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AESTR4CT

A detailed study was made of a low carbon ship plate steel, both

‘as receivedtland lTaswelded!!,by utilizing hardness tests and eccentric

notch bar static temsion tests at various temperatures. Considerable non-

uniformity was revealed in the !]asreceived!!plate, that is, localized

areas showed relative?-yhigh transition temperatures. A brittle-ductile

transition zone was founclto exist between .40 and -800F for the investigated

steel.

A zone of maximum hardness occurred at the junction of the weld metal

and the heat affected zone~ from which the hardness (Rockwell B) approached

that of the unaffected plate, A zone of minimum ductility (eccentricnotch

strengtin)was found O.3 to O.i+.inch from the weld centerline, This zone

was located by usin~ the eccentric notch bar tension test at low tempera-

tures.

The zone of low ductility is thought to be the zone which is heated

to the maximum subcritical temperature, with the further possibility of

embrittlement by strain aging and intermediate transformation products.



Il!TR.ODUCTIOii

This report summarizes the work completed on a project sponsored by the

Ship Structure Committee and conducted under U. S. Navy contract No, NObs-4f~70

and covers the period from July 1~ 1.947to Septemher 1, 1.948.

Recent investigationshave shown that a steel structure may fail in a

brittle manner if subjected to severe service conditions, These service co~di-

tions may include multiaxial.stresses (biaxial or triaxia.1stress states), stress

concentra’tiou,low temperature, and section size. Considerable attention has

been drawn to these factors with the occurrence of failures in welded merchant

ships.

If a metal is loaded under a combination of the above mentioned em!orittling

factors~ the ductility may be reduced to a low value. Under these conditions the

ductility becomes a more important measure of the structureJs resistance to

fracture than its strength. For example, if a crack is assumed to be propagating

through a welded ship structure, several of the above mentioned embrittling

factors are present, If the metal is,capable of retaining a relatively high

ductility, redistribution of r,treasoccurs with plastic flow and the fracture

probably wiil not be majo:rin nature, HoweverY if the ductility is reduced to

a low value; the crack may well propagate with little clifficulty, and be

accompanied by small energy absorption,

Since the number of failures in ship structures increased with the

adoptj.onof welding techniques, it was tinotlghtthat welding procedures caused

some change in the properties of the plate. Investigations (1) (2)* showed

that the process of welding alter~d th~ microstructure of.the plate material.

adjacenb to the weld in such & manner as to make the metal$ in some cases,

more notch sensitive than the UIIaffected plate material~ It would seem, ,,,

..—

*N,.mlbersin parentheses refer to the bibliography at the end of the report.



therefore, that

brittle manner.

-2-

we~.dingmay cause an otherwise ductile steel to react in a

Furthermore> if the welded structure is viewed as a unit it

would be expected that.under severe loading conditions fracture would be in-

itieted or at least propagated through the r6gion of lowest ductility.

Tests on large welded structures acd assemblies (3) (~) have yielded

data on the overall behavior of welded structures. Ho-wever9these tests are

costly and, thereforej the need was recognized for a test which would allow

investiga’~ionof small volumes of metal.and still include the various em-

‘brittlinfgfactors,,

Several types of specimens have been des~.gned

tione)irequirements. The ‘cleavage-tear test’[(5)

to satisfy the above men-

combincs eccentric loading

with a stress raj.ser. However$ the tear test aveivigesout a fairly large

vol.umeof (I3te.1, On the other handj tineeccentric.notch bar static tension

test permits the testing of small vollmes of metal and includes tk.esame

eccentric loadin~ in the presence of a stress raiser as the tear test,

It has been shown by sc-eral investigators that this test can be used

to cliffer”cniiateamong v~rious heat treated steele (6) and can O.lSObe used.to

reveal b~itti,ezones in weldeclplate (2)+ In this test the nonuniform stress

distribution of bending is superimposedoti the effect of the stress raiser

(notch)’to yield”a loc;iized point of high longitudinal tension stresses. It

can be seenj tkeieforej that the small volume of metal subjected to tnis high

tension stress will determine the proper+.iesof the ‘specimen. If this voluma

of metal has a low ductility fracture will be initiated at this point, On

the other hand, if the >hh~reht’dutitil.ityis:“~TativGly large, the eccentricity
.....

wiil be graducll.yeliminated as plastic 120.IY,occurs and the.,st,,rengthproperties...

will approach those of the concentric notch test (7). For strains below the
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necking point the eccentric notch strengt,h*has been found to he directly

proportional to the notch ductility (7).

Another advantage of the eccentric notch test is the fact that the

added effect of embrittlement at low temperatures is easily superimposed.

In view of the above considerations the eccentric notch bar static tension

test was c!losenfor the investigation reported hepein.

MATERIAL

The ehi.pplate selected for the initial phases of this investigation was

one of the sc-calied ‘lproject!lst,eel.swhich have been investigated by other

EY:OUPSumder the sponsorship of the Ship Structure Committee,. For the purposes

of til~sjnwstigation, steel C, which e.m-lierresearch work ,hadshown to have

a high tr~.n:-:l.iiontemperature, was chosen. .Itwas felt that any we:.ding

effects would be at a max.ismmin this plato. The properties reported for lrC!t

steei (8) (?) are as follows:

TA2LE I

PROPERTIES OF ‘tC‘1STEEL PIATE
-.-.— ->~~ ..-,-—-— .—-:-~~,:—...--.—-.—- ——. - ------..—,-—,-—saTx._x-_.__.,—-—

--Ch~mical ,Anal.ysis--

Carbon Manganese Phosphorous Sul.fUr Silicon Alumirun——— -—...-,-— .— ——— —----- -.——- ——.. ....
0.2/Ji o.@: 0.012% 0,026fi 0,05% 0.,01$;

:Jicksl Comer Chromium -,-.--------Molybdenum ~-$~ Nitrogen_..—,- ..-.,— .,.—,----- —— .-

o,02~ 0,,.03~ o.,03~ 0.005% 0.003% o.oc9jA

Vanadium Arsenic-—. —..- —-
0. U2;Z 0,,0173

--Mechanical Properties

Yield Tensile Elongation
Po5.nt Strength in 8 inches

_2@- —P4?A— ~~~cent -

39,000 679400 25.5
—.. -—-——.—. ——..—
.—.—,—.——. -.—... .—
* Ratio of maximum load to original area,
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The steel was semi-killed with 1/3 lb. a.llsninumper ton of steeI being added

to the nold and was available as 3/4 inch, as-rollod, plot,e.

PROCEDURE

PleldingTechniques

The welding of the ship plate

Institute under closely controlled

procedure are given in Figs. 1 and

Each jweldmentwas constructed

was performed at the Battolle Memorial

conditions. Details regarding the welding

,.d.

of two plates$ 9n ~ ~AN ~ 3/4i!in dimensions.*

These plates mere sectioned fron one large plate by flame cutting and then 3/4

inch was machined from tho edges to be we].dedin order to eliminate the effect

of the flane cutting. The cut faces were then no.chinedto a 30 degree bevel

with a 1/8 incilroot

plate. The n:.chined

or other defects.

The plctos were

face symmetrical with respect to the center piano of the

edges were then magni.fluxedfor evidences of laminations

insulated frol~the steel welding table by asbestos sheets

and the dou”ble-Vjoint was set up using <a3/16 inch root cap and a copper

back-up bar coated with a thin layer of wol.h.stonite. The plates were then

tack welded using one inch tacks at each end .md at the center of the plates,

A set of two steel lugs 3/4 inch thick were welded on both ends of the

assembly for groumd connections to the we].ding machine, In each case the

ground connections were adjusted so that the direction of welding was away

from them,

The welding

It mm felt that this procedure

data are given in Table 11.

would reduce the amount of arc blow.

* The 24!!dimension was taken parallel “to’the rolling direction of the plate,

,.
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No restraint other than the tack wc].ds

since tw inches from each end of the plate

tabs were required. All welding was marrual

in diameterj with reverse polarity.

TABLE 11

W~LDING DATA

----,——.—.— ,——...— .—.,—., _,_...

was used on the wcldments and

were to bc di.scrmded, no runoff

usiug E601.Oel.ectrodcs,3/16 inch

. ..--- ———--—.— ———
—.— “.-_______ ,_..._,,._.,_____,_. ._._ ___ ,______

Uo.rnis chfeger . D. C. F!elder

.Elect,rodcj/16-F 60i0

Current 150 Amps

i65 Amps

Vcltagc 25 Voits

WelclinESpeed 3,.6in/mtn
4,8 in/rein

Electrode Burn Off
,?0.to 8,5 i.r]/min

Reversed Polarity

Pass 1

PaSSGS 2..6

PrIssi
passes 2-6

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

The weld.me~tsuere preheated to 1000F prior to the first weld pcss.

After etch pass tineweid joint W,M

was rrgai.nl.OO°F, and.then the next

Br?fore welding, the length of

cooled norms?Q in air until the temperature

pass was made.

the joint WP.Smarked at one inch intervals

with 600°F Tempilsq. After each meld prIssvms

600’% isotherm was measured. Neu Tempilaq WC.S

UIYt~.1the r;cldrnentva,scompleted.

completed~ the positio:lof the

:,lppliedprior to e:’.shpass

After ~onlpletiorlof ~m].ding,the we].dedj;j.ntwas “sandblast~>dand then

raciiographedfor well j.,mpcrfections..

Tiwoe,~;el.dmontswere,made for this piwiseof the investigation,



-6-

Wmcn Preps.rat~n

In preparing the specimcns, 1/2 inch st,ripswere cut from the welded

plates perpendicular to the weld~ one strip being used for hardnass surveys.

Each strip was etched with a 10 percent solution of ammonium persulfate so

that the weid area I-asvisible and, in particular~ so tinatthe weld centerline

could be accurately located. The specimen locati~ns mere then ls.idout so

that the notch bottom VJCJSthe desired distance froc the weld centerline; and

so that the fiber carrying the highest tension load was along the centerline

of the plate, The general layout of specimens for a weldment is given in

Fig. 3 and the location in tho thicknr:ssdimension of the plate in Fig. 4.

The distribution of specimens shown in Fig. 3 is for the dctermin:tion of the

plOperties across the ~~el.d,Acidjtional specimens to 5.nvestigatetk.eproperties

of the unaffe:;ted plate were iocated four to five inclms from the weld center-

line.

The notch test specimen is shown in Fig,,5. These specimer,sbad a

circumferential 60 degree V-notch, removing 50 percent of the cross eectional

area, and a root radius less than 0.001 inch.

‘IIsthR Procedure—..-

The specimens were tested in fixtures designed to yield a nominal notch

eccentricity of 1/4 inch, see Fig. 6. The speci.menswere pieced in adapters

so that the fiber to be tested was on the tension side, Fig. 7. The tank for

lOVTtemperature testing is shown in Fig. 6.

After the specimen 17aspositioned, the entire assembly TWIScooled to

5°F below the desired testing tempr:rature. The setup was then allowed to

stand until the tc.sting temperature was reached. The warming cycle was slow
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and occurred at a rate of approximately 1 to 2°F per three minutes. This slow

rate of tei.lperaturechange was s.ccomp~ishedby i.r,su~ati.ngthe cooling tank.

Since the tj,,mefor test;.ngmas q?lmox~.ma-tely1~~ mj.nu,te,

that the tests were performed at a constant temperature.

Cooling was acconylisheclby mixtures 0: isope;>tane~

it was concluded

dry ice, cmd Ij.quicl

nitro~en. Ternperztwes were mea~ured by

beside the specimens. All tests were at

strain.,

p~.acinga pentane thermometer directly

constant speed and at :,.low rate of

The eccentric notch strengih or ratio e“ maximum load to original area

of the notch cross section was cletermiwd for each steel.

After fracture, the fractured surfaces were inspected for flaws.

RESULTS

Hardness S1,.r:?(TS----.-,+-— ....---

Hardness d.istributioas for the as wel..dedplate are shown in Fig. 8.

Hardness values (Rockwell.E) are given for seve:.-allevels through the plate

t!lickness,

In general.> the hardness began to increase

from the weld cente~ii.ne$Lecoming a maximum at

of the pls.te(axis C), A minimum then occurrecl

hardness of the unaffected plate was uniform (Rm

at approximately one inch

0.1 to 0.2 inch in the center

at the weld centerline, The

= 75). Recent hardness
t?

surveys (‘io be reported later) mr.dewith a Tukon Microhordness Tester showed

that a number of hardness peaks are present in the heat affected zone wherein

each meld prIssseems to produce a region of hardness. Consequent,3.y,t!le

lm.rdnessdj.stribut~.onshown illFig. 8 may be an over-simplified Picture Of

‘theheat affected zone;because the Rockwell B impression r.veragesout the

hardness over ?.fsirl.yextensive re~ion of metal as compared to the micro-

hardne$s indenter.
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However, the extent of the heat affected zone can be estimated to be

approximately One inch frOn the we].d centerline. As mentioned in the procedure,

the poeitj.onof the 600°F isotheTm was me~$ured during we].dingand was found

to be about 0.8 inch from the we]d centerline. Temperature measurements that

were made on a sllbsequentllAT1steel weldment~ welded under similar conditions,

showed that the 60001?isotherm measured at the center of the plate was the

same distnnce from the weld centerline as that measured at the plate surface.

This would mean , therefore, thot the area of the plate exhibiting the sharpest

increase in hardness W:J.She,;tedat)ove600°F during welding, This fact wj.11

be discussed further in the Discussion of Results,

~~t~i~.,u~gicalStructure---..-———. .—,

A ms,cro[;:aphand a series of photomicrogmphs repre,scfltativeof the

various struetwo.1 zones are shorn in Fig. 9,

The mo,srographshows tho overall structure of the weld and the heat

affected zone; it cnn be seel that each weld pass gives rise to a Ileataffected

zone which combines “;-$iththe zones fiom the other pm ses to give an overall

heat affected zone.

The series of photomicrographs are

countered in the center of the plate at

centerline.

The we~.dmetal (Fig. 9b) is a

obviously refined by the last weld

by the sudden large chango

creasing distz.ncefrom the

which has bceencooled from

representative of

various distances

the structures en-

from the weld

fine wtillcdetrueture which has been

passes. Tho weld junction is well defj.ned

in grain size at 0.08 inch (Fig, 9c), with in.

weld centerline the grain size of this structure

above the upper critical decreases (Fig, 9d),
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The structure resulting from transformationfrom the temperature range between the

uPPer and lower critical is shown j.nFig, 9e, ‘1’hisstructure merges into the

structure of the parent plate (Fig. 9f) rihichis composed of pearl.itesurrounded

by ferri.te.

Eccentri> Notch Tests.-.—. —.—

Two series of tests were conducted on this phase

fi~st series consisted of investigating the ecccnt;ric

affect,edplate as a fur~ctj.onof testing temperatuw.

we.s on khe distributeon of eccentric notch properties

.iesthg temperatures.

of the investigation. The

notch properties of the un-

The secoi)dseries of tests

across the welds at selected

1. _,_.._,._._._.-—-”-Unaffected Base Plate - The resul-tsof ths eccentric notch tests on the

unaffected base pl.abeare shown.in Fig. 10. In view of the hardness distributions,

tests on material beyond one irichfrom the weld centerline were considered to be

representative ,>fthe Unaffected plate. Twenty.five or more tests were made at

most of the temperatures investigated.

.4duct~Ie-brj.tt]e transition zone+ is seen in Fig. 10 to occur betveen -4.0to

-80°F, It is also noted that considerable scatter occurred at the various testing

temperatures. NormaIIY, as the testj.ngtemperature is lov~eredthe deCree of

scatter j.ssrnal.1until the transition zone is reached. At this point, previous

investigationson the effect of testing temperature indicate consider:iblescatter

should occur, ~ljhi],ethis latter case ~as found in the transition zone for the

plate, the overall degree of var;.stj.onseemed to be

In s.ddition,the data shown in Fig. 1.0further

tain values of notch strength to occur with greater

greater than norxally expehd.

indicate a tendency for cer-

frequency than others at a

particular testing temperature, ]Withthj.sin mind, the dats in Figure 10

—. —.. —.—. —
* AS pcinted out in the introduction, a chan~efrom high to low va.lu@sOf ~ccen-
t~ic n~toh strength j.saccompanied by a change in notch ductility in the “same
direction.
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were analyzed statistically,Fig. 11. It is seen that at room temperature

and at -lOO1?the results were fairly uniform, However, at lower temperatures

the distri.butionof properties changes apprcciably,, The number of tests pro-

ducing low vnlues increased$ yielding r.double maximum, At the lowest temper-

ature, -80% ~ most of the tests resulted in lcw values, but high values still

occurred, In addition both pesks occurred at npp:oximately the sn.mevalue of

notch strength for tinevm-ious testing temperatures. It should be pointed out

t,hntphcrmmenc such w these can only be observed if a sui?ficientl;flarge

mssber of tests are performed to make a statistical analysis possi”ble.

The fractured surfaecs of these specimens wero examined for the type of

frncture. All of the fractures for specimene tested at -lO°F and below were

of the cleavage type..,At room temperature the specimens showed 10 to 15

percent sim~.-with the remainder cl.eavsgG,.

2 As ‘ZsltedPlate - In Figs. 12 to 16 the dsitributions of eccentric.&—. ..,.....—-—

notch strengths across the weldments cm shown for various testing temperatures.

The results at room temperature, Fig. i2, indicate that the cccentri.c

notch strength WLM fairly uniform across

notch strengths indicated by the dashed

would appear to be the c.cseif the other

and the hardness surveys are considered.

that tinedistribution of eccentric notch

the !is.rdnessdistribution,

the weld.. However, a region of high

lines, probably was missed, This

distriloutionsof notch strengths

In general, however, it can be said

strongth at room temperature follows

The distributions at the lower tempera-burcshe.vethe same general trends,

The una.ffected plate.showed constant propcrtios up to tho hcs.taffected zone

where a pronounced minimum occurred at 0.3 to 0.4 inch from the weld centerline.
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Th> eccentric notch strength then rose to a maximum value in the structure

near the julction of the he~.taffcct[:dzone and the weld metal (upproxirnately

0,,15inch from the weld centerline). A lo~iernotch strength was t!.lcnobserved

in the weld metal.

It is of interest to note that wh.il-e‘.-hedegree of plus-miuu.svariation

increased for the una.ff~ected plstc vith decreasing testing te~peraturc~ the

degree of vwiation decxecsed for the zone showing minimum properties. This

Vmuld m.ec.nthmt at thr,tc.sting tempcruture, -80”F, the material which showed

tireminimum eccentric notch strength volues WO.SOlmOSt complc!telynotch s@lsi-

tive und brittle. At the same time the weld metal~ especially at the weld

centerline, evidcncod l.ittlcscatter and was app:,.rer,t~yquite uniform, Sir.ce

ail.of the spccimons were taken from the center of the plate thickness, the

specimens from,the weld had a uniform.refined groin sizo beep.useof the re-

hating from r,?m final weld pcsses.

The mini:iirn in notch :Jropertiesoccurred at the same l.oco.tionand became

b,?seen if a.vor-gecurves for the various testing tcmperaturas are co::pxwd,

Fig. 1.’/.Fnrtherr.ore,it sho~lldbe noted th:.tthe mcximum value of notch

strength had approximatc~y the sam absolute value and also the same Iocn.tion

for the various testi.n[;temperatures. The values for the pai-entplate show

the decrcose in nctch strength I:it,htemperature,

Subsequent tests on A steel weldments$ welded under the same mel!.ing

conditions, have shown a si.mil:mminimum in eccentric notch strength at 0,3-

0.4 inch from the weld centerline c.nd.?.maximum “at0,1-0.2 inch.

By cross plotting the eccentric notch strength val.uos*for a given location

as a function or tclmpcrsture, it is possible to further investigate the

. . . —
* Values taken from average curves in Fig. 17,



-12-

transition temperatures of various positions in the plate, Four locations

were selected: 1) The weld centerline, 2) 0C3.-O,2 inch from the weld center-

line, 3) 0.3=0.4 inch from the weld centerlines and 4) the unaffected plate,

These data which are plotted in Fig. 18 show that the 0,1-0.2 inch location

did not exhibit a transition temperature in the ranEe of testj.ngtemperatures

investigated. The weld metal also showed no ta%nsition temperature in the

range in-iesti.gated~but probably would have a higher transition temperature

than the 0,,1-0,2location, On the other hs.ndjthe unaffected plate and the

0,3..0C4inch position did show transition ranges as indicated, The difference

in these transition temperatures can be shown by plotting the transition

temperatures from F~.g,18 as a function of distance from the weld centerline,

Fig,,19., TLe zo~leof low ductility, 0.3-0,4 inch from the weld centerline)

is defin$-telyclefined by its high transition temperature.

DISCllSSIOl:OF RESULTS

Unaffected Plate

From an examination of the eccentric notch properties of the unaffected

@ate it is evident,that consi.derabl.enon?:niformity existed in the parent

material.

At room temperature where 25 tests under identical conditions were

ma.de$the degree of variation was relatively small. All but three tests

fcl:.witki.n& 3 to 4 percent of the average value. Of the three remaining

tests~ one had a value 14 percent above the average and the other two were

8 to 9 percent bel.ewthe avernge of the tests. In general? it may be said,that
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at room temperature the materj.al.was relatively uniform and

yielded reproducible results. This point is important when

the mef,hodof testing

considering the re-

suits obtained at lower temperatures.

In contrast to the results at room

in test results cccurred as the tostiug

at -.lO°Fthe resolts, Fig. 10$ began to

temperature> a great deal of variation

temperature uas lowered, For example,

vary appreciably. This temperature

ve.swell above the transition temperature for the parent @ate and, therefore,

t,hesame type of distrihtion of eccentric notch strength values as found at

room tem~,pcraturewould be expected. Howeverj the distribution of eccentric

notch strength values was spread over a greater range

of variation being approximate].y& 10~ of the average

157 above and below the average. It would seem quite

of values~ the degree

value with a few tests

possible that certain

iocalized positions in the plate had relatively high transition tempcratvrres,

which resni’:c5in increased devlstion of the test ‘valuesfrom the average.

Since the ec%ntric notch speqinen test~ a localized area of metal.j the

chances of including these areas of poor properties are quite high-

As the testing temperature was lowered further~ the plus-minu.sva~j.atiOn

cf the results became inereasiugly greater. This is exclained by the fact

that the ~ormal scatter er,counteredon passing through the transition tempe”ra-

turc range was superimposed on that observed at the higher temperatiwe, Then,

ss the testing temperature became even lowerj the areas that yielded high

values’were embrittled, aridthe scatter was again reduced. At extremely
>,

temperatures all the values would be 10W.

It should be pointed out} howeverj that at a t~sti.ngtemperature Of

hi~h values of notch strength still occurred. It vrot~l.d

if any treatment were used to improve the plate proper,

seen as a”shift of nore values to the high side.

seem: therefore,

the result would

,.

1017

-80°F,

that

be
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As Welded Plate— —..

A recent investigation of the annealing of low carbon steel strip (10)

yieldd information that may be used to a~lalyzethe results of the hardness

~.:,rvcy~and difitrib,ltio~lOf notch strength fm the as welded.Plate. This in-

vestigation showed that

The first of these

reduced grain size and,

out that if the cooling

three factors operate to make a steel hard when cooled,,

is the gamma-alpha trcumf~rmationwhich results in

therefore, higher hardness, It should also be pointed

through the transformation range i.ssufficientl.yfast, a

martensitic structure results,, This structure remains relatively hard but

du:ctileon tempering,

The secorIdfactor is term.odthe solution effect and is osscntially the

formotion of a supersaturated solid solution that is harder than the equilibrium

mixture, l?o:steel, this corresponds to the maximum solid volubility of carbon
*.

in s.lphairon r.rldwou].ddepend on very rapid cooling from the lower critical

temperature.

The third factor is

precipitation of carbide

of’cooling is relatively

asso-.iatedwith the second one and results from the

from the supersaturated solid solution. If the rate

rapid~ but slowel-than wa!,erquenching, thcse two

factors occur more or 10ss sim,~.ltaneously.However, in any case an increase

in Aardness accompanied by a decrease in ductility is obtained. it should also

be pointed out i.nconnection with these last two effects tl.at the rate of

cooling from 600°F has no effect and that apparently no hardening occurs below

this temperature. With the foregoing discussion in mind.$ the conditions on

vwlding nay be furthcr analyzed. A temperature gradient existed from the weId

cmtor.line j.ntotho pment plate that rcprwented all temperature%sfrom the

melting point of the metal to room temperature. It is also known that t,he
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cooling rate was fairl.yrapid sincw a in.rgomolume of relatively cool netal

was adjacent ts the weld, Thc~efore, the conditions for hardening outlined

above were present.

Examination of the hardness distributi.onsshews that a maxiuum hardness

occurred at the jlnictionof the weld metal and heat affected zone cf the plate,

This correspor:dsto the firet hardening factor dj.scusscdabove. Fronlthis

peak the hardncss decreased gradw~lly to the hardness of the uno.ifocted plate.

The shape of thj.scurve is similar to the solid volubility line of carbon in

alpha iron and should represent SISO tho tcxaperaturegradient that was present

when cooling began aftor wel.,ding. This docrc~se in harclnjssthen indicates

the varying degrees (decreasing) of nagni.tudeof’the last two hardening factors

rneutiom.odpreviously; namely, th~ solution and aging effects, In a.ddi.tion,tvo

otk,crphcr.r,?,or.,ashould be mcnti.ormdin this rcsp>ct, The position of the 600T

isotherm detexrm.nedcluri,gweldjng approximated cloeely the point where tho

hai.dncssa.p;:roo.chodthat of the un:.ffectodpl.atc. ‘fhisagrees mith the con-

ception that heating and coo~ing below this temperature does not affect

hardening. In.addition, Q prcvi.ousinvestigation on hand welclcdplat~ (2)

l.ndicate,dthat the hardening beyond the peak.can be eliminated by stress re-

licwing fol.l:~mdby S1OV cooling, This latter phenomenon would bc expected

if the hardening was co.usedby the solution and aging effects,

~~ilc the hw:dening effects arc faii.lyclear, the question of the notch

atrcngth (ductility)niniuasmis not newly as lucid, Unfortunately, hardness

is r,otcapable of showing ductility distri.bwbion, The rmximsn hardness was

associ.inted with a maxiuun,ductility while a nimjmum cluctil.ityoccurred at a

lower hardness. Eowcvcr, it r,aybe said that the distribution of eccentric

notch strength was the sane as the distr~.butionof hardrwss, except for the

notch strength ~inirnua.



Solution and aging effects are accompanied by both increased hardness

and d.ecrea.sedductility, as pointed out, These two effects would be a maximum

at the point heated to the mzximum subcritical temperature.* Therefore, it

is quite possible that these effects are sufficient to result in the observed

ductility minimum. In addition> two other possibilities should be mentioned,

On cooling from the welding tempers.twe there is a fairly good chance for

strain to occur. This phenomenon could lead to strain aging and resuiting

embrittlement, Secondly, there is ai.sothe opportunity for the formation

of small quantities of intermediate products’ A previous investigation on

heat treated low alloy steels (11) showed the damaging effect of these inter-

mediate products on the strength properties of a martensitic structure.

In regard to any treatment designed to improve the properties in the zone

of low duck:.;.ity~ the same line of reasoning cm be applied as to tne pro-

perties of the unaffected plate, The absolute vaiue of the notch strength

minimum remained practically constant at the lower temperatures, J+O to .-8CI%.

At the same the, the number of tests thet yielded high values decreased with

decreasing testing temperature. This latter phenomenon resulted in less

scattering of values, Any improvement in this zone would necessarily result

in a double change in the scattering characteristics, At the highe~ temper-

atures the scatter band would be shifted upward or the scattering would be

reduced by elimination of the low values. At the lower temperatures

scattering would be increased by the addition of high values~

the

* It would seem~
gradient would

therefore, that an accurate determination of’the thermal
be desirable in future work,
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CONCLUS1ONS

The following general conclusions may be ckawn:

10 )“,brittle-ductile transition zone existed between -LO and -80°F for

the “Cr’steel plate using the eccentric notch bar tension test.

2. The parent “C” steel plate had localized areas that were notch sensitive

at relatively high testing temperatures.

30 Hardness surveys are useful to eva”!.ua-bethe effect of welding on the

harden;.ngof the plate material, but do not necessarily indicate ductility.

4. A zone of high hardness and hj.ghducti?.ityexisted at the juaetion of

the wejd

5.

by means

6,

metal and heat affected zone.

A~~zone of low ductility does exist and its position can be determined

of the eccentric notch bar tension tests performed at low temperakures~

The ch,ct.ility(notch strer,gth)minimum was probably assoc~.atedv;ith

the maximum t+ubcriticaltemperature that wss reached on welding the pl.a+e.

The additional.effects of strain a~ing ard intermediate transformation products

may also cause this embrittlement.
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