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Chief, Bureau of Ships
Code 343
Navy Deparixnent
Washington 25, D. C.

Dear Sir:

Attached is Report Serial No. SSC+O entitled ItEvaluation
of Improved Materials and Methods of Fabrication for Welded Steel
Ships.ti This report has been submittal by the contractor as a
Progress Report of the work done on Research Project SR-1OO
under Contract NObs-@O15 (1?73) between the Bureau of Ships,
Navy Department and Battelb Memorial Institute.

The report has been reviewed and acceptance recom-
mended by representatives of the Committee on Ship Steel,
Division-of ‘Wgtieering and Industrial Research, NRC,
accordance with the terms of the contract between the
of Ships, Navy Department and the National Acadany of

Very truly yoursj

/1 n

ill
Bureau
Sciences.

LR. F. Mehl, C - man”
Committee on Ship>teel
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Bureauoj ships, Dept. of Navy;ilfilitaryfleaTransportationflervice,Dept. oj Navy; United States Coast Guard, Treasury Dept.;

MaritimeAdministratio.n,. Dept. olCqrn.qercg,..A.m!rican Bureau ojShippin9.
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October

on Ship

This Peport covers work done during the period of Julyl, 19L9,to

15, 1950.

This program was requested by che Project Cmuittee and the Cor.mitte~

Steel to secure a true appraisal of the notched-bead bend test as a

test for evalu~tti.gperforr.anteof ship steels in large welded structures.

It was throught that a determinationo~p the iracture mechanism should accomplish

this by showingif welding makes the steel in the heat-affected zone of the

weld more susceptible to brittle failure m if some,feature ~f the fracture

prccess makes the test unsuited to tihatp’urpose.

This investigation covers crack initiation and

~YPe ~.pecimensmade from l~Brf~and llcllsteels* It also

prcpagacion h Kinzel-

covers miscellaneous



-d-

studies of fracture in Lehigh spectiens; in special ~fim.ze~-tYPeWecfi:ens taken

from llC!lsteeI.weldments of the kii~d‘c@ingtivestigated by Case Institute of

Tec~lnology(oLC Project Slt-99)1@5and specimens of a steel containir~g0.33

per cent carbon and

In unwelded

small discontinuous

0.S8per cent manganese.

Crack Initiation

and welded Kinzel-type specimens of “fir”and ‘!G1lsteels~

cracks or surface tears were present in the root of the

notch after the specimens were deflected by the small amount of 0.050 inch
.,

at fidsp=, at iemperath-es either above or bel~flkhe transition range. fi.

welded specimens, tihesecracks or surface tears occurred across the entire

width of the specimen in the weld metal, heat-affected zone> and Maffected

base metal. In ~Welded specimens, they also appeared all across the width

.’
of tti.especimen. These superficial tears are inconsfiquentialand are discussed

hereonly for the sake-of ccunplete~e=, although one ofthemj fav~rsb>y ~it~~~ted

by chafice,hitiates the crack that develops into the fracture. .,

., Crack:Propa~ation

In any given specimen.cross s~ct~on, it was found that one of the

small-bracks or tears usualiy ~rew faster than the others, =d on further

deflectiorijactual propagation was cmfimd to it. This ~p~r elongated

amd ulttiately.unitiedwith others to form the cont~mo”ds crack~ ,,:.

In weldedspecimens of ‘lBr’tandl~CT’iste.els,,a crack propagated

in the weld metal almost immediately after,O.050 deflection. @ unwelded

specimens, the crack did’not propagate until much larger deflection, thudgb.

,.,. .. ~, .,

+ superscripts indicate ~eferenees listed in the Bibliography.
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the initial tears opened up in the midwidth area of the specimens. Tke test

temperate appeared to have bu$.iittle effect.o]~the deflection at which

cracksbegan to propagate in both the weldedqnd unwelded specimens.

The significant featlwe here is tinefinding tiiatthe crack initiated

in the welded spectien in the deposited weld metal at a very slight deformation,

whereas, the crack of the unwelded specimen was delayed until a much greater

deflection had been produced. This related to the behavior in and above the

transition range. Spectiens which failed in a cleavage fa.s.hioncould not be

studied by the technique used.

Lehi~h-Type Spectien

In a few l~C1l

Miscellaneous Crack Studies

steel LehiSh-type specimens studied, cracks were found

to initiate in the heat-affected zone. Tile crack behavior was similar tu

that described for Kinzel specimens.

;(inzel-T.ypeSpecimens of a 0.53Carbon Steel

“. .

,-

Kinzel-type specimens prepared from a

per cent manganese steel cracked first in the

Correlation with Studies at
Case Institute of TechnG.y

Special Kinzel-type specimens were made

joists of lICIIsteel similar ~0 those studied ah

0.33 per cent

heat-affected

carbon and 0.88

zone.

from dmible-vee butt-welded

the Case Institute of Tech-

nology (1~). Case Institute has reported a zoRe of low notch ductility in

the outer regions of the heat-affected zones of the welds when specimens from

that locality were compared with specimens from adjacent regions. It was
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desired to determine if cracks’wodd initiate ‘inthis~+area when it was tested

stiultaneouslywith other parts of the weld and heat-affected ~~iles.. Although

surface tears were first observed in-the heat-affect+-zone and zune of low

notch ductility in specfiens tested at -40 F and -80 F, the cracks which

propagated first were in-weld metal.
.
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ILJTRODUCTION

_.r-

This is the fourth progress repok~’on the investigation entitled

Wraluation of Improved Materials and Nethods of Fabrication for Nelded

Steal Shipslljbeing conducted,for the Ship Struct~e Committe~, under the

Navy Departmenty Bureau Qf Ships, Contract ~Obs-48015, Index No. lk+Oll-

067, Project SR-1OO.

The three previous reports have covered various phases of the,,

investigationwhich are described briefly as follows: (a).a survey of

published and unpublished reports which was made to appraise the various

kinds of tests used +n the past Lo study strength, ductility, and transi-

{8), (b) tests made ontion ranges of weld%d jotits in structural steel

the project steels (Br, C, A, and W) with selected specimens and modifi-

cations thereofl,in an atteupt to duplicate the transition temperatures

that were obtained for these steais frpm the full-scale hatch corner test,,

specimens studied at the University of California (8, 9, 12), (c) a study

of all-weld-metal bend specimens made with E60D and E6020 electrodes {91,

and (d) tests on ‘l~ritand ffCff steels to determine the effect of preheat

and pos’thea~treatments on the transition ranges of Kinzel-iype ben~ speci-

mens$lz)

This report covers the detailed m~chanism”of crack initiation and

propagation in Kifizel-typespecimen= of ‘t~lland ‘lCIIsteels. Welded and

unwelded specimens were tested””above“andbelow the transition temperatures

as determined’b~ pre~ious work. The principal”objectiveof this ‘phaseof

the investigation”was to deter-e when and where cracks occurred, and how

.,.

--



they propagated in the Kinzel-type specimen.

Steels’.—

Two se,~-k~~led, as-rolled~ mdium-carbon ship kteeis, designated as
. .

;l~rll and IICI1, “wereused “inthis phase of’’the‘ifivestigation.These steels were

sslected for this work because they previously exhibited differing properties
,.,. ,,. .,-.

when used in ‘th&’full-scale h’atichcorner and other tests to determine their

-:,! “

r,echanicalprop’cities. A few tests were niade”tiithanother steel which cow
. ,,

tained 0.33 per cent carbon.
,+

Tl~s steel will b4 discussed later in the report.

The ~eCfi&Cal’ properties and ch+mi;c:a~’coppositions of the ll~rlland IICI1steels ...

are giv”enin Table 1, ‘ ‘
.:,. .’”.....

Elect’roj&
. . .,::.x~ .-7,.:-,’ ..:,,.,..

..——
,,~, ,-,’ “, ~.
The electrode “use-dthrougho~t MIs”phase of the intiestigationwas

,.., ,,, ,,
3/i6-inch-di’kmeterCiass E601O electrode. The welding schedules used”for

,,:
the varmus tests’’willbe discussed later in this report.-

.,t, ,. ,,,.
SELZC~IGN O? TEST SPECIMEN

/.

The K.$.nzel-,typespecimen was s~l~cted for these crack,studies in order...

to permit correlation with the results of earlier work with the Kinzel-kype

specimen(,onthis project ($, ‘?,12). Much was Known a~out the effects Of
.::,:.. ,, ,,

modifigd design and the uqe of various preheats on test results obtained with.+.! ..-, ,, .,..’’.,’. .\.- ,...‘i:.’

this .$,pec@en,. It wa~,yianned that the iriforraati?ngained from the crack studies,, ,.,. ,, ,.:,. ,,.,‘. I

would:be applied,,tothe interpretation of the previous test data.1, .. v.’~

T,hewel,~.bqpd,isdeposited on this s~ecti.enat a normal yelding speed:..:.i”:, ,.-. ;,., .-
.,, .“.,.. /’ !

using a standard current and voltage for 3/’l6-inch E6010 electrade~ This
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TABLE 1. MECHANICAL ZTIOPERTIESAlillCHEMICAL
.

,
CO1;TGSITIOi\03’PROJECT STEEN ‘lBrllAFIl~}Cr[

—..—— —.————..— —,,..,._._ —.-. -.——..—. -..—-L.——,.- .—.—. —.—

~~echanical,Erouerties(1) (2) ,

Steel Type Yield ulti.mat~ n]ongation Reduction Hardness,
Code of Steel Point, Strengtk, in 2 Int$ in S In., in Area; Rockwell
Letter Steel Condition psi psi dP $ “-~ B

Br Semiskilled As rolled 32,200 -, 55,600 - 46-42 35-33 71-58 58-63:
34,600 5$;600

c Semiskilled- As rolled 34,500 - 61,500 - 43-35 32-28 63-50 66-69
37,600 - 68p@0

,.

———— .—.—..cz..—.— _____ ——.-——

—— ~
—— . . — ——. .

1
,.

Steel
Code Chemical ~omposi.tion,,~~(l)-—r —
Letter c

---–-———>——.
Iln Si P $ cl- ]!t ~j~ Cu Al Sn ,’-

Br 0.18 ,0.73‘0.07”’,O*?G$ 0:030 0.03 0.006L,05 0,07 .o*o&5 .c.o12 O,og
..

c 0.24 0.43 .0.05 “ 0..012 omo~6 0.03 O*O2 0.005 0.03 0.016 ‘0,003 0.009
—,” ——..—. -,—---- ~——--— -.——.-.——&—‘. — .— .—

(1) Boodberg, A,, H,_’
Plate - Tests ‘of

(2) The data for the

L. Davis, E. R. Parker, ad G. 3,.TroWell, ‘tCausesof Cleavage Fro,cturein Ship
t7idelTutchedPlates~~,

mechanical properties

~Eeld.ingJournals Api”il,1%$8.

are the lowest and highest values obtained for each:steel,
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“

practice was befieved desirable, since:otneb tests, in which the welding is

done under a,bnormal

The 0~050-inch-ddep

tration and, at ~he

Inasmuch,as
‘.

.:

conditions}‘arenut typical of normal production procedures.
!.

notch in the l~inzel-typespecimen inposes a stress concen-
f

same+time, leaves some weld metal below the notch.

the notch subjects the,welclmetal, heat~affect&d zone, and

base metal to the same stress condition when tested, it was’believed that

knowlwlge of which of these zones cracked f’irstin free competition would be
:.

valuable in understanding why the Kinzel-type specimens behave as they do~ a’nd
.,

would give the che to the correct interpretation of the results~ :

For coffipakisonwith welded specimens, unwelded
i:

of prime plate were included in the investi~ation.

coupons

and the

Kirzel-type specimens

~,. ....~,
,,

- -,
;:

The details of the Kinzel-type:specfien are ShOWn in Figure 1. The.:.,,.. ..

for the specben~~~eti saw cut from the @~ies of”llBrttand “C”:stebls,,
.:

surfaces were clean&i by grit blasting. The direction of rolling ”for
P

all spectiens was’parallel to the lo~ituuiml d~”ect~on.of the finished,, ~.

specimen. j:
:.‘ ,,

:.
For welded specimens, the weld beads were deposited on the coupons by

autoratic welding using the following schedtie: “
. .

AWS’elect~ode classtiication ‘ ‘. E601O
Electrode diameter, ,inch 3/16
Amperes 175 ,
Al% volts 2?.,
Speed, inch/minute ..

Arc”time,;seconds “~

~.
,-

l!+o:
Length of’weld bead, inches k
Heat input, joul&s/inch

All of the specimens were

44,?5~’

welded at’roon “temperatureand cooled in air.

.,

— .—
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The aging time Tor all si~ectie.asbetween welding and testing was eight days at

room.temperature. During the agin~ period, ihe final ma~hifing O: the specfiens

was done accordir.gto the,sketch shown in Figure 1. The sides of the..specfiens

were finished by

ately obtain the

Unwelded

plate.

grinding and the notches were madewith a fly cutter to accur-

prescribed root radius.

=pectiens of the same dimensims were machir~edfrc)mprime

Criteria and Method Used in.,——
Determining Testing Tem.geratures

Above-a Delow the Transition Te~%ture .

As the ,modesof

I are shear and cleavage,,.

in crack initiation and

fracture above and below the transitim temperature

respectively, it was decided tO 100Jf for d~ff’erence~
/

propagation characteristicsfor these,two test con-.;.~

.,--
ditions as nearly as possible. It would have beendesirable to stud~’spectiens

for a range of temperatures, but the tine and budget allotted for this work

limited the stud>es to one temperature above and one tiemperat.urein or below

the t~ana~tion riirge $or each Steel. .!,. ,.

No pro’blemwas encountered ti the selection of a test te.ml]erature

above the transiti,on-rari.ge~which was ~n.o~nfrom previous w~rk~ 5pecinens

will behave ductilely as long as the temperature at which they are tested

is above the transition range. Hqmever, the’s~lection of a test temperature

for brittle fracture

below the transition

was more difficult.

range, the ~pecime~ls

If the temperature selected was much

would break abruptly in the.bending

I

1, -

jig after a small amount of defl@ion, and make i~ Qcssible to study the

I progress of the fracture. However; it was believed that if a low-test temper-
1

.7 ature in the transition range were used, the origti of cracking could occur



wi.tno”utcomplete brittle failure “ofthe spe+ctien.

Test temperatures chosen for ‘@r~lsteel

welded ahd’unwelcledspecimens. In Figure 2 are

i’ractuzze’appearance curves for @r”llsteel, from

were Q F “and80 F for both

shown absorbed energy and

data pr~viotislyreported

on this project. The test temperatures are indicated ‘bydotted lines. The

D F temperature is close to the transition range of welded specimens but

much above that of the unwelded specimens. Had a temperature below the trans-

ition range of the unwelded specirndns’beenchosen, the welded specimens would
. ...

have failed completely-by.cleavag~”atid-hofracture data could have been ob-

tained, As,a re”sult,the’data for unwelded rl~r~lsteel specfiens were nearly

identical ~or ~th ‘testtemperatures, thes~ tenptiratuiesbefi~ in the ductile

range for botin”’cases. :, ‘
.“,: ). ,,---

welded and

ture of’Lo

and welded

unwelded sp~cimens. As shown in Figure 3, the lower test tempe’ra-’

F was atithe bottom of the transition ranges of both the unwe~ded

specimens. In fact, some of Lhe<weided specimens.failecl’bycleavage

at this temperature. ,,,..

Itiwas observed in this study that differences in crack :ii~tia’cion “

of specikens tested above and below the trafisitionrange are ne~”igible.

Temperature ap@rently had more infl~~nae on now cracks propagated iw’these
,,

specimens. Tltt-s;compare’swith simikr observations made previously by ana~her’

(investigator 61= How@vei, as will b-ediscussed later, it is more pert~nent to

consider”:tihe:di.fferencebetween ahsorbedQnergy vaiues for welded and unwk~ded

specimetis’at:a‘giventemperat’m’eti~This sliidyhas given infwmaticn which can

.;. ,..,,‘.,,,,

T.,

—.—. —.. .——..—- ——- — .- . . ..-
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be

as

used to explain the lower absorbed energy values for the welded specimens

compared with unwelded specimens. In this ~light,then, the importance of

differences observed between specimens at two temperatures becomes secondary

to the ability to interpret why welded specimens are inferior at a given test

temperature.
.,,. ,

TESTIliGAhK)EiAbUNMTIJ OF SiPECIMENSFOR
FRACTURE I}JITIATI(XiWW3PIiOPAGATK)iiST@13S

The test specimens were bent to ~arious deflections in the standard

bend jig (see Figw”e l);”the load was removed, tid the specimens

and examined “inde~ail to determine where the cracks started and

gated.

.TestiingP.mcedure

.-

testing

Test specimens and bending jig were immersed in a liquid

were sectioned

how they propa-

medium

temperatures for at least five minute~ before applying the load.

at

‘i’emp’eraturesabove the transition temperatures were obtained by using water

heated with resistance tiersion coils. A tiure of methyl cyclchaxane and

dry ice was used when specinens were tested below the transition temperature.

All specimens were preloaded to LQIO pounds manually in an Amsler

hy~~aulic-type testing machine, and then an ~es*Dial Gauge l188tf,located at

the oenter of the specimens~was set at zero to measure deflection during

later loading. After preloading, the specimens were bent at a rate of approxi-

mately ~.m>lflCh-pe&mk ute displacementof platen. A load-deflectioncwve

was made~ and the load.applied to produce the desired deflection was recorded’

.,
for each specimen tested. :

I

-“

... .. . . .-
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Four series of W@! ste~~ ‘kp~cZmen’sand four seriek o~ l~C1~steel

specimens were tested at d~flecti-onsrangiin.gfrom 0.050 inch tO i025 fich.

The deflections used for;each sbri’dsof specti~ns tested are’listed in Table

2. One skri”es

at 80 F (above

temperature).

were tested sk
.’.

“eachof wklded and unwelded

the transition temperature)

Similar groups of ‘S’tsteel
.,“,. ...

l@O F (above the transiti~n,,,.

if&rtsteel sp’&&ens was tested

and O F (below the transition

s~ecti~nsy both welded and unwelded,
. . . .>.,

temperature) and 40 F {below the

kransiticm temperature). For any given deflection, three specimens were
.,,. ...,

tested to alloy :forpossible scatter in the test results. The deflections
,,. ,.. . ,.

~iven m inches and bend a~gle~ as shown in Table 2.

Sectioning Specimens

After ben+q, the notched section of the specimen,

l/S inch of material on each side of the notch, was,removed
...

by saw cutting.,,.Sectionswe~ then cut transyerse~ to the
,,

are

including about

from the specimen

noich by.means of.!,, ,.

a small power hack saw using thin blades. An’adjustable screw stop attachedJ. ,, ,!

to the saw made it possible to cut sections of varying thickness., ,,.,,. ..

For ~dded specimens, the first section was cut in thebase,plate at,,

a d$s@nce 01 apprortima~elyQ.lC inch from ~ne edge of the weld. Successive,.

cuts were made every O.l,Q,inch across the,‘Nel,dbead a~d ..tioO,JO to 0.30 $nch ,
:.,.”,.

into the base plate on the opposite side of the .weld,,bqad..Aachsection was. .

approximately,0.050 iqch is thickwss and roughly 0.050 i+ch ,was:r:en~~ed“W the
,,’.

F@w cut. The method of sectioning Zs shown,~ Figure 4P
.“

Unwelded specimen~ were sectioned at approx~t,ely l/2-incQ Mtervals ,-J
... ,.

across the 3-inch specimen widhh. Six sections were obtained from each spectien,

.“.
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FIGURE 4. CUTTING AND SECTIONING DETAILS FOR WELDED
KINZEL-T~~E s~EclMENs

68434
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TABLE 2. DEFLWI1ON AT WHICH EAX SERIES OF KINLEL-TY?E SPECIM3N5 WAS STUDIED
.,

.— — -—-----=.— —- — ..— —— - —

Nunber of Specimens Tested

Deflection ~ldrlld~eel Ilcf!~~e.&l ‘-
—. — ———. —...— —.

‘=nd Angle, Welded Unwelded Welded Urn~elded

Inches Degrees 80 F(l) O F(2) $0 F(l) o m— .1s0”3(1) 40 F(2) 180 F(1) ~0 F(2)

—— —

0.050

01075

0.100

0.12$

0.150

o.2m

o~250

0.300

0.400

0.500

0.600

0.700

0.75+

o?900

l;250-

3 3“3 3

2 3

,3 3

-. -.

3 3

3 3,

-- .-

3 3

3 3
-- , --

3’3
.- --

-. --

3 3

-- --

3 3

3 3

3 2

2 2

3

3

3

--

3

3

3
--

3

33

3 — -,

3 3.-

4 3, 3

3.3

,3 3
-- --

‘3 3
--- --

2

3 3“

3 3 1

$Osot

10°121 --

3 ‘“:-- 3-:13°32t

160501

20010f

-- --

.- -- 3 3 “’

3 3.--

--

-.

---- --

--23°26t -. --

-. --

.- --

-- --

,25004f

29°591

---- --

.--- --

L3°20t
-- -. -.. .-- -- “.

.——-- —.. — .—-—
-—

{1) fibovetransition temperature,,
(2) BelovitranEition iempegature.
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shown in Figure 5. The last
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section which contained the machined surface

the specimen was discarded because the lateral contraction, brought about
I

bending of the specimen, caused the notch to be de~or.medand it was be- 1

lieved this condition wouid give erroneous results in the fracture studies I

of the specimen. Each section was marked with specimen number and secti$n/. .

number so as not to lose its identity.

Polishin~

All secticns cut from welded spectiens were mounted in Bakelite

befcxe @ishi~g. Sectioas cut from unweidetispecimens were mounted when u
,’

the specimen had been deflected only a small amount.
,.

Sections from’specimen5 ,
/2;

deflected larger amounts were left unmounted. All sections from both welcledj~:
:,

and unwelded specinens were polished through 60&grit size. A final.wet’pol~sh--: -.
..

was given all sections with Type B Ltide polishing compound on billiard cloth.

After polishing, each section was given a light etch Witli2 per cent nital~

Sections made from welded specimens were grouped together, according to steel,

specimen num~er, test temperature (i.e., above or below the transition temper-
.,

ature], and deflection. Unwelded specimens were grouped together in,the sam?

manner. All sections were stored in desiccators to preserve the polished s~face.

Inspection and Record of Cracks I

with

4COX

All sections were examined under a microscope at 100X and 400X, starting

those specimens tested at the lowest defection. The magnification of

was used for measuringcrakk depth, since all cracks’we’reclearly visible,,
.’ 1, ..

at this magnification. Throughout”this investigation, oily the deepest crack

appearing“ineach section was measured by means of a micromet~r eye piece. .,
!,

The depth (1 unit = “0.00~52 inch) and location 01 the crack was recor&ed ‘~

-. -. . .,
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the locat~ons

affected zone

located. The
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prep~~ed record sheets, as shown

of other cracks appearing in the

in Figure 6. Also recorded were

notch radius, location of heat-

with respect to the notch, and the Eones in which cracks were

record sheets were used for both welded and unwelded specimens;

however, information pertinent to welded specimens o.fly

welded specimens were examined.

Master tables for welded and unwelded specimens

was deleted when LUI-

were made from the

record sheets for eaah series of specimens tested. A typical example of a

master table for unwelded samples is shown in Table A-1 of Appendix A. A

typical table for welded specimens is shown in TableJ+5 of Appendfi .4.

Separate tables were made

temperature.

In the tables for

were made of the specimen

for specimens tested above snd below the transition

unwelded specinens, as shown in Table A-1, records

number, deflection of specimen, test load on speci-

men, section number, average crack depth of middle three sections of specimen

(s~~t~ons2> 31 and 4), and average crack depth

and 5).

Record tables for welded specimens were

specimens, as shown in Table A-5 of Appendix A.

for edge sections (Sections 1

similar to tiiosefor unwelded

However, additional cohmm

were included for recording the zone of the spectien in which cracks were

found, i..e.,weld metal, heat-affected zone, and unaffected base metal. Average

crack depth was coinputedon the basis of zones of

sections, as in the unwelded specimem. From the

graphs were @de in which crack depth for various

the specfiens, tistead of by

average data in these tables,

parts of the specimen~ was
-
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plotted against deflection of the specimen.

The results were

cracks occurred; and {b)

TELT,P&SULTS—

studied to determine: (a) where and when the initial

how cracks propagated.

In unwelded

above and below the

and welded

transition

Crack Tmitiation

specfiens of both !fBrlland ‘lC1lsteels, tested

temperatures of the steels, small cracks or

surface tears were present in the root of the notch after 0.050-inch deflection

of the center of khe specimens. In both the unwelded and welded specimens3

these cracks occurred across the entire width of the spectien.

A typical example of these cracks m surface tears is shown fi Figure

7. M shown in this figures several of these cracks were often fou~d in the

root of one cross section. It may be held that these are not cracksj b~t are

surface tears, which precede the true fracture.

in the superficial work-hardened layer caused b~

of sinilar appearance have aiso been observed h

carefuily lapped to a depth that was designed to

They occur in these spectiens

nac.hiaing. *However,cracks

specimens whose notches were

go well belo-wthe work-ha~dened

layer. It has not been possible to perform a more rigorous study Gf these sma~,

irreguLar, and superficial cracks. :fi.~lethey undoubtedly play a role La the

fracture of these test bars, it is thought to be a minor one.

A 40CX magnification, so~e of the cracks, that is> those present after

the spectien was deflected 0.050 inch, were quite wide, as shwm in Figures $

-.. =nd 9, and showed evidence that plasiic deformation

cracks were also sharp (Figure 7) and comparatively

had taken place. Some

deep. However, at the
.-.
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300X 68462

FIGURE 7* TYPICALCF@CJSSAPPEARINGIN WELD METAL OF A ‘IB11
STEEL SPECIMENDEFLECT~ 0.050 INCH AT THE CEfiER

-.

....

400X

FIGURE 8. T~~cAL cm= ORT-
mECTED ZOME OF A ‘Br”
0.050 INCH
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low~r deflection, there was usually evidence of ductility and the cracks

~
resembled tears in the metal surface, as shown in Figures 8 and 9. Very

.> often, as the specimens were deflected further~ the cracks opened up at the

sides of the notch-root radius instead of m the center as might be expected.

Figure 10 is a good illustration.

In each of Figures ~, 8, and 9, there is evidence that a very thin

surface layer of metal at the root of the notch was cold worked by nachining.

This is shown better in Figure 11, which is the cross section of a specfien

that was not bent or deformed in anyway after machinfig. At this t~~ it

was believed that this thin layer of cold-workedmetal contributed to the

early initiation of cracks or surface tears. Howevers. since all previous

spechnens were tested as machtied, this condition was nornal for all. The

.:
layer might have been removed by lapping the root of the notch, but, since

this investigation was concerfiedwith a normal Kinzd-type spectien, it was

decided to leave the surface ~f the notch im the normal as-machinad condition.

In unwelded WBr]isteel specimens, all of which were tested above

the transition temperature, there were only a few discontinuous cracks or

surface

same as

tears when the spectiens were deflected 0.050 inch.

The unwelded ~lCTtsteel specimens deflected 0.050 inch behaved about the

the unwelded ‘I~!rsteel specinens, but

somewhat greater in tests above the transition

values, as shown in Appendix A, Tables A-9 and

,-?. tl~lfad llCI! steel spectiens’showedthat small,-

1
im varying amounts at 0.050-inch deflection.

.-

the frequency of cracking was

temperature than below. Average

A-10, for each series Gf unwelded

surface cracks or tears occurred
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In we>ded spectiens

initial cracks were similar
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JJBr!land llC1~steels deflected 0,050 inch, the,..~,

those observed in ~welded spectiens. However,

there appeared to,be,more cra~ks in.,

weld metal and:heat-affected zone.. ,-k,~“,. -..,,..,,,..,4.. ....... .

when comFariag the number of cracks
,-:.!,,’...,.. .....

the welded specimens, especially in the

No significant difference ~as observed
..,.

in specimens tested above and below the

transitJon,teWperatimefor either series of specimens. The llBrllsteel speci-. .

mens contatied more cracks or tears than the “G” steel specimens, but this

difference was small.

With an increase

CPack Propagatim

in deflection of the Kinzel-~ype specimens beyond

0.050 inch, one ot the several discontinuous cracks or tears that were

present at 0.05Uinch deflection increased in depth, or propagated. Two

things were characteristic of crack propagation: first, the cracks ‘oegan

to propagate at different deflections~ and, second,

propagated at different rates. “Whenand how cracks

cussed separately.

When Cracks Pr~agate

once started, “thecracks

propaga~e will be dis-

Graphs of crack depth versus deflection were prepered For the several

series o’ftests. These are presented in”Appendix B“,’Figuresi3-Lthrough 3-24.

Ln order to determine when cracks began tc propagate,

disiin@ish between surface tears and true Crackti=.

It was necessary to define’tliedepth to which

it’ was necessary to
,:

a surface teap mist”

propagate before it could be considered a crack, An arbitrary depth of 0.g05

inchwas chosento defitie”a””~ruecrack for conveniencein measuringwhen cracks
,,

..
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start to’~ropagate. In FigureS”BAl~ B-%j;”B~4~’”B-5,”B-9y:B-10,B-~, B-L5, and

B-16, Appendix B,’the deflectitifisat which the 0~005-inch abscissa’titerc~~ted

the crack-depth curves were mea~~red*: ‘
These-deflectionswe~e aS fol~ows: -

D&flect~otiat ~t~c~ crackss~~rted to ~rDpa~ate ~=ch”: ‘: -, .

—— —.
-—

‘ltB n’~te~l’
II(JU &el :

... ,, . . ,, @ ~-’: ~ ~ .

l~dF” “40F
Welded”5pectiens

Weld metal 0.15 0.15 “0.lo ~*06.-..

Heat-affected~One :- O.ig’..o.~~ 0.17 O.oi
Unaffec’tddbase ’metal “’ -- -- ,,

0;25 &i3(adjacent to weld area)
..,”..,.,

Unwelded spec~~ens
... .. .. ..

Center sections

Edge sections.,

lt C= be
,“

“Cit Steell cracks

.

...

0.77 0.82,. ,’

.. . . ...:,?.,-’ . .

0.52 Q=,55. ,:.,, . . .
0.86 G.94 0.57 0.60.,

observed that in the w~lded Spectiens of ~Lh ?IBIIand
,. “.’ , .,, :r

started to propagate at a much @wer deflection than in

the unwelded specimens. The use of this observation wi~ be ,~iscussedin

.,a later section.
!. . ... , ,..“ . .

The cracks propagated sooner in welded ‘!Cl~steel specimens than
. . --- .,.

L
welded lIBrllsteel =pecimens, althou@ the difference in deflect~on was,. , ,-! ,,., ,,. ,.,.
small.

.,”
Cracks in unwelded “Cfrsteel specimens started t~ propagate at 0.52~

.,.. ‘
and 0.55-tich deflection, compared with 0.77- and 0.82-inch de~lect~cn for

,.. ,.

the l~~l!steel specimens.
., ,.

,,--- ..’, ., ’-<,,:,..- .,.,. .
Except in the case of welded W;t st~el spectiens~,the temperature

,..-
1

,./ ,, :,“ .. ,, .1 ,-.7of testing appeared to have but iittle effect on when the cracks began to
-. I

.—
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1
:,

prcpagate. It appears that temperature must have more effect on how cracks

prcpagate after they start.

HOW Cracks PropaKate—.

In the Kbzel-type spectiens, where the cracks initiate in a line

of surface tears along the notch root radius, the cracks must, in some manner,

propagate from those line origins down into the specfiens. In order ta Show

how these cracks propagated through the spectiens, the isometric graphs of

Figures 12 through 15 were prepared, using data from Tables A-9 through A-12,

Appenti. ii.

A few words of explanation should make their interpretation easier.

Refer to Figure 12A. The X=-axison the graph corresponds to the notch root

of the specimen projected in true length. The crack depth scale in the Y

direction is magnified 100 times true dept~l. On the X-Y plane, the weld, heat-

affected, and base metal zones are indicated in order ta show in what zones

the crack lies at any deflection. Deflections are indicated on the L-axis.

Numbers on the graph refer to planes which cut the notch root trans-

versely. The plane cutting through weld metal in the notch rod is ideutifieu

as (1),. similarly, (.2) refers to planes cutting the heabaffected zone> and (3)

planes cutting the base metal. Cracks are identified by the zone or nunber of

the transverse plane in which they lie. A crack in plane (1) which started in

the weld zone had propagated into the hea~affected zone bsneath it when it

reached the depth of 0.04, the dept~.of the l’~eldmetal at zhat Secticn.

Similarly, a crack in plane (2) siariing in the heat-affected zones propagated

into base metal at a depth of approximately 0.10 inch.

-—
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SIMILAR FOR SPECIMENS TESTED AT EbF AND O F
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Loc~tion of crock in notchI

@ Weld metal

Notch root
@ Heat-affected one

@ Base. metal

0.07 00

0.5

K IN
INCH

O.b “d

FIGURE 13, CRACK INITIATION AND pROPAGATION IN WELDED “B;’ STEEL KINZEL-

TYPE SPECIMENS TESTED AT EOF,

0-17073

Location of crack in notch r..t,

@Weld metal

@ Heataffected zone

@ Base metalNotch raot
A

,,, ,, ,.

CRACK IN
(.005 INC

Ii

0.5

\-

-,-.

FIGURE 14A. CRACK lNITIATi ON AND PROPAGATION IN WELDED’’G’’sTEEL KINZEL.
TYm SPECIMENS TESTED AT 40F. ,,

0-17074
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004 -

0.03-
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1.0
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0.00
0.1
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\

“.b

0.9

I.0

FIGURE !4B. CRACK IN IT IATION AND PROPAGATION IN UNWELDED “C’! STEEL KI NZEL-TYPE SPECIMENS
TESTED AT 40 F,

0-17075
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Locahon of crock in “ot~h root ,
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FIGURE 15A. CRACK INITIATION AND PROPAGATION IN WELDED ‘b” STEEL KIN ZEL-

TYPE spEcI MENS TEsTED AT 160 F.

0-17070
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FIGURE 15B. CRACK INITIATION AND PROPAGATION IN UNWELDED “C” STEEL KINZEL-TYPE SpECIMENS

TESTED AT I BO F.

0-17077
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JLSa furthervisualaid, the depth of cracks identified by nuniber

are plottedon a grid at the right. TheselinesWOUM be generatedby the

1. transverseplanescuttingthe familjjof crackdepthcurvesat the corres-
--

pmldingpoints. The curveson the gridrepresentthe samecurvesthat are

phtte~ in Figures

Graphs for

zones, points wa-e

B-1 through B-24 in Appendix B.

unwelded SpeCfienS are sfiLikr, exC@pt that instead of

plottedas center or edge sections. Figure 12-B is

typical of the group.

Several things about how cracks propagate are demonstrated in Figures

12 tkmough 15. The early crac~cingof the welded specimens, compared with the

-> unwelded specimens, is evident. Cracks ti~the welded specimens prop=gate in

the weid area, and not across the entire width of the specimen, as in unwelded

.-
specimefis. Figure 16 is a phonograph illustrating a typical crack in the weld ‘

area of a fitizel--typespecimen. In ihe unwelded specimens, the delay in crack

propagation is evident. Cracks become deep in the center secfiionsbefore they

do in the edge sections.

DMfereuces were ob=erved in the depth G~ cracking ktibfeen the specimens

tested at the high and low temperatures. Welded !?Erl!steel spectiens tested at

O F had deeper cracks than specimer~stested at 80 F, at 0.250 inch which was

the maximum deflection used.

deeper cracks than specimens

of 1.250 inch. Unwelded I;C1l

~. inch showed deeper cracks in

at 40 F. Thus far, it would
..-

Un~ielded!~Brllsteel s~~ecimenstested at O F had

tested at SO F, at the maximum test deflection

steel ,s~ecir~ensmeasured ai a a,eilectionof G.600

spectiefisiested at 180 F than h spectiwns tested

appear that unwelded IIC1lresisted better crack

.
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2-1/= 61010

FIGUIUl16. CRACK IN A WELDED ‘lC”STEEL KINZEbTY?E SPECIMEN
TESTED AT 190 F, AND DEFLECTED 0.200 INCH
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pr9gagatiofiat 40 F. W3wever,at slightlylarger

specimenswouldfailby cleavage,w:hiletine1S0 F

tO bend with a ductile crack.

deflection=, the L&lF

specimen would coritinue

There ~vereSe%-erai&fferences between llBZ:la.~dIICI!stee~ wjqich.tig-lhi

explain why the tlBr!?steel deflects more before cracks prqa~ate~ ‘TineCar’mn

i!Bqvsie=~are O.1~and 0.005 per ce.at,respectivelyai~dnitrogen content of ~

compared with 0.2& and 0.09 per cent for ‘L(Y steel. The ‘!C:l sbeel is some-

what finer grained than the ~lBrl’steel. Perhaps tis more important differences

in structure are the slag stri~gers and izimtims present iu “1+” steel$

which act as crack arrestors.

General Observation on Crack ?rona~ation

A few general ohse.rvationswere made in the study of fracture character-

istics of ;ti.zel-kypespecimefis. A typical patiern by which cracks Propagated

in welded specimens is shown in Fig’we 17. The step-like paitezm appearing m

tinefractured swrface represents progressive steps in crack propagation. The

crack--patternlines were deepest under the welds for the early stages cf ‘Lhe

cracktig and decreased in depth on either side of the weld through the heat-

affected zone and unaffected base metal.

lt~rll~tee~ specimeus, cracks occasionally opened i~tii-atbns, if

the path of tkie fract’ure. Figure 19 shows a crack which opened a

for an

P.ationconditions

study.

Zn welded

inierval, and then propagated across it. iNnen severe bai-

~A1erefound, the slpec~en was not Used in the crack-deiptpl

flcusteel specimens, cracks had a tendency to fcilo’wgrain
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FIGURE 17. PliITERNOF FRACTURE PROPAGATION IN A WE~~ KINZEL-TYPE SPECI~N

FIGURE 18. CRACK IN A “BrtiSTEEL SPECIMEN THAT HAS
FOLL- A LAMINATION BELOW THE NOTCH-
ROOT RADIUS
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50X 65758

FIWRR 19. CRACK IN A ‘Br”STEELSPEOIMEN
THATFOLLOWSA LAMINATIoNAND
THENPROPAGATESTHROUGHIT

50X 65761
FIGURE20s CRAOK IN A WELDED “C“ STEELSPECIMENTHATHAS

FOLLm TKEGRAINBOUNDARIESOFTllllCOARSE,
=-AFFECTED ZONE
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.

boundaries in the coarse-grained

Figure 20. In welded l?Br~!steel

park of tna heai-affec%edZom=$as ShUVVnin
,.

spectiens,cracksin the heat-affected zone

followed no pattern, with respect to grain boundaries. This might nave been

caused by the h.igkercarbon content of “CJtsteel. Hardness surveys of the

coarse, heat-affected zone of ~’C1tsteel show high hardness valuesf12). It is
..

beMeved the harGer id.ands of bai.niteOr fine pearlite found iII‘IV;steel

b~tter resisted ci-acki.~g, and cracks, therefore, followed the weaker ferritic

In idditim

made. Studies weie

I!.!WJUUJL4X30USCRACK STUEIES

tothe main fractu-e p’rograu,other crack stud”ieswere

made on a’few Lehigh-type sp~cimens~ on Kinze”l-typ’especi-

mens made fron a 0.33 carbon steel~ and on ~<inzel-~~~espe”cinensfr@ a welQ-

ment simdlai to one studied at Case Instiiute of Technology~lO). The r@sult~

of these studies will ‘bediscussed ir~ the fo~owing sectialns.

Previous ~5 ~~~s work, Stoat had examined Lehigh-type specimens of a

CL25 carbon steel and found that cracks initiaked in the heat-affected zone~ ~‘? ?)”

To check this, a few Lehi@-type specimens of flCl~~tee~,were prepared aM bent

to 0.lZ5 inch deflection, Ln the specimens tested, the original results were

verified. The Lehigh-type speciaen has but”O.G15 inch a%rage penetration of

weld metal below the notch, compared to O.Ofi,inch for the Kimzal-type specimeils.

A greater proportion of heat-affected zone is exposed at tha notch root, and ,this

heat-affected zone is perhaps harder than that of the Kinzel-type specimen
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!: ~
because of Zower heat input a~ higher coding rate. The remo=ralof most the

:.?

weld metal apparently sl,iftsthe initial crack Lo the heat-afiected zone.
..-, ~,

Kinz.el-Typq Specimens cf a 0.3,3 Garb,on Steel

,,,
,“

TCIcheck the possibility that increasing the neat--affectedzone
.,

hard:~essmight change the crack origin from the weid metal to the heat-
.’ .4

affected zone in the QnzeL-t;~pe spectienJ three specimens were prepared

Pmm a 0.33

were welded

placed in a

leased, and

a low-power

.,
per cent carbon> G.88 per cent manganese steel. These spec~~ens

.

and machined With the standard proceihre. Ths specti~enswere

testing machine and deflected a ~mall,amount. The. ioad was re-

the specimens were removed. The.goich roots were examined with

microscope for evidence of crack.~g. The specimens were successively

bent to higher deflections and then examined umkQ cracks w’er.e.observed= Fig’Ire,,

21 shows the crac}cmci~in in the coarse-grain area,of tha kat-affeckecl zone,..1

of om of these specimer:s. The crack fGllows boundaries cf coarse grains.

,.,

studies

at Case

Animes.tigation was made to determne if

made at Battelle on,Kinzel-type speciuens

(+0). A region ‘ofInstitute ~f Techndog~-

,,’ >.

res@ts of crack-initiation

correlated wi~h.the findin~s

Lcw-no+h ductility was

Yound in the outer .regionof the heat--affectedzone of a weidment consisting

of a ciouble-veebutt jotit between two pieces of ~’Cflsteei, 10..Llcheswide
-.

and 24 inckeslong-, made with E501O electrodes~as shown in Figure z2. Resalts

—



—-’-e”~75X
‘eat-”fee’”d ‘O””—----t-’e’d “’a’—

FIGURE 21. FUCT~
0.33 I?lm

PATlU3RNIllTHE HEW-AFFmTED ZONE OF A KINZEL-TWE SPECIMEN MADE FROM A STEEL CONTAINING
cm CARIKM AND 0.88 PER CENT MANGANESE
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‘of the resea-ch ai Case showed ~lie presence of a zGne of heat-affected

kch from the center of the weld jo~t which had low-n~tch ductility.

I
-.

metal had been heated below the lower cri~ical temperature during ~h~ weldtig

of the jotit. IThefirst spectiens tested were taken from tne mid-thickness,

but these fintigs were later confirmed by tests ofspectim~s at the smface

position.

It was believed, since this zone had lower notch cluctfiitythan any

other part.of the weld joint~ that it

free competition with the other Farts

unaffected stock.

tight fract’urefirst if it was bent in

of the weld, heat-affected zone$ and

.
To qtudy this zone with respect.to.:otherparts of the weld.joints,

two tTCIIsteel,weldmentswere made iike tilosestudied at Case Institute.
.

Special Kinzel.-typespe@uens were prepared from eachweldment, as shcwn in

Figure 22, and tested to detertine if frac~’~e Wodd i~tiate in the zone of

low-rlotch,,ductfity.The-poot of the notch @ these speciaens was located in

the central:plane between the top and bottom swfaces of the Plate ad ~~as

transverse to the weldjoint~ as shown in the ~nlarged sketch,of a cross

section of the joint in Figure 22. This made it pGssibie tc test ail parts

of the joint at the same the by bending the spectiens.

The notch-root radii of these specimens were lapped to renmve the work-

hardened metal and eliminate its influence on crack iqiiiation. To lap the

notches~ an 0.018-inch-dianetermusic wire was pressed into the notchrmts

-..
and rotated at high speed, ustig 6GQrit valve paste for cutting. This

operation polished the root of the notch enough so that after etching (lightly
::
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with 2 per cent Nital) it was easy to observethe first cracks, and to determim ..

in which-zone of the specimen they were located.

., The specimens were tested by alternately bending

an~ then exAmimn“ g the root of the notch visually at

of the specimens were tested at”75 F~ one was tested

were tested at -80 F.

The test results for these Sk specimens are

.,

them a slight amount
.

aag.nification. Two

at’-4O F, and three

given in Table 3. In the

specimens tested at 75 F, surface tears were observed in au zones. As the

specimens were bent more, the first cracks of any iize occufred in the heat-

affected zone and weld metal. However, in the specimens tested at the low

te~’~mra~~m~, although surface tears

and zone of low-notch ductility, the

Two:conclusions can be drawn

occured first in tihe’heat-affected zcne
,.

f~rst-c~~~ks oc~~red in t~~ weld ~eta~m
.-

from these tests. First, the milti-pass

weld has better ductility at room temperature tha”nthe bead w~ld of.the ~~

standard Kirrtiel-typespecimen. Second, the zonds”of low notch ductility did

net contribute materially to the failure”of these”‘specialKirizel-typespecimens~

even though surface t@~rs initiated ih these zones at low temperaiurea*

It is possible, however, that these surface tears could affect the”

behavior of smallj notched spectiens Such as are used at Casg Institutei ./10)

In a structural failure, it’”ispossible that a crack progressti.gparallel with

a welded joint m~ght follow the zone”’oflow-notch ductility, but it is “believed

doubtful wkiether

wel<imetai does.

,.

this zune would act-as a ‘fracture’initiatorin the sense”’that

,, ,. ., ,,-

. . ,’ ‘. ..

,.



.: ..

TABiE3. R’EWLTSOF CMCE STUDIW OF llC‘1STEELHNZZL-TWE
SPECIMLW MADE FJ.KMDQUBLL-VEEWTT-!,hliDEDPLATE

__ _____ _, . . . .. ..———. — ——.- —-.-..-. .——,— —~-.—..—————-——-—--—- ,-,—
—.- -- —.—-.—-.-—.

.— — c—

orizin of Surface Tears (Mgi.n of Cracks
—.. —-- —. -
Total Total

Test Permanent Permanent

Specimen Tem~~eraLure, Deflection, bet~ Deflection, bet,

Number F Inch(1) Inch Zone Inch(l) Inch Zone
~...- —-.. —. ——— ——-— —.-————-- ——— -—---,—-— —,

AC-229-3

0.050

0,075

---- All zones

0,050 Jillzones

0,100 ----- Heat-
affec%ed

0*100 0.023 Weld and
heah-
affected

AC-232-1 -40. 0.075 0.040 Heat-affected 0,075 0,040 Weld

O:Q79
(Specimen fractured)

1

AC-229-1 -Eo Om%oo Hedt-aftected, low- *
,notichductl~itY

*

0.019 0.065
i

AC-232-2 c -Eo 0,050 Heat-affected, low- O.okl Weld

notch ductility

AC-23 2-3 -Eo 0-065 0.021 Heat-affected, hwr- 0,100 0.081 Weld

notch ductiiity

——-—-. - —————— ..-..—— .
.<.——.—. — -—-——. . . ..——— —..— —. —

(1) Deflectio~ asmeasured fromprecedi~~g perminei~tset,Fo&ihis~- eaaun,Lotti~'erinanenLsetis
given.
Total pwmnent set is cumulative from the successive bendsa
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,,...

The data presented here an the initiation and propagation of cracks

can be applied to lineinterpretation of previous test data on welded and un-

welded Kinzel-type specimens. Using this information, it is possible’to

explain, by difference= in fracture behavior.,the inferiority of welded speci-

mens compared with unwelded specimens.

iL@._&i)ifferences in Welded
and Unwelded Kinzel-Type Specimens

In the past phases of this investigation, and in work conducted ~y other .<

ti.vestigators,it has generally been noted thai a series of welded specimens

of a given steel, tested over a range of temperatures, USWJ.Q has a higher

tramition range than similar unwelded specimens of the same steel. The welded
,.

specime~s characteris~icallyabsorb less.energy than unwelded ones ‘atany

specific temperature, and especially at lower temperatures. This fact is
.,

illustrated by the data listed in Tables 4 and 5, which were obtained from

welded and unwelded Kinzel specimens of llBrl~and ~lCtlsteels. Curves of absorbed

energy versus temperature are shown in Figure 23. These data were presented ti

a previous report on this project(~2).

Energy data .farthe .Kinzel-typespecimens were originally obtained from

the autographic load-deflection curves. The area under each load-deflection

curve to the point of maximum load was measured by a planimeter, and this area .-

was multiplied by the scale constant to obtain the energy i’n.inch pounds.

... :

.,,. ,
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TM3LE 4. COMP.W,ISONOF IJWRGY ABSORBED BY UNU31DED .IND
WELDED KINLELTYPZ sF%CIMXNS OF llBrl~STTiEL
TESTED AT VARIOUS TEMH3RATURES

— ——
.,,

I -,

Test Absorbed Energy to Maytium load, In.-Lb~

Temperature, Unwelded Welded

F Specimen Specimen

$0 19, OGO 15,000

40 20,000 u, 000

20 18,000 5,OOG

o 17,Oco ~, 000

-40 M, Olxl 1,000

.,
.

TABLE 5. COMPAHISON OF ENERGY ABSOR3ED BY UNWLDZD AND
WEiDED KINZLLA~E SPECIMENS OF 1’C“ STlliLTESTED
AT VAEIOE5 TEMPFJUTURES

Test Absorbed Energy to baximm Load, In.-ED.

Temperature, Unwelded Iielded

F Specimen Spectien

200 ig,000 9,000

160 li+,ooo 8,500

120 13,000 7,000

80 19,000 3,Oocl

40 8 ,OGO 2,Oclo

o 7,GOG 1,03C
- ,,

-i+) 7,000 .-.
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s
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/
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FIGURE 23. ABSORBED ENERGY DATA FOR WELDED AND
KINZEL-TYPE SPECIMENS OF “Br” AND “C”

UNWELDED
STEEL 12
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Division of Absorbed Energy—.——

It is known from work described in this report at ‘i~hatdeflections

cracks are initiated and begin to propagate in welded and unwelded KinzeL-

type spectiens of ll&M and IIC1lsteels. “Thesedata make possible tinedivision

of energy absorbed by the Ki.nzel-typespecimen into two parts, (a) the energy

absorbed to start cracking, and (b) the energy absorbed after cracking was

started. In this way, a quantitative study can be made of the behavior of

weided and unwelded test spectier~s.

By using the start of crack propagation to divide

by i<inzel-type specimens, the effect on specimen behavior

(weld rne%landh eat-affected zoi~e)can redemonstrated.

the energy absorbed

of the weld area

Figures Z4 and 25

show average load-deflection curves for welded and unweided ~f~’tand “Gf[steel

specimens at each of the test temperatures used in the crack study. The de-

fiectiona at whicticracks are forned and then propagate are indicated. Ihe

area under each curve to the point at which a crack 0.005 inch deep is formed

represents the energy absorbed to the point of crack i.nitiaticn. These energies

have been detmmined and are ~lotted in Figure26. Energy to maximum load was

( 12)-obtatiedfromaveragedatapreviously reported 9>

In each case prior to crackingy the welded specimens absorbed much

less energy than the unwelded specfizensof the same steel. The welded specimens

of ~fBrlland llC1lsteei absorbed about the same amounts of energy to crackfig,

except for the welded ’10’steel at J@ F. which absorbed less.

Figure 27 compares,the energy after cracking in Xin.zel-typespecimens

for the twQ steels at the various test temperatures. Welded and unwelded “C[;

.- ., -.
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Bend Angle, degrees

30 35 40 45 50 55 60 65 m

o 5 10 15 20 25 1 1 # 1 #

24I 1 1 1 1 I 1 1

I ———

-Cracks have propagated
to 0.005 inch

.-q’–– ‘
Britt!e failure

rBrittle
failure

/a’”

I /,/ ,/ ~
Cracks have propagated to 0.005 inch

/-

/’
/& Welded, O F

/
Welded, 80 F
Unwelded, O F
Unwelded, 80F

●

“.
“.

●
.
.

●
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1 I 1

01 1 t 1 4 4 1 , ! 1 1 I I 1 1 1

0 0.l 0.2 0.3 0.4 0“5 0’6 “7 0“6 0“9 ‘“” !“’ ‘“2
i.3 1.4 1.5 I-6 ~“7 ~’8 ‘“g 2Q 2“’

FIGURE 24.

Deflection, inches

AVERAGELOAD-DEFLECTIONGURVESFORWELDEDAND UNWilDED “Br” STEEL KINZEL-TYPE
SPECIMENS TESTED AT VARIOUS TEMPERATURES.

0-17079
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FIGURE 27.

40F 180F OF 80 F

ENERGY AFTER CRACK ING ABSORBED
BY WELDED AND UNWELDED KINZEL-
TYPE SPECIMENS OF “Br” AND “c”
STEELS.
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S-bsel at 40 F, and welded llBrltsteel at O F, represent cleavage failures-

.-
These comparisons are made to demcmstrate that relatively little of the

difference in energy absorbed by welded and unwelded ‘113r”and l~Cllsteel
,-

Kinzel spe,ctienswas the difference in energy absdrbed after the crack was

stariecl. In the over-all effect on Kinzel-@e specimens, the difference in

energy absorbed to start cracktig between welded and unwelded spectiens of

the same steel was greater than the difference in energy absarbed after crack-

ing started. in other words, it was the early fracture of the weld metal that

contributed most to the poorer performanceof the welded spe”c.imen’sas measured
,.. ,,.,,

by the energy cri~er~on. ThereTore, the weld metal is a moraldofiiant factor

.. in controlhg the performance.of the specimens

.. Comparison :;ithResults of Other Investigators.. —..

than the steel in the specfien.

‘.

The results of this crack study have confirmed quantitativelywhat other
“.’

investigators have observed qwilitativeiy.’.The extrene sensitivity of columnar

(L) and has been reported byweld metalwas observed in early work at Batielle

Professor 3arl Parker in bend tests of welded tubes(5).

Koopman(6) observed that in ~ead-w~lded bend SPeCiMenS~

the early stages of the test which was sharper ihan any

machined. stout(?)

formation. Graf(4~

bend spectiens. He

has stated that weldsmay provide a

Offenhauer and

a crack was formed in

notch which could be
..

read: origin of

has reported the crack origin in weld metal of weld

,..’
also shows a test girder in which transverse cracks

crack

bead

were

found in the heat-affected gone of webto-flange welds on the tension,flange,-

I after some deflection. Flanigan~2) aiid~ffenhauer and Koopman(b) have ob-

served that the start of fracture in welded bend Spectiens is tidependent of

—.
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test temperature.

Flanigan~ll) has already done considerable work in demonstrating that

the improvement observed in welded bend spectiens

were due to better Weld metal properties”. He has

meial.ductility

distribution of

1.

2.

5*

to dower cooling rates, which in

from preheat and’postheat

attributed the gain in weld

turn affect the quantity.and

hydrogen present in the we~d area.

,,

SUMMARY

In welded and unwelded lazel-tme snecimens of ?lB.~~
WA.

ad IICII ~~eel, small, ‘discontinuoussurface tears-;ere
observed in the notch roots after the .specimen~were
deflected 0.050 inch at midspan. These discontinuous
tears were present across the entire width of the speci-
mens, and were founa in specimens tested above and below
the transition range.

With an increase in deflection of the ~tinzel-typespeci-
mens beyond 0.050 inch, one of the surface tears ficreased ‘“
in depth or propagated. The deflections at which cracks
began to propagate weremeasured. It was found :thatcracks
started at different deflections, and that cracks propagated
at different rates. Cracks started in the weld metal of - ..
welded specimens and begafito propagate at very small
deflections, while the cracks in unwelded specimens did not-
propagate unt<l much larger deflections. Test temperature
apparently had ‘littleeffect on the ,defleCtiGaat.which I i
cracks stated. Specimens of ‘lCttsteel, both welded and
unwelded, cracked at lower deflections thanl’Brllsteel
specimens.

,,
In ‘U3r11steel specimens, laminations acted as crack arrestors.
Zn welded ‘lI12!~steel specimens, cracks tended to follow the
gram boundaries o< the coarse, heat-affected zone..,

Cracks were f’cundto originate in the heat-affected zone
of “Lehigh-typespecimens.

Ktizel-typespecimens prepared from a 0.33 per cent Carbon
and 0.$8 per cent manganese steel cracked first h the
neat-affected zone. ,., ,..

.’
,.
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6.

1-

?-

In Kinzel-type specimens of.llG+I1steel taken from a weia+
m~fit’’stilarto those studied at Case QLstittiteof
Technology, surfacq.tears originated i~~the heatiaffected
zone and zon~;’bflow-notch ductility in specimens tested
at -~0 F and -80 F. However, it was in weld metal tinat
cracks propagated in these specimens.

Tests

that the main

The energy absorbed by welded ”andunw+ded Kinzel-type
specimens ~vasdivided in two parts: (1) energy a’bsortiea
by’specimen prior to cracking, aiid”(2)energy absorbed by
specimen after cracking started. ;~henthese energies were
c’ompared,it was ‘foundthat the difference bet~~eenenergies
prior to cracking absorbed by welded and unwelded specimens
was greater than the difference in energies abscrbed after
cracking.. The aarly fracture of the weld area contributed
most to the poorer performance or low-energy absorption
of welded specimens.

of ship steel with the finz+type specimen have de~onstrated

reason for the poor performance of welded specimens, as compared

with prime plate 5pecimens, is the early propagation of a crack in the weld

metal. This finding points to the stmcture and character of the weld metal

as the critical feature of the test, h the same way that the notch is the

critical feature of a notched bar test. After the start of the crack, the

response of the test bar depends on the notch behavior of the material of which

it is made, The better performance of ,the‘fBrf!,steel in these tests reflects.:.,

its

for

superior notch toug~ess, as compared to the ‘fCtlsteel.,“,

This finding points to the possible use of the Kinzel test specimen,.+, .:

appraising wdd metal and welding techn$que. bince, in ship plate of the,:, ., :., .

-: grade which was used here, it is the weld metal that appears

the performance of the spectienmight be materially improy,ed

as

by

the weak iti,

improving the

weld metal- ,:‘,.,.

.. . —,
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It should be recogrd%ed that even when using the same’electrode, lmt
..

on different steels, different r~sults will be obtained’in weld metal crack,,. . . .-

propagation, as a function 01 l%e different bass metals. But the’weakness

cf the weld ,metalovershadows effects of the base plate. With rnocltiication,
,, ,,

that is by .removing’al.l’’;he~eld metal at the “notch

be used to study’the effects of the heat of welding,,,,
.,

rod, ~he’specimen might,.

on the steel.

Fumm W?,K ~

This report describes work recommended”by the Project SR-1OO

Advisory Committee at its meeting of June 2, 1949.
.,

The following program of future work at Battelle Memorial hstitute
..

was discussed and approved”by”the Project Advisory Committee meeting of March
.-..

9, 1950:
,.

1. Wpluence of weld-metalpropertie~on fracturiiliitiation’and
,,

propagation.
!!

The inklu~nce of’normal mild-steel weld metals as

normally used in making typical

ships will be studied. Samples

cbntain titerdendritic fissures

joints in welded ‘

of these welds will ‘

,-.,
and low ductility, ‘

resulting from rapid cooltig and prtic%re common

to ship wel~ing. Other samples wi~””have the:bene-

~~i of preheat,’slow cooling,’and posthdat sometimes

,, ..
uied’in ship construction. : ‘“““’

The influence of wad metals having special prop-

erties will be st+udied. These weld metals may have *

—. - -...
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exceptiar.alductility, or a.combination of exceptiofial

ductility and high strength (100;GO&psi yield strength).

2. Influence of various regions in the heat-affected zone-

adjacent to bead ffilet$ and groove welds cn fracture

behavior of specimens tested at various temperatures

transverse, lon~it”ud~qal,, and in various directions (e*2”#

and IIsids.bendlt). . .

3. Correlation of laboratory work With behavior in service.

a. Fracture data from tests at National Bureau of

Siandards, and those obtained by personnel of the

Bureau of Ships and Model Basin by tests and
.,.,

observations

b. Infiuence of

notches will

c, Sampies froD

on ships will be consulted.

artificial notches snd strtitiurd
-,

be studied.

actual welded structures (both faihres

and satisfactorysections) will be studi,edfi some,.. ,.

detail and the findifigscorrelated with a~d inter-

preted by the assistance of the labora~ory findings.
,... ..,.

,,
. . ,, ,.,.

.“.

. .

Data given M this report .arerecorded in ‘BattelleLaboratory Book

NO. 3240, p}].%&97;

46-51, 60-70, 89-97.

RGK:FRB:FJR:CBV/mt
December 20, 1950

Book W. 3856, pp. 42-52; and Hook No. 469S, pp. 19-.41,
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Depth of (hmck - Units at I@x (1 Unit = 0.000352 Inch)
M?Lhlum Average of Averageof

Speoiiw?l Deflection, Load, Section Sec%ions 2-3-L Sectione 1-5

M er Inch Pounds 12345 Un~ts Inch units Inch

AC-189-1O
AG-220-1
AC-220-2

AC-220-3
Ac-220-4
ACGX-5

AC-189-7
AC-189-8
AC-189+

AC+12&6
AC-220-7
AC-220-8

AC-1894
AC-189-5
AC-189-6

AC-1552
AC-155-3
AC-155-4

AC-189-1
AC-1892
AC-189-3

AC-155-5
AC-155-6
AC-155-7

AC-155-14
AC-L55-15
AC-155-16

AC-155-11
AC-155-12
AC-155-13

AC-155-8
AC-155+
AC-155-ID

AC-155-17
AC-155-18

0.050
0.05J3
0.050

0.075
0.075
0.075

0,L?5
o.125
0,1Z5

0.150
0.153
0.1%

0.250
0.250
0.250

0.500
0.500
0.500

0.700
O.’mo
O.mo

0.750
0.750
0.750

0.800
O.m
O.m

0.850
0.850
0 .8g

O.m
o .W
O.w

1.250
1*2W

9,s00
10 Jm
9,m

lo,ml
10,49
m,@o

lo,m
ll,m
10,903

11,750
11,900
ll,4sm

12,900
L?,652
12,903

15,$00
15,000
15,800

17, Mm
17,100
17,2%

17,*O
M ,100
17,950

18,320
18,450
I$,mo

m,w
1$,4MI
18,400

19,050
18,@o
18,903

19,W
19@o

1
0
0

0
0
0

3
1
1

3
0
1

1
2
1

1
3
3

;

2

5
3
4

11
17
10

4
5
7

18

:?

80
57

01
00
00

11
00
00

11
2 20
11

10
11
01

20
5
3 i

81
13
43

10 9
84
.44

11 15
4 16
46

208
20 18
2: 22

20
3; 45
322Q

42 38
18 28
40 57

0
0
0

0
0
0

2
2
1

1
2
1

1
6
7

4
4
4

;
5

10

i

15
22
13

27
m
5

33
42
25

2
0
0

1
0
1

3
2
1

0
1
2

1
1
1

1
1
2

17

;

4
4
5

10
10

8

:
10

28
18
15

137 33o 174 118
156 217 212 61

0.11

0.22

3.44

0.89

3.22

3*55

5.78

8.23

18.11

22.55

35.88

136.20

0.WO0387

o.omo775

0,00121

0.000313

0.00114

0,oo125

0.00204

0.00290

0.00638

0.00793

0.0126

0.0479

0.5)

0.33

I,m

1.16

1.16

1.E?3

6.16

4.17

ILO

7.33

1%.00

52.66

0.000176

0.000116

o.bo645

o .OW.09

o .0W09

0.CK2Q6&5

0.00217

0,00148

0.00388

0.00258

0.00633

0 .ol~5



TABLE A~. DEPTH OF LARCWST CRAC’fiIN UNNELDED“BrnSTEELKINZEL~mcn~~
TESTEDBEIAWTHETHAWITIONTEMPERATUREAT O F

IMvthofCrack- IMta at 400X (1Unit= 0.000352 Irmh)
Madllml Average or Average of

Spm?ben Deflootion, LOlldf Section Secticm 2-3-4 Secitio!ls 1-5
mmber Indl Finlrd 123L45 Units Inch Unite Inch

AC-188-8
AC-215-I
A&215-&?

ACG15-3
ACd15-4
ACd15-5

AC-188-5
AC-18%6
AC-188-7

ACd15-6
AC-215-7
AC-215A

M-w-l
AC-M-2
AC-156-3

Ac-156+

AC-156-5
AC-188-l
AC-18842
AC-188-3
AC-188-4

AC-1564?
AC-156-13

AC-1564
AC-156-7
AC-156-8

AC-156-9
AC-156-1O
AC-156-H

AC-156-U
AC-156-15

AC-156-16
AC-156-17

0.050
0.050
0.050

0.075
0.075
0.075

0.325
0.E25
0.IZ5

0.150
0.150
o.Mo

0.250
0.2!3)
0.250

0.350

0.500
0.500
0.500
0.500
0.500

0.650
0.650

O.mo
O.-m
O.’mo

o.7!m
o.7!m
0.750

0.900
0.920

1,250
1.2%

11,100
10,9CKJ
Id,200

11,250
11.,4w
ll,mo

12,000
11,8U0
12,030

12,tuo
12,650
12,rxlo

14,000
U,loo
U,m

15,m

17,100
16,350
16,4oo
16,630
16,250

18,350
18,400

20,000
18,800
M,WO

19,2YI
19,000
1E%,9MI

20,19
20,05Q

21,200
21,25Q

3
0
0

1
0
0

0
0
2

2
0
1

1
2
1

2

1
4
5

:

2
3

3
8
5

8
6
9

1:

90

1
0
1

1
0
0

1
0
1

1
2
1

1
4
2

1

I

2

2

8
6

8
7
5

9
9
9

18
27

132
30’132

2
0
0

0
0
0

2
0
1

0
1
1

1
1
1

1

1
7
7
2

1
0
0

1
0
2

;
1

2
2
1

1
1
1

1

2
9
5

:
0

;
2

2
0
2

0
2
1

1
1
1

1

1

:

437
25 3
10 24

13 5 15
11 u 7
11 8 7

25 .@ $
30 20 $

156 123 n
X32 165 11$

0.55

0..44

0.78

1.20

1.40

1.00

4.38

6.2o

8.66

9.77

26.66

MO*OO

0,000194

0.0001%

0.000274

o.m423

o.mo493

0.030352

0.00154

0.00218

0.CW05

0.00344

0.00939

0.0493

0.67

0.67

1.00

1.00

1.20

1.50

3.7U

2.53

5.00

6.66

8.75

94*75

o.rMo246

0.000246

0.033352

0.000352

0.000423

0.000528

0.0013

0.mmo

0.03176

0.CKJ234

O.KIm8

0.0334

(1) L - I.amlnatlon.

.,,



TABLEA-3. DEPTH OF’LARGESTCRACB IN UMJELDED‘tC~lSTEEL KIN3ELSPECIl~~
TESTEDMoVE THE TIWNSITIOltTEIMPEFUl~~AT I@ F

Depth of Crack - Uniti at LOQx (1 unit = o,mo352” Q@]

MaXhllm
Average Of Avers@ of

Se@!On sect50n82.-3-L sect ions 1-5
Sp9aimen Deflection, Load, Unitm Inoh

Poude 123A5 Unite Inoh
Number Inch

AC-199-I
AC-1994
AC-199-3

AC-199-4
AC-199-5
AC-1994

AC-Q16-I
AC-21=
AC216-3

AC-1$5-1
AC-18%2
AC-M35-3

AC-216-7
AC-216+
Ac&?16+

AC-185-4
AC-185-5
A&185-6

AC-185-7
AC-1854
AC-185+

AC-1$!5-1O
AC-185-H
AC-185-15

AC-185-U
AC-185-13
AC-185-M

4

0.050
0.050
0.050

0.075
0.075
0.075

0.)25
0.125
o*125

0.15Q
O.lw
O.lw

0.200
0,200
0.200

0.250
0.250
0.250

0.300
O.w
O.mo

0.400
0.400
0.400

O,wl
0.5U0
O.fal

O.mo
O*4XI
O.m

9,m
10,000
9,5!)0

10,P
10,Ylo
10,600

11,800
lz,m
ll,m

U,8Q0
12,$50
12,920

13,9
15,000
14,800

15,6%
15,6P
15,4%

16,300
16,100
17,200

18,650
19,oo~
17,000

20,CWl
19,@o
18,W

21,000
22,300
21,650

0
0
0

1
0
0

1
1
0

1

3
1

1
1
2

2
3
2

2
3
1

2
2
3

6
4
3

75
45
28

0
0
1

1

1
0

1

0
1

1
2
1

1
1
2

3
2
2

I
1
2

4
2
3

6
2
5

m
72
@

o
1
0

1
2
1

1
1
1

:
0

1,
2
1

5
2
2

1

3
2

4
5
1

18
20

7

115
3.45

63

1
0
2

1
1
1

3
0
0

2
1
1

1
2
1

3
3
2

1
2
2

2
.4
1

2
1~

72
95
4)

0.56

1.00

0.89

1.89

1.33

2.66

1.66

2.79

10 ● 10

85.m

0.000197

0.000352

0.000333

0,000665

0.000468

0.000936

0●m 584

0.000982

0.00356

0.0%2

0.50

0.50

0.83

1.00

1.33

2.50

2.16

2.50

4**

50.00

0.000176

0.000176

0.000292

0.00032

o.0007m

0.000880

0.00159

0.0176



mm A-4. DEITHOF LARGESTERACKS111OliWELD~‘fCn STEEIKINZELSPECIMER3

,,,

TESTEDBELCiWTHF !iR&NSITION TEMPERATUREAT ,@ F

D9Dth ofCraok- Unitsat 4CMXK(1unit= 0.000352Inoh)
MS.* Average of Averaga of

Spmhen Dafleutlonl Load, ~ Sections 2-3-4 sactiong 1-5

Mar In& Podo Unit s Inch Unit9 Inch

Cu

Ac-2oo-l
AC-200+
AC+~-3

A&217-1
AC-217G
AC=217-3

AC=OO-4
AC4F0-5
AC-20%6

AC4?17-4
ACd17-5
AC-217-6

Ac-la.&l
AC-l$&4
AC-M&

AC+U7-7
AK?17-8
AC-217-9

AC-1$4-3
AC-W-4
AC-184-7

AO+34-6
Ac-1$4-a
AC-18+9

AO-184-10
AC-184-U
AC-1$4-E

AC-184-13
AC-li34-14
AC-184-15

o

0.093
0.0%
0.0-93

0.075
0.075
0.075

0.125
0*125
0.12?5

O.l!x)
O.ml
0.150

0.200
0●m
0..200

0.250
0.2%)
0.250

0.3)0
0.3)0
0.300

o*@o
0.400
0.400

O.!mo
0.503
0.500

O.m
o.&)o
0.600

0

lo,m
10,300
10,100

U,wo
U,200
11,200

12,000
12,aoo
L?,Ooo

K!,mo
12,900
E2,m

L&m
15,mo
U,m

1.4,800
U,m
14,m

16,300
ls,loo
17,200

19*EQ0
19,.mo
19,200

19,800
19,5W
20,PXI0

21,200
22,000
20,500

0

0
1
0

0
2
2

2
2
2

:
4

:
1

2
2
4

3
1
1

2
3
2

11
4
3

d
.4

0

0
0
0

3
2
3

1
1
1

3
1
1

1
1
2

?
3

2
1
5

2

:

13
8
5

m
29
x

o

1
0
t)

o
1
3

1
1
1

2
1
2

1
1
2

2

1
2

1
1
4

3
2
4

n

:

16
25
22

0

0.11

1.67

1.Ou

1.54

1.33

2.00

2*11

2.7a

9*42

25*8O

o

o.oc003E!7

0.000588

o*m352

0.050542

0.000468

0.mo’m4

0.CU0743

o.0w9ao

0.02332

0.00909

0

0.50

1.16

1.33

1.83

1*GO

1.56

2.16

1.83

4.84

n.16

o

0.000176

0●OO04M

o,mo&a

0.003645

0.000352

0●0005*

0.000760

0.000Q4

O.cmlxl

0.00

,,
,.,’ I



TABIEA-5. DE?2B OF IAFGESTCR&CKSRI WELBEO‘E+mSTZSLKIWLEL5PEC11E11S
TF9TFJJAWIV2‘!WTTW61TIOW!l’EI!T+37%’iTAT2iiTEO F

DeDthof Grnok- Udts at @ox (1 Ihlit.. o.cm352Inch)
WdmJm section %0t,ion Soo%ion Section Section 5ectlon S4 ckion Section Section Section k~emge, Un8t- Average, HMt-

Spohn Ddl.mtlm , Lad , ~~~’

Lmi-age ,

1 2 7 8 Ce tad

Wmbel’
~ 10

Inch zonn Depth Zone Depth Zone Depth Zone D+pth Zone Depth Zone“Depth Zone Depth Zone hpth Zone Mpth Zone Dept&

BwJe %td Lri-ecti ZGU* !Jeld lletd

Ftin u:% In& Unlta IDCb Ll*ttE 11x+

AC-183-1 0,050 9,S4MBOH0w ;;;fl~;; ;~Bo—~ ~~om
AC-183-Z O.ow 9,~ B lH lW —.—

AC-183-3

O. CCO1O6 O.w 0, WXJ317

0.093 ll,m Ii

1.33 0.020457

lH l—— ~j 1 w 3K2H 1- —— -- -

AC-183-13 0.075 12,201 B lFI Z$d 2 w 2 w 2 w 1 u lB 2 B l—-

Ac -18 >lJ 0.075 ll,2cOH3w2w 2W2 Z-—l”@
o.moL93

!! 2H 2H 3B 2 a
2.20 0.’XW775 2.00 0.020734

AC-183-L O.lw 12,2W H 1!+ 6 1! 6 ii 5 q 3 !1 LB~B;Bl ;—
AC-183-5 0,102 l.1,’KIo B 1H2W2W 1 w 2a 3.E r! 1 2 1.20 o.m423 2,7C o.c0W25

AC-1834 0,MY3 32,m B lfl 2W 3 M :: lU 2H 2 B 2B
3.3I 0.03116

00 0

AC-183-7 0.152 3z,90u--H15— - 1,, 10!415W 6tl 1!3 7B l——
AC-183-9 O.lw 13,m ; 2H 4Hlo~J15w15 ;:; 1::; ;—- 1.9? o.cma6% 3.8s 0.0013’71!).10 0.@35b

AC-183+ 0.15U 13,1Q2 2H 2 w 2 :.! 8-— 1 —-

M-183-10 0.2$0 lJ3& B;; Mm 25 2owm

4J$tlio:40$5Q R

B L(l) B 3B 2

AC-18 %11 0.29 II 4~~;2B2 ‘- 3.11 O.ooll.c

AC-183-12 0.252

.@.% a.olm 72.46 0,0253 ~

14,0JH43HM2w 228 W142W142B 142B 9 5B2— - ti
1

(1) L - MninAtdm

H . SMt+ffectd mm

It= k%ldWA.m2



Depthof Craci- Unitsat O)OX(1unit. 0.cG0j52
lrlxlmm

inch)
Section Secti’m section sectim seotion Seotp Secti00

spcimm Defl.ecilon,
Soctp

bad ,
SeO*lOn

1 2 ~~~
sm;m .Ivemg’e,unaf- kverage,Haat- kvnrage ,

Wmber
7

Inch rblmdm Zone Depth Zone DePth Zone Depth Zone Depth Zone Depth Zone Depth Zone Depth ZonB Depth Zone Depth Zone Depth
fectmdFiaaeM&al Mfect+d Zcm W*M Yam
units Inch units Inch Units Inch

ic-153-13
AC-153-1A
*.C-153-15

0.05Q
0.05C
O.osl

11,WI H 1
ll,m H o
11,4C0 H 1

1
1
1

3
0
2

1
‘f
1

3

o x 3W 2H o H 2
1 !i 1 w lH 3B o
lW Ow o H lrl o

5H 3H 2 B l--
lU 1 H 2B lB
7 w .4 11 2 !3 LB:

1 ~i 2H B
8

lB 1
w 7H ;B la

2
2

w 3W 2 u 3B 2

20 w 8H 2 B lB 0
4 1[ 17 B OB LB o
5 0 5H lB lE 1

l&9 w 61 W 2 15 B 8
66 H

3: :
4: 3B 2

2$4 7 .?81.1i 2.17--

—
0.02

1.00

1.20

1.11

6J2

0.D2X 1.02 0.CO0352 1,10 o.rm0387

o.om352 1.W 0.m06_,m 3im O.rmlz?z

0.003J.2Y 2.73 0.000W5 3.m o.COILW

1

O.moBl .L.@ 0.07156 10.80 0.0S3520 ~
1

0,002263 107.5 0.03760317i.L O,umml

AC-153-1
.ic-1534
tc-153-3

0.075
0.075
0.075

12,1H2 H 2
12JXM H D
lz,loc H 2

—

lC-153-4 O,l!m
ic-153-5 0.Ioll
tC-15%6 0.lCW

lI,WJ w 1
12,YJ0 w 1
12,75c — - B

—

1 B L

;,C-l53-7
AC-1534
*C-153-9

4C-I53-1O
LC-153-11
:i:-153-12

0.150
0.150
0,150

13,9xJ B 3
13,1WJ B o
14,103 B o —3

71
L7
228

8.273
0.250
0.250

15,020 a 2
15JLYI B 30
15,3110 B 5

—

z Or!e

,,



TABLZ A-7. DEPTH OF IAWF5T CRACZS W WZmQ ‘Cm STZEL K[tiTtL SPZC3NEIE
17zS~ ABOl= THE TRMEITIONTFJ!TBR.ITUF21AT 193F

DOPth of Crack - Unitsat ~X (1unit= 0.0)0352Inoh)

l’hawm Snotlon S,etim SOotAm s .3Ction section se otp Smtim %C tion S.ctlon SectIon Average,ihaf-
Spohn Dmflectim, Lad, 1 2

Amrage, Htat- Amrage,

~~~ 7 8
Wumbor

~ 10 foctedB-o !&M
Inch ?Odo Zoms Dmpth Zone Depti Zm4 Depth Zone Dapth Zone Depth Zone Dnpth Zorw Dopti Zone Depth Zom Depth Zone Depth

Aff-M zone W4M Natal
Unlti .ilch Unlia IDCII Ulllta In.+

AC-182-1
AC-1822
&3-l&2-22

LC4M-1
AC-218-2
AC-218-3

AC-l&2-4
AC-182+
AC-1E24

AC-l@-7
AC-3.&?-8
AC-18?+

AC-182-IO
AC-l%?-11
AC-182-13

Lc-l%z-l&
AC-182-15
AC-162-16

0.050
0,050
0.093

0.075
0.075
0.075

0.3s0
O.lcm

0.102

0,193

0.15C

0.173

O,mc
0,2CQ
0.203

0,2P
o, ~!m
0.253

9,ml
lo,.@O
9,m

tit%
11,750

ll,m
13,7W
13,@

14,m
24,W
U,.@

;J4&

16;%cI

16,202
16,’mo
U,?x

B
B
B

B
B
B

B
B
B

B
B
B

B
B
B

B
B
B

o
0
0

2
1
2

1
1
0

2
2
2

5
5
3

3.

i

H
n
H

B
H
B

;
H

E
H
Ii

H
H

H
H
H

1
0
0

3.
3
1

2
1
3.

1
5
2

51
32

w

G

w
h’
w

H
H
Ii

w
w
w

:
w

i!
w
w

w
w
w

o
2
1

2
1
13

0
1
3

2%
22

I&
207
105

150
bm
20C

2
0
0

15
10
13

m3
25

2$
3.2

132

228

155
215
m

10
22
20

3;
35

1L5
U5
w

135
200
213

w
w
H

1’
u
w

w
w
w

u
H
w

H
w
H

H
N
H

o
0
0

:
35

2
5
5

%
10

:
2E

70
17
13.4

H
H
H

w
H
K

u
n
H

n
B
H

H
H
B

B
B
B

o
0
1

15
8
16

2
1
2

;

2

10
4
6

25
44
53

H
fj
B

H
B
H

B
B
B

B
—
B

B
B

B
B
B

B
B
B

a

B
B
B

B
E
B

—

1

B
B
B

1
%
7

B
B
B

o
15
6 B

o
0 6.18
1

1
1 1,33
0

1,5s

2.83

3.n

= 16.9
6

0.WS6U’ 0.55 O.cmlm 0.64 o.rm225

o.CoW68 7.OO 0.c0324613.6 0.00Li93

0.COJ528 1.50 o.m528 11.m O.mxm
4

i?

I

0.0CW95 7.66 0.cXT2i0223.70 0.0C835C

0.001310 X.8 O.olosw 117.4 O.oum

0,0V596 iZ..S 0,025~ 182,0 0.064203

B . Bu. mtml

H = Hut+freatd zone

W - Hold ratil



mom A-s, DEFTB OF IMGFST CPACF3 IH WEIDED ‘Cn S~EL KTWZiLSPZC2MZ)B
TSSTZOBELOW lWE !TRiMITIOl!TDS?KSATTTEAT@F

DeDtA of Crac
H!!dmm

k - unitdat .Lom(1Unit . 0.0W352 Inch)
Seotiml S.OtiOn smtlon

Slmclrm
Scot.ion seotion Seotdm Sedion Sectim

D.sflaetlm, M,
section Section

1 2 ~~~~ ~

Avmge, Umf- Avmage , HoAt- Avwage ,
9

Wdm- Inch Pod zone
8

DqzlA Zone Depth Zone DapW Zom Oaptb Zone Depth Zone Depth Zone Depth Zone, Oapth Zone Depth Zmm Depth Unlti lid
10 iected Base I&al Affeatad Zme WeldMetil

Units Inch Utito Inch

Cu o 0

10,SM
10,L3M
20,m

B o 1[

H
H
H

H
H
H

H
l?
H

H
H
H
H

H
H

o

1
0
0

1

:

2
3.
3.

2
65
7

m

2
1

w

w
w
!4

SI
H
H

!!
w
w

w
w
w
w

w
H

o

3
1
0

23

4;

1
1
1

2
195
-4

265

15
20

w Ow

w 1!4
w 2W
Cw 2W

OH

o w
2H
o w

3W
3 w

195 w

2H
lH
lW

2H
200 H

w
2$ w

45 H
75 u

o

0
2
1

5
2

lm

1
1
1

A
W

35;

10
m

B

H
H
H

H
K
H

B
B
H

B
B
H
H

!3
H

o

0
0
1

2

10;

3.
1
1

0
3

&

&
20

—

B
B
B

H
B
1[

B
B
B

B
B
B
B

B
B

o
1
0

3.
2
0

1
1
1

1
0
1

220

1
0

B
B
B

—

B
B

— o 0 0

0.25 0.W8E 0.57 o.om201 1.09 0.CV0384
AC-181-1
AC-181-3
AC-181-6

0.091
0.091
0.050

B o
B I
B o

—

AC-219-1
AC4194
AC419-3

0.075
0.075
0.075

11,75.c 2
12,m ; 1
lz,W B 1

12,w B 1
13,4CQ B 1
U,w B 1

o
2
0

B
B
B

1
1 0.90 0JM0317 15.1 0.W5320 5E..4 0.020(03 ;
o

AC-181+
AC-181-4
AC-161-7

O.lm
O.lw
0.102

1.00 0.0W352 1.3.70.WWJ2 1.11 0.CKK1387

AG-lSl-5 0.3.5JJ
AC-L31-10 O.lxl
Ac-lal-11 0.150
AC-181-13 0.150

U,m
16,xY3
16,$33
16,9aJ

B 1
B 1
B 1
B 1

w 4JI
w 220 w
w 15 w
w 240 w

- 22.90 O.cmmw 105.O o.037mo W .0 o.045iw

AC-1814
Ac-181-12

o.2m
O.m

15,9(KI
16,$3s

B 1
B o

w 5 w
W40W

1
1

B
B

1
0

l.m 0.(03352 10.6 0.0G37m u.% 0.014m

B = We mid

H . Eeat+ffectd aone

W = Weld-M
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TABLE A-9, SU’Ml,”@YOF ~~RAGE CRACK DEPTH IN UNWELDED ‘zBptJSTEEL
KI1’KZELSPECIWE1\TS@TED ABO~ (80 F) MD BEL@ (OF)
THE TRANSITION TEjJWERAT~

.—.— .——-~ ——
--.>— . ————. .

Test Averwe Crack Depth.,~

I Temperature, .”Deflection*
w%.

sEctkms 1-

F Inch RZGW Inch

Q.000194
0.0000387

0.000246
o.mo176

0.00G246
0.000116

0.000352
0.000645

0.000352
O*g~04~

0.m0423
G.0Q0409

0.000528

G.0C1300
G.000645

i1.000wo

0.00176
f2.002170

o ● oo2J~
o. ool@o

c ● 00388

0.00258,,,

0.003080
c,006330

0=033400
0.018500

0.050
0.050

0.075
0.075

0g125
0.325

0.150
0.i50

0.250
0.250

0 ● 350

0,500
0 ● 500

6.650

0.700
0 ● 700

0.750
0.750

0 ● Soo

G.850

o● 900
a. 900

1.250
3.250

0.55
0.11

O.u
0WZ2

0.7$
?-44

1.20
O*$9

1.40
3.22

1.00

4.3$
3*55

6.20

8..66
5.78

,,
9*77
8.23

1$*11

22*55

26.66
35.5%

140.00
136.20

, 0.67
0.33

0.000156
0.0006775

0mOO0274
O.GO1!21O

0.000423
0.000313

1.00
1.16

0
80

0,000493
0, Ooluo

1.20
1.16

1.500.0003520

0.001540
0.001250

3“70
1.$3

0.002180 2.50

0..00305
0.002040

c
80

:6.660.003440
0.802900 &.17

0..0063S 11.00

7*330.00793

0.009390
0.012600

8a

%75
18.00

0
80

0.049300
0.047900

94.75
52*66

0
go

.

—.— 4

(1) ITicrometereyepiece units at 400X. 1 unit = 0.000352 inch.
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Test “ ‘ ‘“.... ~~er~e Crac~{De th - .
Temperature; Deflectioi13 ““=~~f)z;::: ‘ &:o&5hch

F Inch
>,

.. . . .. ., ,., .,,, ~

40 ‘ 0.050 0.11
‘180 ~0.050 0+56

/+0 ‘ 0.075 1.67
180 “ ‘ 0*075 ‘ ‘“ ‘boo

““40”, ‘ ‘ .0.125 , 1.00
180 0.125 0,89

.40 0.150 1,54
180 0.150 1=89

“ ““0.200 1433ig
‘ ,0.200 ‘ 1.33

40 “ 0.250 2400
180 0.250 2.66

.4Q ,
180

40
180 ‘

,40
180 ‘ ““

40
lGO

0.300
0.390

0.400
~ 0.400

0.500
0.500

0.600
0.600

.- ,,

2 k
1*66

9.42
10.10

25.$0
85 ●8O

.1

0;0000387
0.000197

0=000588
0.000352

0.00G352
0.000333

0.000542
0,000665

0.000468
0.Qow68

0.000794
i).000936

0.0C0743
0.0005$4

0.0i0980
o.000g82

0.003320
0.003560

O.oc)?oyo
0.030200

0.50
0.50

1.16
0.50

1.33
0.83

‘1.83
l.cil

1.00
1.33

1.56
2.50

2.;6
2.16

1..93
2.50

4.84
ii.50

11m16
50.00

0.000176
0.000176

0.000408
0.000176

0.00036s
o. coo292

~
0.0C0645
0.000352

0.0C0352
0.0c046$

. .

0.000550
0.000880

..

o.00u760
0.000760

00000644
Oocoowo

0.001700
0.001590

0.000408
I

0.017600

I

(1] Licrornetereyepiece units at 4COL. 1 un~~ = 0s000352 inch. I

,. I

.-

~+-.... ., .,.,4 ..;!.’ . . .. .,,. .. . . ,., i!... , . . ,.:,4 . ..., ,,, .. ... . , ,,.. .. . .... . ,,

.’ ,.,- .,- .. .. ,., .,,



- lk -,-

-.

TABLE A-n. SUMMARY OF AVEIRAGdCRACK DZPTH 1}1JELDED liBrltSTEEL
KINZEL SPEGIMENG TESTED ABLWE (80 F) AND BELO”’J(0 F)
THE Transition TEWil?.ATURE

Average Crack Depth
Test “ Unaffected
Temper- Deflection, Base Metal Heat-Affected Zone Weld Metal

aturep F Inch Units (1) lr~ch Units (1) — ‘-Inch Units (1) Inch

o ‘J’” ’’O”.O5O ‘;:0600 ‘ ‘“”
80

‘Ombooo ‘ 1.00
0.050

0.000352 1.10 0.000387
0.30 0.000106 0.90 0.000317 1.30 0.000L57

0.075 1.00 0.000352 1.90 12.000670 3.60 o*oG1270
$: 0.075 1.40 0.000493 2.20 0.GO0775 2.00 0● 000704

Q 0.100 1.20 0.000423 2.70 0.000905 3.30 0.001160
so 0.100 i.20 0.090423 2.70 0.000535 3.30 0.001160-. .,.

0 0.250 1*D 0.000391 4.42 0.001560 10.00 0.003520
80 0.150 1.87 0.000658 3.8ti o.co1370 10.10 0.003560

o“ 0.250 6.f42 09002260 107’m5 0.037800171.4 0.960300
80 0.250 3.11 0.oo11oo 4G.30 ,00Q17CO0 72*46 0.025300

(1) Micrometereyepieceunitsat 400X. 1 unit= 0.000352inch.

. .,

,.
‘,

>. .,,.. . . ..? 4.
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-.,- 1
“. ,..,.,, .,

T4iBIi
‘I KIK~L SPECIl:~FSTESTED ABOVE (180 F) AYD BELOW (4C F),..”

-THETRPJ!SITIOHTEMPEIUUNURE

,. . . . .. ,.. ,..

Average Crack Depth
UnaffectedTest

Temper- Deflection~ Base Metal Heat-Affected Zone Weld Metal——
ature, F Inch ~t= Inch ‘U=~ Inch

..—
Uniis[l) Inch

!,
. . ,’,,,

40 ‘0.050
180 o.o~o

0.25
0.18

0.000201
G.ooo~16

1.09 0*GG0384
0.64 0.co0225 ,-

58*4O 0.020600
13.60 0.004790 :

.- ..” ,..,

40 0.075
180 ().075

().$30
1.33

0.GO03170
0.000L6g

15.10
7.00”

0.005320
0.0002.46

46” o*100
180 G*100

1;17

1.50
0.000412
0.000528

1.00
1*50

0.000352
G.000538

1.11
11*30

0.000387
0.0039$0

40 0.150
180 0.150

22.90
2.83

0.00s050
0.000995

105.00
7.66

0.03?000
0.002700

130”00
23.?0

0.045700
0.008350

40 0.200
180 0.200

1.00
3.71

0.000352
0.001310

10.60
30.80

41.66
117●LO

0.003730
0,010850

0.o14700
0.041300

Lo 0.250
180 0.250

(Complete failure of specimens)
0.00596 72.80 0.02570016.90 182.00 0.064200

(1) ~Jicrometer eyepiece units at 400X. 1 unit= 0.000352in~~

— .-—..—
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COMPARISON OF AVERAGE CRACK DEPTH IN SECTIONS
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TEMPERATURE AT 80 F.
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FIGURE B-2. COMPARISON OF AVERAGE CRAGK DEPTH IN SEGTIONS

2,3,4 AND SECTIONS 1,5 OF UNWELDED “Br” STEEL
KINZEL, SPECIMENS TESTED AT OF.
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ABOVE (80 F) AND BELOW (O F) THE TRANSITION TEM -
PERATURE. 68423
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FIGURE B-5.COMPARISON OF AVERAGE CRACK DEPTH OF HEAT-AFFECT-
ED ZONE OF WELDED “Br” STEEL KINZEL SPECIMENS TEST-
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FIGURE B-6. COMPARISON OF AVERAGE CRACK DEPTH IN UNAFFECT-

ED BASE METAL OF WELDED “Br” STEEL KIKJZEL SPEC-

IMENS TESTED ABOVE (80 F ) AND BELOW (O F) THE

TRANSITION TEMPERATURE,

60420
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TESTED ABOVE THE TRANSITION TEMPERATURE AT 80 F.
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1 ,.

H“’F
TYPICAL SECTIONS MAOE IN
UNWELDEO SPECIMENS

UNWELDED “G” STEEL
(180 F)

~

i
SECTIONS 2,3,4 :

~ SECTKllS

1+1 ,5
1

/

~d
d“

--- --”

i I 1
.I .2 .3 .4 .5 6 .7 -8 .9 1.0 1.1 !.2

DEFLECTION, INCHES

COMPARISON OF AVERAGE CRACK DEPTH OF SECTIONS

2,3,4 AND SECTIONS 1,5 OF UNWELDED “C” STEEL

KINZEL SPECIMENS TESTED ABOVE THE TRANSITION
TEMPERATURE AT !80F. 68409
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FIGURE B-IQ COMPARISON OF AVERAGE CRACK DEPTH OF SECTIONS

2,3,4 AND SECTIONS 1, 5 OF UNWELDED “C” STEEL
KINZEL SPECIMENS TESTED BELOW THE TRANSITION TEM-
PERATURE AT 40F. 68408
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TEMPERATURE. 68407
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FIGURE BIT
FIGURE 8-16. COMPARISON OF AVERAGE CRACK DEPTH IN UNAFFECT-

ED BASE-METAL ZONE OF WELDED “C” STEEL KINZEL
SPECIMENS TESTED ABOVE (180 F) AND BELOW (40 F )
THE TRANSITION TEMPERATURE. 65422
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