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~.Q :!~'ICT OJ' FABRIOATION .Pl100!8SE$

ON g~S l.t8!ll> IN ~RE$$mtm VlS8~S

~ltTIUN flBAT 1lJMUTIONO' OOMPO$tWJ:Om- AND .~llQP11!l'1'IE$ ni Ii

lIlt:ttI'GA)1» AN' !t,.trnfXlf't1Mcn.;,~ S~.L

by C·. ~~ O$bQPn:L, A. '¥'. 8Ct;)tObb~$Qkt, I .. n.! stout3,

emd a. a.sob:nstQn.4

\

FQREWORD

flU. stllJ f$~ tl~cond: of ..,.. ,$ $erle~ t;)trGpo:t't~ (se$re:f$r~ee 10)

de$Opi.b!~ th$ ~es\lltsof woJ'f..t pe~tom~4 at Laht~b TJnlvE.ur+&lty

fQX' the F~briel/r1taoo Dtvlalon Qtthe,l f'rc$d'.1re Vestlal RGsearah

Oomm1.tt~e ·of tabe Weld1nslh')$eetireb (:;lotu:1();.11, fl'iha underlying

puttpOSE,l of tbetij'ot'tl£ i$ to stud, the f)f£eet of .fa.brioation ptfO·,l'"

CQeS$s b);velv1l'.g plaat1Celt:r-s::l.n with Q~ W1tbout ~ub$~quentb.eati,.·

troatlnEJ,ntJ 1# W$,ld,i'nG oX' et~a1n agi'na, on the Z'Jola t1.vo tenciGnev at

varto1AfJ etle'-Jla t()1Ja~tl brl,ttle ta11U~$ at low t;emp~i?atu.~~. r\10

stetlls. Qn\i7 r:llt7.ue('l a.."~'(i 'b he etba:r al~tlm ld.Ued l eaoh in two

plate th1el~~ssefl (slap and 1 1/4:")~. *0 obtainod .for tb0

in! t 1al t:~a~t fit t h~ p:tt Qj6C1,.

ffhi$ r~t/-ol?t p:re~ent~ th.e rest:l.lta of Q sor!<i)S of. testEJ

aU6S~:H1·tGd~y the ~tatet"lale D1vision ot th.e ~es$'Ji1'e VeS$61 .

Reaearch O~,';):!tt¢e tQ datarnt1ne th~ vQ.t"1st1on l)f' eon4poa1t1~n

andnt($e~!~~l propeiJtles wU:h1n th0 two heat$ Of t11.~e~l 'b~~

used 1,n the ~.a1n lnveatisat101h ,stl'10() tll~ ~tqG15 lti\tG$t1,ge.tei

1. PomerlYP,tJE)saut<t Ve$sel Resaai'cllOomm1t;t£lG Fallfl)lI1 at Frlt~
E~ln$$:t>l~·LaboratorY', L~high Unlve~fJ:ltj', :$$th1Efb.lQna~ Pa.

2. ASt;Jlseh'nt ..tt~$<:;areh Englnee~.; FtJit·,r. !?~&1nea~ing Laborator1 j

L$b1 ~{jn.1V'a~$1 t Y. . .
3. As~o~1.at$ J?'pofessoIJ o~· tlretall\1V81, Lehigh U:n1ver~y
4. Dl~~eto~. 1!iJ1t~ Ingj.neeXt1ni\ t,abCJ~t()~l. and lrofGsaor 01:

01vl1 1~.n$tiJ~111!8' ~hl@:l tfn1v~s1ty.



...

arEa btlng 'U$$d !'€f~ otht;t~ researeh prog~$ Gpon$Q:l't$d 'OJ' the
t7.tTas-uure Vessel aEu)e$~ch O.d.t~ee, It, II f~lt tbati-4'fil,Q'lU:Cabt1m1i-+". 7

'. . .~~~~g .:S: ..~, f'. "",!"¥' . . ..

~. tlltl$(ZJ ~e$'l:dt$5ie of. 1nt~&~· ~ ,'~~~

t'$et tMt tib$3l~D~-EfQ.t' ~,~~$~-wttl\!~~t~.:::::=:=. _

~h&r mater~y.-:.tltd:wr-:-S-n'trEU1M~trQ~.?

The ~(fln.fl~~lelot ~ $t$~l t<i> t~:t i.n $ 'b~ tt:l./if)fa$b1on 16

of tr$mand~s.;i~ p~.act;1ca1 ~..w,oi1tan~e tri e~t1iee1'lt!g $t.ruet;tWe$

anCimueh 1s l.ll:F~ar1yknown et'1,Q.et:lmit~~$ fet~t~:!r.a~d.Qb l!S~)'V$~~

t111$ 'ttendel'.LOY" :tt ~$ known, to~ ex_gle, tl1at ehem1cb\1 m)ii!pt)~

01btO'n~ltart~ ai'). 1'ffilJor;bant intl\.1tO!lo'e or:i>· thG tnQdo ¢.f fa1:t\t~ @t!

bloAt, otha:u thin.e;11i belng~qual, until tv.~n~l tlbn tam.:p$l'tltUl:'e ~
~, all

a ilteel ~t6$S w1th/ln<)lt~a3$ in ita oaj?boll o()nt9nt~1 (}th~J' "1.~.t.,.

notl\bly tyJ~ne@tleeg andnlt~Ge$n3~ i\1f'-() $1$0 eon$tdt1~d'bW S'om$

to a.f'~'a6bth(;ltj;7a.nait1t')nt_!jJQrata~e.. Th~ fLnfl.ueneeot ch$'m1,~~1 .

cQmPO&tt1~n on ~tr~J,lsth ~d duci~;t1'1'by l~ e..lso wa:t1~k1'low-f!f!

lfowcver.# it t$ $lao knlJ)wn tl~t w'lt~tn ~. fJi~SJ.~ heat ot tift$e.:t,j,

~d evellwlth1n a e1n~l~ l~:y>t O~ plate" th:a~$ f>QC,UI'o mo:.~k;t)d

41ffe'1"etlee$ "~eOl,UpO$itlan. '1tb~q$ a:rl.$$ both t":i'1'omtbe diitep~nt

t1m$$ 6tn(}1~bg in the ladle D(j'f,f'4l1f@ 'pouring $U(H~e$.~,vtl, l~otat

and. ~m ~$g,~S$ltlon Qnd ~ltn~ng ttttecta ciuv1ng ~olldltieatlo~

1J>f- tb.~ li"~f;jt$~ S1nQ$ Ncb.obD.\po$tt1tjh d.$ff~:rq)nees t!I$.l flell be

'iJf appttee1a,'ble magnitude" ,tnot~ d1$t;t)1"bntlQt1 M~ thei.v' 1t1fluenQ'e,;

on haqt\.i.t>$ Qb@aot~;rt.8'f$lc$ e.OO Qtt#l' ph'S'"$1ea.1. pr()~:t't:J.$$ b.$¢Qn~

matte·.r"st)t~Q-tl~1aer$.{jla lmpt>rttan\1& t~ thQ o~t.ne$r..

'1'he 'W'I$.,.~nt\tn:'il~stlg$.tlol'l waap~~ofnH~l!10n tWf:J beaus tJt

.$tsel. ~hoe$ ~1~ ldstcrW$' .$1?Gcem,l$tElly la1own~ 1n01"~r iiQ

obtain 1nt¥p~r.t1on, onthes$ and al1.~$i tl).$$tiOlUh On$ beet,

alu.tr4n\$"!"'411~d" h$d ~tl~Ul$uppl1eatoA.~l. 11. It. Spee2.tloat1t4~



I

A",,201 t;lnl1 t:l:w Qth~~, tit :r1nwl~ (jt~cl~ ttl A, S,. W" lJ.OJi)$~1t.j.~at1on

4iii1l0.Tbe tt)~$~) $.n Qlumlnwntl!ok11:ted ht$at, ~d'b.$n o~u~t !nt-t)

, blg~ntui~~J bot~topp~d 1t~~$t$, 5~·' X 50.1~e~~b w$lSl1d~ ;;{),4$G
,

1LltH~ft W'b.~~~i;ii~~~ Vef;8'$1. ne$ti'.r~bO,o_t~1;$~ ol)'~~:1n~dF~·t;.$.
tl'orn lngQts~~e.~4 1, 2, $j -J¥)tI 4", .~'~ $n(l~j lngpt¢. 1~4 S

W$~a !p~li~\(l to t5le~ tbl(}li';ne-~s" ~ tlaQ o'th$r$ tt\ 1114u th1~~i$a$li'

1'he top bl!U.v~~ ~t 1ngot$ I, *~ tibd dWQ~f!)ttd.U_f)_11~ed. ~gtt;

1. $, 4Jj$n..Il. $) we~. u3ed 1n the prf$,~t lnvestlgat1sn. Wb.$

r1_ns $t\:;l~l hea.t r~d. b~~n ca~ttnto fQ~ Sl'OUJi)SQt b()tt..Q.~..L.J.. fl_.A~j
• .~. ~\ ;-~----~-CM,\l" L..t cw~~v-.

poure!~~~.~~,._:~!::~:,~~~~~!_,_:~~~~~~",~!~:~ %Z4 ~DI~
(~~~~lJt~ "'iiii 5Ia'l pl$. tea t01-- tb.(j ~a$$~f) V.a$elR~sea:rch

C_'tt.$~ (Jt)mitl.i t;om thetltsa:;t ~f>uJ a.l~t;1tl1e $i~ 1. 1/4" pl~~~~

f:romtM 't1i41'Ht ene plate ~f Eison thlGlme.tJswas U$$d.. tn tb.$.$

... ~
t'1le~t;l1ni te~ tSW$re pet-ltG~4 Qt~P1Qc~$\Vilih"'"

in th.e s.e.l~et->j,Q. lngQt1:u

1. e~tt()al ~G1·.1$$$

2. 1\!taOl"t}$C'ol'!.>O ItlEtp$cti ont

~t'm.tat

$. "e;<t~e,ople In$p00ti~onl $,$wPli)).:ted .t.$1.1o~'Pbl~#'

*Othe~ pa.~te\\l~uJI3 cone~umtne: tht nlll:l blitop1e$ of b~tb ~.~s
arei'E~:v~~ .tn atl ,App9:ndu f)f this ~~port:,'



X, eh~mlee.l Q_¢m2o~li t.top
«;Vbe41$~~lbutlo1\\ 9t allot1_ $l$m$t:d~s -.Cl!t:npurtt!;$eln

ld.1,1edand,.ed st$el 1ngotG b$.$ bfi'Gl1. lnve;rblSf,;(ted QtQ()l.lst4~~b~~

lengt~ byt;~(J1 ,t~ tt$ $t~el tznt1tQt~,C~tte~olltho n.t$1"t:)"'!! .

genel1:t1 of st~.$1L Xngota.4'!!"9

·XntliEl,~.,~n.t tnv$stf.gat$.():n,$$l'1p~e$ tD'1'ohe~sa flLU11et$ .

"EU~e taken lfr~~ th$ AI~()l lqot$ 1.4,atai 9 at tn$ top, tnl~~

a.nd. bd~ ttlm ~ent."Qnd fX'. 1!tgot9 at. ~he t$;pantl mlddl& '$qeJ
a1.40 f:r()m(l)n~ ~a11 @d on, la);igeJJ;<iI>'1(J lngot $.tthe tOPJlhf.~$

and botltometl1$1,lt';$1f, .and ten) and b otttem: etig$ ..

'h$~(i),uit. tot!' the Ao!!i$O]. (A1.-ld.l1ed, steel ar$ gl\r$n in
. . ~~

'l'tible :t:~, ~h$·toUow1ns Qb$ervattQtle 1IA" bemadE~fkA~~I~T~
'~~~~~

h:7~~: ::::·:::~a::t=~:.::~b t:::t
lQl11~l';tn ,oa:,ben", _ntSW1~'., st1:!t'ul)n" al'W.tl1n_. .1~G~

..eli n.lt~o~~A t hanthG tVJo e'at'*l5;~;P 111$f)tfJt' but' 1t~
to be aPl':pec.1a1

bly htsh~~ 1n 4Julphv an(l $ltiht1.7hiS~$~

11'1 i'b.OSPhO~$~tJPpeJ"J a~•••~. Nlekel~lte~,
VIlMdl'Wtl, and m.ol"bde.n\Uaw$~ «ppt-oiWnatel:1 tn$slluto

tn tall1ngo.ts. Thedec1'*f}$$1ng eal?'bt>Jl, tn$ng$n$$', .11teca
tUJi(i.ls;l~\:tm contents probabl:Y V6$ult :from ~x:ii~tlon .1n the

la~$!:iJ!b.~ tne:rea01ni $U1,pl1t» eont&ilt may be d~E,\ to

4~~ltr $$gsgattQI1, of ~n.U..phtcl$$ in the ~dle.,.

2.. 0t4 tb~ v~tttoQl centerlitl(9 ~f ~aQb. inlot oarbon,

ma~Qn'§$'1 pho,Pho:r\l$~, $\u'pb.u,-" ltlltlA $111oone.,p$a" to .
ci$e:tr~a.eBllgb.t1J h~ tQpttJ>b~ttcm~) III Ingot; 9"

el_n. ·ttlQ"$.$~·$_rks<U1Irl»:t top to 'bottOnllli.. '. - : .. - _. - ~

3. Fl'~1 .~~ l:irnlt'd Hs\Uts6\val1.01e (:tnget N'fJ."i " lt

ap"~~ that a t le$st $u.lpbVt!Ui4 ~bojPhQ~u$ 1.e~.il\s,



f~~ tbeed~ ~o Qe:ntex-. O,f the tng()t~ T~ Brlt·l$.h

!nv~$tl$ator$5je ~oUrtd phospbbrus s$$r~$at1Gn ott_~

O~$X' l1boWll ln 111g. 4 on1y 'In ~$t$m\i.cb.1arge~ tbatl

:tnSQtN0,~. Qthe:rwt$$ th$ ~,agtd..twrtl$ and, Pllttem 01

$I$~,..tl(j)nl$~ueh as 1n41e£\tQtl b"nattl~1.:d.4,t5,6

4 f ~·~~~gml.\m f1n~ mlnU$U\n val'U~·$ of e$~bon c<jnbent

~~~t"dedCU't$ at the top and bot't()m eente~ .$speetlvel~

·01 :rl1g()~ 1'0~4J tne ~g$ ts.-.... .1~ to.l. i

R.$1.11t~t01l th. AJfQ (rl~$teEtl) a~. attrtUl In '~able ;fl.

$1snl.f'!e~t t$$turas $!Ie,

1:. T~!rr.oup ot 1tU"s~l!' t~()t. ~oll$d to 11/4" .as east.
~u:xme :tQ 'mlnttt(t$ atto. th~ 4$':roup of_siler lllgote.•

'1th$ aV$;rali§6 eomPQ$ltlonsof the two. ingots Wl:'U:,SJiot

ve~,. a.ff$l'$n~ ex~.!,t wlthr$iat'tl toe.lundbu.tu"bt~b.Wa.$

app~e~l~bl1f bightlt in the 1a..-. ingot owing to til ~h$$'
. .

a&a:tt1.tm ..()£ $1\ltfJ1:n\itn ttl )i'$4~e sa.sins u tb1$ gl"e\lp~

2.••tf.\~~llke$e, pnosPhoNa,' $ll.ltCQtl,~oJi.l'tem,lum"

~~'t~. v~dl•• mol,1bClf1Jnum $n4nt.trogen ~t~esa$eCi

V'IJ'lJ1 11ttlCi) in either of the tt,l;gQts$~1ne~.,

3. O~b~n, std.pb,\:U' and alwn1~ O'fiit1'hente 'WeJrl-$ appreolta.b11

h1i:he.~ ~ t the top eOnter ot the 1~()t thJlm. $lsewhere,

wbll$' tbe «.tluml11U1%l o.olltentwa.I amlli1mum at tb1ei point ..

4.~tm~tnU$ atid.!1_wnve.1ue$ct oarbon,tont.uti "eQ~'

o~.~f3d at the top Of the .~11 ingot (NO, '1), the

~al'!g$ b~lna.14~ to .~~. fht$ 1iii fi\ gro~terrang$ than

tla$t1il)$$I"Vt:ld in tbeA-eOl ttt"lbUt)f 18 not lnCQn$!~tont

w!tk'!. ~:rEJvtO\1S "porte t)fJ. ri_ng ,tf,JEJl In!()t$,j,6



tI.!!$.o~Q$aOile ltn$l?!.~tlb)n . .
--_.~-~~ , , ". , ',. . .... " "~'

4~<leepeto~an4 a $u.1,bu~ )rl:nt'fJ~n,"$ ua d$ Qa

plate S_P16$ f~Qm tb" t 01>, .uddle ~nQ bbttorn Q.,nter of A.2(;)1

tI1gots· :l,4l ~ 9, an4 A.tIt.> logot, 2 and ,. An samp1$t) ~$"

longttutl1na1.jt

'fb.$ $t;~,~~' prtnts w$~$_d$ by ap~l!ftngVelo:l1'~ phowl!)""

p$.ph1e"'~~.~$d in 4~ Erul,htl;M.o aeldl to·Q ground. $ul'tae$
, ,

foX" 10 ·mlf1ute~!. 00p1$$ Qf $Ql;Re0f the) pt-'.nts alta :shOWrt In'tg~~; 3.

and 2;, ".~. Q.~eQ80$ 1.t w.$¢l$~ thaf; .$\\lpbur bad GtSt'ePted

to the tepaf th~ 1~Qt~'rM lfl>w :$u1p~ eonto~t, ot tihEt rim.

6.$ s~en In fl$. 2 .a$ VElr'l1111m:'ked.

'~4$6~$teb t~at!nento()ns1Gtt)~ 'of GO m1.n'\;l~$~ 01 £);01'

hYdrochlo,~e $el.dQt 160"P! acme ot·~hel'estdts $7:'$ ab.o_1n
" ,

F1.ge. a $1144.' .lte:r(:i tl1e snatOir QleanltI1$$$ at th$ DQttom at
tme lI1f!tt$ l$$Vlient, t;rom tnt 'to $$ $e""atta~k (!lvtng etoht.ns!

Whe dlr't 0" Qtbett UIUloundne$'e dt$eo"~:-ea by thOd$~p $t()ha,pp~$'

I coars$ran4 If)lif$ tmlto~nn Son tho .,~otnsot ~,h$.n"n 1#he A.eQt.

Wb.$ otJnt.H~J.i$t i$t~hdld Jg,ot eb O\f _,. s'lgtiU;teu.t a1tt~J'$n.eebtt.~C!I.e.

lng.f)ts'. tiJt tnt1t $a.-n$h$at.

11:t. !«ter()$eGt1e, i ,:rp;$)e'p;tlp*

lJf.tnS,$@t~l$,$ t1iJ m t~ same lcr>(t~tton~i 4\.$ tbe~ :nta.,O-3'O

ep$almsn:a; In:¢luslott c(1Unts WO:PG t!;r$~~~ on the unetel1ed
1

$peclme~.$<)~~~1ng to A. $. T. 1l,$p~c1£'.~$t1onn 45~$W,

M$tb:cc1A.,~:;.' ~';-~$d0mlnant ty,e ~ft:n¢lu$l().n !n both $t.Et~it$ _$

the g1.obU3;~.,o#.d.$.Th$:retVa$ no g~Qt dttfere!'1oEJ bEJtwe$ntb.~

two$te~l$ ,·~~'.S~4Ato tne n~b$I'f.\ntt cUetr1outto~ ot non~$t~111.c

tnelualon.t $n~. w1tbJ.n ea~b, heatlth$re,.$el3medto b. little vanati...

tl'OUl lQgQt to l.nGjQt.



'reha m:t:ctiQ$'bf'Ucture$ at the top, middlet and bottom. een
of A""201 1~6t$k, and ~ ariGliibQ?Jt\. ,"'1;1 Figs.• $ ilnct 6. wn$ Vi

fine patti IJte$ ,~otiuO$d b:rT411i~llQ~al!.ttJs 1$ BotGw.rtby ttl

the t opot1~Qt 1~ Th$ .$$-r()l'1e-dsampl,$~' otJ Slett pla~~f~Qrn
" .

Aneotl bev,1j} ,e,tlnel' 81'$tn. ~l~. tban th~ $.plEH3 of 1 l/fl' l1~tI~:&Et,

tak$n tr_ ~b.$ oor,..EJ$PQZ).c!t..n3 pQel,tlCJri$ 'lnln,ot ~.

Flg, 1 shows 11l,1¢J:tost~~t~~$ $t ~,h.$ top, m1441tJ, an<ibot~,_ '
,

e$nter fJt 4'!!#1fJ tf1gQt ~.:rt l~ ~vid.nt that the Q$~bOn 'ci)ntent

In(;,l~a$e.d t"'l)}. tib.G'bQtt.om to t h$ t()P of tbotagot. ~!$1n t~

5/8u plEt.te l%'tCl a liner grsln $its bl:W1tbtl 1/4" plate:.

~h$ g~ln:~oar$ert:1ngo~acte1Jl$ttc$ of the) two staa18 *1$1'$

$ttuii1odbt tw().thQjs on ._pl$$ t~~tJh. mlddleot A~Ql ln~t$

lUd9" .d4~fJlngQts.a sud't; t~•• j on. ilS" andotls 1 114tf

plate t'~om. ea~bh$Qt.

MO\\lwala~bn t.$t~ were. madQ at i.$'15~ lae.cco1't1$n¢e 't11t~

A. $. !J!.~,.• S".111c$tlon E 19-..46 $!1:d the t$11bWtrlg~e.U1t$w$~e

obteinedt

.. Me~\lQld,~mhn

G:t-aln $1$8

4~Ol,. $/6" plate (IbgQi; 1)

Aliit201, 11/4~f plate (tngQt 9)

!",,'Of 5/a t
} plat.a (Ingot 7)

1.#/0. 1 1/4~l ~i.$.ta (In&Qt2)

In. Q4dl~1.~-n to thE)$te.n4fa~M~Q'U.$.j.¢l.Ebntl$l $ 'ti, a s<Jl1ie$ !/It..

graln~u ..mrS$nl~et.st$ was -mtn, on thf;) $~6 f~tl,:r platea 'b1

holdi%lf3; EJ\1tia,1!ts_p)..es tfJ'iI.' on~ htJu~ tit ~~¢ht>f the t 01lowtllg

o
l\D5"D
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$$:!1ples a.t tht;;r f'O'Q~' higb.tat' temparat..e$\\l$t'e. tll$.nate~l:"e<lt~~.o~nE),

turnae~"'~'1&OO~' lor' M b.Ou.~ bef¢l1'$ .$.t$~ ,."en0b.1ng~ tb.O$Ii), Qt

1$50°' anql1:600~ we:coe wat(it!l.\" qU9ncb$Q.Cil"~tl,.. All q~Gnehed

$$trlPl~l1t·wer~ tl$~:p0re.d ,~t SOOC>J'. fh1&t :p~$eedl1l'$ ga:l1$ n'!1Q1'tos'twet\;l.ps

in wb.1ehth~ a.Ue:te~1tlQ·$l'$lne1f1$ ~a t'$Itlt11ned ,by tt)~lte'tn,

$., 4a~k !tt$t,t. t>t ·<tempeMd ma1"tens!t$i~

rr()n1;~lle ....,aUlt$ (t.rabl$,1I:t) of tb~.$.(t t,$$it_ ltefl,n be$$$i! .

t.b.t;\t both tttt;Jt,t~ng ana, th..alU!1dnu;ttl.,.1tl11ed $t$EJ1$ ha~ a

$!':Ja.~~ ~0$'J;t~~t\l;1~3 t~peratu:"or t'&l',1."~$t1);P$ l'$ng$'t: Xn tM

rbml'11~$ $,t~$l tb!tt 1$ fibout lS00o'~Wh11e 1nth$ killed. $te$'l

it tef4!~~ltl, ld.~~j$lth:Otlghnott'bov0 1,9$0°-'_ A aMr,p

otllalJs.Etj'n!J~ t$~~era:t\ttta #tempet$tu~:c~ni;et~eb.$.~aeterlst1e

e£ $t$ei$ contt11Unsal~~ol'!'e$~t~tnothe~g.riltn retttd-q· .

$lemetJ-1;$' aU()"h$~ v-andlwn ar14 tlteul$.a_ tn$ hee:b l'tEJ<!u}rds _

¢hemleal. 4tm:111$·ea ~how.that aittm1num "$$ tldded. to' b.Qth of tb.$.$S

$tsel.e.•

It ts tl.ot$WQi'tbytbtilt the loq hold1q tltne (8 hOUflLlf)$t
f

1676°'111 t;bEJ;tieQu.ld-Jlbn te$t c!>au.$fdth'rirmn~steel to

C0tAreen,_ eQ~bat this test ltH1ilQat$d_.tta~nt

.r$$u:l,ll$ tQ!" th~ tWQ ~0el••, On tb.$otbet'Mn4. tMpatn

e()"rs¢tn!.11i~$su.lt$1n T$ble 11 dc n~t In&. eat$ $lAc}.'). $t. me:r!t$Q.
,

dlf.fe~$ne$~.

.~ .. ~$~~1.o$1. '~iJ.f.j.'t1·~~

A.$trtre;.p~y!~e. ~Ois,1t.

T1stng theA+ $,1'., t{!~ ~tan4iu'd. ~&~tt\ngula).O tensile t$$t..,·

~1$ ,*$ {toJ' ~x~1~se$ SPEto1t\ ()atf.~~ t!l.a01;.0r46}tht te.n$11$t>~Q~'~.

t:l$swet'e!nvest$.:eatedati the tOl1owtu$.!fjCi\tl.o1\S wlth1n tho

two hetatst

A-2Ql(U1t.3.ied $teel) .. JrngQt$ 1,,3, 4; a.nd 9 a~ th$

top, middle. a tad bot tO$e:~'~tarj



A~7Q (~l~lng $t~.:.t.) ~. Xnsc)ttl2 a,nd ,., ~t the, t9pjm~d"1$~'

~. 'bottom ~$nter*

Du.pite~te $peOlm.e.ns were te$.tflJd b(iftb.pt\r$11.~1 ~~.~rtUl$~~~$~

to th~· ~e,..Ung 4ueot1Q1'1 an.d.tJ:l$ af"~$.~"'f)S\;t)'t6 'f:Jfth~$~ duptl~a~~

testa ~ G~v;$~1!1 '1]$:0:'1$.$ %11 ad ;$:\t~$Qm~ con(\lu$lqns mta.v b-$

drsW,f! fr~ tl,w$$ .~eu.lt$~

(1) ~ht;) ~uQt1.11t'UJ as shOlln b, 'the ~:reduct;len fJt~t!'0a" .

waa 1n11arla'bly 1.ass 1n th~ trr;.n~v~e$ Qpeol!:tl.&t\.s th~

$on 'th$ 1,laralt$1 epeel:r:l1~n~ht')!Jl fJh$8~eltj)Qe,tl.J t'bt.$f

d,.t..f'$~nQe sEi_d gr$atel\'" in tlhe ease of tbe A-eOl 'b~_

thtrl .!';"7fJ$.teel.

(t 1) UthD~~gb. the P1Qt$swep'~ :fairly ~ttQrm,thttltte we-& a

ge.ne~alinor$a$Q 1.1'1 du¢tl1tt,.a.nd deo~$af3E) ttl $trEl~gt~

h.1(),f:;1. t.:.bG...... tG.'p t Q b.Gt'b om... '4)1 a13.tna,t_$ •.. .. _~ )
'" ~o~~~-tL.~~~·~~~ f'" '.' •..•..•

(114.> ~b~el8ffpla.t0.s$bo"(1apl'#~O$:ablf hlgbett "t1.(I. P$t~~~!

andFJ1:tghtly 11igher st:t'OD$th that 1 114J1 platetiJ fTent

the$~e beat, ~.e., e~l))fiW1nc platfaa .fX'om. OQrr$$p~tlal~

pC$$.:t1G-~$ wttbin thetnif:lts ..

(tv) .. 00\111 norma11'zlng .~ e$,US$f!; no 81gtll.ttc$.nt ebang.

1~ tJirJ.. tenttd.l$ pro~::tle$ ¢ th$ A~ml t/'j"~$~'

B. ~~n4.1JL(3;T~.~~;$·Qn'. tS(?$t' B$;::,$.

Satitf;l4,ll.d<i$.tlcnal 1nfli)1i'WA~lGnQn t~ 'bE)·n.a·~lc PJi'~£l~Mle$(;)t

the two $.1;$$1$ was cibtaS:n$4 ;t~Qm ~ standavd.,505iJtU.am~t~~
.".", " ' .. ' .



I

I1()fi11n$liJ.~Jl(l Point =; ~;~;tn~tQ.f~t\

1!t.

Thea0~fS\,n~lt$ l~ad tosss$nttallyo tb~ sa~ concl'11$lo1\e

sa did. tbEJ $tn:~l~') teneJ.:le: tre~tllts~

(1) fr~ duct111t:v e.s eJtP,:rf.t~u~edbY 1lilongatlo;n and ".r$d.U¢,tln~

1 t~.,~~$; l1El.S ~PP~xlml3.t.el.,$_ blgh..X' in pt:\pal.l$l tb$.n t~.

t~$1.~V~~$Ej $p~()1menth In the, tllEl&tt of A~Gl ft1~t$:t'1.$l,

tb~yi.01d point wa.s about ~ ..5CQp$1 bAghe~ t(;i'7;* th~

'lot)$ltudtnal epeclm.sn$~ \lIb!..l$ ijhs A-7(J $,ecl.1t't0n$ ~hc'W~<1

no~1~1:t'leant ttltte~enc$Wlth Q.:r$.$ntQt!on. fiIont1MiL

b"ald.ns atrE;tt;l$ W$$ about 5.,~QQ$ p~d, 3.ower In tb~ '$.W)..~l

~~${lltn$t'is for the ~eeOlt! m$.t~~l$1.., and about 1 ..300 t·~'t!

thEIJ lti~O -mE1te-~t.al. Th$ t~e bl'$S.1d.r1g strEll$$ $.,.~raiEJ·«l

alll(li~t $,500 pel blg1:ler for'$Jtal1el/Speclmena,. .~b.O

n.•$nll3,. T.na:zdmumsti"S$} d1d$ot 'V'41~f mu.chwlth t)~l$nt~tilf)a..

(2' tn 'bcrtb ingots t~om top to bo~t_ tb.EJ1'$ was $; g<u1$:1'&1

In.e~eaae 1n ductil1ty ote:bOl;l~. $~ alld'Qeo~ea$e In
~t:r6)q;th Qt a.bO\lt$.OOO ~$1 tor th.. n_llslttuu!m_

"t",,:••: F);-QmO$nte;,~ t o(#4a~ .~.b*I.....".d:
••f.#~ ot the A~Ol ~%lgot tb,E)ductl11t1 laorell$(f4

\ QQIl. t.~ _ill the ailIlI1Mt~c~a••it a,bCl1t ~*
pel. T~at) tl'en(l$ are cQ!l$1$tJetltwltil. th~ ohamteal

$~e~cattQn jepofted e~l').le~~.:,



I.1..11. W' stR~'lert;$
" l. e .J'!"_.. ;1IJ"f*.!., .. , ".,1F

(J.p$,~tn. 1~borQ.toX'1 ctQta wA.tb '-he ~$nsl1$ ".$u1.t$ gttren

1n the ntltl te$t t$pQr~a, tb~ t!t.l.oJ-fl~ne., betVlt\$rl '11$ld p02,nt.

~asu."d$it tn~ '1.alJorator1' and at; tM n1l11 was VQTJy tltl'tkl~.

W~$l~~load!n.g rate u.'e(i 1n th.r$$$Elroh labo$tOJ7,f.Qt6 '

1%1oh&$ peJ!a~n~te <lJro$$he~4sP$8ct~p t. 71E)ldp~~l\t to-r.$$6£1,
, ,

IJpecll1iena) ~t.,,~1t1e4a y1~1(1 ptl)lnt$~tllnej "$ mucb 8$ lO,~

P.. ei t i , lowett tb$.n that detennlne4 at the mill., 'lb1$ 41tterS$lJiQE)'

1•••11;~own .~ 1t $houl4 bQremer.ribere.4 wbentbe ~¢$$lb1.:U. ty

ot1ntsw$tiJlng dG$1gn et,essts 1s ot)n$ld$~<td.

c. arln~11aal'i1nes$
", _.' _, ".: : _.,1.1. l., .. " " , "

~he!vtn~11 bardn~a&ws.$ dabQ~~~q at tne s~loc.ti4'blot.l~

QS tb,a stfitJ ten$tle $~veJ" U$lng a 80Q0kg. load ami a 10 _.;

ball. '1r~e~ ~Pl*e$att)n$ weretr!$de: at EiJa'$b If)oatlon,

'1'b$ ~V$mi$ hill'd'n$$$ .tor bothet~tll$ W$.$ l$O$ndl$ ~a$

clear tlla-tlt'! stnsJ,'la1. the ha;rdne.$S 4e~~6$$e$ .from t ~p to bott.
ot· an lXi(!;t)'ij,. th$ e.Ut't'$~$nee t~01n to:p te.be>ttom being ot the(j)"~'r

, .. ., I

of 10 pol'n'bai~lnal1..

0., Ob$~~:t 'i!:if@~ttlQ1\ .Curves"'
j ...')'~" ';"", It' _,' _ .. ,M t

C~.e.vP11~aet testa ".r~ ._ '~~to:i'itne4 en SEMP1~$ from t~

$SJnEJ -lQe61ttonsa.$ the strlptena115$peelme-ns!. The $~6n~

keyhole ~ot'otl;$d a)?$o111l&Jl mUJ t1.~d ttt tbls$UVVt11 (A. ~¥ , ••~

$peoltleQt.l.t$ ~$w41':" ,tg, 3, I!JPe 8), all sp$o1,rn€jns b$1nS .u;~

wttb tb$ n~teb p$1'J)enc11Cula:.i' to tb.$ p1s.teSU1"t'aee lU1~. the t~

axis of the i;JD~o1m$n parallel to th$i"'o11tns ca1teotlon., Tweu't1~

t~ $p$¢$.$Gl1'$ w.~. takElJ1 f~On1eaQ,b 1~a.t10n tlndto\U"ol th&$$

were tested ~f;) $$.Ch ot ela aelectei ,t_PtilratUl'tlth: ];a e:~a'fa·t~

oti9"bhe t()'b~l\' t)ne):'Q a.b$Or~~~tin841 wfti.oh ';;; bot!)- ~$at!
, A

d11'$ctly tr~ the Cb.arpy tU$eb:lne, $~!f ~a$~ $SiOQ"~jja kt s de? .~
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o.J the 16 l.atti'!?$l, CQ:m.t1"aetlon below the notch, ana the ~ cleava~

in tha t'2;'$eturea~.rac~m,ia$u~~ert!$t~t

r,rb.e 11l$th('J~ot platt1ng ;re$tU;t s wail 'C~ $&ne$.s' d$$crlbttd

f~othern~te$t~ 11'1 1:1 previQus pa:P$;- on th1$ Vlo:rklO Md·

the t"$.nfd~,ttEi1:!l 'bempel*9.turs$ 1'$pt¢'teei 1. ,,,,lileV W&1'" dQfl~e4

Qi before, as the t$11lPotattir6 at wblehthe CUJ:iVG' bas a ve;lu$

GQ.t1;a1 to, tb~ ,~ltJlt~$t10.Etan# otltt1 'm••,mltUl\ ~4tntnu.tm= 'O'alU:~t;f~ ,

In addition to tb$$tandard. ka1~1$ Charpy specimen a

8urveyot th.-'it 1. 1/4" p1atfja W/!:l.$ 'lI9:de uslll& the doublle W!dl.t~

¢h$rpy ~lpeehl$n ~hoWn 1tl ~s. 12. fl'btl r&sUlts()f tbta survey

liU'e alSo $1V$1'1 in Table V.
" Ji ,', ~- '
Slgn.~f1(Hl_ featurGsQt t b$ r $su1ta a.r$1

1. !h& Oberg., t"an$ttlQn. tert\pe~atue a$cQrd1ng to $J1"
of the thl'eobl"l t tle.ttj$ e~~ter1a used was C ol:l$ldel'*$.b).,y

tt)WQ~ 't<>t/ 1lc>1"nlallzed plate th~ fora....rolled pl~tes

e1'tQm thasanle inset.

2. k)l$1"~~lng tb$ two n,bme.llze4 plates in Table v,

.t~t~s1:tlQn tO$p$l'$.tU1"6$ g,n~Xlal1y d,ecJlGa$ed t'taom

tb,til top 00 bottom of an 1ngqt.. Tb,ls. effect wa$ lti0•.t .

mtul'keCi 1n '011, %Q1eQvag$ 'tJ't:ln61tlon titmpettatuXte$,

where tna (}1.fteronoe betw~en top and. bottoln tit .$G 1~1)

W~~ll$" biSh ail 354>' '-1 bll t h$ $1ni1(iwldtrhspGelmen$

·s.mi $os blgh as 48.o'P u$lng 4Qubl,e width $p$clm$1ilt1~·

tl$!rig tnt;) c:rl;tet'lon ·c>f$n&re;,ab$G~J>tl.6n.,,th. eb.anse'

in wans'tt1on t~pGratUJ!>E)wltb.t.nan l ngot \Vat .neh l,.Eh'Uh

3. tp1ae !b~l$t t10n tEJrnperature tt>tl ale" ;platE) was .app",oiat.;l"

lo~:r than £'01' thf) COlrXl$sp8ndlng 1 114ft mat6'P1al.

4. 'f~E.d.tlon t$mp6t'$t~re$ tQ~ "-110 ri11tmlng stf)G1.e1"~
, '0

about ''TOO higher than the3a. tor A'""201 ldlled $teel-.",.



th r.e~analt1on temperatures ~sln~ ti'aeture QPPEUI\st@CQ as

the e~1ta.l'lo~ 01' b~l tt1.ene$s tife:V<3 t.nv~tably h1il1e~

(by as 1ll'l:lon. a$ 50C>F) than tn:O$9 .obtained· tls1ngt\)t~h~~

t;>f th~()the:L'Qrl t61'1!il. .•

$.. f:V$tlstt1.on t~mperattWes obtal';n(r)d -J. th Clouble wla.th

$pe~l.:n$ W$~"eb.1gbei" tbMth$ co~n$pQnding tt$mpt':l3."t;l1:lu.r~~

Qbt~lned with 'td.ngl6,'Wldth. ·.ptacl'mens.

~.~~ft:e~c~

S'UWM!~

An It\'V'6$ttgatlcn ·bASbe$n. eon4uctatt. into the variation

of ehemlctil. ~~()sltiotl and. phy.81¢al l'~epat't.le$ w1thlnplat$8\
1Qfw.r,~ . .

rcllC!)4t.f~O'J.l; t.ba·a~s ~ $tse:L~ one e<:tnt'o$1ng to A:S.tt'.:U.

$pec1f1eatlQb A·...zOl,. the Qther to A"VO~ Dotb hat\t~. ~xb.l1)lte(i

segJ»agatioti.and ~OP$rt1 vam.8t101'1 S$1'1.rf.t11y of 't;he typ$ am

magnt tU(le to ·b$,~eted,~

Theeh0!'i11eal compositlQn WEUI tcuWli to vQryap~()_mat$11.
,

as 1ndlc$t~a by th(t sJdjG.nslv$ work Of &ttleld end h1&i' eOllQ.b'~tl.tQ~8.. ,

In ten~Qn testa, th& duc·tt:U.tyW$.$ tound to inerease M4

the stl'Eltlgtht>o deer$2$S tJ:'Om top tG bottom and from 4$nt:'r t$

edge of Qn ~ngQt.~, Xn Oharp't t4st" b,()tb 41ngle and double wldlth,

thetrantU.id.ot'). t~pe:r*ture 'bee_a ~OVJ'l' from top to bottOla r::tI

all. lngoi$:t:WiMi1S6 etfeets were 8.11 C;O:nalstent With the ()bo$~~d.

Ch~nn1c«!l1$a~"8atton,
'!friGid polt1ts aeu.$_tnEldln the l$.bOjlato~ wep$ lt1'Var1abiy :mtt¢b.

low~!1thatt t~O$0 qaoted by-the tU1.U t.st !tiaports tot' tb..fjsm,e :tn$.t$Xlla1.

N()~li~~tft f;)la t$$ bad glJ$a:te1'4\\~tthlt1e.nd.much low$rObg~

'I tf'SM1tlon t$tr'i"%,aturtU,ltMn $1$·11EU1 'Pla tEl$ $S rolled.;

P1at"$ Qt 51a" tbleknes$t!ad ..~ }l18be~ 71t:tlCi p()lnt".p'$'tHil~

etrel.lgtb j.and lower tre.uls1t1on temr?~t>~t\W$$ than :1 1/4" 1»ls.t<h:
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f.b0 ~1.~~ns steel b$.d. III 611gb-tfJ,:, lQw~, tWain cQ$:r$$nJ.llg

tempe1"atures.tl.4 much b.1ghor Cba%"Pt t~.$ltton tO$1'o~at\.tt"&e

than thO k111$d $t~e1.

Th1$ bJ27-tt3Gotw$s oS7;'r1ed 'Out 301ntJ.Y by' tbelri:lt$ mng1ne~~i);1S

LaborQtO~1 of the C1.v 11. Englnterlng nep$;r.t!nentand. b1 the

:Ul!Jtall~gl Pe~tment of Lehigh tlnlv$1'$1tt. It was $ponSo"d

by the fre$~'Ure V$SSEll R3SeEl~Ob. O~tt$Q Qf the Weldtng atlSl!'ua~cb

council. whichls tUJ'~Gted by 11~~· '/1111arn Sprarl.ge(h M~. WQlttl~

$a.mans t$O~12?!11~n of tb$Pl'E).s$ur$ VaEH:lel R$$6$.1;"'ch Oo_ltt$.~

Ir.Bus$(t·1.1J ,-,$'Qv$font$t', 1b;$c\lt1"'E)~,e:a:'etat'11qd.~.llon~t$QQ

. I. lossl e~:r~$nt E:t6Qut1'. $e¢"tti:~. Th. l1tib:ri.at1.Qn J)~n*tt)])l

of ~g~V$ t 9chn!¢al $U1dan¢$ ~ ~;;''i~,w()ve.l e.t \l'a~~.~~$ ~ t$fSG&

of the w~kt utl(ler t~ etl1d$.nC$ot OM~ma~ a&1"~ a()a~.h·

fhe UatG~le.l$ n.1.v!s1-on of PVtiC wa1;l i"e$p'O:tl$lba fr,rr the 1nittal

planning oltbe 1nve$t1ga~lon and a~t1iW1ed~e~t,1$ ~$ in p$,t'tt.,

eUlar tQCpatt'i1!Q th ~h,rtQa$b$1$ and lfr." R.·a~ Oau,gh.$'1 for

Q$slstaneeln tb.1.$ respeot.
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THE EFFECT OF FABRICATION PROCESSES

ON STEELS USED IN PRESSu~E VESSELS

PROGRESS REPORT NO. 2

,
WITHIN HEAT VARIATION OF COMPOSITION AND PROPERTIES IN A

RIMWIING AND AN ALUMINUM-KILLED

by C. J. OSbornl , A. F. Sc otchbrook2 ,

and B. G. Johnston4

FOREWORD

STEEL
3R. D. Stout ,

This is the second of a series of reports (see reference 10)

describing the results of work performed at Lehigh University

for the Fabrication Division of the Pressure Vessel Research

Committee of The Welding Research Council. The underlying

purpose of the work is to study the effect of fabrication pro-

cesses involving plastic strain with or without subsequent heat-

treatment, welding or strain aging, on the relative tendency of

various steels toward brittle failure at low temperature. Two

steels, one rimmed and the other aluminum killed, each in two

plate thicknesses (5/8" and 1 1/4")" were obtained for the in

itial part of the project.
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This report presents the results of a series of tests

suggested by the Materials Division of the Pressure Vessel

Research Committee to determine_ the variation of composition

and mechanical properties within the two heats of steel being

used in the main investigation.

IN'rRODUCTION

The tendency of a steel to fail in a brittle fashion is

of tremendous practical importance in engineering structures

and much is already known concerning the factors which govern

this tendency_ It is known, for example, that chemical compo

sition exerts an important influence on the mode of failure and

that, other things being equal, the transition temperature ?f

a steel increases with its carbon content. l Other elements,

notably manganese 2 and nitrogen~ are also considered by some

to affect the transition temperature. In the simple tension

test, too, the influence of chemical composition on strength

and ~uctilityis well-known.

However, it is also known that within a single heat of

steel, and even within a single ingot or plate, there occur

marked differences in composition. These arise both from the

different times of holding in the ladle before pouring successive

ingots, and from segregation and rimming effects during solidi

fication of the ingots. Since such composition differences may

well be of appreciable magnitude, their distribution and their

influence on fracture characteristics and other physical proper--

ties become matters of considerable importance to the engineer.
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The present investigation was pe~formed on two heats of

steel, whose prior history was completely known, in order to

obtain information on these and allied questions. One heat,

aluminum-killed, had been supplied to-A. S. T. M. Specificati on

A-20l and the other, a rimming steel, to A. S. T. M. Speci

fication A-70. The former, aluminum-killed, heat had been cast

into 9 big-end-up hot-topped ingots, 34" x 66", each weighing

50,450· Ib.* The Pressure Vessel Research Committee obtained

plates from ingots numbered 1, 2, 3, 4, 5, and 9, as shown in

Fig. 1, and ingots 1, 3, 4, and 9 were used in the present

investigation. The rimming steel heat had been cast into four

groups of bottom-poured ingots, the six 5/8 11 plates for the

Pressure Vessel Research Committee coming from the first group**

and the six 1 1/4" plates frQm the thi~d;* One plate of each

thickness was used 'in this investigatio:q.

The following tests were performed at various places with

in the selected ingots:

1. Chemical Analyses

2. Macroscopic Inspection: controlled deep etch; sulphur

prints.

3. Microscopic Inspection: as-rolled metallographic;

inclusion count; grain coarsening -tests; McQuaid Ehn

tests.

4. Mechanical Tests: strip tensiles; Brinell hardness;

Charpy keyhole, single and double Width, transition

curves.
-- - - - - _.~ - -- - - - - - - - - ~ - - - - - - - - - - - ~

* Other particulars concerning the mill histories of both
heats are given in an Appendix of this report.

** Each ingot rolled to one plate, 24' - 0" x 6' - 0".
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Each of these will be discussed individually.

I. Chemical· Camposition

The distribution of alloying elements and impurities in

steel ingots has been investigated at considerable length by

The Iron and Steel Institute, Committee on. the Heterogeneity

of Steel Ingots. The findings of this Cammittee regarding

,segregation in killed steel were sQmmarized by Hatfield~4.and
, .'7 8 9

later reports gave the results of work on rimming steel. ' ,

The relevant reports of the Comnittee are listed4- 9 as references

at the end of t his report.

In the present investigation, samples for analysis were

taken fram the'A-20l ingots 1, 4,'and 9 at the top, middle and, .

bottom center, and fram ingot 9 at the top and middle edge;

also f rom one small and one large A-70 ingot at t he top, middle

and bottom center, and top and botton edge.

The results for the A-20l (Al-killed) steel are given in

Figs. 2, 3, and 4. The folloWing significant observat~ons may

be made concerning them:

1. Concerning composition differences from ingot to ingot

within the heat, the last ingot (No.9) appears to be .

lower in carbon, manganese, silicorr, aluminum, alumina r

and nitrogen than the two earlier ingots, but it appears

to be~appreciably higher in sulphur and slightly higher

in phosphorus, copper, and chromium. Nickel; tungsten,

vanadium, and molybdenum were approximately the same

in all ingots. The decreasing carbon, manganese, silicon

and aluminum contents probably result from oxidation in the
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ladle. The increasing sulphur content ~ay be due to

density segregation of sUlphides in the ladle.

2. On the vertical centerline of each ingot carbon,

manganese, phosphorus, sUlphur, and silicon appear to·

decrease slightly from top to bottom. In Ingot 9,

aluminum increases markedly from top to bottom.

3. From the limited results available (Ingot No.9) it

appeaDs that at least sUlphur and phosphorus ihcrease

from the edge to center of the ingot. The British

investigators5 ,6 found phosphorus segregation of the

order shown in Fig. 4 only in ingots much larger than

'Ingot No.9. Otherwise the magnitude and pattern of
456segregation is much as indicated by Hatfield. "

4. The maximum and mi~imum values of carbon content

recorded are at the top and bottom center 'respectively

of Ingot No.4; the range is .14% to .18%.

Results for the A-70 (rimming steel) are given in Figs. 5

and 6. Significant features are:

1. The group of larger ingots (Fig. 5) was cast some 10

minutes after the group of smaller ingots (Fig. 6).

The average compositions of the two ingots were not

very different except with regard to aluminum which was

appreciably higher in the large ingot owing to a furth3::'.'·

addition of aluminum to reduce gassing in this group.

2~ Manganese, phosphorus, silicon, nickel, copper, chromi

um, tungsten, vanadium, molybdenum and nitrogen ~egre-

gated very little in either of the ingots examined.
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3. Carbon, sUlphur and alumina contents were appreciably

higher at the top center of the ingot than elsewhere,

while the aluminum content was a minimum at this pointe

4. The maximum and minimum values of carbon content

recorded occurred at the top of the small ingot (No. 7:,1

Fig. 6), the range being &14% to .25%. This is a

greater range than was observed in the A-201 steel but

is not inconsistent with previous reports on rimnung

steel ingots. 6

II. ~~oscopic Inspection

A controlled deep etch and °a sulphur print were made on

plate samples from the top, middle and bottom center of A-201

ingots I, 4, and 9, and A-70 ingots 2 and 7. All sample s were

longitudinal.

The sUlphur prints were made by applying Velox F-3 photo

gr~phic paper soaked in 4% sUlphuric acid to a ground surface

for 10 minutes. Copies of the prints are shown in Figs. 7 and 8.

In all cases it is clear that su~phur has segregated to the top

of the ingot. The low sUlphur content of the rim is very marked

in Figs. 8a and 8b.

The deep etch treatment consisted of 30 minutes in 50%

hydrochloric acid at 150oF. Some of the results are sho~m in

Figs. 9a and Bb. Here the greater cleanliness at the bottom

of the ingots is evident from the less severe attack during

etching. The dirt or other unsoundness discovered by the deep

etch appears coarser and less uniform in the A-70 ingot than in
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the A-201. As the controlled etch did not show any significant

difference between ingots of the same heat, only one ingot from

each heat is shown in Figo 9.

III~, "Mic;:oscopic Inspecti on

Using"samples from the same locations as the macro

specimens, inclusion counts were first made on the unetched

specimens according to A. S. T~ M. Specification E 45-46T,

Method A. The results are given in Table 1. The predominant

type of inclusion in both steels is the globular oxide. There

is no great difference between the two steels in regard to the

number and distribution of non~letallic inclusions and within

each heat there seems to be little variation fram ingot to ingot.

The microstructures at the top, middle, and bottom center

of A-201 ingots 1, 4, and 9 are shown in Figs. 10 a, b, and c

respectively. The top plates from ingots 1 and 4 were normalized

and the very tine grain size produced by this treatment is

noteworthy in both ingots~ A. S. T. M. grain size numbers

(ferriti'c) are listed in Table 1. It is evident from the micro'

graphs in Fig. 10 that the as-rolled samples of 5/8" plate from

. Ingot 1 have a finer grqin size than the sample ,of 1 1/4" plate

taken fram the corresponding poxitions in Ingots 4 and 9.

Figs. lla and b show microstructures at the top, middle,

and bottam center of A-70 ingots 2 and 7 respectively. It is

evident that the 5/8" plate (Fig ~ lIb) has a finer grain size

than the 1 1/4" plate (Fig. lla); also that the carbon content

increases fram the bottom to the top of each ingot~
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The grain-coarsening characteristics of the two steels were

studied by two methods on samples from the middle of A-201 ingotr:

1 and 9, and A-70 ingots 2 and 7; i (Ie., one 5/8" and one 1 1/4 11

plate from "each heat.

McQuaid-Ehn tests were made at 1675°F in accordance with
j • I i

A. S. T. M~ Specification E 19-46 and the following results

were obtained:

McQuaid-Ebn

Grain Size

A-201, 5/8 II plate (Ingot 1)

A-201, 1 1/4 11 plate (Ingot 9)

A-70, 5/8" plate (Ingot 7)

A-70, 1 1/4 i1 plate (Ingot 2)

8

8

3

4

In addition to the standard McQuaid-Ehn test, a series of

grain-coarsening tests was run on the same four plates by

holqing small samples for one hour at each of the fo~lowing

temperatures:

l350 oF, l500oF, 1650oF, l800oP, 1950oF, a~d

2l00 oP.

Samples at the four higher temperatures were transferred to

another furnace at" l500 0 F for" an hour before water quenching;

those at l350 0 F and 15000 F were water quenched directly. All

quenched samples were tempered at SOOoF. This procedure gave

microstructures in which the austenitic grain size was outlined

by ferrite in a dark matrix of tempered martensite.
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From the results (Table II) of these tests it can be seen

that both the rimming and the aluminum-killed steels have a

sharp coarsening temperature or temperature range. In the

rimming steel this is about 1800oF, while in the killed steel

it is slightly higher, although not above 1950oF. A sharp

coarsening temperature or temperature range is char~cteristic

of steeis containing aluminum or certain other grain refining
~ '

elements such as va~ium and titanium; the heat records and

chemical analyses show that aluminum was added to both of these

steels.

It is noteworthy that the long annealing time (8 hours)

at 1675 0 F in the McQuaid-Ehn test caused the rimming steel to

coarsen very markedly, so that this test indicated very different

results for the two steels. On the other hand, the results in

Table II do not indicate such a marked difference.

IV. Mechanical "Tests

A. Strip Tensile Tests

Using the A. S. T. M. standard rectangUlar tensile test

piece (for example see Specification A 201-46) the tensile proper

ties were investigated at the following locations within the

two heats:

A-201" (AI-killed steel) - Ingots 1, 3, 4, and 9 at the

top, middle, and bottom center.' ,

, . '., ....

A-70 "(rimming steel) -Ingots 2' and 7 at" the toP", middiej'"- ,

and bottom center.

Duplicate specimens were tested both parallel and transverse

to the rolling direction and the average results of these dupli

cate tests are g1ven in Tables III and IV. Some conclusions may
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be drawn from these tables.

(i) The ductility, as shown by the %reduction of area,

was invariably less in the transverse specimens than

in the longitudinal specimens from the same location

and the %elongation (8" gage length) usually showed

this effect also. The yield stress and maximum stress

were generally slightly lower in the transverse directipr-...

(ii) Although the plates were fairly uniform, there was a

general increase in ductility and decrease in strength

from the top to bottom of all ingots.

(iii) The 5/8 11 plates showed appreciably higher yield points

and slightly higher strength and ductility than 1 1/4 11

plates from the same heat, i.e., comparing plates from

corresponding positions within the ingots.

(iv) The mill normalizing had caused no significant change

in the tensile properties of the A-201 plates.

B. Tensile Tests on .505 11 Bars

Same additional information on the tensile properties of

the two steel~ is given in Table V. These results were obtained

on the standard .505" diameter bar specimens.

%Elongation was measured on a 2 11 gauge length
A - Ab%R.A •. (Reduction of area) = 0 x 100 where

Ao
Ao = initial cross-sectional area

Ab = 'cross -sectional area at breaking

Am = II /I " Ii maximum load
V'

{.= ln
Ao tu = (uniform ductility) = In ~-........ Ab '

~
A

f n = (necking ductility) = ln
m

Ab
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Yield Load

Nominal Yield Point -., A
o

T •.:.

Max'imum Load
Nominal lITaximum Stress::l . . A

o

st
. Bre~kin& Load

Nominal Breaking ress = ----~.--~--
Ao

+..,. Breaking· Load
True Breaking Stress - A

b

The results in Table V lead to essentially the same

conclusions as did the strip tensile results.

(1) The ductility (% Elong., %R.A., ~ and f n)' yield

point (A-20l plates only) and true breaking stress

were appreciably higher in longitudinal than in

transverse spec~menso Nominal bre~king stress was

appreciably lower in the longi tudinal specimens •.

Nominal maximum stress, and yield point (A~O plate

only~ did not vary much with orientation and the results

for Eu were erratico

(2) In both ingots there was a general increase in ductility

and decrease in strength from top to bottom and, in

the A-20l ingot, from center to edge. These trends

are consistent with the chemical segregation reported

earlier.

Mill Test Reports

Comparing Tables III, IV, and V with the tensile results

given in the mill test reports (see Appendix), the discrepancy

between yield points measured at the laboratory and at the mill

~s very striking. The slower loading rate used in the research

laboratory determined a yield point sometimes as much as 10,000

p.s.i. lowe'r:than that determined at the mill. This divergence
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is well-known and it should be remembered when the possibility

of increasing design stresses is considered.

C. BrinellHardness

The Brinell hardness was determined at the same locations

as the strip tensile survey, using a 3000 kg. load and a 10 mm.

bail. Three impressions were made at each location.

From the results, summarized' in Table VI it is clear that

in general the hardness decreases from top to bottom of an ingot}

the difference from top to bottom being of the order of 10 points

Brinell.

D. Charpy. Transition Curves

Charpy impact tests were performe~ on samples from the same

locations as the strip tensile specimens. The st~ndaI'c1 key

hole notched specimen was used in this survey (A. S. T. M.

Specification E23-41T, Fig. 3, Type B), all specimens being cut

with the notch perpendicular to the plate surface and the long

axis of the specimen parallel to the rolling direction. See

Fig. 12. Twenty-four specimens were taken from each location

and these were tested four at each of six selected temperatures.

In addition to the total .energy absorbed during testing, which

can be read directly from the Charpy machine, the following

measurements were made on each test-piece:

(1) The ,% lateral contraction below the notch after testing,

(2) The %cleavage in the fracture surface after testing.
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The method of plotting results was the same as described

for other notch tests in a previous paper on this worklO and

the trE!nsition temperatures reported in Table VII were defined

as before, as the temporature at which the curve has a value

equal to the arithmetic mean of its maximum and minumum values"

For an example, see Fig. 13.

In addi t,ion to the standard key-hole Charpy specimen a

survey of the 1 1/4" plates was made using the double width

Charpy specimen shown in Fig. 12. The results of this survey

are also given in Table VII.

Significant features of the results are~

1. The Charpy transition temperature according to any

of t.he three brittleness criteria used was coilsida~ably

lower for normalized plate than for as-rolled plates

from the same ingot.•

2. Disregarding the two normalized plates in Table VII,

the transition temperatures generally decreased from

the top to bottom of an ingot. This effect was most

marked in the %cleavage transition temperatures,

where the difference between top and bottom of an ingot

was as high as 35°F with the single width specimens

and as high as 46°F using .double width specimens.

Using the common brittleness criterion of energy

absorption, the change in transition temperature with:L:~

an ingot was .much lesa.

3. The transition temperature for 5/8" plate was appreci

ably lower than for the corresponding 1 1/4 11 material.
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4. Transition temper~tures using fracture appearance as

the criterion of brittleness were invariably higher

(by as much as 500 F) than those obtained using either

of the other criteria.

5. Transition temperatures obtained with double width

specimens were higher than the corresponding tempera

tures ~btained with single width s~ecimens.

Items 4 and 5 are of particular interest in corinection with the
. 10

ideas advanced in Progress'Report No.1.

SUMEiFARY

An investigation has been conducted into the variation

of chemical .composition and physical properties within plates

rolled from two heats of steel" one conforming to·A. S. T. lh·

Specification A-201" the other to' A-70. Both heats exhibited

segregation and property variation generally of the type and

magnitude to ·be expected.

The chemical composition was found to vary approximately

as indicated by the extensive work of Hatfield and his collabo-

rators.

In tension tests" the ductility was found to incroase and

the strength to decre~so trom top to bott~ and from center to

edge of an ingot. In Charpy tests, both single and double

Width" the transition temperature decreased from top to bottom

of all ingots. These effects were all consistent with the

observed chemical segregation •
.~~~

Yield pOints~determine8 in the laboratory were invariably
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much lower than those quoted by the mill test reports for

the same material.

Normalized plates had greater ductility and much lower

Charpy transition temperatures than similar plates as rolled.

Similar differences were observed between 5/8" plate and 1 1/4 11

plate from the same heat.
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Appendix

MILL HISTORY OF Tlill TWO PVRC HEATS.
A. Mill History of Killed Steel Plates, A.S.T.M. A-201

1. Open Hearth

a) Material charged:

b) Working of heat:

Hot Metal
Lime
Ore

Melt Analysis

327,000 lb.
32,000 lb.
72,000 lb.

1~22% C

mins.

Furnace Additions
Lime
Ore
Si Hn
Mn (80%)

Time of working 3 hrs. 5

Tap Analysi s 0.14% C;'
Tapping Temperature
Ladle Additions

5,000 lb.
900 Ib ..

2,,700 lb.
600 lb.

. d0.15/0 Mn.
3060/3080oP
Coal 100 lb.
50% S1 2,000 lb.
80% Mn 700 lb.

Aluminum 550 lb.

(corresponding to 2.4 lb. per ton)

c) Pouring: Total weight of steel 460,600 lb.

9 big-end-up hot topped ingots, 34" x 66 11
;;

were poured" the weight of each being
.50,450 Ibt)

Total pouring time (9 ingots) 45 mins.
Pouring temperature, Start r29100F

Finish 28700F

d) Ladle Analysis

Ingot No. C Mn' P S 3i Ni Cr Mo CU

2 .16 .54 .012 ~024 :20 .04 .02 .01 .06
4 .15 .53
9 .16 .52 .016

2. Rolling

a) Slab Mill: Ingots 1", 2, 3, 4" 5, and 9 were sent
to the slabbing mill soaking pits.
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Time from pouring to charging
Time in pits
Temperature drawn
Slab sizes rolled

7 hrs. 30 mins.
16 hrs. 30 mins.
24000 P

Ingots Nos. Slabs from each Slab Size

4
2

60" x 5 1/2" x 103 '!~

60" x 9 1/2 11 x 118 :/

b) Finishing Mill Plates were rolled 12 days after
"\ slabbing.

Heating time: 5/8" Gauge - 3 hrs.
1 1/4 il Gauge - 3 hrs. 15 mins.

Drawing Temperature,: 2375 0 F

The finishing temperatures and test results on all
as rolled plates are given in the following table:

Ingot No. Plate No. Finish Gauge
Temp. of

T.S.
pts.i.

%
Elong.

Bend
Test

62560

6392032.7

63150

1

1

1

3

3

3

3

3

3

3

3

7437-T

7438-B

T

7427 ..B

T

7428-B

T

7429-B

T

7430-B

T

1890

1880

II

1820

"
1820

II

1880

"
1840

"

5/8"

"
"
"
"
II

"
"

"
"
"

38480

42520

41340

40380

41110

63300

63380

64070

63950

63270

64240

64280

63270

28.2

30 .. 7

31.5

O.K.

O.K.

O.K.

O.K.

O.K.



Ingot No. Plate No.

iii

Finish Gauge
Temp. of

ylp.
p. s.i •

T.S.
p.s.i.

%
E1ong.

Bend
Test

1 1/4" 385504

4

5

5

5

9

9

9

9

7433-B

T

7431-T

7432-B

T

7435-B

T

7436-B

T

1880

II

1890

1890

II

1880

II

1890

II

II

II,

II

ii

II

II

il

II

37780

37280

38920

62850

62320

63180

63330

61330

63040

62750

63050

63040

;

29.2

..

29.2

..
27.7

30.0

O.K.

0.1(.

O.K .'

3. Heat Treatment

Four plates of each thickness were heated to
15800 F J equalized, maintained 1 hour and air co~led.

Finishing temperatures and physical properties on
these plates were as follows:

Ingot No. Plate No.. Finish
Temp. of

Gauge Y.P. T.S. %
p.s.i. p.s.i. E1ong.

Bend
Test

5/8" 38040 58700

1 1/4" 36940 59130

1

1

1

1

2

2

4

4

7439-B

T

7440-B

T

7442'-B

T

7434-B

T

4. Summary

1840

II

18'70

II

1900

II

1900

II

II

lJ

II

II

"
II

58570

39680 61260

60880

58850

37020 60730

60330

34.2

34.5

3'7.0

36.0

O.K.

O.K.

O.K.

O.K.

The follovdng steel was received:

11 plates 5/8" x '72" x 288 11 as rolled
4 plates 5/8" x '72" x 288 u normalized
9 plates 1 1/4" x 72" x 288" as rolled
4 plates 1 1/4" x' 72" x 288" normalized

\

40,885 lb.
15,150 lb.
67,950 lb.
30,170 lb.

Total weight = 154,155 lb.

All plates fell \~thin the specification range
of physical properties.
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B. Mill History of Rimming:Steel Plates, A.S.T.M. A-70

1. Open Rea rth

a) Material Ch~rged~

b) Working of heat:

Melt Analysis
Furnace Additions:

Scrap
Pig
Lime
Limestone

Lime'
Roll Scale
FeMn (80%)
S~iegel

Fluorspar

138,600 lb.
74,000 lb.
6,300 lb.
4,000 lb.

2,000 lb.
3,000.lb.
1,050 lb.

840 lb.
200 lb.

Time of worldng:
Tap Analysis:
Tapping Temperature:
Ladle Additions:

2 hrs. 3
o.14~~ C;
2980 0 F
Coal
Aluminum
CaO '

mins.
16.00% FeO in slag

280 lb.
10 lb.

750 lb.

c) Pouring: Total weight of steel 187,000 lb.

8 bottom-poured ingots 34 11 x 14" were poured to
a depth of 46", each weighing 5050 lb.
6 bottom-poured ingots 48 11 x 17" were poured to
a depth of 55 1/2 11

, each weighing 10,500 lb.

Two groups of ingots for other orders were
also poured from this heat.

Pouring time: 34" x 14" group 5.40 min.
48° x 1711. group 7.83 min.

Total 26 min~

Pouring Temperature: 34 11 x 14 11 group 2875 0 F
48 11 x 17 11 group 28600 F

d) Ladle Analvsis. - .(

e 'Mn P S Ni Cr Cu
.25 .36 .016 .031 .15 .058 .19

2. Rolling

a) Slab Mill: 6 small and 6 large ingots were
conditioned and rolled.
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Time from pouring to charging in pi'ts 42/44 hours

Soaking: Small ingots 7 hrs •. 20 mins. at 23500 F
Large ingots 11 hrs. 25 mins. at 2370~F

Slab thickness: small 3.4011

large 5.7511
.

Slab temperature: small 20000 F
large 19800F

b) Finishing Mill: . All slabs ran straight through
the finish mill without intermediate heating.

Individual finishing temperatures are given in the
following table together with the mill test results:

Ingot No. Plate Finish "Y .·P. T.S. %
Gauge Temp. of p.s.i. p.s.i. Elong.

1 1 1/4" 20000 F - 58800

39100 59700 29.5

2 II 20000 F 60200

39600' 59700 30.0

3 II 20000 F 59100

38900 . 58600 32.0.

4 /I 20000F 59400

38500 59000 29.5

7 5i8 il 2000 0 F 55400'

39600 62800 . 27.5

9 II 20000 F 63800

38600 63300 27.-0

11 iI 20000 F 'r- 63800'-
37300 64500 27.5

12 if 2000 9 p 62700

39100 63000 27.5

All bend tests satisfactory.
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3. Heat ,Treatment

Two plates of each thickness were heated to 1630oF,
equalized, ·held 1 hour per inch of section and air called.
Finishing temperatures and test results on these plat~s

were as follows:

T.S.
pls.i.

61200

%
Elong~

8 5/8

38700

60500 28.5

61000

60200

63200

10 il

39900

38800

64400

63400

62300

27.5

27.0

4. Summary

All bend tests satisfactory

The rimmed steel received was comprised of the
following:

4 plates

2 plates

5/8" x 72" x 288" as rolled 15055 lb.

5/8 1
' x 72 il x 288" normalized 7530 lb.

4 plates 1 1/4" x 72 11 x 288" as rolled 29970 lb.

2 plates 1 1/4" x 72" x 288" normalized 14980 lb.

Total weight = 67535 lb.

All plates fell within the specification range of
physical properties.



Tabio I. Inclusion Counts and Grain Sizo

Sulfide Type Alumina Type Silicate Globular G:lJ(l:L::
Type Type Oxide 3:L}~e

':'.J10

Ingot 7 (5/8")

top 3T 2H 2T 2H 3T 2H 8
middle 2T 3T 2H 3T 2H 8
bottom 2T 2H 2T 4H 3T 3H 8

Ingot 2 (1~1I )

top IH 2T 5T 5H 7
middle 2T IH 2H 3T 3H 4T 5H 7

. bottom 4H 4T 7

A-201

Ingot 1 (5/8/1)

top 3H 4T 2T 2H 10
middle 3T 3H 4T 4H 4T 4H 7l,t2

.bottom 3H 5T 3H 3T 3H 7~: l/2

Ingot 4 (l~/I)

top 2T 3H 5T 4H 4T 8
middle 2T 3H 4T 4H 3T 4H 7
bottom 4H 3T 3H 4T 7

Ingot 9 (1!o/l )
4

top 4H 4T 5H 5T 7
middle 4T 2H· 5H 5T 3H 7
bottom 4H 4T 3T 4H 7

Key - SUlfide Type -
Alumina Type •.•.
Silicato Type ...- ..
Globular Typo Oxides ..... .

T = Thin
H = Heavy
1 = Sparse distribution
5 = Heavy distribution



Table II. Grain -c oar s erling" Re suIt S

Heated 1 hour A. S. T. M. Grain Size No.
at temp. of 5/8 11 A-201 1 1/4 il

A~Ol 5/8" ·A-70 1 1/4 11
" A -70

1350 8 7 8 7

1500 7 7 7 7

1650 7 7 7 7

1800 7 6 "7 + 3 7 + 3

1950 7 + 3 1 - 3 3 3

2100 3 1 - 3 2 - 3 2 - 3



TABLE III

TENSILE PROPERTIES OF A-201 PLATES

:;:ngot Position Orientation
to

Rolling
Direction

tJpper
Yield
Point
p.s.i.

Lower Nominal
Yield. Maximum
Point p •s •i •
p.s.i •.

%Elonga- %Reduc-
. tion tion or

Area

) 1

"
"

"
"

TOp*

II

Middle

"
Bottom

"
'Fop

ft·

Middle

Parallel

Transver.se

Parallel

-Transverse

Parallei

Tr~nsverse

Parallel

Transverse

Parallel

37~100 36.850 60,250

3.8,400 38,000 59,500

35,600 35,100 60,600

36~000 35,800 60~600
.....

34,800 34,400 98,700'
;., "

..
35",500 34,600 58,,750'

-
"'36,900. 35~750 61~8.,00

37,300 36~700 61,650

35,900 35_,600 60,750. .

33.8

30.1

30.5

31 .•2

31.7

29.8

29.0

32.8

59 8 6

5805

56 C1 9

55.8

58.6

58.8

64.1

"
"
"
4

"

"
"

"
"
9

"
"

.f!

"
"

"
Bottom

"
TOp*

"
Middle

"
Bottom

"
Top

"
Middle

"
Bottom

"

Transverse

Parallel

Transverse

Parallel

TransveIl.se

Parallel

Transverse

Parallel

Transverse

Parallel

Transverse

Parallel

Transverse

Parallel

Transverse

35,800 35,400 60,300

36,100 "35,700 59,600 28.9

35,300 34,900 58,600 31.6

32,800 32, 600 59,600. 30.5

32,600 32,300 59,200 31.8

31~800 ~1,400 59,500 34.9

32,300 31,800 59,100 3a.9

31,400 31;000 56,700 35.1

31,600 30,700 56,400, 3~.1

31,500 31,300 59,700 32.6

32,500 31~200 59,800 31.0

32,500 31,300 59,800 29.7

31,700 31,200 59,500 -

30,600 29,900 57,300 35.0

29,900 2~JIOO 55,400 34.5

54.9

60.9

54.1

61 e 8

53.6

64.7

49.2

60.0

51.1

55.5

il- . Normalized
Ingots 1 and 3 are 5/e" plate; 4 and 9 are 1 1/4"
Resu~ts are average of ·duplicate tests.,



TABLE IV

TENSILE PROPERTIES OF A-70 PLATES

Jngot Pmsition Orientation Upper Lower Nominal %Elonga- %Reduc""
to Yield Yield Maximum tion tion

Rolling Point Point p.s.i. of Ar'cf:}
Direction p.s.i. p.s.i.

7 Top Parallel 35,600 34,,200 61,000 30.5 56.3

II " Transverse 35,900 35,500 60,800 27.2 54.5

" Middle Parallel 34,000 33,300 58,400 30.7 59.3

" " Transverse 33,600 33,500 58,000 29.3 55.8

" Bottom Parallel 32,200 30,400 55,600 31.0 61.4

" II Transverse .32,500 32,200 56,100 28.1 58.1

2 Top Parallel 29,500 27,800 57,500 31.5 . 56~3

" II Transverse 29,100 28,000 57,200 30.8 52.5

" Middle Parallel 28,800 27,300 55,700 33.2 55.• 8

" " Transverse 27,700 27,200 55,000 29.4 53.5

II ·Bottom Parallel 27,200 25,500 53,400 33.6 58.1

" " Transverse 26,700 26,300 53,100 33.6 55.8

Ingot 7 is 5/8" plate; 2 is 1-1/4 11



TABLE V. TENSILE PROPERTIES IN TWO INGOTS__.4___

True

% % r- E: u €" Nom.Y.P. Nom.Br.Str. Br.Str. Nom. Max., ..

Elong. R.A. p.s.i., p.s.i. p.s.i. p.s.i.

A-201 Ingot No. 9, 1 1/411 plates

Top edge L 41.0 64.7 1.041 .210 .832 33,330 44,600 126,400 62,000

II II T 37.5 56.6 .844 .197 .647 31,860 50,700 116,800 62,000

Top center L 38.5 62.0 .969 .185 .782 33,900 48,500 127,400 64,000

II II T 37.8 54.8 .799 .187 .613 31,800 52,200 116,000 63,800

ItUddle edge L 40.0 65.7 1,027 .229 .844 33,900 44,200 129,700· 60,800

II II T 33.5 58.9 .893 .170 .720 31,500 50,200 122,400 62,000

Middle center L 39.5 63.2 1.001 .166 .836 32,100 45,800 124,500 62,300

if II T 34.5 56.5 .836 .175 .661 30,900 51,000 115,000 61,,300

Bottom center L 42.8 67.2 1.113 .215 .898 33,200 40,400 122,900 58,700

II II T 42.5 63.2 1.005 .227 .778 28,900 44,000 120,300 58,100

A-70 Ingot No. 2, 1 1/411 plates

Top center L 37.3 56.3 .825 .185 .641 29,300 50,200 114,400 62,200

II II T 31~2 54.2 .780 .200 .580 29,400 51,700 112,700 62,300

Bottom center L 40.9 62.4 .990 .178 .812 29,290 43,800 11.6,700 55,700

" II T 33.6 55.8 .817 .204 .613 30,550 45,000 102,000 55,900

L, Longitudinal, or parClllel to direction of rolling.

T, Transverse, or pcr·pGn::'l:~C1..",lar to direction of rolling"



Table VI. BRINELL HARDNESS SURVEY

A-201 HEAT

Ingot No. 1 Ingot No. ·3

Top* . 157 B.H.N. Top 165 B.H.N<t

Middle 166 B.H.N. Middle 157 B.H.N. Ii

Bottom 161 B.H.N. Bottom 160 B.H.N.

Ingot No. 4 Ingot No. 9

Top* 157 B.H.N. Top 166 B.H.N.

Middle 159 B.H.N. Middle 159 B.H.N.

Bottom 155 B.H.N. Bottom 157 B.H.N.

A-70 HEAT

Ingot No. 2 Ingot No. 7

Top 164 B.H.N. Top 169 B.H.N.

Middle 158 B.H.N. Middle 158 B.H.N.

Bottom 157 B.H.N. Bottom 152 B.,H.N.

- - - - - - - - - - - - - - - - - - - - - - - - - - -
* Normalized plate



Table VII. CBARPY'TRANSITION TEMPERATURES (OF) AT VARIOUS LOcAT!oNS

ACCORDING TO 3 CR!TERIA

Single Width Specimen Double Width Specimen

% %Con- % %Con""
Efiorgy Cleavage traction Energy C1eaynge traction

A-201 Steel (AlUminum-killed)

Ingot 1, Top* -80 -52 -92

'Middlo . -50 -50

Bottom -60 -18 -52

Ingot 3, Top -61 -13 -62

Middle -61 -33 -66

Bottom -70 -42 -69

Ingot 4, Top* -47 -28 '""44 -29 -19 -35

Middle -22 +12 -27 -17 +20 -17

Bottom -35 -10 . -38 -17 +14 -32

Ingot 9, Top -25 +25 -26 + 2 +42 - 7

Middle -33 - 8 -38 -15 +34 -17

Bottom -38 -10 -41 +10 +25 + 2

A-70 Steel (Rirnrning)

Ingot 2, Top +57 +65 +37 +63 +116 +42

Middle +56 +68 +31 +50, +92 +31

Bottom +34 +47 +27 +42 +70 +29

Ingot 7; Top + 8 +48 + 8

Middle +12 +40 ... 6
,.

Bottom + 4 +33 .
- 2

* Normalized plate





Top

* C .17; Mn .57; P .020;
3 .021; 3i .21; CU .06;
Al .041; A1 2 03 .004; N2 .005;

C .17; 1m .55; P .020;
* 3 .022; 3i .21; CU .d6;

Al .041; A1 2 03 .003; N2 .005 •

C •15; Mn .54; . P •018;
3 .020; ,3i .20; CU .05;
Al •038; A1203 .004; N2 .004 •

*
Bottom

Fig. 2 .~ Composition in A-20l Ingot No.1.

* Analyses apply at positions indicated by asterisks.

Notes:

(1) The following analyses held for all positions
Ni .•05; Cr••04; W .04; V .02; Mo .01.

(2) This was a 34" x 66" ingot weighing 50,450 lb.
and rolled to .5/8" plate.



Top

* C .18,; Mn .55; p .020;
S .022; Ni ~05; Cr .04#
CU .06; . Al .045;
Al~03 .003; N2 .004 ..

C .15.; Mn .55; P .020;
'-', S .019; Ni •06; Cr 005:.
* CU ,.07 ; AI' .041;

A1 2 03 .•00(;5; N2 .004.

C .14; Mn .53; p .019;
S .018; Ni .05; Cr .04;
CU .06; Al .040;
A1203 .003; N2 .004;

*
Bottom

. Fig. ,3. %Composition in A-20l Ingot No.4.

* Analyses apply at positions indicated by asterisks.

Notes:

(1) The following analyse s held for all posl tiona
3i .20; W .04; V .02; Mo .01.

(2) This was a 34" x 66" ingot weighinf) 50,450 lb.
and rolled to ,I 1/4". plate.



Top

* C .16; Mn .53; p .014; * C .16; Mn .54; p .022;
S .023; Si .19 ; Ni .05; S ~026; Si .19; Ni .06;
Cr .04; CU .06; Al 0038; Cr .05; CU .07; Al .027;
A1 2 03 .004; N2 •004. A1 2 03 .002; N2 .003 •

C .17; Mn .55; p .014; C .15; Mn .53; p .020;
S .023; Si .18; Ni .05; S .oa5; Si .19; Ni .05;

* Cr .04; Cu .06; Al .034; * er .04; cu .08; Al .026;
A1 2 03 .004; N2 •004. A1 2 03 .002; N2 .. 003 •

C .15; Mn .54; P .019;
S .023; Si .18; Ni .06;
Cr .05; Cu .08; Al .042;
A1 2 03 .005; N2 .004.

*
Bottom

Fig. 4% Cornposi ti on in A-201 Ingot No. 9

* Analyses apply at positions indicated by ~sterisks.

Notes:

(1) The following analyses held for all position$
W .04; V ~02; Mo '.01.

(2) This was a 34" x 66" ingot weighing 50,450 lb.
and rolled to ·1 1/4", plate.



Top

* C .22; Mn .36; * C .23; Mn 035;
~ P .020; 3 .034; P .017; 8 .032;

81 .02; Ni .10; 8i .02; N1 .10;
Cr .04; CU 014; Cr .04; CU .15;
Al .017; A1203 .004; Al .,007; A1 203 .005;
N2 .004; N2 .005;

C .20; IvTn .35;
p .018; 8 .028;, ,
3i .02; N1 .10; "

* Cr .05; CU .14;
Al .021; A1 20 3 .003;
N2 .003;

'J

C .14; , Mn '.34; C .18; Mn .34;
p ,.018; S .020; p .018; 3 .028;
8i .01,:; Ni .09; 8i .02; Ni .09;
Cr .04:; CU .14; Cr .04; CU .15;
Al ,.019; A1 2 03 .002; Al .038; A12 03 .003;

*
N2 .003;

*
N2 .003;

Bottom

Fig. 5: %Composition in A-70 Ingot' No. 2.

* Analyses apply at positions indicated by asterisks.

Notes:

(1) The rollowing analyses held ror all positions:
W .04; V .02;Mo .91., '

(2) This was a 48" x 17" ingot weighing 10,5001h.
and rolled to 1 1/4" plate.



Top

* e .14; Mn .36; P .018; * e .25; Mn .•37; P .020;
S .017; Ni .09; eu .12; s .035;Ni ..•10; eu .14;
Al .012; A1 2 03 .002; N2 .004. Al .005;A120 3 .• 003;· N2 .005.

e .22; Mn .37; P .019;
* 3 .028 Ni .10; eu .12;

Al .010;A1 20 3 .002; N2 .004.

e .18; 1m .35; P .020;
S .021; Ni .09; eu .12;
Al .012; A1 203 .002; N2 .003;

*

e .19; Mn .36; P .019;
S· .020; Ni .10; eu .13;
Al .028; A1 2 0 a ~002; N2 .003;

*
Bottom

Fig. 6 %eomposi tion in A-70 Ingot No.. 7.

* Analyses apply at positions indicated by asterisks.

Notes:

(1) The following analyses held for all positions;
31 ~02;er ~04; W .04; V~02; Mo ,01.

(2) This was a 34" x 14" ingot weighing 5,050 lb.
and rolled to 5/811 plate.



Fig. 7b Sulphur prints of A-201,



Fig. 70 SUlphur prints of A-20l , Ingot 9



Fig. 8a

Fig. Bb

..



Fig. 9s.

Fig. 9b

Dee'p-etch specimens from A-2.01., Ingot 9

Deep-etch 'specimens from A-70, Ingot 2



Top

Bottom

Fig. lOa A-20l, Ingot 1

Middle

Bottom

Fig. lOb A-20l, Ingot 4

H1crographs at lOOx, ·Ni tal etch



Top

Middle

Bottan

Fig 10c A-20l, !nget 9

Microgr phs at lOOx, Nital etch



Micrographs at ioOx; Nital etch

Top

Bottom

Fig. ll~ A-70, Ingot 2

Middle

Botton

Fig. llb A-70, Ingot 7
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