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ABSTRACT

The effects of xistecitizing, tempering terrporateres and tempering 4m0 -

on fully quencbed low- wid bigh-chemistry ZY-60 steels have been iavestigaL.-

Currlation procedures have ten establitlied for -elating notch.brittlenoss prop-

erties to tensile strength foa given Charp, V-notch fibcous fracture appearance.

The results indicate that C "t V-notch artnsition temperatures increase with

inceasing austenitizing sai decreasing tirqnpering, temperatures. For fully

quenched BY-80 steels, the optimum Char " -V.-ot,-h impact fibrous transition

temperatures are attained fix the 10 ,0ooopwi-yield-strength level.

INTRODUCMION

At the end of World %'ar t1e lureau of .ii.ps recognized the need for the dovelopment

of a high-yield-strength .3teel to i5yaso the comat effectiveness of submarines- To fulfill

this need a investigation was initiatfd with the, rG'mited Statos .4, ,! Cnm"- s-d Cho Inter-

national Nickel Company to develt,9 a nonballistic.. weldable, stuctural steel with a minimum

yield strength of 80,000 Psi in the water-queacheft and tempered condition- Although this

material, commonly known a ly-S9, him been irr L,e since 1951, little is known of its met-

allurgicai properties. Thoreftre, a 2 established to perform metallurgical

atudies on isothemnl trsn"!onnatim prolucta, vr-:ationa in chemisirv, and impurities to de-

terrmine their relaticn to the propertia_, and welda.fiility of high-strengh steels. This program

is concentrated on IIY-80 steel, Military .4peciriear.ion MIL-S-16216. 3 IIY-80 steel is one of -•

the family of nickel-chromium-m(Avienum steel:s w-sed in construction requiring high strength

and noth toughness. The data oixain,.1 from O,-'.r investigation can be used to prognosticate

the effects of the variables ntudiv-A on the mechar.ical properties of this family of steels.

The essential phases in tim protnoy ar otlined in Figure 1. At the proseaL time

mnost of the experimental work for P!,ami 1, kletalbr -ical Iteactions, has been completeI. IL.

is apparent that a single report on the dlaA compilDad and the interpretation thereof would be

prohibitively voluminous. lffince. Phavie I will h t-ubdivided into several reports. The de-

tail-d steps in Phase I Pie depictor in Figure 2..

This report, the first of the prelpoed serie, on Phase I, describes the effects of

austenitizing and tempering on the rr.-echanical prrpcrties of fully quenched IIY-80 steels.

The sceps reported heroin art, thop included witLh the broken line in Figure 2.

MATERIALS

The metallurgrical principle.- governig the -: Pel.)pment of the weldable SOA)-psi-

yi,,1d-.;tr, gth structural steels .:.':e tho same as .,zse sot forth by the Ad Iloc Committee

References am listed on palge 56,

. - - - -. . . . . . . . . .. . . . .
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on Naval A rrnrOn or Ofivormain requisites rot dovelopment of the s~teel %as that the steel
selected must hir,!#'n to a irninionum of SO-percent mttrtensite at the center or the plate after
being, iuenchml in !qill S3,aWT. The commiittee based the S(1-percent minimati- re~quirement on

avalabe tmt 14 n Enin~uror rat6,that is, the com~mittee felt that th~e mechanient
* properties of a quenchedl aniril aernpered s-el would be detrimentally rfrecteJ by increasing

amount:s of tEIi~idnon7 hwrt!nsitic products.

Wtoh a I(,% 1111d~u- :i high-chtinistry ilY 1-80 steel were used in the study reported
here. The loA-vbse-rJ 4tr, i.. n plate iwas ohtained from standard Navy :5tock. Unfortuniaely,
the mimuractutjrr ha an :11ote nunbNrs Aere partiarlly obliterated in tramsport ation. The
irlintifyinLg fluiIix-r. wAhich .'tr isible indicated that the plate was inanufactured by the

C..'tol (ttjaf~tio, l~Tt~~I Plant. %t the start of this investigation, 1.2-.in, .high.
{ hoiI tr\, II Ysot,l~t4-. itltt R ta ndar'l prod uction i temn; hoA ever, U.S. -,eel , loimies teo fil

P:lant, ('fltrilut,-.j il I;i -rt iby 3.rt piece of h igh-c homistry, prod uction-run pinto' left
o~ter from on' of ti,'*jr c- 1 gou t tudie. Trhese twu plates were used Eicroughout this

fl n( vvSL iga ti fin.

Ithough tl,,. h ih-C*.!'iStf) plate Aa.s not a suindard item, it %as m-le 'rern a staknd-
nrd wopnf-livardi It Af nd rnj;,tII to thickni'-4s using~ the samne prodluction procv-dures iroriiially -

0 ii sid in 'a anufmtcturin', 1. p,~ luate. N thicker pioduction plate would have added a c-hem ical

h(('0-iv varial,ld'. I le-itmait is~ concluded tht the test results obltained are indicative of-
the pirfori inc', of h gchu'eryenrnrivilly producedl iY-SO plates.

C~l CM ISTR Y

'Tht 01,6 fo of .: It Y*8t) steels; used in this investigation are ecirrpared in
l~~iI %% itl h~ 0i t ifIc;t7 rqieetor II Y-8O.

ITe liot('('iagss of c;,i'rical impurities presenL in the test plates ark- believed such
that their vff-Ats on mn;i& ir .,i' wnergy and trainsition teipvratures and, therefore, on notch
lirit eiress, % orill I, -g!P. Schw Airtzbart0 denons tratod that the Chtrpy V-notch tCran-
si ori tviverat 'Jr for ie-- t,irai nin): 0.014 to 0.023 perce'nt phosphorous is mi'nimized if
thei fio, P ratio is ! or grvnt."n:. ELxtrapolating lhed(ge's 6 work for steels containing sulphur ire
the ni rgi' of o.ol 1I t,, ti. I E.,ent hewed that there Aas only a drop in maxium rn eegy of 2
to f t-1t1it 111 (11: 1 h ur 1-w.nivnt dnvt not a rfcct trans;ition temperatures. Gre-gg,7 in reporting

I eN irk of ot Its. 40,14 etp,I the i mopuvt properties of alloy -:t4.ls containi~ng nickel find
uhroni ur are' not h'v-~ev ~ ~ iy copper content Ieo 0.25 percent. !n general. the

li '-raturv 7 , m, Y' ida' es 0:,; to n -. iia Itt)rcet-uwae. of coprx-r is heneficial.

4



TABLE 1

Comparison of Chemistries of Steels Used in This Investigatirt With Cbe -,21 eqirmet
of IA-SO6 Specification (ML-S-1162!D) n epieet

Lzzzo ~ ~ Chemistry, Petcefft t

High Chemnistry 0.15 0.24 0.01! 0.014 0.14', 2Z8 l.41 G.LL 0.03

Specification
Requitemenlt

Plate0.201 up10to 41010.35" 0.04-- 0.15-4.35 2.00-2.75 0,90-ij~13U3 61p .2 01-.001-2 ~37

plate above 0.3J135L -

51.0 pst 0.j3* --0-.4 0.035"_ 0.4' .1-03 2503_

In check anlyiF vaIiutiofl of tlhe specifled liits is permitted by th~e follow~ing wgnOUMV

S 0.03

Cr 00

lif± 0.03

46%laxinium f.- tcefllate permlittC&-___________

HARDEN ABILITY

The ideal criticali diamester /)].so* or hardenability of these liit*,i f. cjicUliitjUc by

the Grossinan and F ields mnhud. 10 The e'quaitions develope~d by the . d JIc~c (v~jio tn

NILVILI Nrmot 4w.ere u.-q-d ror converting the 11-s "Blue- to equivaten' ofi Wa-L-~- -4o

pli te's quejincheid in s~till Aa*.er. Tbeir Iiardenal'iflity conv'ersion Curves are in

Figure 1 -A-h ich %:on% ert - !JI!s, ialIues- to 50-, 90-, and 95-perce nt m ar'n MiI,. at&r! tenrrI itck-

nt-.; for ,uiats qut-neh'.d in ti.'l %-ator.

The I), and L s, v -itu4-~ for -io-, so-, and 95-percent ia:'onsius art.i-'~i, 'iil

wlivre the hnni'ena'il ity char..cleristic.- for Grain Size A oif the stAeel 'tijfjiqi -tI- 7-Td in thiis

iti. esfiigation nre comipared A iU h ardvn ibilits' of the inimum anti niiix irrul j .- i t;s- of the

illt-so steel spec ificution.

Tha. tailiuiatd /,and I.. valu.- in 'rabic 2~ indlic ate that therv ar"- di.nat ifcreflceM

in lirlt'na'il it ikc .- eh~e a nt h- 14,%&- a nd hi!,-h .chemnistry HIY-hO Lwv!M st ,.j ir t~i- :iv..;4tigfltiofl.

ru~mdbar ler Oal q~nch
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TABLE~ 2

Comparison at Calculated Ffardenabilities olf the Steels Uised in Thi rntiltati0
wriith the Hardcnabilities of %Minimum and %Maxirum Chemistnes of

lfl -SO Specification (MIL-S-16216D)

ICritical Oiamet rs,* in. Plate Thickness (Still W e unhin.
Steel 91 5 D,.W V19 i uS L,*- 0  L SU9 5

Experimental
Low Chemistry 215 1.66 1.03 j 0.96 0.29 0.75
High Chemistry 5.52 4.34 3.03 3.25 2.75 2.16

Specification '
Plate up to

56.1 psi

Low Range 1.42 0.98 0.53 1 0.58 0.52 0.45
High Range 8.00 6.38 4.54 1 4.96 4.18 3.31

Plate above
51.0 psi

Low Range 2.68 2.02 1.29 1.23 1.16 1.03
High Range 173 14.0 102 1 95 1.25

Grini Sig* S

*U.cai'n of the differences in hartlcnabilities, the. test, resuLs obtnined are consilafriorl in.
..jica'i~e of the mechanical prope'rty behavior of' both the low- aind high-cheiy I!1Y.m0 o4PM

(CRITICAL POINTS

Ideal critical e'qu~iilibrium points A, ane4 A, wer( calc ulated u. ng the mmelioil ulie.
1 3

\I 4eliqw-d lbY L.ambert. and ('rang-. t 1 Dilutomei critical temperuture mcasiurcenni 11 and
il A 3 %e~re made at the Naval %%eapons Plant, Xlas ington, D.C. Thv calculated ,ritierskl

..-qu ilili huIK pint,; and the dilatometric critica! tompernture mieasurvments are coni1,ilituI in
1'abtL 3. The If i'feronces bet% een tire A; anrlO t A aluvt i arL, thoso Ahir'h wirujld lie

%hen ideal equil ibriurn poin... are co-rpared with the actual critical trrrn,-igrin,lticin
................rature : olitnifod fliiring henting.

TEST SPECIMENS

Torrno e (he v'ffect, of an% ireviou4 hu'nt-tr('itmvnt, the as-received 5(4)ck %nnl

Ii71d at i -'O' F ol th t4.ir~twrerl At IOi .All he iit-tren-sti la wer- liirfortiij in
inq'utgal ;sit-hith furnatces %ith temlp'.rA lures c'.nirol led Lto Within 50F .



TABLE 3

Calculated and %Measured Critical Temperares of Lou- xMdHigxCeniiely
HY-S0 Steels Used in This Intremtiguitm

Cotical PoiaIs, &Iq F

Low Chemiistry 1313 1483 iI~

High Chemistry 1321 1483 IM~ 11479

For each heat-treating variable to Ire studied, a of oltjciw.ewi, .1 ~tting two or

wore tensile specimen : rid a nrinimiorl of nine impact ~f~c~p feheaLj-IrwesA akt one

tirme. Spocirrrens in each setL wcrt taken at random Iocjjin.- 2&rr,! tieo plate- vhu,3, ir any

unlrelated localizedl irnperrecticni in the plate were prem'o-iit it &,rvl4i n(A lie oesidimt in tile final

test result.

Prior to final au-~xenitizing heat-treatment, the j aujs. xi.I4 (" Irpy V-EC. impact

Sj)I'Cifltels -Aere rougk--nachinvoi cqua~ly from the surffaceg oo ib'W j4Mi2 to ~ ~ 'g in. or

finnt dimnension.-. \let~zlograph'ic analv-sis indicated that tip. j --r, ' wn contained

3t. to 5-rorer' t retaine-I nustenite. Arter the specimen %a, tjoW it aii fl,ixture Qjr(&Y ice aind

n-tont, at - Il0IF for I hr, tire retained ausierrite tranm((srrd iro, irmt-r*slife.. Giiat i -, exam-

inion i~rt it ningnificrition of 1500 V indicated that the tiri nfi~rfl.m ti.fln (of the si *i;'le retained

rnustenit&' wsComplete. \1 I spc mniens were given a Ita-tfiji,-raLurc euencla irnmrlediately

aifter tho~ brine (Iu(-nflC+ to facilitawt tire trans forma tion of ror1ain,.d nustnite to %mui~irnsite.

SIreciniens mhic% %%re :nusteniti7.ed above 170" u" tr,,.f1',Ted to & a i-a baFth -Atoso

tompc'ritlirt was, F~4Y for the lowk-chernistry steel and forr~y(' thne hig n.mist U tY . --

'i'lii prtrcr-l ur' e'limin ated any qtnie.tionafiln results wliiel, rfiglt fhaysv- arisen 4~r ~'of dif- 1

ftrerriL-Vs in thermnal gradients- bentwe-en the aus-tenitizing tfdii. and the !jr-.iw quench and

nlujlicilte'n poss5ile I'rAy spJots %hich maY occur in anY l;rIn~Un(tmr ()I, of at rn.IWOUM tWRat-

tronrtifg zone furnace.

ln'(r lol I urstnf iring tren'tnrnts, alrnomnt all the m~spero-ro" h.re field tca- 1,"2 fir at

iumraroourp prior to que'nching. After quenching. the P~~--rrwn- were' held i:t-. termpering

lnperanturn' for pmtrisdirn- and then Ater quencloed.

iuiI nnd irdi Chinirpy V-m ntch sp1c In'll(' (notceEd per'rp-ndriridlj at/, th,. rot I,' -rv throurh

fil thit-knns:- of thn ' J-110 'ncr'' rn-ichini'd in accorilanct! %it MJ'~~ j and3'r-! ,1. 13

jIn orni r tonn r~ the be-t to -t re,ult . fromlf the Pt 'jfi .-' jof r'"isdi uril," , -ftetion-4. it

Amns fn't IIhi tit.' test -,5ecir:&'fl had to he' ta),en in sucth W',rifri rn vith r';-L ti

roll i, g to miim /n :I,, n'ffirts of nisil chewnin'nl cnrn'itu..f.c -!njrtgfmI

nonnrrn.rd lie in nl us ioti Thest % nr inaiv.s. if prvent, r'im j;mnr~ooI J ti) tile. iimri:-. f mfajir
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Plate roll in discrete la~et. ithedefects, if present in atransverse tensile specimen, would

act asA points of weakne~s&- lIC lbx ngitudinal, Charpy %'-notch impact sp-cimens, these defectsi
wou~ld be p"-rendicuhl.r totiediirction of crack propagation and would. therefore, it is be-
lieVed, act partially a.- cirk azr'tsters.

To prevent an o t xttQAraneous dcfects from masking the reaults or the variables
bWing studied, the tensile 5peciirtens were machiped parallel to the direction of' major plate
roll, and tJe Charpy V-nwfi ir~psict specimens from the transverse direction, so that if -

bantling or nonmetallic iadirsiom4 were present within the test spocimen, they would be dis.
tzibut-d a-t dispersed pzirN-._ -tince the IOW.Lhemistry IIY-SO steel plate wai- plentiful,
several Uramsverse tensie anA kngitudinat impnct specimens were made to inveswtigate the

effcts of dirc-ctionalitv ot the laoxtt-treated specimens. Because of the scarciI.. of high-
chemistry IY-So mn~fenal. only- iwfew longitudinal Charpy V-notch irlpact specimens w.ere
made from this plate for emxparfiion. it is to be noted that the effects of chemical banding
and the directional inclu~ions on mechanical properties kind notx-h brittleness A ill he' studied
in the second and third -~ssofthis investigation.

EXMPERIMENTAL PROCEDURES

The experiments incl*iddittensile and Charpy V-notch imipact te-L-; and extensive
niptallog-uphic analy!3es of ail rxos-ultsnt. mticrostructures.

MECHANICAL TESTS
7..

Mitchanical propert lorai.,-itrain curves were recorded by an auomatic Baldwin-%ou!hwark

Microformncr !Uad-strain recoirrnrittLaciod to it 1.0,00.lt hydrauilic testing machine. A sttainl
magnification of 500 to I %a.- wsv-d throughout, this investipation. In order to avoid any
eccel~ric loading, univer--aljimni thrrendcd gripping devices were employed. V"-

Cbisrp V-notch impac.-iflicimens wre tested in a Tinius-Olsen, pendulun-type iinp~act
tesier wtith a capaciq of 214, ft411b arid it iriking velocity of 16.85 fps. P1rior tor testing, tho

machine was ca iblrnttd in am-rimlance Aith ASTMl -standards.14 Federal standlard procedlures''. 1
wel"- uMNd f~r tes-ting both tbo atimnile and Charity V-notch impact specinnn.i

P'ercent fibrous fracturv-.ti nd lateral expansions wero calculat*ed from ITWa-~urerrnents
obtriintiil from the broken ir-.puti-tipecinlens, Percent Charpy V-notrh fibrous fracturem were
oblltnell IL a mtagnificationj or-.iI) \ ,s;,)g ,t IIicronietvr eyeppiece. These nicasurvmnents wero
choecked a numbecr of all-it: Iht. re:4ults uklays agri-ed within 2 or 3 percent. The most

dIifficuilt piercent filler to deterr-rime %% RS 01V fillf if sr 5,(Wcitt;7n tenijived from 4W) to 600' 1.
F-or vitch ten-prri ng te -tt rsktri-turt'vF'" aiiirflncoi -as osah :: dk obiso~i nj tlie diiffor-

E'fl(In I)(t( f'eI the flppi'l nc. of liv i-1 o iniiv ns and Lt it pnpllrH nce of t hf rK- .il inrn4 for
'A h ic i 01 fi ru rim an d riiri, un omj InVs 'A re rs-cemrt Ied. I. atr-mn I ,-x p ans 4ions % -r-- tim- JosreiI it

the' point of im-pact or, the- Comrn-sio idp of the brolken immiact. specirmen.
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WFTALI .RAPMY

4~t~OtLphc ~ivsnswere iroumAe 'Lm tzmasclA4ii' mtondintr tiii Afterth ~@spd-
MI~~"t 11teo ArdV'.1 ma. nf 5Pt'uW3e-' m.i"lnca W"S m&ikid OYV rundee aOQUM~L. IMO £t

f te; t --. A trhen Prnre-J; A trund 6'v haild on tht)-, NO, 0-, and 6(tO-ryif silicon carbide

I it-a Poibr MK. v~fornz'-d iiu two t~~si'ilizing a, 6,,-cycle soocaeie 61yrating

In~h' i2e i; ho'-c L xvil i.Lounfing jiiate wa: cv'crJ -aith a biri-'hMa silk
eivh and a st'ur*; c! tx. tii d wter, and aosoro. Gami)~ .-ioh coyetd nabt a sl;-r

1'! 13r~, d di tAieii a u".erosol was u~ed for Oer. fit% ul 0 abing Opert-Aion.

i eipaJ pit-He ai:j'S :a!igephiran ChcWid&l was used w~ ree the~ puti

put'dint ia brti".p. jt errbtlemrent. Thcie echarits w~ere %t -ed to reveal

tle rai'. :tr~ucLitc.i ol v;_P sli~chdn teonijiet'-d specimrens; a sollticc of i-AL- ratea -'icrie

i rr. dremt. crnii~ :Lm~h W ndarie.3 a I-.prci-nt nital so'4u.1on for et-hing the fErrito; and a
2),r'erm. watt-r S 4;i~~jfl anhydni i todium teth) t fi e f.'w -:Iainin- the as-queichIC' and

L -p- 'e-1 ia-c. itc.v~ Ldi ctching. the spe-cimens wer.- wa2;hc~i and 6rd.
.2 14stetmsas''-;ire ro~e&!!uremen~s wefe tken in acc'ordance a0 1iS ~TNI st~nar~a.Ad

TEST REMOS

In ~ TacmIt -r~,thte inecc'anical lropertie~i ir the -vnrious quenched und temtvied
h. ~ ~ atiftre'st givcr. V'gures 5 through 28 depid. this mechanical properties

wand nutch hrittlene,.sI iaii in u-,Ljous combitiationg. It is realjztd t!-at the d&.o. :oulti be

fireenwd in maiiy oxh'.'r cw.,;tmlausjoc, lttt the plots piven are believed to bie fcirrifscaiAt-
The Charply V-o~"uosech as energy ,3oidvt.et~tn encauo, are

Point-to-point plots of %-ro6 .. V;, h)owOee. (fo VWo naltion of daw. lewiiitEquare fif.t weca
made. The lwcst least-!,iuurrc fit was "oune, by melcctintg the fit which gave (1--c .ninifirim rosidual.

Yielding characre itacs. i.e., thr, sbapN of th~e sLurs-strin curve, are reportvi as one
of the fautors which t-bow , iewnsitivIL3 to hent-treaang. This faco waE selr-ct'd h~a.sed upon
Pre% ioum %ork perorrmed jcthe Modlel Btasin which rIAted the effects of yis~ding ch.aracteri-.tics
to hent-treatmens- 17- 's

%oatch lrittlenesA. iK- tosci throughout this report to define the effect-; of various metal-
lurgical fettrs on the enerrg% at 5 oirption, fracture appearance, and lateral expansion character-

itisfor itgiven test terniirature. Arbitrary standards for notch brittleness of 100-, 90-, 50-,
;ani .0-ercent ChLarp %-miitch fibarous fracture characteristics have heen chosen. Chatpy V-
noteh im~pact filtrous fr ,,ruirs.trajnsition temperaturem are reported as the teml'-rature fit which
a given fibrous tipp'arantrii- a.4wertained.

.'ePhitam ChI-rdr m.t ide narle of a brand of bentalkonst,, chloride muwfactuted by

?'*N'h britten,ss is ihe *~r,.Io &h mici* to fracture at points of stress coficentgatvn caused by a
noich %),en subjected to ituodd% orrlied load.



Latera3l exua is t~po41ed in the figures depicting Charpy V-natch propierties.
These datA we presented here but not discussed..

EFFECTS OF AUSTENITIZING TEMPERATURES ,--

To investigate the effects of austeflihzing temperatures upon grain size and mecbanit-al

and noterh-brittlenessa properties of HlY-80 z~xeels, specimens *hich had been tempered at 11roy
after quenching fromt the austenitizing treaznent were studied. T he 1150 0F was cho..en because
it is the minimum tempering temperature required by the military IIY-80 specifica~jon.3

Grain 920i

Table 4 lists and Figures 4 arnd 5 depict the effects of austenitizing temperatures On

the au.tenitic grain size. Grain size in to%-chemistry IIY-80 ittwels appears to increa ?e pro-
gressively with increasing austenitizing temperatures. However, for the high-ch.emistry Iiy'sfj

steel, the microstructure becomes abnormal when austenitited at 16500 F. At the 200f)0 F

austextitizing temperature, the grain size be-comes somewhat uniform and equiaxed. IloaevcrT,
the large grains or the abniormal structure- (_%STM.t3) are larger than the avera~ge austenitic

jgrains obtained for the highef austenitizimg- temperatures (AST?I.5).

Tensile Properties

j The effects of tempering at 1150' F after que'nching tram various allStnitirinf, tempr.

atures on the mechanical properties are also given in Table 4. The mechanical proeis

appear not to be Xfe'-tod until the 1800 to 18.500F stustenitizinig temperatures are reachfed; ML

these and higher I.-niperatures, the mechamical properties are slightly lower,

Notch Brittleness

The results of the effects of tempering at 11501F after quenching~ from the- variouj, au, 16-_

tenitizing treatments ont notch lirittlenests are presented in Table 4 and dopict'd in Vigurti 6
and 7. It is evident in Figure 6 that, (oc longitudinal Charpy V-notch irmpac:t gpecimens of

low-chemitstry IIY-80 steel, the data show a definite increase in transition 14irntperatures with

inceen-ing ftutsteniti3ing temperaturea. Although there is a juxt~po-,ition Of the. transverse
(harpy 1'-notch curvas for both the low- eand high-chemistry IIY-90 at; shown in rigure, Grand
7 for austenitizing temperatures of 1100' F and below and for 1900'F and tixj~.ter,! is ~

mared sepation betweest the resuki, ol-tained from the 1700 and 103l '~eii~l

treatmtwn~i; see Figure 7.

p'The relationship of Charpy V-rwoich enorgy skmmto"w, fibrous francture appearance, and laletel eklpenioal to
the drogp weight alil-ductility tracltion temPetuatv (NDT) and heal-tfeeament will be dlaicued in 6 latP.tcMnK

(TP111 C'.ntar.ueji )n paVe 17.)
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EFFECTS OF VARIOUS TEMPERIN~G TEMPERATWRES AFTER
QUENCHING FROM VARIOUS AUSTENITIZING TRIEATMENTS

Varying tecapering temperatures an~d austemittiing treatmente were investgated to

study their effects on mechanical properties such ai,-tensile strength, yielding characteristics,

and notch brittleness. Although the mechanical pwoIperties resulting from the tempering Lem-

peratures investigated rail outside of specif icaionrrmvquiremcnts, the results % ill be used as

a basis for evaluating the other phmses of this !itty to be reported separately.

Tensile Properties

After the specimens were quenched from the'siustenitic state, the tensile strengths, as

expected, decreased with increasing tempering terr-.reraturea. However, Figoure 8 shows that,

for tempering temperatures below 11500 F, the rnecf;iaaiical tensile properties are higher for

those specimens austonitized in the 1550 and irswrange than those austenitized at 2000'F.

At the higher tempering temperatures, 1150 to 125(0lF, the tensile prop,!rties approach each

other.

The longitudinal and transverse tensile propterties depicted in Figure 9 show that the

longitudinal tensile data are higher than the transvierse data for tompering temperatures below

900'F. Above 900')F the tensile data merge togetther. There is no reversRl due to direction-

ality in ductility, i.e., percent reduction in area anal1percent elongation, for any given tempering

temperature- All the longitudinal percentL-reduct iorp;in-arire data are approximately 10 percent

higher than the transverse data- However, the peretent elongation does not reflect any differ-

ence between the longitudinal and transverse direcidions.

From Tables 5 and 6 it cam be seen that buruiness, Rlockwell C. is affected by sueten-

itizing temperatures, that im, IIY-SO steels temp~remi below 10000 F after quenching from high

austenitizing temperatures have a lower hardness rnumber than those austcnitized at lower

temperatures.

Yielding Characteristics

L ~In general, the stress-strain curves for IIY-.diO stool austonitized at 155C or 1625'F

have similar yielding characteristic.4. It is sho'~n. in Figure 10 that the yielding behaviors of .
both low, and high-chemistry IIY.$, steols are simiilar, that is, the low-chernistry IIY-80 steel

demonstrates a discontinuous yield for tempering twiepteraturos of 500 and W*0F, whereas the

high-chemistry stool shows a discantinuous yie1ld fiar twinpLring temperatures of 600 and 800'F.

The sutess-strain curve for the high-choniistry lly---9U siteel again becomes cur% ilinear at the

1000'F tempering temperatures. %n upper yield pmtint becomes perceptible after 00 0'F tempe-r

for the low-chemiistry IIY-80 steel;, whereas, for ti&,- high-(hernistry steel, the upper yield point

is aippare'nt after the 1201 0  erpre tf-mpvraturnp..

For the duplex 2000 to 1550 'V and 2000 Lo. !1125 0 F austonitizing treatrnents, the streS.43

strain curves for various tempermng terperature4, l1'11-urc 10, show a curvilinear yield up to tim

tempering temperature of 1150'r; at 1201F the cuffrit's have a plateau. ~ ~~

(Tx iuI npg 3
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There appef tw;Ibe a combined effect of austenitizing temperature and 12700 F tem-
pering temperetwe on, Wi.yielding characteristics of high-chernistry IIY-80 steel. It is shown
in Figure 10 that tk, viu-1ding characteristics resulting from the 12700 F temper for both the,
1550 and 1525* F austornitizing treatmnents change from disconI~inuous to curvilinear; the curve G
obtained from* ile japecirven austenitized at 15500 F is more curvilinear than that for the spoci-
mens austenitiz4 at jflj5 0 F. The specimens tempered at 1270' F after being quenched from
the duplex austeeitizing Lemperatures, of 2000 to 1625" F show a plateau type of) )ielding.
The effects of awunitlizing are very noticeable for this tempering temporature when the pro -
portional limit dat corrrpil ed in Table:6are compared. For th sustenitizing temnperatures of

limits for the specire-jg,hich wore tempered at 1270" F and had the duplex austenitising
treatment, 2000) to 1P2rrqF, are approximately 20,000 psi higher

Notch BrittleveSs

In general, the rui~ch-brittloness properties of both the low- and high-chemiistry IIY-S0
steols showed a" in ro"so in transition temperature with increasing austenitizing temperatures
and with decreasing tern1pering temperatures.

In comparing the(Charpy V-notch data for the low- and high-chemistry steels for a given
tempei-ing Wrrpersbir,.t11ie higher mechanical properties of the high-chemistry IIY-8O steal
must be considere o i- ~rroneous cronclusion may be drawn as to the effects of chomistry.
Although the mkaewitv oftithe Charpy V-notch tests for both the low- and high-chemistry IIY-80
steels were taken fr',m tth transverse direction of plate roll. the result- from the few longi-
tudinal specinenq indicaizo higher enurgies and lower transitionk temperatures. Mechanical
property strength, Charp~v '-notch dat-a, and the relationships between longitudinal and trans- "
verse impact data tfor hith the low- and high-chemistry steels will be fully discussed in a sub-
sequent section of this rrrvport. Hlowever, it should be noted from Tables 5 kind 6 that, far a
given strength lew-l, tliiw Charpy V-notch energy levels are the same for a given fibrous con-
ditio'i while the fibhrun ttt!-,jsition temperatures are dependent upon the austenitizing treatmient,

tempering treatment, anril'chemistry.
Tablosj 5 and 6 amnil Figures 11 through 16 clearly show the effects of tempering tenspera-

turos on the Liy-h o,~in level and fibrous transition temperatures for a given austonintizing
treatment. The curve.s off-Charpy V-notch' energy absorbed versus tomperature for specimens
tempered below COVe F Kffre very similar; see especially Figures 11 and 15.

Front thi,,e 2samwiibles and figures thero appears to be an increase in Charpy V-notch
energy-ahsorption levol'aind a decrease in fibrous transition temperature for temnpering tempera-
tures - L'A et. 3f.' and 1:!15 0 F. For tempering temperatures above 11500 F the transverse data
show h ju)-ano,ition in lintoral oxprtnsion, percent fibrous fracture, and energy absorption for
any austonitizing trcatmiiimt.

(Text continued on poge 30.)
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MicrustT -csur

The effects of tempeiug to-nuerature on the marteesitic microstructure for both low and
high austenitizing temperatur-s atp,'v epicted fr low.chemistry HY-80 steel in Figure 11 and
for high-chemistry flY-So in FigurcellL

The Mievostructures, as extoected, for both the low- and high-chemistry steels show
progressive spheroidization of cazxbides from the as-quenched martensitic state to the highly
tempered rmartensitie structures. 1.\ j precipitated products were discernible for the low tem-
pering temperatures, 500 to 5000 i .,ao for the structures tempered at 1150 to 1200* F.
%letallographic examinatiou of spec:imens tempered at 1270' F revealed a still greater
spheroidization of carbides.

EFFECTS OF VARIOUS TEMPERIING TI4ES AT VARIOUS
TEMPERING TEMPERATURES

Tempering times at # giver,-.tbemperature were investigated to study their effects on the
tensile and notch-brittleness propenties of IIY-6O steels.

Tensile Properties

A study of the tensile propertties compiled in Table 7 indicates that the yield and
tergs;le properties decrease with ir.t-res.sing times at tempering temperatures. To meet yield-
strength specification requirements-itt takes the low-chemistry HY-80 steel quenched to a
fully martensitic structure 2 to 3 hrnat the 11500 F tempering temperature whereas the high-
chemistry IIY-80 steel does rot mefe" the maximum yield-strength requirements after 3 hr at
1150D F. If these data are projectoc', it will take approximately 6 hr at 11500 F for the high-
chemistry flY.An steel to meet the 1,Toecified yield strength.

Notch Brittleness

The effects of tempering tirn-'-foc various tempering temperatures on the Charpy V-notch
transition temperatures are shown irr Figures 19, '0, and 21. The effects of tempering time
%ere in'estigated more t-umpletely. f r the low-chen.istry llY-80 steel than for the high-
chenitrv IIY-0 steel because of tt-L insufficient quantity of the high-chemistry material.

Charpy %-notch transition tomnperatures of the low-chemistry IIY-80 steel for tempering
temperatures below 10000 F were imyef-tigated for times up to and including 8 hr at temperature.
Tempering temperatures alove 11511- F %ere investigated up to and including 16 hr. The re-
sults are only indicative for the huliiing times investigated.

The Charpy V-notch transitiu, temperature for the low-chemistry steel, Figure 19,
appears not to Ie affeed by the 4-n.f-rang holding times investigated. Figure 20 compares
the offects of temperLng it 120 c)

c 17 ffor holding time.s of I to 16 hr for two austenitizing tem-
peratures, 1550 and t162.Pi F. Tht, rr-'sulLs for these tempering temperatures and holding times

(Text contirued *a petge 37.)
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indicate that normal austenitizing temperatures have no effect on notch brittleness for the

times investigated. Superimposing Figure 20 an Figure 19, it can be sete that the 12W8 F

tempers fall on the tirawoitioa curves obt*.itted by tempeing at 1150"' V.

For the high-chemistry IIY.80 steel, the effects or holding time at one tempering tem-

perature, 12500 F, were investigated; see Figure 21. The Charpy V-notch transition temper.

atures for this one tempering temperature indicate that a fully marte-nsitic high-chemistry

IlY-60 steel is not detrimentally affected by holding times up to and including 16 hr.

Microstructurit

Ethereal picric acid with 7ephiran Chloride etch revealed no embrittlenient of the

microstructure for any given tempering temperatures with the holding times investigated.

CORRELATION AND INTERRELATION OF DATA

These data 'ijil be correlated to establish base lines for future evaluations of the

effects of other Yariables on mechanical and notch-brittleness properties. Maximum energy

And fibrous appearance (100., SO-, 50., and 30-percent fiber) of the Charpy V-notch specimens
were selected as conmtrints9 for relating tensile properties to other Charpy V-notch impact

results. In addition, correlations between properties are presented such as longitudinal to
transverse Charpy V-notch properties, longitudinal tensile properties to Charpy V-notch fi-

brous tiransition tomperatures, and, finally, hardncss to yield and tensile strengths. To con-
sider properly the large! number of variables involved, each problem was statistically programmed .

for the IBM 709 c04-:putc!r. Figures 22 through 24 and 26 are the results of derived leamt.

square equations. The e-quations for the least-square fit and its signia (a) values given f-ir
each developed curve vre the best for the obtained data. For three curves a fourth -degree
equation was obtaineld which had a sigma value which was smaller in the socond decimal plae.
A. sample plot was made using the third- rind fourth-degree equAtions, ard it was obsei-ved that
the third-degree equation %%as as adequate as the more cumbersome fot~rth-degree (4lustion, The
sigmia values ohtaini-d fromr third- and fourth-degree equations were always the sunie; theref'ore,
only third-degree (-quations were used in plotting the curves, except in onn case a second-
degree curve was usedl. The limits of the indlependent variable were the minimium and iwiximluin

test data obtained extr..pt in Figure '23 where the maxinium limit was set for data olitakire

, below tempers of 1100" F.

The Appcndiit is it compilation of the least-square equations and theair sigma ilu. for
A curves szhown in FiL'uri-i 22 through 21 tind 2G through 28.

CORRELATION BETWEEN LONGITUDINAL TENSILE AND
CHARPY V-NOTCH PROPERTIES

Figures "2 and 23shoa% thv Iast-qu:mae fit ri-lating longitudinal vield anti tonsile

-i rengths to tran-%v(- f- (imrpy V. notch lropo-rtiem (e nert~y abs-orption and fifirous tritnLition
tvniperat un'-) for a i i-nvr (harpv V-nn-t uh r broli- conudition. The le-ast-square equations 7

T xt continued on agie 41.)

3t



LONGIUOIEA.L WIELD S11IMGM PW40TC9N I3L Y(~4 3

too 79 0 0 90 to IS Sa 13 *OO,0 130 e os 0-.I t 130 140 19 IISO U ITO to ISO So a si

smp- . . .

LC' .-'I CA

4 FF
.4 0

F0 10-F

.-- I _1_ 14. ... 1 J4*

%_ I

I. . . . . ... 1 1 1

4O, 0. . . . ~ . .0 .

Z30 . so.

ISS 10%FBO R T;.!%lnt RACTURE W IBQ5 * 17
T T 1 10* .

30: ... II-

20T T vailJ rAtq
z so!.TL0I* 111.2 1010 I "0 W 10' ~

Fi-Ki rcur .

IIW

90 IRU RC ,aZF5pSF



70 so Im U_* cm w m4 Go "aO xigo 02 It& 630 10" .60 17 0 1"0 1** a" 03

"a SLWN -1 . 0. .

hi *I j-

cc ;00 ~~'
100 rSROUJ5 MATp f RAC TLAE t

*0 Q. fL i _

~ 0' 4So 0.12
hA Ie

.0F~tZMCU 'e0% rfAOS FRACTLOti
0 xm
A0

dM

- 03

a. -ISO-3 . . . . .

IL .,IL

50% F lr-5 rRACrIM~ I SOFIUS rRACTLatC

IF..

Fiue2 Correlation bet%,Je.- 'Lun*:itudinal Stresngth and Tratnsvorse Charpy V-Notch
Fib rous Fracture Tms;)In~tion Temp'.-ratUre,- for Fully Quenched

- - an. 1 Tempe~red IIY-60 Seell

39

-7. . .



____ - y -

0% to

S 2 3 SO 01-

- -

A22

* ~ ~~--i I

II -AOVI :1W- I" W M~jA fVA

it*

42

.~0 .. I

00

L-

40



given in tdie Appendix for developing Figure 22 were derived from oth the low- and high-

chemistry test data. Equations derived for each individual chemistry showed that its sigma,

value was sligbdty lower than the sigma value of the combined chenistries. For @%ampte, ihir'

cm-r relating thle maximum (Tharpy V-notch energy absorbed to yield strngh for boiA chow.-

istries; has a si-g value of 5.03; the sigma values for the fow- and the high-chemistries am,.~

respectively, 3.05 and 4.99. It can be considered that the sigma-value deviations for the courv- -

bined chemistries given in the Appendix ror Figure 22 fall well within experimental error.

Figure 23 shows that for the high austenitizing temperatures, 1800 to 1Y0a.Fi-the re--

* sults fall on one curve fot any given Charpy V'.notch fibrous fracture condition. For the low,

austenitizin. temlperatures, 1550 to 16500 F, the data obtained from the 100. and 80-percent

Charpy V-ncLch fibrous fractures fall on two distinct curves. The low-chemistry fny-8o aus--

wtenitized between 1550 and 16500 F and the high-chemistzy JIY-60 austenitized at 16250 F fall I

F_ on the intermediate curve; whereas, the high-chemistry IIY-EIO austonitized between 1025 fkudi

16500 F fall on the lower curve. This data indicates that the austenitizing temperature andi

also the chemistry have a direct effect on the Charpy V-notch fibrous transition temperature.

for the 10- and 80-percient, fibrous fracture conditions. However, for the 50- aind 30-pcrcenc

fibrous fracture conditions, the fibrou.s transition temperatures results for either chemistry aree

dependant only on the range in which the specimens were austenitized, that is, the spccimerrnx

austenitized between 1550 and 16500 F fall on one curve, while those austoenitized between -

1800 and 20000o F fall on the higher curve.

Figure 24 is a compilation of the! least-square curves of Figures 22 and 2.1; however,-.

tho 100- and S-percent ribrous-transition-temperature curves for the 1550 to if6500 F aunten-

itizing temperatures are omitted from this compilation because of the large effect of chemistrrv

as depicted in Figure 23~. For the steels investigated the transverse Charpy V-notch energy..

absorption for a given fibrous condition can tie predicted for any desired strength level from,

Figure 2!; however, only a semiqu anti tati vo prediction can be otained for the filrroti-fracturr.

transition temperatures.

The effects of directionality Chnrpy V'-notch properties for low-chemistry IIYJID steell

austenitized at 1550' F are shown in Figure 25. It is interesting to note that, ror a given

fibrous fracture appearance and for strongth levels between 110,000 and 100,0O(0 psi, the

specimens for longitudinal and transvorso Charpy V-notch fibrous transition teinperaturca

i.ppcar to merge together, whereas therv i-4 a distinct spread between the curvi-s for energy-

absorptionlels

CORRELATIONS BETWEEN L.ONG!TIUOINAL AND TRANSVERSE CHARPY V-NOTCH
DATA AT MAXIMUM ENERGY OR AT A GIVEN PERCENT FIBER

In the preceding 5ection in whiuh ilu~fi relating to the effects of varying auwatnitizinp!

and temrpering temperatures on IIY-;%(t Avokl were. prc -ntonw, it %kas noted that thi-re may he Is,

corTela:ion between the Chnrpy V'-notch onicrgy-aI'sorption levels of longitudinal ndi trnsvemw~

data fow mnaximum energy absorbed andi for a given Charpy V-notAch fibirous fracture upearancw..
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Figure 26 depicts, for a given Charpy V-notch fibrous fracture appearance, the correlation
between longitudinal and transverse fibrous transition temperatures and the correlation be-"
tween longitudinal and transverse energy-absorption levels far the steels used in thts investi,
gation.

The corrOiations given in Figure 26 are to be considered 'as indicative, since the curves
are fitted to a limited number of test points. With additional data it would be expected that
the degree of fit will not change but that there will be a slight shift in the curve itself. The
sigma value of 7 ft-lb, given in the Appendix, for the transverse energy versus the longitudinal
energy is within experimental error, whereas the sigma value of ,2V F for the fibrous transition
temperatures is considered large.

CORRELATION BETWEEN HARDNESS AND
TENSILE PROPERTIES

Figure 27 depicts the relation between yield and tensile strength and Rockwell C
hardness for specimens austenitized between 1550 and 16500 F. Since Brinell hardness is
usually related to tensile strength, this relationship is also shown in Figure 27. As pre-
viously discussed, specimens austenitized at 18000 F and above had lower hardnesses than
those austenitized at lower temperature for corresponding strength levels. From the Appendix
it can he seen that the least.square curves fitted to the high austenitizing temperature, Fig-
ure 28, have larger signa values. Figure 28 shows the combined effects of chemistries and
high-austenitizing treatment on the hardness for a given strength level.

DISCUSSION

The test results which have been presented show the effects of particular variables
such as uustenitizing temperatures and tempering temperatures on the mechanical properties
of fully quenched, martensitic, production-produced, IIY-80 steel plates of both low and high
chemistry.

To understand the effects of varying hoat-treatment on the properties of IIY-80 steel,Charpy V-notch fibrou!- fracture appearance was selected as the criterion since it is believed -.
that this property is more sensitive to change in miciostructure than any other criterion.

In general, this investigation shows that IIY-80 steels austenitized at any temperature
and then quenched to a fully martensitic structure and tempered in accordance % ith the speci-
fication would nieet the mechanical properties and Charpy V-notch impact requirements of
Reference 3. For the latter property where high austenitizing temperatures are concerned, t
is crtutioned that the energy ahorption cannot be considered as a true index for notch brittle-
ness sinve the sp 'ifi:.tion'. long-itudinal imnpact requirements, 50 ft-lb at - 120' F for plates
up to 61.2 Ib per .q rt and 30 rtlb at -120" F for hea% ier plates were established empirically.20

(Teti ccwnlntined on page 47.)
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Higher austenitizing tempermares may increase the NDT temperature, that is, the energies

obtained for specimens ausiezitized above 1800 F (while meeting the 50 ft-lb level at -1200 F)

do not necessarily indicate as acceptable NDT temperature.
In Figures 11 and 15, in which longitudinal and transverse Charpy V-noatch curves are

c~ompared, the lower legs of tte curves do not merge as would normally be expected. It is

believed that this failure to tuerge between the lower plateaus may be due to composition, heat-

treatment, and amount of cross-rolling; however, examination of Charpy V-notch Curves taken
from a number of prod uction-pod uced plates indicated that this separation is normal for HY-SO.

Figure 23 shows thaL auestenitizing temperatures have an effect on the transverse Charpy

V-notch fibrous-fracture trazisition temperatures for a given fibrous fracture. It depicts that,

for tlho high austenitizing fe~pcratures, 1800 to 20000 F, the Chairpy V'-notch fibrous-fracture

transition temperatures are above the transition temperatures obtained from the low austeni-

tizing temperatures, 1550 to 16500 F. The oily exception to the preceding observatior is the

high-chemistry steel tempecwi at 4000 F after quenching from the 20000 F treatmnt. The higher

the strorigth level, the grea~er the difference in sprcad between the high and low austenitizing

temperatures.
For the steel chemical compoitions investigated, it appears from Tables 5 and 6 that

the minimum transition teirpraturo for any given fibrous condition resulted by austenitizing

at 15500 F for the low-cheistry and at 1625* F for the high-chemistry IIY-80 steels. Hlowever,

the duplex austenitizing treatments above 18000 F result in higher transition temperatures.
d For example, it can be seez for the 50-pernent fibrous-fracturo transition temperature in Tables

* 5 and 6 and Figure 2.3 that there is approximately a 100' F difference between duplex high

ausLenitizing treatments ail the optimum austenitiziag temperatures found, respectively, for

the low- and high-chomistry HY.80 steels.

The lowest Charpy V-notch fibrous-fracture transition temperature, 100,000. to 110,000-

psi yield, rippears to be at 1150 and 12000 F for the 1-hr tempering times as evident by Numbers

6 and 9 in Figure 23, 100,900- to 110,000-psi yield strengths. In fact, in Figure 23 the least-

square fit shows that the transition temperatureH have a tendency to increase with Wempering

temperatures above 12000 F and with yield strungths below 100,000 psi.

From Figure 22, it is seen that for any given transverse Charpy V-notcli %*ibrou.s fracture

appearance and for any selected strength level, the Prnorgy-absurntion level is inklopondento(

austenitizing aind tempering te2mperatures. This figure shows that, (or Chnrlpy V-notch IN. and

100-prrrcont fibrous fracture appearance and for maximum energy-absorption level, the energicsI
inrcase with d; ctonsing strength levels. But tho Chaxpy X'-notch energy. absorption levels
for 50- and 30.percent fibrous& fracture appearances show a decrease aiter 95,000-psi yield

sktrength or after the 1Of}-.itrilsrnthlovel is rechod.

It is inte~resting to tot.- from Figuro 25 that the low-chomistry IIY.80 steel, if fully
qui-nehed and tte. :iored to 2 yiold strvngth of 150,000 psi, % ill hav-e for the 50-percont-rbrous-
fracture-transitwnr N vel, a transverse Chsrpy V-notch cenergy absorption of 28 ft-lb at -7 0 1, F,



and a corresponding longitudinal Charpy V-notch energy absorption of 42 ft-lb at -800 F.

For high-chemistry IIY-80 steel heat.-treated to a yield strength of 150,00 psi, Figure 22

shows that the transverse Charpy V-notch 50.p'lrcent fibrous-fracture energy values would

also ranl close to thie 28 fL-l LeveL Hlowever. from the black closed trinnglear for the 5(1-

percent f ibrous-rractLure-transi Lion temperaturp in Figure 23, this energy value would be
obtained at a test, temperature of -~95* F. This longitudinal energies for this same fracture
criterion probably would be above 45 ft-lb at -1100 F.

Fromt the test results of either of the IIY-40 chemistries investigated, it can be eeen

from Tables 5 and 6 and from Figure 23 that tho steel is subject to aging in two tempering
* rangeE. For the 500 and 8000 F tempers the effoct it; to increase the transition temperature

-3and strength level. In Figure 25 the longitudinul f ibrou s- fracture transition temperatures

for these same tempering temperatures show th.i -nme significant increase. For tempering

bet-Ween 115i0 and 12000 F there appears to be A combination of two effects. The first is the

precipitation of a complex molybdenum carbide lylase, giving rise to a secondary hardening

or aging effect,"9 and the second is a softening o'froct, due to the coalesence orcarbides in

tempering. Because these effects nullify eacl- other, the strength level remains somewhat r
constant, but the transverse fibrous-iractuire Uransition tenmperatures are slightly decreased.

The longitudinal fibrous transition temperatures ,iiow a greater decrease.

Figure 10 depicts the changes in yielding characteristics for various austenitizing

treatments. The theoretical aspects of relating discontiinuous and continuous yielding to

vicerostructure and its rclation:;hip to practical application will he covered in the final report

on Phase I. The transverse Charpy V-notch energieB would be increased by cross-rolling,

but the longitudinal Charpy V'.noteli energies would bo reduced. In any case, the data pro-

sented and the relative changes resulting from c-hanging a given heat-treating variable would

be applicable tar either the straight-away or thn (ross-roiled plates.

These data are not intended, for the prestent, to relate brittleness to any of the Navy's

establ~shcd notch tests. Once the effects of all the heat-treating variables on the mechanical
properties of IIY-8O steel have been establishod, these data will he related with the drop-
%eighnt test in order to define the effects of givttn variaibles on the niRutltytasto

temperatures (SD T).

It is reemphasized that the data given hervin are mainly for the purpose of establishing

3.- a haseline for comparing the effect,; of isothermal piruduct~s and relating the results of invcsti-

gatiin~i to be conducted in Phases 11, 111, and IW or this study. As additional dat-a are gathered,

cheN will be used to develop limitations of the previtting corrolations.

CONCLUSIONS -

It is ront-ludt-d tha~t the, effects of vIariou.- '&ust'nitic and ten~poring treatments on the
* imchanical properties of fully quenched IIY-b0 shi 1 used in this investigation tire as followe:
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1. Various austonitizing temperatures do not affect the mechanical tensile propertiea Li'

IIY-80 steels quenched after austenitizing and then tempered between 1M150 d I22W F.

2. Transwers Charpy V-natcb iwipd energies are above the So ft-lb level at - 1200 F fo

specimens quenched from between the austenitizing temperatures of 1550 and IT000 F and

tempered between 1150 and 12700 F.

3. Austenitizing between 1800 and 2000' F temperature range increases the transverse

Charpy V-notch impact 50-percent fibrous-fracture transition temperature 100' F over the

transition temperatureq nb~tained at. the lower Eaustenitizing temperature. llowever, the

transverse energy values are above the longitudinal 30 ft-lb requirements o! the specification

for plates over 61.2 lb per sq ft.

4. Temoering timies up to 16 hr have no effect on notch-brittleness properties.

5. A correlation has been established relating stren-th level to Charpy V-notch energy ---

absorption and transition temperature for four fibrous fracture appearances.

6. Areiationship has been developed correlating longitudinal and transverse Charpy

V-notch data for a given fibrous fracture appearance.
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APPENDIX

LE-AST-SQUARE EQUATIONS USED IN CORRELATION OF DATA

1L, this Appendix the Icast-square equations and the sigma val ues developed for the

cu;rves of Figures 22, 23, 2-3. 9-7, and 28 are givein.

The symbols used in the equations given in this Appendix and the meanings of these

symbols w=

A. Longitudinal Strength, F

1. Fj, is tensile yield strength in ki1 's

2. F is ultimate tensile strength is Lips.

11. Transverse Charpy V-Notch Emergy Absorbed, LE

1.E is maximum energy absorbed in ft-lb.

2. E, 5 is energy absorbed in ftlb at 100-percent fibrous fracture appearance.
100*i nryasobdi tl t8-pretfbosfacueapnal.

3.Eg is, energy absorbed in ft-lb at 50-percent fibrous fracture appearance.

4E in eneirgy abisorbed in ft-lb at 30-percent fibrous fracture appearance.

C. Trans'.,erse Charpy V-Notch Fibrous Fracture Transition Temperature, T

1. 100-percent fibrous fracture appearance.

a.T 1 0 0ffA is crtnbimed lov/- and bigh-chemistiy ITY-8O steel austenitized 1800

to 2000 F.

b--LCL is low-chemistry HY-80 steel austenitized 1550 to 16500* F.

C- *1D-LAis high-chernistry HY-80 steel austenitized 150 to 16500 V.

2, 60-percent fibrous fracture appearance.

a- T8 0 -HA is combined low- ind high-chemistry IIY-&) steel sustenitized 1800

to MOO0 F.
r

bTL C is low-chemistry HY-80 steel austenitized 1550 to 16500 F.soT8-LA

MCT8 L is high-chemistry HY-60 Atee austenitized 15~0 to 1650* F.

I, 5'0-percent fibrous fracture appearance

a. 1'S0-HA is combined low- and high-chemistry IIY-80 steel austenitized 1800
to LV-F

b. TSO-LA is comnbined low- and high-chornistry IIY-80 steel austenitized 1550

to 16500 F.
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4- 3').pareot fibrous fracture appearance

V. T2"A is combined lorw- Lftd hig!h.Cheffistry RT-80 Steel atewkifired 15IV
to MW0 F.

b. T30-LA is combined low- and higb-cheruistry HIY-80 steel austonitized 1550

to 165(? F.

D'. Direction~al Charpy V-Notch Impact Properties

1.Long-itudinal

a. EL is energy absorbed in ft-lb.

b. TL is fibrous transition temperature in deg F.

2. Transverse

a- E is energy absorbed ina fL-lb.I
b. IT is fibrous transition temperature in deg F.
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To correlate longitudinal strength and transverse Charpy V-notch energy abaobed at'

maximum energy absorbed and at a given filbrous fracture appearance (Figure 22), the following

equations and siRmna Values were Use&

A. Maximum Energy Absorbed

1. Yield Strength

X= - 269 + 10.450 (Fx) - 0.09428 (FY) 2 + 2.5513 (F) 3 x10- 4 ;- 5 ft-b

2. Tensile Strength

E... - 10.38 , 3.424 (Ft.) - 0.03465 (F) 2 + 9.0726 (F,) 3 x10-s; 7 = 5 ft-lb

B. 100-Percent Fibrous Fracture Appearance 
.

1. Yield Strength

E1 o - 199 + 8.6097 (Fly) - 0.07959 (Fy)2 + 2.1777 (Fiy) 3 x 10- 4; - 4 ft-lb

2. Tensile Strength

gloo , 83.33 + 1.755 (F,,) - 0.02303 (Fu)2 + 6.4990 .j)3 K 10-5; a - 5 ft-lb ' .-

C. 80-Perccnt Fibrous Fracture Appearance

1. Yield Strength

Ego=11.9+ 2.810 (Fly) - 0.03157 (Ity)2 + 9.2330 (F,7)3 x l(-S; - 5 ft-lb

2. Tensile Strength

= 192.8 -1.57 ( - 0.001001 () 2 + 1.3663 (,) 3 x 1 0-S; a = 4 ft-lb

D. 50.Percent Fibrous Fracture Appearance

1. Yield Strength
E - 282 4 8.510 (Fly) - 0.07020 (fy)2 

4 1.8210 (Fy)3 x 10-4; a = 3 ft-lb

2. Tensile Strength

0 - 1.,6.42 + 4.408 (F,.) - 0.03325 (F,.) 2 + 7.6860 ( 0 x i0-S; a - 3 ft-lb

E. 30-Perccnt Fibrous Fracture Appearance

1. ield Strength

E -188 + 5,87002 (Fly) - 0.04664 (F 7 )2 + 1.2130 (FIY)3 x 10-4; # -4 ftlb

2. Tensile St-ength

-138.22 +1.83G (F,. -0.02723 (Fu)2 + 6.1028 (b) 3 x 10-5; a -4 ft-lb

To correlate longitudinal strength and transverse Charpy V.notch fibrous fracture

transition temperatures (Figure 2.3) the following cquations and sigma values were used:

•A\. 1O0.P cent Fibrous Fracture Appearance

1. Au tenitized 1W0O to 2000* F, Lo- and High-Chemistry IIY-80 Steel
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I. . Yield.Strength'

roo.iA -1834 - 50.1-0 (Pt) + 0.43311 (F) 2 , X .1(F-,) 3 ; v; 23a-

b. Tensile Strength
TlO0.HA - 822 - 21.284 (p.) + 0.16738 (rtm)2 - 3.8475 (f,) 3 x - 18° F

2. Austenitized 1550 to 16500 F

a. Low-Chemistry IIY-80 Steel

(1) Yield Strength
Tioo-tLC. -202.3 - A.410 (F,7 ) + 0.034544 (F4 )2 ; a - 170 F

(2) Tensile Strength

T1%too.LA -- 44.4- ....31 (JU.) + 0.01.750 (Ft,) 2  8.9110 (b.) 3 X 10-6; a 160 F

b. Iligh-Chemistry IIY-80 Steel

(1) Yield Strength

Titc  - - 13.47 - 1.40920 (Fy) - 3.8195 (F~y) 2 + 7.7435 (Fy) 3 x 10 -S; a - 50 F

(2) Tensile Strength
CT.LA = 87 - 22.024 (gF,) + 0.15202 (Ft) 2 - 3.2131 (f.) 3 x 1o-; a - 20 F

B. SO-Percent Fibrous Fracture Appearance

1. Austenitized 1S0Q to 2000- F, Low. and Hfigh-Chemistry IIY-80 Steel

a. Yield Strength
Tso.HA - - 1995 + 46.226 (Fjy) - 0.37f76 (Fty) 2 + 1.03942 (FSY) 3 x 10- 3; a 10 F

b. Tensile Strength

T30 HA - - 48 - 4.7697 (Ftj + 0.05993 (Ft,) 2 - 1.5728 (F,.) 3 x 10- 4; a. 70 F

2. Austenitized 1550 to 16.500 F

a. Low-Chemistry IIY-80 Steel

(1) Yield Strength

T'JsoLA -95 + 5.457.1 (Fly) 0.06754 (F + 2.8880 3 ) 10-4; a = 140 F

(2) Tensile Strength
TLoC 102.5 - 27..171 (Fu) + 0.20215 (Fu)2 - 4.4890 (F,.) 3 x 0-4; Q . 150 F

b. Ifigh.Chemistry IIY-60 Steel

(1) Yield Strength

TsIC  - 68 - 24.121 (Fly) + 0.17792 (Fsy) .-3. 9 476 (F) 3  0 I-; a 31 F

(2) Tensile Strength
TI/C .2523 - 57.598 (Pu) + 0.39925 (F*.) 2  g.8019 (F.) 3 x 10 4; a -2 F

81o- L .4 04;a2
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C. 50-Percent Fibrous Fracture Appearance -4

1. Austenitized 1800 to 20000 F, Low- an~d High-Cbeniistry RY-80 Steel

a. Yield Strength

T5S-HA - 1082 - 31.830 (FY) 0.26820 (F1 7) 2 - 6.7457 (V,)) 3 X 10-4 ; a 10' F

b . Tensile Strength

TSOII1A " 1452 - 3T.380 (Ft,,) + 0.28467 (F.) 2 - 6.0366 (Fi.) 3 X 104; a-12' F

2. Austenitized 1550 to 16500 F, Low- and Hligh-Chemistry IIY-80 Steel

a. Yield Strength

=5-,4 959 - 2$.54 (F, ) + 0.22706 (F 2 - 5.4845 (F) o;a-14F
Ib. Tensile Strength

T50-LA 1658 - 41.8-8 (F,,k) + 0.30632 (F$.) 2
- 7.0058 (F,,) 3 x 10' 4 c 13' F

D. 30-Percent Fibrous Fracture Appearance

1. Austenitized 1800 to 20000 F, Low- and llijgh-Chemnistry HY-80 Steel

a. Yield Strength

T30-11A 5q7 - 20.990 (Fe,)+0.82 (,) - 4.3766 (F4) 3 x 10- 4 a -11* F

b. Tensile Strength

i ~~T3 u-qIA = 1292 - 34.636 (P'I,) + 0.2633 (F,.)' -68.0891 (J)x o;a-13' F

2. Austenitized 1550 to 16500 F, Low- and hligh-Chemnistry IIY.'90 Steel

a. Yield Strength

T30-1A S 2T - 26.548 (F) +0145()
2 - 5.26397 () 3 x a-150 F

b. Tensile Strngth 
x1 -4

T10-L A -2136 - 53.379 (F,,,) 10.3909.1 (F,,,)2 - 9.03122 (F,.) 3 ~ o;a=18* F

To correlate transverse and longitudinal Charpy V-notch impact propertie~s (energy

ah:.orhcd und fibrous-fracture transition temperature) for maximumn energy and for any given

percent fibrous fracture appearance of a fully quenched, production-rolled low-chemnistry

IJY -SO steel plate (Figure 26), the following equations and sigina values were used:

A. Transverse Energy AXbsorbed versus Longitudinal Energy Abserbed

EL - 10.4 + 2.089 (ET) - 5.2107 (E r)2 x 10- ; a - 7 ft-lb

B. Trass,.rse Transition Temperature versus Longitudinal Transition Temperature

TL 13.6 *1.0 25 (TT) 6.- 6.13 (TT) 2  10-43 250 F
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To correlate, hardness, Rckwell C scale, and longitwil strengths ,Is d ste

aastenitized between 155D and 165r* F. Figure 2T, the foffowiag equations ani sigma vai.M.

were used;

*o A. Yield Strength

Fy - 249.4 - 20.101 (iC) + 0.76245 (RC)2 - 7.89f (MC) 3 
X 10-3; a - 3.5 kips

B. Tensile Strength

FS' - 67.9 + 3.166 (RC) -0.13065 (?C) 2 + 2.9952 ( xc)3 x 10- 3; - 2.8 kips

To correlate hardness, Rockwell C scale, and longitudinal strength for IIY-80 steel

austenitized between 1800 and 20000 F, Figure 28, the following equations and sigma values

were used:

A. Low-Chemistry HY-80 Steel

I- Yield Strength
IL FLC 87.4 - 3.394 (Re) + 0.23716 (MC) 2 - 2.G404 (NC) 3 

x 10-3; o . .1 kips
Sy

2. Tensile Strength.

F LC _ _26.1 + 10.173 (RC) - 0.49279 (RC) 2 + .2"8 (11) 3 x 10- 3; a - 3.1 kips -

-*- B. fligh-Chemistry HY-80 Steel -

1. Yield Strength

AJ C - 605.6 - 56.96 (MC) + 2.0093 (NC) 2 - 0.02166182 (Rc)3 x 10 3; o - 4.2 kips

2. Tensile Strength
F tC 70.6 + 7.605 (NC) -0.44659 (t..) 2 + 8.73005 (PC) 3 x 10-3; o - 8.1 kips

L
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