:,..!,~,. ..:’,!

—. —
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of .s”tkss.,cmcentrakh)

structure.,, ,,,

T$e dgrect

of notch sensitivity

explosion test has been devdoped to permit the evaluation
.,

of,m+t:qrialswithout the use of geometrical notches or,,

other geometrical stress raisers. @fficient correlation between behavior

of prime steel Flate.under the explos~ve test and tests employing notches

and other stress raisers exists to warrant the assumption that the Ferfornance

of weld,joints under the explosion test is closely indicative of their notch

sensititity~,This assumption is further substantiatedby a good correlation

between performance of welded joints under the explosive test and parfo~nce

.
of sknila.rjpints in prototypes of ship components, such as hatch corners,

subjected.to static loading to dest,~uction.3,L,5,7,8.

,, Themethod of conducting a direct explosion test has been described.. ..

aruxnber:of,t,imesand it is believed that on,lya brief review of tinetesting
,.,

2J6J7J8 It will be remembered that the test consistsprocedure is warranted.

of subjecting a number of identical specimens to a blow produced by an

~plosion of a cylindrical charge of an explosive powder packed to a desired,. :.

,.cienpity.The magnitude of each charge is progressively increased until an
,,,-,.

energy value is reached which just fractures a specimen. The extent of.,

deformation ofthe specimen subjected to the explosion of a charge just

.,belowthe mintium charge to fracture, is noted and

of the -urn deformation the material tested can.,

Specimen fail+re i:{,paid to have occurred when the

9 inches*. .,,:. ,I .

OBJECTIVE: . .:..
.“

. During preceding investigations~, of the,,

provides an indication

sustain under the test.
,,,-,,,,

length of fracture exceeds

notch sensitivity of alloy

-.
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steels in both

tipravement in

prime and aa-welded condition, it was noted that considerable
...~..i,.,.. .....: ,. ,,.},”

performance was effected by the ~~bs~it~tion”bf-lol~’’~y~~gen“-’ ““

welding electrodes of E-1OO15 class, in place of E-7016 electrodes, even “ ; ‘-’;’:,,,....?...,, :

though t~lemanner ~nd path of fracture appeared identicai”;~ri”botti’case’$,
,.

~,

the fracture being cortined almost entirely to the prime
,,,,~,

turn suggested the possibility that improvement could be
..,,

,.:,.,-!.;
performance of welded mild carbon steel, through the use

electrodes. Indeed, it appeared possible

welded joint may be as much a function of
,.i,,~.’,,

the notch sensitivity of the prime plate.
~..’’,’”‘,, . ,.,. ;,,. ...

that”’thenotch
-, .,

the welding proced~r~’used as-of ‘;’”),..

,,
Accordinglyj

,,
a brief investigation was carried o~t to ~eter~~’e ~ ‘;’)

;... ,. ,,, !, ,.. ~ ,,.,., , .

whether variation in welding,procedure “ “
.:

“’hadan”’:>“, PZWdy weld’ingelectrodes,
,,. ,,.

appreciable effect on the notch sensitivity of the finik’hed”jointand whethd”” ““’
.,,...,:,.,: ... ..,. ”

this effect was comparable to that produced by a’dtiference in the quaiity of
,-:.,2..;’.. ”,, .’;’.,,,,,,,,..,

the prime plate.
. ,:, .4.:”

METHOD OF INVESTIGATION ‘..—
“. .:,!,,;*. ,:, -;...,+.., ,,,

Two types of ship plate were selected, fiS’Class B and fi13~Cla=S C.
‘J:::.,.,,.J..,,.,”-. ..,..f.,

‘The Class C Steel was rolled to 111plate especiali~7for this”pr~ject:inst~ad”of
.,,,...!

to its normal over-l’tthickness because the majority of the ~~~~ ~~us far ~h-i’” ‘“”

tained with th~ direct explosion test has been on 1’Iplate.’ It’will be se~n ““”
~ :

from their respective compositions and mechanical properties,’givenin Table I,
,..

,; ::’:!”’ “,,,
that the two types are closely similar except for the fact ‘thatClass<B is a

.,;
,!, .,., ,-- ., , ‘~

semi-killed steel, while Cl_aSSC is silicon-killed with altin~””added”fo~;firie““
,., ,

... ., , .,

grain. Two types of manual electrodes were used, Glass E-/dlO;ahd an””<joy
.,, ,. .-:.,.

electrcde

type, low
‘.:

c~ntaifing approximately 1.75%Ni and .5G@J0, shi~ded .~ith~e- “ ~ ‘H :.

hydrogen coating and falling within AWS Class E-1C016. In adtiiok,:-.
.,,,.,*, !<,.,,: i.

— —
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a,standard 2@ electrode was used. The,jointa submered arc... ,5 ., process ,using

preparation was as fo~.ows:
.;..,,,:

TABLE I

mechanical properties of the 111thick ship plat~ used.Compositionand

AIM Class B+-—Ladle Analysis—.

c .16X

.71

.05 . .

.010, .

.72ml

●22Si

P ● 015

.933.030 .,,,s
.,

Average liechanlcalProperties

Y.P.,psi”

T.S., psi

El., % in.SIi ..

,,

,.

+ Lukens ,,’

++-Bethlehem Steel Co.

40,20b‘35,200

60,900

27..6’~

69,800
.:

24.0 ‘

:. ,, .,

.,

.: ..
...

,.

.’,.,,.

,.,,,
.! ‘,
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1.

2*

3.

..

Manual weld 600 dou.bieV, 5/3211root opening, O root face, root
,,, ,. ,.. ,,.:,.

pass macle~~withi)~2ii”dia.electrode, chipp’ed

welded with three passes

A total of seven passes.

Submer~edjarc w@k$ ,9~?

welded with three passes
,,>..,,,,!.,.,!., ,,,,..........,,’..,.,.

a total of six passes.

on each side, using

.- ?,:“”..+,

,,. ., ,.,
out to “soundmetal a&l

,,,,.
l~~i;tia~ electrode:

.:.,

double Vl,5/l~!rj.rOotfa,ce~O ~.oot,opening

of l/@t dia. electrode from each side for
.“......-.,.- ..,,.,..........,r.-. -.’.+

Submerged arc weld - Front - single!”U11/1611deep, 7/’161’radius,
,..

l/@l root face, O rOOt opening$ submerged arc welded with ten ‘
,,

passes of l/8t~electrode. Back -“3/161’radius, U groove welded
,.J,!... . ,!”,

with two passes of 1/4~1Class E-601o electrode.
,,.;

No preheat was”ised and the interpass temperature was held at approximately”
,,

200°F. All welds were radiographer and with three exc.epti9ns,were radim
... . ..’ ,., ,,‘.4

graphically sound, though a few cases of considerable porosity were nc$ched. ~~~,..,

The exceptions consisted of three submerged(arcwelded specimens, joint iYo.,,2,

which exhibited inc~mplete penetration for..about41’in the center of the joint.,..

The submerged arc joints were welded four at a tfie and flame cat to final

dimension.

Joint No. 3

face of the submerged

of the submerged arc welded

arc weld in tension and the

with the back of the weld. A total of eight sets

joints was tesied with the,.....

explosive,charge in contact

of specimens was prepared,

three using fully-killed steel and five using semi-killed steel. ~3bmerged

arc welded specimens were made on semi-killed steel only.

DISCUSSION OF .RESULTS

Results of the tests are given in Table II in tabular form and are

summarized graphically in Figure 1. Fig. 2 shows tinerelation between applied

—. .
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energy and deformation produced at room temperature. These reSults colifirm

similar relations developed previously.8 Typical fractures obtained durihg

direct explosion testing are shown in Figures 3, 4, and 5.

Referring to Table II, all fractures observed were of the cleavage

type. However, unwelded plates of fully-killed steel C. exhibited a range

of partial fracture - that is> a range of energies wherein fracture did not

extend from edge to edge of the specimen - nor in some cases through the

entire thickness of the plate, At room temperature this range was quite wide

(nearly 200 gins.,or roughly 25% of total energy to fracture.) Therefore,

insofar as resistance to fracture propagation

far the best performer of the straight carbon

date, at least at above zero temperature. At

appears to be iittle difference between steel

C and ay other carbon manganese steel tested

is concerned, steel C ranks by

manganese steei plate tested to

lower temperatures, however, there

C and steel B, or between steel

to date, as the energy to

fracture of all drops to nearly zero at -8001?,~~hileat -40°F the performance

of B and C steel is quite similar. Some inconsistency appeared at -90°F in

performance of steel B, since partial fracture occurred in one spectien at

90 gins.,while no fracture took place in twb specimens at 110 and 130 gins.

This inconsistencymay be due to the fact that the fractured specimen was

kept at -90°F considerably longer after it apparently reached this temperature,

than were the two specimens exhibiting apparently greater strengtin. As a

result, the original procedure of maintaining a specimen at the desir~d

temperature for at least four hours after it has apparently reached the

surrounding temperature, was followed in all subsequent tests.
..

In examining the performance of steels B and C when welded with E-601O

electrode, one is immediately impressed with the startling reduction in the

. .-
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and hence a ~duction in energy toplate.,c@$.or’~tiOri.PrZ.Qrtp,~,r+ctwe-j,.,,,.> ,,.,;. .,,,, . .. .-

fracture- which take,splace .e,ven,at,room,temperature aq the result of welding..... ..’,, -3,.2...~, ..... ,: ,1. ,!:

Furthermore, this inc.re.asein,notch;s:nsztivity is roughly the same for both.,!..’. ,,,,-,.. ,, ,.

steels,~(,from,~-..6~rIclq~thof CUP and 7@ ,9s= , ,.,energy to fracture, to 1.5211
,,.i. .

and 240 ,gms..for steql Band from 3.:241!and:,740gms~ to .8011and 180 gins.. .’.,. ,:, ,,, ..-,,;:,...

for steel ~)..,~uggestingthat ,theuse of fully-killed steel does little to.,.,. ,,.,, ...,

improve the load carrying capacity of struct~es,as long as cmventional... .,,“,.

welding p~ogeci~$,is used. , , ... ~ ,., ...’

It is,,a~sointeresting to npte that plate: welded with %6010,, ,.,,‘. .’.

electrodes becong nearly completely,brittle, fracturfig with virtual-l-yno .,-.,,,,,,, .,. ,. ,“.” .,

plastic defprmati.onat temperatures as,high as #32°F, as compared to between., ..4 .,“,.,~ !,,., .,; ,.‘..,,,’:’:’

-~GO and.-13Q°Fin cases of ~welded plate? A typical fracture Of a pl+~~,. ,,,.,,.,,
... .

welded with,E@lQ electrodes and tested at 3Z°F is shown in Fig. 5.....: ,, .: .. .. ..,.4

.By,,compar@onw$th th~.relatively poor performance of plates welded,.4:1 ,,,., ,, ~,j..:’, ‘.,.!.

with E-601O ~lectrodes,~the performance of the sarne,plateswelded,,withE-10016.,,,, ,,:;’ ,,., ,. .-’”‘.’ ....i. -,!,

electrodes,is,verymuch s,uperioras shgwn in Fig. ~ Furthermore, the use of,, ,. .!.,.’ + ,, ..~......., ‘.., ..

this QIJQy weld@g electrode brings out a di~ference between the two steels,.>, . .........-..,~ ~.,.,

particularly at low tempe,~atures. Thus at room temperature alloy electrodes., , .,: ,.:>}

raised the performance of

to fracture, to 2.36!’and,.

while steel,C joints.we~e:j,.’

steel B joints from 1.52’rdepth of cup and 2L0 gins.

420 .gqsyry5pe@+iv+&, an,@provement of nearly 100%,.,..’.. ,)”.,.-

~prQved from O.$O~fand 180 grns.to 2.541~and 54°gms.,,;,, ,,

a 200% improvem~nt. ,The difference between the two steels becomes even more
,.

pronou~ced atlQ°F where in ,ti,ecase of semi-killed steel the improvement

produced by the ,1OW hydrogen low alloy Electrodes is lost; whereas performance
.,. ,,-, ,,‘!.. .4:,

of jointq,ofif+ly-kil.led fine Grain steel .sho}vsc~mp~~~tively little q,~terio-,~+.,.:.,,,,,. ,, ,!,. ,,,1.- .J;j I.
,,.?:, ‘:, , , ,.-7 ,.. ,

ration. As,a result, the energy,~bscmption~at,,~~$l)~of fully-killed steel jo~nts’
!) . ..:.. .. . ,,. , . . ,. i ;:j . .’,::.!”

.—
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welded with low hydrogen low allo] electrodes is four times that of the semi-,,‘,,. .,
killed joints, while,the,diff~rence in plate deformation is even greater (2.0311

,. ,, ,,

deep cap as,compared to .l~~]deep cup]. It will be remembered that the per-
,,

formance of these steels is indistinguishablewhen welded with E–601o electrodes.
,,

As mentioned.a.hove,h semi-killed steel @provement in performance
. . . . .

produced by the use of E-1OO16 electrodes decreases ra~.>idlywith lowering.>..2 ,..

temperatures and is completely lost by the time 10°F is reached,, It is,
,...

therefore, particularly

improvement produced by

temperature bd$ extends
..

gratifying to observe that in this same steel the... .

the submerged arc process is not only gr,eaterat room
.!

down to as 10N as -40°F. In fact, at –lOoF the,per-,, .........‘4,,,,-

formance of submerged arc welds is, h general, comparable to that of E-601O
... ‘. .,.

welds at 70°F, and at -40°F is superior to the performance of fully-kil~ed
,,

.,
fine grain steel welded with E-1oo16 electrodes. It is important to aote

that the benefit of the submerged arc weld was Largely lost when it was made
,- :’

from qne side only and the rootof the joint sealed with two passes of F-601G

electrode, even though in testing the root of the weld was predomin@ly,.

compression. Examination of the fractures in this,typq of joint reveals

the fracture started.in all cases in or at the,two root passes made with

weld

that

metal. ,,. !,

In examining the path of fracture in welded joints

unlike alloy steel joints, the mud steel joint appears
.,,

in

that .$”

E-6G1O

ii will be seen

at the first

glance to be stronger than the parent ,plate,since with the exception of.one,
.,

or occasionally two, transverse fra@ures across the weld, the entire path of...

fracture is confined to metal unaffected by welding as shqwh i~ Figs. 4 and 5.

This is,l.,~rdto reconcile,with the apparent influence of weld procedure on,-.

performance reported above. Furthermore,,it is difficult tg understand whyY , ,,[
., .,-. ,,

.- —
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if ~he of the weld components fails first, the failure does not follow the “ :
.’

!.:..”

i ‘ ‘<’”’”zone of its obig n, but propagates Into what appears to be
,!-:

of parent metal. ~deed, there are plenty of instances of

h alloy steel jotits, where fracture starts in either the

the heat affected zone, and then propagates through

regions.

Whatever the explanation, the fracture in

invariably takes place transversely across the As

one or

a toiigherregidh

the ~ormer behavior

weld m~ial br in “

both of these ““

.,

mild steel specimens”almost

of the weld and then’travels

either at 90° cm 45° to the axis of the-weld. Of course, if it could be
.,

demonstrated that the weld possesses some dtiectional property which makes

weld metal fracture transversdy at a lower stress than longitudinally,’this

behavior would be more readily understandable, or, if the fracture here not “’
. ,’,

pueceded by appreciable plastic deformation, it could be”argued that the ‘
,:

locked up residual stresses were responsible for the predominance of transverse
‘,,; J .. .,,

fractures. However, since in the majority of fract~~s appreciable plastic
L

flow does take place,
,...

and since the transverse fractures occur only where the

weld metal joins notch sensitive material, the correct understanding of the ~ ~~

mechanism of fracture must await procurement of more data.
. .

It may be interesting to speculate on the relative fiportance of the’
,,

,,,:

factors responsible for the difference in performance observed between weldingi
.’,’.’.

procedures investigated. The major differences between the two ;teels used

were in silicon and oxygen content, and probably in grain size, ~~~e ‘~ke’‘
,. ,-. .. ,1-.,’ . . .. ,,

major differences between the processes were in the amoun~s of”hydrog’enpresent
,,, ,.,..

in tne arc atmosphere and in the alloyfi’gelements in the weld meta~. “~

,.
general, it could be expected that the lower the gas and the higher the ailoy

content of the weld, the better would be its performance, and the results
,,

,j.{ .,,

.—
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obtained,appear.:tobe ,coqsis@$.@th these

inpc:utanceof-the different factors is not,

e~.p.ectiations..The relatiy~

however,ckar, It.is probably,.

true that the improved peqtgrmance of E-1OO+6 ~.gir.~,$:,iscause@ bo$h,by the -.,.

reduction of hydrogen.content and the introduction pf@*el and.m~y~denm :

into the weld. It also seeqs pr.ob~bleth~~~iwithth.q.setworfacto~s.presentY

reduction of oxygen content produces further benefits. It appears, however,

that thq l~~r,oxygen ,qontentof ilily-killed steel is .n@ suffi~ient:to

compe~.satefor.the.high hydragen$ontent of E-6010,electrodes.”,On,theother -’

hand, the redyction,;o$:tl~~tiogpn@ nearly zero by the use of fritted’fluxin

the submerged,arcprocess, appears to be more effective than,either the~

reduction of the oqygen.:cofit,qntof the parent Flate or,the addition of ~~~H

alloying elements. These cofic@sicqs~ howeverY ,mustremain tentative, at

least untiladditional data is obtained, sucl-.as:performance of;fdly-killed

steel welded with the submerged aqc:process,.,andthe performanceof both killed

and semi+illed steels when wel*de@TwithWe. swbmerged~’arcprocess using ‘ ~~

elect~odewire ofalloy contest equivalent to E-1QO16 electrodes. : ~‘.,+

COILLUS1ONS ,.
,. J.“..’,. ,, ,, ,, ,,, ,!

On the basis of the data ,gbtaine,ddwing this investigation the

fol~q~ing

1.

2*.,

,,:,,-

3.

tentative conclusions appear to.be pertinent:

Performance of prime plate of b,o$h,killed:fine

steels tested appears to be closely comparable

manganese steels te-stqdin the past. ,

. .

grainfand ‘semi-killed

Performance of prtie plate.of the kilklfine gra-tisteelappears

to be slightly b@ n@ signmican~ly<’bq,ttdrtkAanthatofy~ehi-kflled

steel●
_..},+. .1.,;’. ,,-’.

Perf~rmancepf both kiued fine grain and:aemi-killedsteels:’when

welded with E-601O electrodes is approximately 30% that of the

.- .— — —
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uhwelded p~ate at rocm temperature.,,,,.., ,, .:

L. All fracbutieswere ofthe cleavage.type.

5. .Both the.killed fine grain and semi+kfiled steels, when
,,

E-601O electrodes, fail essentially in a brittle manner

welded with ,

with virtually

no plastic flow at temperatures as high as

for brittle failures of unwelded plate.

6. Performance of both killed and semi-killed

10*F as compared to -@F

steels when welded”with

the low hydrogen low alloy electrode of the WLO016t;~e is greatly I

‘.~l?.pe~iorto the performance of these steels when welded with E-@lQ

electrode. However, pwformance of f.~y-ki~led ffie grain steel

in this case is cmsiderablj better than that of semi-killed steel,

particularly at lower temperatures. Performance at room tempera-

ture of semi-killed and killed steels are approfiaiely 60% and 75%

of the prime p~aie respectively (100% improvement over E-6C1O
,.. ,,,

electrode), and at 10°FS 15% and 65% respectively(3QO~ Mp,rownent “

over E-601O electrode for the fully-killed fine grain steel and none

for the semi-killed steel).

7. Performance of semi-killed steel weided with six passes O:

standard 2% manganese electrode with submerged arc process is

generally comparable to that of fully-killed steel welded with

low hydrogen low alloy electrodes, and is greatly superior to

the performanceof semi-killed steel welded with either E-60i0

or E-1OO16 electrodes.

8. The presence of two back passes of l/4t1E-60L0 electrode on a ten-

pass submerged arc welded joint gr~atly reduced the

the joint even though the E-601O electrodes were on

side of the specimen during testing.

performance of

the compression
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