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THE BFFECT OF PABRICATION PROCESSES
0N STERLS USED IN PRESSURE VESSELS

%39&&3&3 REPORTY W05 2

WITHIN HEAT VARIATION OF COMPOSITION AND FPROFERTIES IW &
RIMFEING AND AV ALUMINUM<RILLED BTREL
by G Js Osbornd, A&s F. Sootehbrooks, R. D. Stousd,
. and B. G, Johnston®

| FOREWORD
This 48 the socond of mwa & series of roports (see peferemcs 10)
J-&esaribimg the presults of work porforued at Lehigh University
for the Fabrication Division of the Prossurs Veséél Eaaeardh
Committes of Bhe Welding Research Council, The underlying
purpose of the work is to study the ¢ffeet of febrication pro«
¢esses Lnvelving plastic strein with oy without aubéeq&aﬁt heate
troatmont, wslding or strain'aging, on the rolative %en&éney of
various steels toward brittle fallure at low tempsvature, Tweo
steels, one rirmed and the ether almminun killed, each in twe
plate thiclmesses (5/8° and 1 l/@")& vhro obtaincd for the
initial wart of the p@éjécﬁ. ,

This Peport prosents the results of & suries of tests
suggested by the Materiale Division of the Pressure Vesgel
Research Couzitted to dotormine the variation of ecomposition
and mechmnical propeptiocs within the two heats of stesl being
uvsed in the main investigations Since the stosls investigated
e e e g e da W e W W e G W W TR S M e e e W e e @ e e R
1. Pormerly ?résswre Vesgel Researeh Committee Fellow at Frits

Enginesring laboratory, Lehigh Univérsity, Rethlohem, Pa.
2+ Assiztant Hescarch Bnglneer, Frite Dunglneering Leboratory,

Lok gh University. ' '
3. 4ssoclate FPypofessor of Wstallurgy, Lehigh Universfyy

4+ Dirsctors Frits Engineéring Laboratory, and Professor of
Civil Engingering, Lohigh Univeroitye
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are being used Ler other research programs sponssred by the
y folt that bl

Prossure Vesszel Ressapch Cémmittes, it
Al L -

/Qf these resultssis of intépest teo—b
\ 437 'c~”*wa;j £ﬂnth§§—#f'§h@ nature anf-within-the—

sthet nateFials-by ether tnvastigrtorse> .

The toudeney of e ateel to fail in 2 brittls fashion &

of tremendeus practical Llmportsnce im engineering jtructures
and much is siready known doncernitig the factora walch gdvern
this tondonoy. 16 is known, for sufmple, that chemieal compow
sltion exerts an leportant influsndée on thé mode of fallure and
that, other uEiﬂgS be;n@ oaual, the tmansition temporature of

& steel piseés W*tn/§npr@aa@ in its caerbon aantanﬁ.l Gthan'el&mﬁnts,
notgbxy’mgngamesaﬁ and nitmagan3, are slso considorsd %y-swmﬂ
te affact the transition temperabure, The infludnce of chenleal
campésﬁtasn on gtrengbh ané duckility 48 slso woll«kmown. |

However; &t 46 aleo known that within a single heat of steel,
and even within a single ingot or piafe, thére éceur merkad
aifferauéag in oomposition. These arise both from the aiﬁféﬁéﬁt
times of &@1&&&@ in the ladle before @uﬁping $n¢@a$$ive'ing@ﬁé,
and from :siezzfg:éagé%:iem and rimuing offects Quring mi&diﬂea&ieﬁg
of the imgots. Sincs such eﬁmgesitﬁéﬁ difforoncés may well be
of apprecisble wsgnituds, their diaﬁ?ibaﬁaom aaa.théir'influ@ueé
on fracturs sharacstoristics end othey physteal properties hacunse
matters of consideravls impordance $o tho cnglineecr,

The pregent inveatigation was performed on ten heate af
‘steel, whose prior historyes were completely kmown, in order to
obtain information on thess and allisd guestionss Ons héat,
aluminup<kilied, hod been supplied to A. 5. T, He Specification

!
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A9201 and ths other, a rimping stecl, to As 8. Ty H. L&”i@é@iﬂ,@a@i% ,
A*70+ The former, en aluminun<killed heat, had been cast into
9 bilg~ond-up hob=bopped ingote, 54" x 66", eash weighing 50,450
1bs® The Preseure Vessel Reseavch Comsittee obtained plates
4, 5, and 9f ingte L and 3
wore rolled to 5/8" thicknoss, and the others to 1 1/4" thisknosss
The tep helves @f‘inget$ 1y 85 and 4 were mill-normilizeds

from ingots numbered 1, 2, 3, HJXE

[ngots

1, 3, 4, and 9 woere used 1n the present invasbigatimn. ?é@
rimming steel head had besn oast 1nta four graups of bﬁ@ﬁaﬁﬁwﬁﬁi jbwjk%(

e Ug{ 24""&

poured ingotss Fagh in@%, was ronaci,.w oﬁ; az,\mat 240" %

_4.6*’

oLt it -

K?iSQilfghﬁ six &!ﬁ“ pmatea for the Pyossure Vessel Hoseareh
Comnittos ooming from the first group and the six 1 1/4“ plates
from the thirdl, One plate of sach thicknoss was used in this
investigation s - 3

The following tests were perfﬁm&éd.aﬂ~&ﬂﬁé¢ﬂﬁ-§la@éé~w{ﬁhﬁ 
in the salésfsd ingotar
1. Chomical Anslyses /
2, Macroseopic Inspectiont controlled Geep eteh} sulphuy
prints.
5+ Hicroscopic Inspection: ag<erslled motallographies
%na&msimm ocount; grain coardening tests; MeQueld Ehn
teotse
4s Moohanicel Tests: satrip tensilesy 0,505% tonsilest
 Brinell hardness; Charpy keyhole sp@aimsﬁa, singlé and
double widthe
Each of theee will be Qiscussed individually.

Lo TR R T R I O I I T A - e W W e R W - e e e

* Other particulars concerning the mill histories of both heats
are givsn in &n appgnﬂia of %his r@pavt,
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. I GChomicel Compoasition

The distribution of alleymg sloments and fmpuritics 4in
killed and pimmed steel ingots has been investigated at canamemma

length by t.hea Jron and Steel Inait:ube, Committee on the Hotoroe

geneity of Steel xngota.4 =8

In the preseént imaab&g&tim, samples for chembeal amlzyaw :
wepe taken from the A+20L ingots 1, 4; and 9 at the top, wmiddle |
and bobton ee\zi%é; and from ingot 9 at the top and middle odges
algo from one amail and one 1arge.éﬁﬁa ingot at the top, middie
and bottom Genter,; and top eina botbom 6dgo.

The regults for the A«201 (Al-killed) steel are given in

»‘““:‘:T-T;_\‘

g

Teble Ty The £ollowing observations mey be made} Ak

1l Ooncerning compdsition differences from ingot to ingod
within the heat, the last ingot (Noe 9}<g§§;ars to Be

lower in oarbony mengeness, silicon, aluminum, alumine,

end nitrogen than the two earlier ingets,‘buﬁ 1t apyww
te be appreciably h&gher in aulphur and glightly higher -

in z:rmsphexms copper; ahde Eiekél%tam, )

vanadium, and molybdenun were ajsspmxizmtely theé same
in all ingots. The decreasing ecarbon, mengenese, silicon .
and sluninum contents probably reésult from oxidation in ﬁﬁﬁ
ladls: The increasing sulphiir contont may bé due to
. dénsity segregation of sulphides in the Iad,le.g;

2s On the vertical centerline of emch ingot carbon,
manganese, phosphorus, sulphur; end silicon appesr to
decroage e‘slightly from top to bottoms In Ingot 9,
aluwndnun :’nmraases markedly from top to battm.

S« Prom the limitéd results avalleble (Ingot Nos ,@) it
dappsars that at least sulphur 4nd phosphorus increase
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.5 e
frion the edge to center of the ingots The British
investigatorsS,© found phosphorus segregation of the
ordsr shown in Figs 4 only in ingots much larger than
Ingot No. 9, Otherwise the magnitude end pattern of '
seg@aﬁah&@n 18 much as indieated by Hatfield,4s8s6
The mﬁﬂimam;ané minumbin values of éarbon content
vocorded are at the top and bottom center pespsctively
of Ingot No. 43 the range is'g?éﬁfuswﬁ o14% to 1871,

Results for the A-70 (rimmdng steel) are given in Table II,
Significant features are:

. la

2e

34

4,

The group of larger ingots rolled to 1 1/4" was cast
some 10 minutes after the group of gmaliér'iagahs.

The averagé compositions of the two ingots were not
very differont éxneytvwiﬁh regird to alumihum which was
apgﬁeeiably higher in the lavge ing@t owing Bo a furthﬂv
aéﬁ&t&an of aluminum to veauna gaaa&ng in thia Eroups

Hengenesel phosphorus, silicon, nickel) eeppar, chromivm,
tungatan, vanadium, molybdenun and nitrogen aagregateé |
very 11ttle in either of the ingots ezmmined.

Garben, sulphur and alumina sontente were appreciably
ﬁi@h@@ at the top conter of the ingot than alaewhera,

while the sluminum econtent was & minlmum at this point.

The meximum end minumum velues of carbon content recordsd

oeeurred at the top of the small inget (Nes 7), the
rangs hboing 147 to 258« @ﬁia 18 & groater range than
was obeerved in the A<201 stesl butfl 18 not inconsistent
with previous reports on rimming steel ingots.S



plate aamgsl::m frcw the tap ’ mmd,le and bobtom center of A«201
ingots 1, @, m@ 8, and AWT0 1%@33 2 and 7. AL samplea were
Longltudinal |

The sulphur prints were made by amﬁ.ﬂng Velox P=3 photo+
graphic ‘m;@é}!?' soaked in 4% sulphuric acid to a ground surface
for 10 minutess Coples of some of the prints are shown ﬁs E*‘ﬁ.gﬁégz 1
and 8- B 8l raa-seé. i1t was ¢lear that sulphur .ha& gegrogatod
to the top of the ingot. The low sulphur sentent of the rim
a8 geon m ?i@. 2 wag very marked,

The desp eteh troatment consisted of 30 minutes of 50%
bydrochlorie acid at 160°P, Some of the results are shown in
Figss 3 and ¢, Here the gbeat‘»er sleenliness ai: the bottom of
the ingots is evident from the lesé severe atteck during stehing.
The dirt ow other unsoundness dlscovered by the desp etch appesrs
coarser and loss uniform 3.:1 the A<70 ingot than in the A<20L.
The contrelled ¢toh 414 not show eny significant difference between
ingot s of the same heat. |

11T, ¥loroseopic Inspectin

wmg, seaplers from the same locationg é.s the mENE madro=

apeaimansag. imluﬁv;im coants wore flrst made on the tmaucm&
speeimanﬁ aecwamg to A¢ S Te ¥ -Syer:iﬁeation B 45467,

Hethod m fi*h@ ma&am&nmt type of inclusion in both steels was

the globular cxide. There was no great differsnce between the

two steels m rogerd to the number end &1 stribution of non-metéllie
inelusiond and within éach heat thore seomed to6 be litile varistien
from ingot to ingot. »
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The ﬁiaﬁcatruatures et thé top, middls, end bbﬁtéé een
of A~301 iﬁgéﬁs'i, anfl 9 are shown in Pigs. 5 and 8. The w
£ine gva&n‘ﬂize produced by~mii&&n@mmaiixing is noteworthy in
the top of fngst 1. The sserolled samples of 6/8" ﬁlaﬁé from

Angot 1 havo & finer-grﬁin size than the samples of 1 1/4* glaﬁa
taken fyom the aabra&pondang positions in ingot 9, |

Pige 7 sﬁﬁwé-miarcatrmetureﬁ at the top, widdle, and botbtom
cénter of &a#@ ingot é, It 19 evidént that the éarbon content
inereased fron the bottom to the top of the ingot§ sgalin the
5/8" plate had a finer grain size than the 1 1/4" plate,

The g@aiaﬁeaaaaehing chapacteristics of théhtwa atcols wore
studied by two methods on samples from the middle of A<201 ingots
1 and 8, and 4+70 ingots 2 and 7} 1.6.; one 5/8" and one 1 1/4°
plate from each heat, o | |

| MoQuaild<Ehn teasts wers made at 16?§‘F in acdordance with |
Ao 84 To . Spocification E 1946 and the following results were
obtatnads ’

¥E% HeGualde~Bhn
. Grain Size
A=R0Y, £/8" plate (Ingot 1)
A%201, l‘i/@“ plate (Ingot 9)
a<70, &/8" plate (Ingot 7)
A=70, 1 1/4Y mm {Ingot 2)

S m e @

In addition to the standerd WeQuaid~Zhn test, & sories £
grainscoarsening téste was run on the sems four plates by
holding small sumples for one hour at sach of the following
temperaﬁavwss., 50"
1350°F, 1800°F,),1800°F, 1660°F, and 2100°F.
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Samples at the four higher temperatures were transferred to another
furnace at 1600°F for an hour before water quenching; those &b
1360°F and 1500°F were water quenched divactly. A1l quameh&d
soampled were %@m@avea.at‘snt°ge This procedure gave micrﬁsﬁmnatmreﬁ
in which the sustenitic grain slze was eutl&neéwby~$errita-iau-
a &ark matrix of teupered maprtensl te, |

~ From ths results (TabloTLI) of these tasts 1% cen e saon
that both the Fimming snd the aluminum=killed steels have &
sberp coapgening temperature or temperature ranges In tho
ripming steel this is about 1800°F; whils in the killed steel
1t S8 slightly higher, although not ebove 1950°Ps A aharp
eaér&eni&g Pomperature or temperature ange 18 characterlstic
of éte@ls conteining aluminum or ceértain other grain refining

elemanﬁs auah.aa vanéium anﬂ titanﬁumﬁ the hoat veeords and

chemical enanlyses show that aluminusm was sdéed tc batﬁ of these
steelas

It i3 notoworthy that thﬁ long holding time (8 hours) at
1678°F in the Mc@ueld«Emm t@st caused the r&mming steel to
80 that this test indicated %ﬁm a1fferent
results for éﬁ@ two steelss On the otbsr hend, the grelin

semrﬂeﬂ7?“’“ Yy

eaaraén&nﬁ'?@amiﬁa 1n,Téb1@ I do not indlcate sueh & marked
8ifferende.,

IV. Mechentésl Tasts

As Strip Tenalle Tests

Using the 4. S, T, M. standard rectanguler tonsile test=
piece ffmﬁ'@ﬁﬁmplﬁ ses Spocification A=20L=48) the tensile propere
ties were investipated at the following locations within the
two heatss | |

A*201 {Al-killed stesl) + Ingots 1, 3; 4; and 9 et the

top, middle, and bottom centers



a9 .
- AWT0 ir amning stesl) = Ingot 2 and 7 at the tap, middle;
and Bottom center,

Dupilicate apaeimans were tested both parallel and tronsverse
to the rolling. émrectimn and the avawagglrasulta of thaae duplicaus
tests are given in Tahles i%%:a#éLIVO”»EQme canaluaiana may %& _
drawn from tlhose pesults. o

(1) The uctiliby, as shown by the § reduction of ares;
was invarlably leéss in the trengveérse specimens than
in the Pparallel spocimons from the same loocationj this
aifference seomed grester in the case of the A-201 than
the ATD steel,

(11) Although the plates were faivly unafamﬁu there was &
general inoreass in Auctlility and deécrease in strongth
fyom the tamgta bottom of all ingots. :

(141) @hgﬂgj:; plates snéﬁéﬁ“égﬁ;ééligiy h&gnegdj;;;; poinds
ana,alzghtly higher strength that 1 ;/4” plates from
the gewe heat, l.0., comparing plates fvam aerraap@nﬁim@
positions with&n the inga%&.

(1v) Wit M211 normalizing &&& sansed a6 significent ehangd
in tie tenaile properties of the 4201 plateés.’ ' . !

B Tonsilo Toghs on 805" Bars -

 Some additienal information on tho bensile properties of
tho teo stesls was obbteinod From e atanﬁara,ﬁﬁoﬁﬁ dlameter
bar 8§@é£mﬁn$ In eddition to measursments of duetility, the

follow&ﬁg valiues were recordeds
g'ifl‘cm a-r-!-bv.u Ml‘-«é
WM
o i d AL and s and
Cbullf'ééi 0%34/L G, a.d U Tp Sed <§v4aiﬂ~g dﬂ»uézk-

[ ~g 2
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o . Yield Load
Nominal Yield Point = Gri§15§§~§@éa

b3

o . Mazimim Load.
Hominal Hoxisum Stress ¢ ﬁ%*«yﬁa, gm@a

o . Breaking Le
Hominal Breaking Stress ¥ Originel .

e sroniing strass = FReRR ot
These results lead to essentially the same conelusions
as did the asw&@ teneile pesults. v |
(1) The duetility es expressed by ¥ Blongation and § reduction
) in area was approzimately 5% higher in parallel than in
' trangverse specimens. In the case of A=R201 material,
the yield point was about £,500 psi hégher for the
longitudinel specimens, while the A«70 agec&&mna'ahwﬁaé
fo significant differénce with orientation. Nominal
breaking stress was about 5,000 psi lowsr in thé parsilel
gpecimens for the Aﬁﬁ@hd:maﬁavial.'ana about 1,300 for
the 4470 material, The true breaking stress sveraged
about 8,500 psl higher for perallel specimens, The
neminel waximum otress, dld nob vaﬁy mach with orientation.
(2) 1In both ingots from top to bottem there wes a general
inérease in ductility of cbout 6% snd decrease in
strength of about §,000 psi for the nominal maximusm

stresss From center to edge hMaxdumiis

nmEkakEE of the A-201 ingot the ductility inereased
1 about 1.5¢ and the nominal maximum, decreased about 1000
peles These trends ars consistent with the ghemlecal

segrégation veported earlieps.
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Comparing 1éberaﬁery date with the tensile magulﬁa given
in the mill test peports; the discrepancy beﬁwaen &ieia points
moasured &t the 1abaratory'ana at the miil was very striking.
~ The slmwer 1eaéing rate used in %ha r@aeareh 1&haratary, #0086
Ainches pep m@nnte erosshead speed up to yleld point fer +B05*
specimens, ﬁetmvmmﬁ a yiem pnmt snme‘éimea ag mueh a8 1@,0“
P8l lower thar that determined at the mill, This divergence
is well«known and 1t should bo remembered when thé possibility
of inoreasing aas.tgn stresses is constdoyed,

Cs Brinell Hardness
The Brinell herdnéss was determined at the same locations

as the si#dp tenslle swvey, using & 3000 kg, load and a 10 mme
ball. Thres iwmpressions wers made at ezgh location,

~ The &v@za@a hapdness for both steels was 160 end 1s was
clear that in general the hardnessé decrosses from top to bobtam
of an ingot; the difforence from top to bottom being of the order
of 10 pointe Brinell.

Ghar‘f
Charpy impact teste wore ynuﬁu porformed en gamples from the

seme locations as the strip temsile specimens. The standard

B p Lrangition Qurves

keyhole notched specimen was used in this survey (4. Ss Te He
Specification E23-417, Fig. 3, Type B), all spécimens being eut
with the noteh perpendiculer to the plate swface and the long
axis of the specimen parallel to the rolling dlrection. Twentys

four specimens were taken from eéach lescation and four of thése

: «
%sthe total energy absorbed,during testing, aﬁ&zﬁz&n&ﬁbe-reaé

directly from the Charpy machine, Sop—settryporinen

were tested ab sach of six selected bemperatures.:
&@mm




» 12 -
ad e % lsteral contraction below the noteh, and the % cleavage

after t@ﬁt%f
The méifzmﬁ of plotting results was the seme as described

in the fracture surfacefwere measured

for ofther aet@@, tests in a previous pepéer on thi,g wo‘trkl‘f’ and.

the transition Lemperatures reported in Table V were c‘taf‘mééi

as before, as the ﬁemperatux-a at which the curve has a velus
equal %o the arithmetic meang of its weximum and minumum values,
 In addition to the stendard key<hole Charpy specimen &

survey of the k¥t 1 1/4" plates wad made using the double width
Charpy specimen shown in ?ﬁ.g. 12, The vosults of this éuz-ve‘y
areé also given in Table V,
o Eiifgnifica% features of the rsesults aret
1. The Charpy transttion teamperaimm according to any
of the three brittlemedss eriteris used was cons;id’e“ra'ﬁly
iowory for normalized plate than for ‘a;a—rolied plates
from the samée ingot.
2. Dispegerding the two normelized plates in Table V,
‘the transition temperatures gensrally deécreased from
the top bo bottom of en mgat; This effect was mmstz
marked in the % oleavage transition temperatures,
where the difference betwaen top end bottom 6f an ingdb
weg ag high as 36°F with the single 'giéiﬁh spocimend |
and a8 high as 46°F using double width specimenss
Using the criterion of énergy ebsorption, the change
| in transition temperature within en ingot was much less,
3« The transition temperature for 5/8" plate was appreciably
Yower than for the correspénding 1 ’1/4" meterial,
4+ Transition temmmtmma fcar &=70 r:lmming gteel were
gbout 70° higher than i:héae for A-201 111204 ataelq
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B '?ransitinn.temperaﬁuras using fraeture appearanceé aé.
the criterion of brittleness were iz_avariably higher
(by as much as BOYF)} then those obtained using elgher |
of the other criteria.

35. Tpanoition texperatures shtained with double width . -

gpécinens were highor than thé corresponding ﬁempe&'*&tﬁi*éf&_
obbeined with singlé width specimens,

An investigation has besn conducted into the variation

of c}gﬁea}, somposition and physical pregféﬁﬁie& within plates

rollednfrem two heats of stéel, ond conforming to A2,8.T.M.
Spseificatioch 44201, the other to A«70, Both heats exhibited

segregation and property variation geénerelly of the type and

‘magni tude to be exp@atzed-a_ | |
The chemical composition was fwund to vsry aypraaimatély'

as indicated by the extensive work of Hatfi6ld and his eolﬁlabamﬁaz"a,
In ténsion tests, the ductility was found to increase and

the strength bo decrease from top to bottom and from 6@':1&&19 to

édge of an ifigots In Charpy tésts, both single and double width,

the transltisn témpafﬁbure beeame lower from top to bottom of

a1l s.ngatzé_z;; ‘These effects were all consistent with the obaerved

chemicdl segregatlcre | |

T tiela pointe determined in the laboratory wers m@riwlv mach

lowey ﬁham*ﬁnﬁéé quoted By the mill tést veports for the samé mabteriasl.
Hormalized plates had greater ductibity éméz much mwéze Gmmy

7# trensition temperatures than slmiler plates as volled,
Platés of 5/8" thiclmess hed & higher yileld polnt, greatos

strength , and lower transition temceratures then 1 1/4" plate.
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The riuming steel hed a slightly lower graln coarsening
temperature end much higher Charpy Sransition tempepatures
than the killed steel.

AGWG@IEQ&E&M
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Chexnleal Ceosposition of B-201 Ingzots

__Ingoet Y C o P85 st 6w m cx» e ¥ Bo A1 A1 0 %

Holled to 5/8" | . e 0f ' ; W01 . b
Top .e:exzts: «37 867 .GQQ D81 &2 06 xBEozaifitex 041 004 0%
ME4dle center 17 W56 0RO J022 21 406 .05 .08 0% 402 .01 04  .008 .05
Bobtom comber 15  «B¢  .0l8  L020 .20 .05 0B 04 .08 02 .0l asew «008

Rolled to 1 1/4* %38 | o |
Top cenber #18 BB 020 G022 % ;ﬂg 0B 408 08  L02  L01 L0458 003 LOUE
Niddle center 15 w85 020 JOI9 <80 07 W06 406 404 02 LOL  .081  L006 4004
Bottom centor 14 53 G019 D18 W20 igg @ 04 W04 W02 W01 040 (003 OB
15207 § |

Rolled to 1 1/4°
Top mEmEmE A5 o83  W018 L0255  W1§ W06 W05 .08 W08 L0201 L0388 J00& <00k
Top conter  o16 (56 022 o026 .18 .07 .05 .05 0% 0P Ol .027 .002 005
#ddle sdge #1755  JOME 025 W18 L0600 W06 W08 W02 WOl L034 . 002 .00
Midale conter .15 453 L0200 026 W18 L08 .05 .06 W04 02 .01 .026 002 +008




TABLE I

- Chemeisl Compositien of A-70 Ingots |

INGOT 2 <% m S 8 o6 B O W V ¥ a1 - mge g
Rolled to 1 1/4" ) |

Top edgs W22 .36 W020 L0384 W02 W14 .10 .08 J0& .02 .01 017  .004 .00

Top cemter 23 35 LO17 4032 402 w15 W10 .08 404 02 .01 - .007 005 L0 <

Hidale center 20 35 L018  .028 ) 02 415 .08 .04 s0f W02 W01 J038 003 <05 .

_ Botbom edgs ;.:i.*éé: *3% Sgg /;-,Q—‘zé/ «01 W14 09 04 W04 W02 0% 019 .002 ~003
Bottom cemtor 18 32 018 028 .02 %g 09 .08 .08 #0201 038 003 .0
Rolled to 5/8" |
Top edge W12 436 WOL8  JOLT W02 o12 .09 «OF .08 02 ~01 012 002 004
Top center 425 437 020 035 .02 .14 .10 08 402 402 0L ..005 .005 005
m center .22 «-ﬁﬂ? 019 J028 .0 W12 10 ..08 <06 402 W01 L010 002 004
Bottom edgo +18 t:’sﬁ’i W020  JO021  J02 . JI2 W08 L0404 02 W01 012 .002 <005

Botton Genter .19 435 .OL§ 4020 402 .13 410 .04 .04 W02 .01 4028 002 006
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THE EFFECT OF FABRICATION PROCESSES
ON STEELS USED IN PRESSURE VESSELS

PROGRESS REPORT NO. 2 ~

WITHIN HEAT VARIATION OF COMPOSITION AND PROPERTIES IN A
RIMMING AND AN ALUMINUM=-KILLED STEEL
by C. J. Osbornl, A. F. Scotchbrookg; R. D. Stoutg,

and B. G. Johnston4

FOREWORD

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 Préssure Vessel Research
Committee of The Welding Research Council., The underlylng
purpose of the work is to study the effect of fabricatlon pro-
cesses'inyolving plastic strain with or without subsequent heatw
' 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.

l. Pressure Vessel Research Committee Fellow at Fritz Engineering
- Laboratory, Lehigh University, Bethlehem, Pa. '
2+ Assistant Research Engineer, Fritz Engineering Laboratory,
Lehigh University.,.
3+ Associate Professor of Metallurgy, Lehigh University.
4, Director, Fritz Engineering Laboratory, and Professor of Civil
Engineering, Lehlgh University.
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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.

INTRODUCTION

The tendency of a steel to fail in a brittle fashion is
of tremendous practical importance in engiﬁeering structures
and much is already known concerning the factors which govern
this tendencye. It is known, for exémple, that chemical compo=
sition exerts an important influence on the mode of fallure and
that, other things being equal, the transition temperaturse Qf
a steel increases with 1ts carbon oontent.ll Other elements,
notably manganesez 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 ductility is well-known.

However, it is also known that within a single heat of
steel, and even within a single ingot or plate, thers 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 pepformed on two heats of
steel, whose prior history was completely known, in order to
obtain information on these and allied questions. Ons heat,
aluminum=killed, had been supplied to-A. 8. T. Me Specification
A-201 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 1b.* The Pressure Vessel Research Committee obtained
plates from ingots numbered 1, 2, 3, 4, 5, and 9, as shown in
Fige 1, and ingots 1, 3, 4, and 9 were used in the present
inveétigation. The rimming steel heat had been cast into four
groups of bottom=poured ingots, the six 5/8" plates for the
Pressure Vessel Research Committee coming ffcm the first group**
and the six 1 1/4" plates from the third** One plate of each 4
thickness was used'in this investigatione.
The following tests were performed at various placés with=
in the selected ingotss
" les Chemical Analyses
2. Macroscopic Inspection: controlled desp 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,

- - - - - s W W W w - em W m em W W e - - - L ) - W N W e W L -

*  Other particulars concerning the mill histories of both

heats are given in an Appendix of this report.

** Bach ingot rolled to one plate, 24! = O" x 6! = QO",
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Each of these will be discussed individually.

I. Chemical Composition

The distribution of alloying elements and impurities in
steel ingots has been investigated at considerable length by
The Iron and Steel Institute, Committse on. the Heterogeneity
of Steel Ingotse The findings of this Committee regarding
‘éegregation‘in killed steel were summarized by Hatfield}é.and

later reports gave the results of work on rimming steel. 2899

The relevant reports of the Committee are 1istea?™

as references
at thé end of this report.

In the present investigation, samples for analysis werse
taken from the A=201 ingots 1, 4, and 9 at the top,'middlé and
bottom center, and from ingot 9 at the top and middle edge;
alsof rom ons small énd:one large A=70 ingot at the top, middle
and bottom center, and top and bottom edge.

The results for the A=201 (Al-killed) steel are given in

Figs. 2, 3, and 4. The following significant observatjions 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, silicom, aluminum, alumina,
and nitrogen than the two earlier ingots, but 1t appears

~to becappreciably higher in sulphur and slightly higher
in phosphorus, copper, and chromiume. 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



Se

4,

-5-

ladle. The increasing sulphur content may be due to
density segregation of sulphides in tﬁe ladle.

On the vertical centerline of each ingot carbon,
manganese, phosphorus, sulphur, and silicon appear to
decrease slightly from top to bottom. In ingot o
aluminum increases markedly from top to bottom.

From the limited results available (Ingot No. 9) it
appsabs that at least sulphur and phosphorus ihcrease
from the edge to center of the ingot. The British

5’6_found phosphorus segregatioﬁ of the

investigators
order shown in Fig. 4 only in ingots much larger than
'Ingot No. 9. Otherwise the magnitude and pattern of
segregation is much as indicated by Hatrield, 226
The_ﬁaximum and minimum values of carbon content
recorded are at the top and bottom center ‘respectively

of Ingot No. 4; the range is o14% to .18%.

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

and Ge

1.

2

Significant features are:

The group of larger ingots (Fig. 5) was cast some 10
minutes after the group of smaller ingots (Fig. 6)e

The average compositions of the two ingots were not
very different except with regard to aluminum which was
appreciably higher in the large ingot owiﬁg to a furthos
addition of aluminum to reduce éassing in this group.
Manganese, phosphorus, silicon, nickel, copper, chromi-~
um, tungsten, vanadium, molybdenum and nitfogen segra-

gated very little in either of the ingots ekaminéd.
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3s 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.' s
Fig. 6), the range being »14% to «25%. This is a
greater rangs than was observed in fhe A=201 steel but
is not inconsistent with previous reports on rimming

steel ingots.6

ITI. Macroscopic Inspection

A controlled deep etch and a sulphur print were made on
plate samples from.the top, middle and bottom center ofAA—ZOl
ingots 1, 4, and 9, and A=70 ingots 2 and 7. All samples were
longitudinal,

The sulphur prints were made by appiying Velox F=3 photo=
grqphic 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 sulphur 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 150°F. Some of the results are shown in
Figs. 9a and 9b. 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 Fig. 9.

IIT.. Micrescopic Inspection

Using‘sémples from the same locations as the macro-
specimens, inclusion counts were first made on the unetchéd
specimens according to A. S. Th M. Specification E 45-46T,
Method As The results are given in Table 1. The pfedominant
type of inclusion in both steels is the globular oxide. There
1s no great difference between the two steels in regard to the
number and distribution of non-metallic inclusions and within
sach heat there seems to be little variation from 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
respectivelye. The top plates from ingots 1 and 4 were normalized
and the very fine grain size produced by this treatment is
~noteworthy in both ingots. A, S.-T. M. grain size numbérs
(ferritic) 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 from the corresponding poxitlons in Ingots 4‘gpd 9;

Figs. 1la and b show microstructures at ths top; middle,
and bottom center of A-70 ingots 2 and 7 respectively. It is
‘evident that the 5/8" plate (Fige. 11b) has a finer grain size
than the I 1/4" plate (Fig. 1la); also that the carbon content

increases from 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 frém the middle of A-201l ingots
1 and 9, and A~70 ingots 2 and 7; i.s., one 5/8" and one 1 1/4"
plate from each heat. |

McQuaid=Eln tests were made at 1675°F in accordance with
AL S. T M. Specificatidn'E 19-46 and the following results

ware obtained:

McQuaid-Ehn
Grain Size
A-201, 5/8" plate (Ingot 1)

8
A-201, 1 1/4" plate (Ingot 9) 8
A-70, 5/8" plate (Ingot 7) 3

4

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

In addition to the standard McQuaid-Ehn test, a series of
grain-coarsening tests was run on the same four plates by
holding small samples for one hour at each of thé following
temperatures: |

1350°F, 1500°F, 1650°F, 1800°F, 1950°F, apd °

2100°F. | ' '

Samples at the four higher temperatures were transferrwd to
another furnace at 1500°F for an hour before water quenching;
those at 1350°F and 1500°F were water quenched directly. All
quenched samples were tempered at 800°F. 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 1800°F, while in the killed steel
it is slightly higher, although not above 1950°F. A sharp
coarsening temperature of %emperature range is char%cteristic
of steelé containing aluminum or certain other grain refining
elements such as va%@ium and titanium; the heat reéords and
chemical analyses show that aluminum was added to both of these
steals.,

It is noteworthy that the long annealing time (8 hours)
at 1675°F in the McQuaid-Ehn test caused the rimming stesl 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 indicats 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=—
tles wers investigated at the following locations within the

two heats:

A-201 . (Al-killed steel) = Ingots 1, 3, 4, and 9 at the
top, middle,'and bottom center., - :
A-70 {r;mpipg-steel)-lngots 2-and 7 at the top, middle, -
énd boff&é.éeﬁtér.
Duplicatevspecimens were tested both parallel and transverse
to the rolling direction and the average results of these dupli-

cate tests are glven in Tables III and IV, Some conclusions may
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bé drawn from these tables. -
(i) The ductility, as shown by the % reduction of area,
was invafiably 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 ﬁield stress and maximum stress
were generally siightly lower in the transverss directnx;
(11) Although the plateé were fairly uniform, there was a
general increase in ductility and decrease in strength

from the top to bottom of all ingots.

(i1i1) The 5/8" plates showed appreciably higher yield points
and'slightly higher strength and ductility than 1 1/4"
plates from the same heat, i.6., comparing plates froﬁ
corresponding positions within the ingots.

(1v) The mill normalizing had caused no significant change

in the tensile properties of the A-201 plates.,

B. Tensile Tests on ,505" Bars

Some additional information on the tensileAproperties of
the two steels i1s given in Table V. These results were obtained
on the standard .505" diameter bar specimens.

% Elongation was measured on a 2" gauge length

% R.A. (Reduction of area) = Bo ~ 2 x 100 where
AO = initial cross-Sectionaioarea
Ab = cross=sectional area at breaking
; A, = " " " maximum load
£=1n Kg—; €‘1=(unilfom duc'tili'tyj - in 2o

(necking ductility) = 1n gm' "
b

™
=]
]
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The results in Table V lead to essentially the same

cdnciusiOns as did the strip tensile results.

(1)

The ductility (% Elong.,.% ReA., & and g‘n), yield

point (A-201 plates only) and true breaking stress

wefe appreciably higher in longitudinal than in
transverse specimens. Nominal breagking stress was
appreciably lower in the longitudinal specimens.

Nominal maximun stress, and yield point (A=70 plate
only), did not vary much with orientation and the results
for g, ‘were' erratico,

In both ingots there was a general increase in ductility
and decrease in strength from top to bottom and, in

the A=201 ingot, from center to edge. These trends

are consistent with the chemical segregation reported

earlier.

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

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

between yield points meésured at the laboratory and at the mill

is very striking. The slower loading rate used in the research

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

PeSele 1owérhthan 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.

Ce Brinell Hardness

The Brinell hardness was determined at the same locations
as the strip tensile survey, using a 3000 kg. load and a 10 mme.
ball, Three impressions were made at each location.
" From the results, summerized in Table VI it is clear that
in general the hardness decreases from top to bottom of an ingot,
fhe difference from top to bottom being of the order of 10 points

Brinell,

D. Charpy Transition Curves

Charpy impaét tests were performed on samples from the same
locations as the strip tensile specimens. The sténdérd key=
hole notched specimen was used in this‘survey (Ae Se Te M.
Spedification 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
" PFig. 12, Twenty-fourvspecimens 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 followling
measurements woers 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 nbtch tests in a previous paper on this work'0 and

the transition temperatures reported in Table VII were defined

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

equal to the aritlmetic mean of its maximum and minumum values.

For an example, see Fig. 13.

In addition 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 Pig. 12. The results of this survey

are also given in Table VII.

Significant features of the results ares

1.

2e

Se

The Charpy transition temperature according to any

of the three brittleness criteria used was_considepably
lower for normalized plate than for as=-rolled plates
from the same ingot.

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 withiu
an ingot was much less.

The transition temperature for 5/8" plate was appreci-

ably lowser than for the corresponding 1 1/4" material.
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4, Transition temperatures using fracture appearance as
the criterion of brittleness were invariably higher
(by as much as 50°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 obtained with single'width specimens.
Items 4 and 5 are of particular interest in connection with the

ideas advanced in Progress Report No. 1.lO

SUMMARY

An investigation has been conducted into the variation
of chemicalAcomposition and physical properties within plates
rolled from two heats of steel, one conforming to-As Se¢ Te Me
Specification A-201, the other to A-70. Both heats exhibited
segroegation and property variation genefally of the type and
magnitude ﬁo-be expactcd.

The~chemica1 composition was found to vary approximately
as indicated by the extensive work of Hatfield and his collabo=
rators.

Iﬁ tension tests, the ductiiity was found to incrcase and
the strength to decreass from top to bottom and from center to
edge of an ingot. 1In Charpy tests, both single and double
width, the transition temperature decreased from top to bottom
of ali ingots.‘ These effects were all consistent with the
observed chemical segregation,

Yield pointsAdetermineg in the laboratory were invariably
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much lower than those quoted by the mill test reports for
the éame material,

Normalized plates had gfeater ductility and much lower
Charpy transition temperatures than similar plates as rolled.
Similar differences were observed between 5/8" plate and 1 1/4"

plate from the same heat,
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Appendix

MILL HISTORY OF THE TWO PVRC HEATS

Mill History of Killed Steel Plates, A,S.T.M. A-201

1.

2e

Open Hearth

a) Material charged:

b) Working of heat:

Hot Metal
Limse
Ore

327,000 1b.

32,000 1b.

Melt Analysis

FMurnace Additions

Time of working 3 hrs. 5 mins,.

Tap Analysis

Lime

Ore

Si Mn
Mn (80%)

0«14% C3

Tapping Temperaturs

Ladle Additions

72,000 1b.
1.22% C
5,000 1b.
900 1b,

2,700 1b.
600 1b,

0015% Mn.

3060/3080°F
Coal 100.
50% Si 2,000
80% Mn 700
Aluminum 550

(corresponding to 2.4 1lb. per ton)

¢c) Pouring:

Total weight of steel

460,650

9 big=-end-up hot topped ingots, 34" x

were poured, the weight of eac

h being
. 50,450

Total pouring time (9 ingots) 45 mins,

Pouring temnerature, Start ~2910°F

d) Ladle Analysis

Ingot No. C
2 16 .54
4 T WlD 453
9 * 6 .52
"Rolling

Mn

016 -

P S

012 4024 .20 .04 02 0L .0R

Finish 2870°F

Si

Ni- Cr

Mo

1be
1b.
1b.
1b.

1be
66”

1o,

2) Slab Mill: Ingots 1, 2, 3, 4, 5, and 9 were sent

to the slabbing mill soaking pits.

4

Cu



Ingot No. Plate No,.

(o

R B W W W & v W

1i

Time from pouring to charging 7 hrs. 30 mins.
Time in pits
Tempserature drawn
Slab sizes rolled

Ingots Nos.

1, 3
2, 4, 5, 9

16 hrse.
2400°p

Slabs from each

5

4
2

60" x 5 1/2" x 103 .
60" x 9 1/2" x 118 i/

30 minse

Slab Size

b) Finishing Mill Plates were rolled 12 days after

The finishing temperatures
as rolled plates are given

7437 T
7438=~B
T
7427 B
T
7428-B
T
7429-B

7430-B

“n

slabbing.

Heating time:

Drawing Temperature:

Finish
Temp . OF

1890
1880

Gauge

5/8"

5/8" gauge = 3 hrs.
1 1/4" gauge =.3 hrs. 15 mins.

and test results on all

2375°F

in the following table:

Y.P.

DeSels

38480

42520

41340

40380

41110

TcSo
p.s.i.

653500
63380
64070
63950
63270
64240
62560
63920
63150
64280
65270

%

Elong.

324 0

28.2

30.7

5247

31l.5

Bend
Test

O«Ke

O.Ke

O.Ke

OeKa

0.Ke
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Ingot No. Plate No. Finish Gauge YIP. T.S. % Bend
) Tenp. °F DeSele pes.i. Elong. Test
4 7433-B 1880 1 1/4" 38550 62850 29.2  O.K.
4 T " u - 62320 -
5 7431 -T 1890 " - 63180 -
5 7432 ~B 1890 " 37780 63330 29.2  O.K.
5 T " i - 61330 =
9 7435 =B 1880 .“ - 37280 63040  27.7 o;K,
9 7 " " - 62750 =
9 7436-B 1890 ' - 38920 63050 30.0 0K
9

B " " - 63040 -

3¢ Heat Treatment

Four plates of each thickness were heated to
1580°F, egqualized, maintained 1 hour and air codled.
Finishing temperatures and physical properties on
these plates were as follows:

Ingot No. Plate No. Finish Gauge Y.P. T.S." % Bend

Temp. °F PeSeile pes.i. Elong. Test
1 7439-B 1840 5/8" 38040 58700 34.2  0.K.
1 T " " - 58570 - -
1 7440-B 1870 " 59680 61260 . 34.5  0.K.
'1 T o " - 80880 - -
2 7442-B 1éoo o1 1/4" 36940 59130 37.0 0.K.
2 7 no o . 58850 - -
4 74343 1900 " 37020 60730  36.0  0.K.
4 T " u - 60330 - -

4, Surmmary
The following steel was received:

plates 5/8"

11 x 72" x 288" as rolled 40,885 1b.
4 plates 5/8" x 72" x 288" normalized 15,150 1b,
9 plates 1 1/4" x 72" x 288" as rolled 67,950 1b.
4 plates 1 1/4" x 72" x 288" normalized 30,170 1b.

\ .
Total weight = 154,155 1b.

All plates fell within the spec1f1cat10n range
of physical properties,
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B. Mill History of Rimming.Steel Plates, A.S.T.M. A=70

1.

. 2

Open Hearth

a) Material Charged: Scrap 138,600 1b.
Pig 74,000 1b.
Lime 6,300 1b.

Limestone 4,000 1b.

b) Working of heat:

Melt Analysis 0.74% ¢C
Furnace Additions: _
Lime 2,000 1b.
Roll Scale 3,000.10.
FeMn (80%) 1,050 1b.,

Spiegel 840 1b,
Fluorspar 200 1b.
Time of working: 2 hrs. 3 mins,
Tap Analysis: 0.14% C; 16.00% FeO in
Tapping Temperature: 2980°F
Ladle Additions: Coal 280 1lb,
Aluminum 10 1b,
Cal . 750 1b.
¢) Pouring: Total weight of steel 187,000 1b.

8 bottom-poured ingots 34" x 14" were poured to
a depth of 46", each weighing 5050 1b.

6 bottom-poured ingots 48" x 17" were poured to
a depth of 55 1/2", each weighing 10,500 1b.,

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

Pouring time: 34" x 14" group 5,40 min,
: 48" x 17" group 7.83 min.
- Total 26 min.
Pouring Temperature: 34" x 14" group . 2875°F
: : 48" x 17" group 2860°F

d) Ladle Analysis

€ Mn P S Ni Cr Cu
+25 .36 .016 ,031 .15 ,058 .19

‘Rolling

.a) Slab Mill: 6 small and 6 large ingots were

. conditioned and rolled,

slag



v

Time from pouring to charging in pits 42/44 hours

Soaking: Small ingots 7 hrs. 20 mins, at 2350°F -
Large ingots 11 hrs., 25 mins. at 2370°F

Slab thickness: small - 3.40"
large 5.75"
Slab temperature: small 2000°F
' large 1980°F

b) Finishing Mill: ‘Ali slabs ran straight through
the finish mill without intermeédiate heating.

Individual finishing temperatures are given in the

following table together with the mill test results:

Ingot No.

11

12

Plate Finish . Y.P. T.S. %
Gauge Temp. °F . PeSels PeSei Elonge.
1 1/4"  2000°F - 58800 -
| 39100 59700 29.5
" 2000°F - 60200 -
' 39600 © 59700 30.0
" . 2000°F | - 59100 -
' 138900 58600 32.0. -
! 2000°F - 59400 -
| | 38500 59000 29.5
548"  2000°F - 55400 -
B 39600 62800 27.5
" 2000°F - 63800 -
38600 63300 27 &0
d 2000°F - 63800 -
37300 64500 27.5
i 2000°F - 62700 -
39100 63000 27.5

All bend tests satisfactory.
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Se Heat,Treatment

Two plates of each thickness were heated to 1630°F,
equalized, held 1 hour per inch of section and air colled,
Finishing temperatures and test results on these plates
were as follows:

Ingot No. Plate Finish Y.P; TS, %
Gauge . Temp. °F PeSeie PaS.i. Elong-
5 1 1/4" 2000°F - 61200 -
38506 60500 28,5
6 " 1980°F - 61000 -
| 38700 60200 2745
8 5/8 2010°F - 63200 -
39900 64400 2745
10 i 2010°F - 63400 -
| sseobv 62300 2740

All bend tests satisfactory

4, Sﬁmmary

The rimmed steel received was comprised of the
following:

4 plates 5/8" x 72" x 288" as rolled 15055 lb.
2 plates 5/8" x 72" x 288" normalized 7530 1b.
4 plates 1 1/4" x 72" x 288" as rolled 29970 1b.

2 plates 1 1/4" x 72" x 288" normalized 14980 1b,

Total weight 67535 1b.

A1l plates fell within the specification rangse of
physical properties.



Sulfide Type

i 70
Ingot 7 (5/8%)
top
middle
bottom

Ingot 2 (1%")

top ' 1H
middle 2T 1H
" bottom
2-201

‘Ingot 1 (5/8")

top
middle
-bottom

Ingot 4 (1%")

top
middle
bottom

Ingot 9 (l%")

top :
middle -
bottom

Key = Sulfide Type — -
Alumina Type e-e»-
Silicate Type #=~—~—

3T
eT
2T

eT

3T

eT
eT

4T

Globular Typc Oxides ‘-

Alumina Type

2H

2H

2H

3H
3H
3H

SH
4H

4H

2H

4H

o mel

Silicate

o

Globular @Griin

Type Type Oxide Sizq

27
3T
o

3T

47

47
oT

5T
4T
3T

4T
4T

Thin |

2H
2H
4H

3H
4H

4H
3H

4H
4H
3H

SH
5H

Heavy
Sparse distribution

Heavy distribution

3T
3T
3T

ST
4T
47

2T

- 47

3T

4T

3T
47

5T
T
3T

2H
2H
5131

S5H
S5H

2H
4H
SH

4H

SH
4H

W

-1 -3

33

3 ~1-3



Table If. Grain-=Coarsening Results

Heated 1 hour A, S. T M. Grain Size No.

at temp. °F 5/8" A-201 1 1/4" As201 5/8" A0 1 1/4"™ A -0
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 1l -3 2 =3 2 =3



TABLE III
TENSILE PROPERTIES OF A-201 PLATES

Ingot Position Orientation Upper TLower Nominal %Elonga= %Roduc= -

to Yield vYield Maximum  tion tion of
Rolling Point Point pes.ie. Area
' Direction PeSele DeSelas )
1 Top* Parallel 37,100 36,850 60,250 33.8 5946
Lo Transvgrge "138,400 38,000 59,500 30.1 5845
" widdle Parallel 35,600 35,100 60,600 30.5 569
" " ‘Transverse = 36,000 35,800 60,600 3142 5548
" Bottom ‘Parallel 34;800_34;40Q 58,700 - 32.2 664
" f Trénsvepse’ 35 500 34,600 58,75b’- 317 5846
34‘ ) po ~ Parallel ~55;9bov35,750 61;80013 29.8 = 58.8
o - Transverse 37,300 36,700 61,656 . 29.0 5744
W . Middle Parallel 35,900 35,600 60,750 3248 , 64,1
o " Transverse 35,8b0.35,400 60,300 - - 5449
" Bottom  Parallel 36,100 35,700 59,600 2849 6541
" " | Transverse 35,300 34,900 58,600  31.6 5949
4  Top*  Parallel 32,800 32,600 59,600 . 30s5 6049
" " Transverse 32,600 524500 59,200  51.8 5441
" . MLddle Parallel 31,800 31,400 59,500 3449 618
. Transverse 32,300 31,800 59,100  32.9 5346
" Bottom Parallel 31,400 31,000 56,700. 35,1 ~  64.7
" " Transverse 31,600 30,700 56,400  33.1 58,8
9 Top Parallol 31,500 51,300 59,700 3246 5741
" = Transverse 32,500 31,200 59,800  31.0 49,2
" mtadle Parallel 32,500 31,300 59,800  29.7 6040
" " Transverse 31,700 31,200 59,500 - = 51.1
" Bottom  Parallel 30,600 29,900 57,300  35.0 6342
" " Transverse 29,900 29,100 55,400 3445 5545
Normalized

Ingots 1 and 3 are 5/8" plate; 4 and 9 arc 1 1/4"
Results are average of duplicate tests.



Tngot Position

7 Top

it 1"

" Middle
". ]

" Bottom
"‘ L]

2 Top
" n

" Middle

i i

" ‘Bottom

it n

TENSILE PROPERTIES OF A-70 PLATES

Orientation
to
Rolling
Direction
Parallel
Transverse
Parallel
Transverse
Parallel
Transverse
Parallel
Transverse
Parallel
Transverse
Parallel

Transversao

TABLE

Upper

Yield

Point-
PeS ol
35,600
35,900
34,000
33,600

32,200

32,500

29,500
29,100
28,800
27,700
27,200
26,700

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

IV

Lower

Yield

Poin?

PeSedis
34,200
35,500
335 300
33,500
30,400
32,200
27,800
28,000
27, 300
27,200
25,500

26,300

Nominal %Elonga- %Reduc—

Maxi@um
DPeSei.
61,000
60,800
58,400
58,000
55,600
56,100
57, 500
57,200
55,700
55,000
53,400
53,100

tlon

3065
2742
3047
29,3
3140
28.1
5145
30.8

3342

29.4
3346
3346

tion
of Arca
5663
54,5
5943
55.8
6le.4
58,1

5643

5245
5548
5345
5841
55.8



TABIE V. TENSILE PROPERTIES IN TWO INGOTS
% €. €. €, Nom.Y.P. Nom;Br.§tr.

Elonge R.A. ' PeSel.. PeSei.

A-201 Ingot No. 9, 1 1/4" plates I o
Top-edgé L 41.0 64.7 1.041 .210 832 33,330 44,600
oo T 375 5646 844 197 647 31,860 50, 700
Top contor L 38.5 62.0 .969 L185 ,782 33,900 48,500
e T 37.8 54.8 799 ,L187 .613 31,800 52,200
Middle edge I 40.0 65.7 1,027 .229 844 33,900 44,200
" " T 33.5 58.9 893 170 L720 31,500 50,200
Middle center I 39.5 63.2 1,001 .166 836 32,100 45,800
" . T 34,5 5645 o836 175 661 30,900 | 51,000
Bottom cenber L 42.8 67.2 1,113 .215 .898 33,200 40,400
"M 42,5 63.2 1.005 .227 778 28,900 44,000

A-70 Ingdt Mo, 2, 1 1/4" platcs

Top center L 37.3 56.3 ,825 «185 ,641 29,300 50,200
woow T 31,2 54.2  ,780 4200 4580 29,400 51,700
Bottom center I 40.9 62.4 .990 .178 ;812 29,290 43,800
y " T 3346 55.8 4817 .204 L613 30,550 45,000

L, Longitucinal, or parallel to direction of rolling.

T, Transverse, or perpendicular to dircction of rollings

True
BriStr.

PeSei.

126,400
116,800
127,400
116,000

129,700

122,400
124,500
115,000
122,900

120,300

114,400
112,700

116,700

102,000

Nome MaXe

p.Soio

62,000
62,000
64,000
63,800
60,800
62,000
62,300
61,300
58,700

58,100

62,200
62,300
55,700
55,900



Table VI. BRINELL HARDNESS SURVEY

A-201 HEAT
Ingot No. 1 Ingot No, 3
Top* 157 B.H.N. Top 165 BeH.No
Middle 166 B.H.N. Middle 157 BlH.N.:¢
Bottom 161 B.H.N. | Bottom 160 B.H.N,
Ingot No. 4 Thgot 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 BeH.N. Top 169 B.H.N.
Hiddle 158 B.H.N. Middle 158 BlJH.N.
Bottom 157 B.H.N. Bottom 152 BJH.N.

Nofmalized plate



ACCORDING TO 3 CRITERIA

Single Width Specimen Double Width Specimen

. % % Conw= % % Con=

ﬁﬂorgy Cleavage traction Enorgy Clea¥age traction

A-201 Steol (Aluminum-killed)

Ingot 1, Top¥ =80 ~52 =92
~ #ddlo =50 '--f =50
Bottom =50 -18 -52
Ingot 3, Top =61 -13 =62
Middle -6L =33 -66
Bottom =70 = =42 =59
Ingot 4, Top* =47 -8 - =44 -29 =19 =35
Middle -22 +12 ~27 =17 - 420 -17
~° Bottom ~35 -10 =38 -17 +14 =32
NIngot 9, Top 425 +25 - -26 + 2 +42 | -7
Middle -33 -8 =38 ~15 +34 17
Bottom =38 =10 =41 +10 +25 + 2

A=70 Steel (Rimming)

Ingot 2, Top +57 +65 +37 +63 +116 +42
Middle +56 +68 +31 +50. +92 +31
Bottom +34 +47 +27 +42 +70 +29

lingot 7, Top + 8 +48 + 8

~ Middle . +12 +40 - 6

Bottom + 4 +335 O =2

* Normalized plate
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)

INGOT —
1 2 3 4
A A A A
7440 7442-T 7430-T 7434-T
B B B =)
B B B (B
74408 7442-B 7430-8 7434-B
C c c H_c_l____
A , A A :
7439-T 17441 7429-T 7433-T
B S B =}
B 1 ! B B
7439-8 | :744| 74298 7433-B
C L_ C
o
7438T | 7428-T
B B 5
B B A
7438-8 7428-B 7432-T
C C B
A A B,
7437-T ‘ 7427T 7432 -B
B B C
L B Iy
! 17437-B 174278 7431T
L_ C ' B :
| | |
! 17431-B
U |
BOTTOM |
NORMALIZED
---- NOT IN PV.RC. ORDER
FIG.I  LOCATION OF PLATES WITHIN A-201 HEAT

1©

>0

(03] oY

7436-T

7436-B

7435-T

7435-B

INGOTS | AND 3 WERE ROLLED TO &8' PLATE,

OTHERS TO I1i/4" PLATE.
ALL PLATES 24" X 6'.




Top
* 0 4173 Mn «57; P L0203

S o021; Si e21l; Cu 4063

C 173 Mn 55§ P .020;
% S #0223 Si «21; Cu L,06;
Al .041; Al,0, .003; N, ,005.

C «15; Mn 543 P «018;
S +020; Si 020_; Cu oOb;
% Al 0038; Al203 «004; N2 «004,

Bottom

Fige 2 % Composition in A-201 Ingot Noe. 1.
¥ Analyses apply at positions indicated by asteriskse

Notes:

(1) The following analyses held for all positions
Ni.05; Cr. 004; W 004; \' 002; Mo. «Ol.

(2) This was a 34" x 66" ingot weighing 50,450 1b.
and rolled to 5/8" plate..



Top

* ¢ .18; Mn 55; P 0203
S .0223 Ni ,05; Cr .04%
cu w063 Al L045;
C 2153 Mn 553 P +020;

= 3 +019; Ni .06; Cr o.063

* cu 073 Al 4041;
Al,05; .006; N, »,004.
C o143 Mn 533 P 0193
S «018; NI ,05; Cr ,04;
Cu «063 Al .040;

M Al-0z 0033 Nz 0043

Bottom

. 'Fige. 3. % Composition in A~201 Ingot No. 4.
* Analyses apply at positibns indicated by asterisks.
Notes:

(1) The following analyses held for all positions
'S1 .20; W .04; V ,02; Mo .Ol.

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



: Top ~
* c «16; Mn 533 P .0l143 * ¢ 2163 Mn .54; P ,022;

S «023; 3i L,19; Ni :05; S <0263 Si .19y Ni ,063;
Cr «04; Cu 063 Al 038 Cr «05: Cu ,07; AL ,027;
Al;0z ,004; N, .004. A1,0, +002; N, 003,
c 173 Mn o55; P .0l4; C «15; Mn 453; P 020

) «023; Si ,18; Ni +05; 3 0253 Si 193 Ni 405;
* Cr ,04; Cu ,06; Al .034; * ¢or «04: Cu .08; Al ,026;
Al,05; +004; N, 004, Al,05; +002; N. 003,
C «15: Mn 54; P L019;

S «023; Si .18; Ni .06
Cr «05; Cu .,08; Al ,04Z;
N Al203 40053 N, 004,
Bottom

Fige 4 % Composition in A=201 Ingot No. 9
* Analyses apply at positions indicated by asteriskse
Notes:

(1) The following analyses held for all positions
"W 043 V o023 Mo ‘40X,

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



Top

* 0 .22; IMn .36 ¥ ¢ .23; . ¥n ¢35;
P 40205 S  +034; P JOI7; . S .032;
31 ,02; Ni .10 Si .02; Ni .10
Cr 04; Cu o143 Cr .04: Cu «15;
Al .017; Al,05; .004; Al .007; Al1,0, .005
NZ .004 5 . I\Iz ¢005 3 '
C «20; Mn 0353
P .018; S 0283
Si W02 Ni ¢10¢ .
* or .05; Cu o143
Al ,021; A1;05 L0033
N2 0003; ‘ ’
C 414; M¥n 2343 C +18; Mn 343
P 0018; S »020; P 0018; S « 028
Si .01l; Ni +09; Si .02 Ni -«09;
Cr .04; Cu w14 Cr .04; Cu «15:
Al ,019; Al, O «0023 Al ,038; Alz0s ,003;
M Ns; +003; M N, +003; ‘

‘ Bottom
Fige 5: % Composition in A=70 Ingot No. 2.
* Analysés apply at positions indicated by asterisks,

Notes:

(1) The following analyses held for all positionss
W 4043V .02; Mo Ol

(2) This was a 48" x 17" ingot weighing 10,500 1b.
and rolled to 1 1/4" plate.



Top
*C .43 Mn o365 P L0183 ¥ 0 L25; Mn 4373 P .020;

S «017; Ni «09; Cu .12; S  L035;Ni 103 Cu W14;
Al ,012; Al,0; .002; N= .004. Al .0053;A1,05 -»003; N, .005.

C «22; Mn «373 P L019;
¥ S 028 Ni +10; Cu .12
Al 010;AY,05 .002; N +004.

e

C +18; Mn «35; P 40203 C +19; Mn «36; P 4019;
S  «021; Ni «09; Cu 123 S 4020; Ni 103 Cu 133
N Al .012; Al;0z .002; Nz 4003; . Al ,028; Al;05 +002; N, .005;
Bottom |
Fig. 6 % Composition in A=70 Ingot Noa. 7.
* Analyses apply at positions indicated by asterisks.
Notes:

(1) The following analyses held for all positionsj
Si a02; Cr>;O4; W . .04; V 4023 Mo LOl.

(2) This was a 34" x 14" ingot weighing 5,050 1b.
and rolled to 5/8" plate.



Fig. 7a Sulphur prints of A=-201, Ingot 1

|l A-201 INGOT 4

Fige. 7b Sulphur prints of A=-201, Ingot 4




Fig. 7c Sulphur prints of A=201, Ingot 9




l A-70 INGOT 2

Fig. Ba Sulphur prints of A=70, Ingot 2

A-70 INGOT 7 |

Fig. 8b Sudphur, prints of A=70, Ingot 7
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Bottom ~ Bottom

Fig. 1la  A=70, Ingot 2 “PFig. 11b  A=70, Ingot 7
Micrographs at 100x, Nital etch
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ROLLING DIRECTION

1 174"~
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FIG.12

ORIENTATION OF SINGLE AND DOUBLE -WIDTH
CHARPY SPECIMENS IN | I/4" PLATE.

EXCEPT FOR DOUBLE WIDTH AS SHOWN,
THESE ARE STANDARD KEYHOLE - NOTCH

SPECIMENS (A.S.T.M.. E23-4IT).
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