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-1- 5 CASTING STEEL STRIP W TH LOW SURFACE ROUGHNESS
AND LOW PORCSI TY TECHNI CAL FI ELD This invention
relates to the casting of steel stripin atwnroll
caster. 10 In a twin roll caster nolten netal is

i ntroduced between a pair of counter-rotated

hori zontal casting rolls, whi ¢H -are cool ed so t hat
metal shell's sOASTING STOEIISER POWITH [[(PW STSRFAages and

are brought toget hephuaHNERs AND betvweerddigm t o
produce a solidified strip product delivered

downwardly fromthe nip. The term"nip" 1is used

helBCRINIO Alef#d.13 0 t he general region at which the

rolls are closest together. The 15 nolten netal may be

pour ed from &hisadleatibmtabates ©ribd tating eSded] stripoimathiuctoll caster.
it flows thyough a t al d?Iiver .npzzl e | qcated :
above the ni B § BHRT st 4aieR ST T dse BEBHefy g of
SUPRREL-§ 6128 Hobigomatdakinth UL [RGES aRfcoblR@ sbPhdt $netal shells solidify
i mredi ately above the nip and extending along the

| emgythy nadvingeslimupfacepting accalstiol gl tpgﬂﬁlllerias&l@mawtween them to

confi,ned tween.sid | at.es or, dans_held in slidin
ey AR Db S R LE P b Rl b Sgfe Bl F1p o i

damisbehdrvi 16 Refsr 1fthd AectAsddingatPaeth 8@abNSire Qistdt @ether. The
When casting steel strip in atwinroll caster, the

c agelteryms b mayjibe pourgd Aeyap ladlpatag salles ygeehtromevhigh it flows

ex f - . 1S

e A AP BP0 SRR Phastbf pobitr

st melteiDiretal tlppoaad vh g cwtifgpaeticesaff thdellk dhhgdiatel valstek the nip
to formsolidified shells in the short period o

exfsTde Hrre DS Iength pife 8t t Bieerstibe perl lmula[gy] confined
st ﬁ&%e&?ﬁ&% Pflatseg QP harqyﬁélﬁgn @l?cﬁ{;% Eli?%ﬁ‘glzrﬂgﬂt%ﬂpéndt slﬂl?faces of the rolls

casting r Mor eover, It ortant to achieve

evsnasstoldiaghi thé et iy of theasisting pocdiadaiditoutdtdaw.on  of t he

sol i difying ells which cane together at the nip to, .
form the steiReripe stief Sgr pBRRgP £gersfgrcpding oot wil

| eachebDy Va4 aeanstohtardif kRQWBS 8550°Crap8 QdidI® BYDAC and greater. It
surface” roughness. Crocodil e skin surface roughness

i sisinebessaryde achidve Vergupel doolinadf theworlieastaboyrethodisgng surfaces
Ml Sfhe %‘]Ps i£1 %lr(le% 1d 1’1!:nlﬂlseli\a)ltl?r eldlcs)li%%ri}cl. Cesh(())It p%goé 3 eSXO osurg on the
mcrons, 1n perloé)s OP ]tO m e1|maters, meé’sureg

bycRrting buried &rthe Bo@Bn ke laoMQURee dustl §:26 @evolution of the casting
di stortions and _defects are avoi ded, m nor o )

i r FdlguMarpecest isAmppEant teadug s cxpr salkbficatign s @ 19 @ieid distortion
M A R U GRS i

m Dit@tipoof ihorhdfs dahéeasitte @hrfskrdefectsTihes@ a¢ Gtdsoditeeskin® surface
gener solidifies,

t ed stB. ntrapped liquid ang.
ca{?élgﬁ%%pi%m) o toin pibies peghiists éﬁlsts%tsil {elieByy & apdgpvolves
asp&%‘M‘riée@ afrll QMK §n the strip surface of 40 to 80 microns, in periods of 5to 10

millimeters, measured by profilometer. Even if pronounced surface distortions and
defects are avoided, minor irregularities in shell growth and shell distortions will still
lead to liquid entrapment in discrete pockets, or voids, between the two shells in the
middle portion of the steel strip. These voids are generated as the entrapped liquid
solidifies, and cause a porosity in the steel strip observed by x-ray as shown in Figure

2 herein and in Figure 2b of our paper entitled “Recent Developments in Project M the
Joint Development of Low Carbon Steel Strip Casting” by BHP and THI, presented at



2 herein and in Figure 2b of our paper entitled
"Recent Devel opnents in Project Mthe Joint

Devel opment of Low Carbon Steel Strip Casting” by BHP
and IH, presented at -2- 5 the METEC Congress 99,
Dussel dorf Germany (June 13-15, 1999). This
necessitates in-line hot rolliﬁg of the stripto

5 el ihMBTECIGMgRAE 99 ks SIHHE EMen B P 1£ABNBI9). This necessitates
ot herwi se be used even as feed for cold rol

bema]ug?eh(@rolbnggﬁgle g‘gn@pgﬂ@ﬂn@ytﬁe@r%ﬁ@mcgﬁ@ strlg cannot otherwise
K tr
{)ﬁﬂstefi%lv%rg ésﬁi% %gﬁ ﬁ[d roﬂq}gﬁjseﬁ CLE %F?%{:k aglgeerlllglla?ergl b}J tile 'JS‘%S and

i anbﬁt&iD'b&akzige of@hﬁﬁrlpaﬁﬂerttélisibrﬁast strip, whi ch
needed to be elin nated ¥ in-line hot rolling

However, af téps pihsstodiery thayahkt hasuly l‘ﬁﬁéalfpé’é?sétb’é"fas inevitable in
10 Vmﬁs(-:&sm?ﬂn éa%@&rlgowfﬁ@ﬁ}ﬁ%heﬁ % bgé]ﬁﬂiﬁﬁleld% 19@1(#16 hgﬁo?lwr:g. \’ﬁowever,

experience In c steel strip

c asft@rcawifilhy @oriledhg tlmz gactéhodech may le«ad $0 ﬁmn saljdifieation and

have determned that it is Q033|ble t&_achlev

nor e
evEHCERE §XPIdTsGATh C4En& §167 U bR & é%sr?ré"aﬁ%egol over those

r ouegmg%tor@rwe ﬁi&%e‘t@%ﬁie@ tﬁatgnlsfpbgsaﬂ& td Atk n;l&e even shell
ent rapnent an hus substanti al | \ reduce por03|

Y.
DI g@m@smsfo@l:crwzhlemwrf@p\e Roghuati.ngdabot f@igsigeidicant liquid
i nvention d a method of producing

15 | pieR ald R Rl SRRl nness and L on

porosity conprising the 20 steps of assenbling a pair
of cooled casting rolls having a nip between them and

wi PSRV REAGF UeENE]@Q¥ent the ends of ni p
i ntroduci |
| ntroduci ng %éorg%ﬁ]% ik a%%}{f @gfrﬁm'h fahg}e 19?”}’ orﬂ&tﬁ&ti of

of at | east
OXpi@etcia@tiiie bist hﬁiﬁ)Wﬁ&ﬂlOﬂ\OSLﬁfade GRS a%ldmepmaty dd’ﬂlﬁ)rlsmg the
pair of casting rolls to forma casting pool at a

20 tettpRy i ure such that the mjority of oxide

i nclusions f %%gllﬁéé?gﬁk Bt Hofed CQ[ ‘Jlﬂgﬂ% Qh%lﬁé?’mp between them

counter-rotating t asting rol I's an transferring
heatd Wit noifiengobtien adjatee thetand§ of mpsol i di fi ed shel l's

on the surfaces of. the casti rolls such that th
shel I's  gr ow Egdisies RSO Etidhy eI AUSIDRS SR aRieRi T least 70

t hﬁtﬁq oas@hu}owgms@ﬁsgnf hEE XY HERn CORELANe3Qn0fo ?InlaQSO ppm,

en steel and formsteel strip free of crocod
25 subdtween the pghivésastinamel Is tbdpmi agastiokbipap ¥ at @demmrntuset m@h that the

S Rl TR TP SRSl o
i nvention, th&nerirstafhs theRa@iticdels and@iteGrifE heat from the molten
steel to form solidified shells on the surfaces of the casting rolls such that the shells
grow to include oxide inclusions relating to the total oxygen and free oxygen content
30  of'the molten steel and form steel strip free of crocodile surface roughness; and
forming solidified thin steel strip through the nip between the casting
rolls from said solidified shells.
According to the present invention, there is also provided a method of
producing thin cast strip with low surface roughness and low porosity comprising the

35  steps of:
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producing thin cast strip with | ow surface roughness

and | ow porosity conprising the 35 steps of -3- 5
assenbling a pair of cooled casting rolls having a nip
bet ween them and with confining closure adjacent the

ends of nip; introducing nolten steel having a total
oxygen content of at | east 1003'Dpn1 usual Iy bel ow 250
ppm and fregsOxyEeNa FARLEMol Il ¥RR B9 haviflg 3%iPRMveen them
between the pair of casting rolls to forma casting

powid witth gonfenperlasure edjgmlhqfterﬁaﬂs pheip10 majority of

oxi de i ncl “Sln%ﬁu{ &%ﬂex{n E’t%glq{agﬂ%raeto{ai] AJ»t(}ngHI ?nt%ﬁta(;feat least 100
counter-rota cas

heppmf usanly baowmst) SPm, aﬁaaﬁlee b0y ok B NS A ety §Ine3d aslheslol Hm,
on the surfaces of the casting rolls such that th
shigtrvgen the b cahiBe gl tepapa catngProhd atanpsrpiyge %h that the

th a}o?‘t%f&fiéf@ﬁl u?!&qs ?Jrﬁl%d?ﬁ%)f&ﬁ%r&@rﬂ R %tatgf the

nol t'en st rmsteel stri crocodil e
surface rougbtmness: ro‘a‘ﬂdg i caetiny mﬂs siol irghisfaradg hét firom the molten

st eel etme n the. castin rolls
£ 1 SIS P Lot e LBl e Surter & T&l@ﬁa%}nwﬁ&%ghﬂhﬁt e shells
MakloROoShahdd &88: fRElons HT;?LH‘%QB Rk oDR S xRREMANd iREBygen content
particul arly useful in mak mg_ ow carbon steel. In any
ay

c asfethe nivdtes tisel andifetnh steplesyrip fraw ef mﬁfghh sgdamotghness; and

o 11,con ox! 96,80, AUHYR. L8 OGS S055RBhe! By i

of rolls floasdid dAived @ells.ncl usi ons per square
mllinmeter to a depth of 2 microns fromthe stri

surface. TheAflbpughmdsopsiehl ipmaking stajiieds stoeb te mafiod das been
be%o?l\ﬁ’%l égtggﬁapg[&gefﬂ %Ilﬁ%ﬁl?%k’ g\%‘ §ﬁrﬁ&f#£el.1%§% cga@%%h%)ﬁéeq\élhells may

t he nperature o e cas

Oxhle maphnksk orilecalipon Gade afd AdinumSoxide Aidlhisidhz O3 asmiproduce
be dlstrlbuted through the nolten steel in the casting
pode \ﬁlrtnnhaé(mgz%mrﬂert@éffadiﬁna@h%ﬁ Ett;'/eaéﬁ‘ THesidreticisigRg per SHuare

O A RE: 1& X 8L GH GFD 1@%‘1?? gﬁ su%&en gI'He' rﬁblhﬁg Rpﬁﬁt of the

t heory, avoi dance o crocod i'n surface roughness
anthclueions npagbe ictoy 1&0HE] ami\mdfetatblﬁs apoaVliS386dC yd below the

controlling.the rate of r owt nd he di stributi
o CEIGUEHE Of UEHREtEU B T TTHEP AL A1 B RS ORfgsed OF MnO,

casio,Ngid ALJBEmRY b@aﬁﬁl%ﬁa@ttﬁfoﬁgh theau Ol g1 sh@k |cast1ng ool with an
distortion have been found to be caused by a goog

di schisivotdeasityodl bsty dedi dndak grams pecdubat ¢ecnt1rr@tetres in the

| | h f
cont rof Ted r OBt b ARG BRneSHG pRiEfHos R r Racifs i surtace

| NidulBhess hiddRWeP poroS® isdielit€aittb OB prdH®RG Bt @n¥tolling the rate of

foll owi ng nucl eation. Further, we have found that it

i sgrowth and the distribution of growth of the solidifying metal shells during casting,
The primary factors in avoiding shell distortion have been found to be caused by a
good distribution of solidification nucleation sites in the molten steel over the casting
surfaces, and a controlled rate of shell growth particularly in the initial stages of
solidification immediately following nucleation. Further, we have found that it is
important that before the solidifying shells pass through the ferrite to austenite
transformation, the shells reach sufficient thickness of greater than 0.30 millimeters to

resist the stresses that are generated by the volumetric change that accompanies this

transformation, and further that transformation from ferrite to austenite phase occur



i nportant that before the solidifying shells pass
through the ferrite to austenite transformation, the
shells reach sufficient thickness of greater than 0.30
millimeters to 35 resist the stresses that are
generated by the volunetric change that acconpani es
this transformation, and furtWer that transformation

5 T r pirvfeths kiedls Egssauﬂlgm u{eanp harﬁi@ v@ﬂcg@ﬁeraﬂly bSsIEtRhtEotraiSst the
shel | s pass through the ni his will generally be
suftfdsgdsdimt arpganesitesk byt the ve sfe@lanﬁatham@og]@n@p?athéd
by
YR RATSL SphRn AT RERSTRIRL 886 D e v

or gprareahettd 11k thRgawA ol Sadheshell StivabcaboRt ®32 miillieheters at the start of
thi ckness of each shell may be about 0.32 mllineter

at the dgridg toraustgpite Er%fqrg}applg,@bplét Ok {né]#]lmeéers at the end of that

tr t ters at the end of

10 t hgt 58 gfﬁg O?lﬂn%??gﬁﬁlﬂlﬁn&%%&{t {%@% mllineters at
t he ni p. W Ravavahko ddetmimil ted ctolaacﬂilecxrl@cmdlighmess ksi avoided by

ness |s avoi ded b havi n ation uni t
ﬁ% e84 ?F“é’fl P&t “ﬁ“&%\‘é? di‘é‘éyﬁgf‘% jb PHG F9H ‘éli‘me% We

bei)élﬁe\(z@ sfdGho &Jaas @Q«hlr@ugﬂﬁb@ i QHQ fao&aéd bf g%e%ng\eghf#@@ed heat
by generating controlled heat l ux of 1ess than
mefawaf less then 2§ qegneatisgtes sqwuy mn‘gr tihang thietinigial m)mﬂhsecond
milligs nd. 1 solidification in t er or i.SCUS

15 LRG0 i e 38borty Bkl el s SRESE pEf1 4B S1RH oheren

sotdidiifiddafie B ahd fo eRBE £ QnBBRET RitedofOR N%;fo@sl’th 8dthoad shellk in a way
the growth of those shells in a way i ch avoi ds

S hté’MChdllVgltdé phdllodistarti cohvinely i ght depd t@ d)lqmdcﬁrﬁrdp@mtrla Hreestiip.

in the strip, r l

for ol a PagRod sty ?’%rﬁ’%‘lﬁleﬁfbnosg%{c%bﬁp %Sggd‘gifaﬁ& can be

e mudcoyiplighcdadstaniido Ghig tacias sivfides avithextans: ﬁoﬁﬁéﬂéﬂy hyandom
random 20 pattern of discrete projections, Said

20 gj p¥fest of ‘E)‘F‘Efté PrYBTHONGf Sﬁlﬁél%@%? POUFEORY oldhg carkips syhdgss may
anheﬁ%é%%%ra?@h&gﬂt SHat fast! Fcr(%% ami Cf}{e?/g?ayal%etanecMe n%ilrface

have an ave age surface ution bet ween 5
20Qispbakisn pEbetwadh 5 hud ﬁ)@p%kep@r,mmﬁehnmfta\fﬂg 'EherChaug surface of

of roll e defj ned aqgrit bl
su%@ﬁrr% gay 6\9‘@2@% CE y %gBTr ‘E‘F ¥qbétr 58P y wfcgectlve coating.

paMdr@Hirﬁﬁﬁl%rly,ttﬂ@p&[&ﬁegI:(baYﬁgQIQc@IHe% JF&YroBﬁte@r}netal coating. Even
el ectropl at ed net al coatln% Evén nor e

25s pm@ref speeificgl]y. thresubsibde may ewappeb:@nd tpdated pehtingenay be of
a]?ed coating may be of chromium The nolten steel
H%légstlng pool may be a | ow carbon steel having

Car bon cont emhe mdltthSeflan @ @ktikk FHd1 Mk ®eQ.1d%0dpbon steel having
WBI ght manganese content in the range of 0.01%to

Yycansing it tha mengsial 0O “ciert Entbyiwel gifempagagesegiontent in the
O %}né% 5190 690//0 t§ %tda% PW%] g}{t’ Fua&— E‘iﬁcé‘?é&rﬁ%} ‘T’r]i ﬁ%lra Yof I@q)\qe/o to 10%

num conte
30 by weight. The molten steel may have aluminum content of the order of 0.01% or less

by weight. The molten steel may have manganese, silicon and aluminum oxides
producing in the steel strip MnO+Si10* Al;O3 inclusions in which the ratio of
MnQO/Si0; is in the range of 1.2 to 1.6 and the Al,O3 content of the inclusions is less
than 40%. The inclusion may contain at least 3% Al;Os.

35 Part of the present invention is the production of a novel steel strip

having improved surface roughness and porosity by following the method steps as
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by wei ght. The nolten steel may have nmanganese,

silicon and al um num oxi des producing in the steel

strip MOSi Q2 A1233 inclusions in which the ratio of

MO SiQ2 is inthe range of 1.2 to 1.6 and the A1203
content of the inclusions is less than 40% The

i nclusion may contain at |east 3% A1203 35 Part of the

Pr &&eAbed AH6RAL TRR cbmpbilBoP b0 kirPbafhotatot A Rhowledsd, be
strip having inproved surface roughness and porosit _
bydgsetibashgthey tharebyribie poerest sens wied upforgingdhe stegdstiip as described
abdg[y%.e This conposition of steel strip cannot, to our

know €dge, be described other than by the process

steps used i Ihdraemthighd HRestli@Ehap bé nprefillgesphideethe results of
above. In order that the invention may be nore fully.
exPIEIhEEXPETace 8% tastiag kv caReissl viissdmig Fikcastsr will be
cast.i L] - \M li..caster

i T B RN GRS b Ryh Bl Ll

acconpanyi ng drawi ngs i n which: BRI EF DESCRI PTI ON OF

THE DRAW NGS Figure 1 is a photograph of crocodile

SkBRIBE DFSCRIPOTUYRMESTHEDRPAMINGSE t thin steel strip;

15 Figure 2 is a photograph of an x-ray show ng

porosity in Pigutyl Bratphobighaphsifeedcodilé slin shifguereughness ia prior art
pl an view of a continuous strip caster which is

opBYhHFY S accordance with the invention; Figure 4

is a side el j e [P TR :
Foure 3 200 Gupd ol Pyt SR A BRI fnprior art hin
t hegedlishg:5--5 in Figure 3; Figure 6 is a vertical
cross-sectiop. on the line 6--6 in.Figure 3; Figure 7 :
'S a verti cal ZBGLE AU il %t oAU atrip-caster yRigh s perable in
3; accblAHESW K SOWSerifog. ef fect of inclusion melting

points on heat fluxes obtained in twin roll casting
trials usingligbtd £y sadengjension okthie|stip eastee bkowiph Figure 3;

R i G

i ncl usi ons i Rigares®isiadickti@d ciokbedctish bh Pie IMiegIEiInIgirs 32
pl ot showi ng the effect of varying nmanganese to
silicon configntes? i eHécal prgei-ereson enfer lgteut-¢7 grFigure 3;

i ncl usi ons; ﬁﬁtgf{{ ﬁseh]olwsr Eé;%ectt Bl b rﬁ&ﬁﬁé BoiB%toml%gt fluxes

al um na conte asu
obtained in twin roll casting trials using silicon/manganese killed steels;

Figure 9 is an energy dispersive spectroscopy (EDS) map of Mn
showing a band of fine solidification inclusions in a solidified steel strip;

Figure 10 is a plot showing the effect of varying manganese to silicon
contents on the liquidus temperature of inclusions;

Figure 11 shows the relationship between alumina content (measured
from the strip inclusions) and deoxidation effectiveness;

Figure 12 is a ternary phase diagram for MnO.S10,.A1,03;

Figure 13 shows the relationship between alumina content inclusions
and liquidus temperature;

Figure 14 shows the effect of oxygen in a molten steel on surface

tension;
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30 fromthe strip inclusions) and deoxidation
effectiveness; Figure 12 is a ternary phase di agram

for MO Si Q2. A12C83; Figure 13 shows the relationship

bet ween al um na content inclusions and |iquidus
tenperature; Figure 14 shows the effect of oxygen in a
nolten steel on surface 35 tefsion; -6- 5 Fi gure 15

i's a plot of FighR rEsUlpa ihebatdl Achoms:SANGATHRG the

the inclusions available for nucleation at differing

st welusne avdilahleder nunleation afiffgring steelj dlvanbnesadaslst he

affect of Mn NG US| i nt . .
Figure 17 1170 R Ry B i MO sl By AGlgbton meting
I npdigi on anal ysis 10 carried out on sanpl es taken
fromvarious_Jlocations in a strip caster during. the

casting of F@W%Hr%ﬁr%?%ﬂpo§192 priiosjofiined fgon inclusion analysis

| !:iﬁsigci 8% stan1 e@ ﬁ%ggm%vé%s lf(%aﬂgnsnrﬁl t§t1n19 z%?éégpgp%gle casting

the addition at varying contents,

i | bllistvr aatlem sln@\lvstaﬂpum na levels may be adjusted wthin
a safe 15 o .erat en castin car bon
steel in or dEBFo! RUuHTE ﬂﬁﬁmﬁ?qtrﬁ’&‘ o Bt Reng o ds
mgddil@&p&sAg@g AW B8 ed gt emperat ure of about 1580C
Figure 20 illustrates results of casting with steels

of varying tbigate 1%ilysteatesdrmgy Aumdd lewls evay be Biiysicd within a safe
tes heat .fl ux val,ues

b [ . :
oMM e TSP e Eer R e G A° Resn tr gytting pointof

suiistokateandlasbidhefow @Gtk thapdratufe of abbudome @l a
pitch of 180 mcrons and a depth of 60 m crons and

Corrpar es t heBguw hillygraiessegsail asding auith sigpls of varying total
!)% %aﬁ@hl 08[%{18,[ a grit blasted substrate; Figure
XA num

eat flux measurenents obtai ned
dur i ng succBgaivH idtRateehits flur vahies bbtaineé ldumag solidification of
solidified fromfour different nmelts onto ridged 25
anﬁe%}rsﬁlinp]ﬁ? 88 pdeiturgp sthshiptedhav e fregulonpitism %fart“égfs hgpitch of

o bRl RS o AR AR SoRhr el MM e PR e

t edursngofolififganen @Rp afgry blaste@4ubshdieccat es the results of
reasur ement SF%]:,IreSZZSIEIgtIg (:I!I?E{X(iimgl%vﬂe%% hux measurements obtained during
successive dip tests in which steel was solidified from four different melts onto ridged
and grit blasted substrates;
Figure 23 indicates the results of physical measurements of crocodile-
skin defects in the solidified shells obtained from the dip tests of Figure 22;
Figure 24 indicates the results of measurements of 5 standard deviation
of thickness of the solidified shells obtained in the dip tests of Figure 22;
Figures 25 and 26 are photomicrographs of the surfaces of shells
formed on ridged substrates having differing ridge depths;
Figure 27 is a photomicrograph of the surface of a shell solidified onto
a substrate textured by a regular pattern of pyramid projections; and

Figure 28 is a photomicrograph of the surface of a steel shell solidified
onto a grit blasted substrate.
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of thickness of the solidified shells obtained in the
dip tests of Figure 22; 30 Figures 25 and 26 are
phot om crographs of the surfaces of shells fornmed on
ri dged substrates having differing ridge depths;
Figure 27 is a photom crograph of the surface of a
shell solidified onto a substrate textured by a
regul ar patt piglirédopMOAEN 83 RRGISE khaling tlﬂﬂ@ta’fbgy%eﬁ odfitent of
is a photom crograph of the surface of a stee
soptodigticacsteel Bredn trotha tupdish ipimeshiasely shoet thapesting p00150f molten
Fi r e total
o R e i Sl BLBaB I MRF Y (e

t undl sh i mTeEigateeBy tﬂbﬁglﬁBS he Iﬂastofﬂ@ fmaixy@én mltetne Bf the same
st eel durlng casting in strip w

cagedmelggepriedun Bt 2t9ﬁhwgh 33an ﬁ&eéwml%h @%?dli‘tﬁ]é( above the
f
B e R L L b S

above the 10 casting pool of nolten steel during

casting of thin strip with a twn-roll caster
DEDATNAEDE DHFCRE RIH TONNGBF THHE, PREFERRED EMBOID NERN TFor

t he purposes of pronoting an understandi ng of the

princi pl es oFortthe puippvsnlfipesinotirgf redestanding of cnlw ﬂ&ﬁwiples of the
made to the enbodinents illustrated in the dra

15y gp EdeEnGe Wilkprabemids 1o the cpbadimentslluttrisgan the drawings
sagg;d spetifi Wi REVELT lh?t!ls%&? 9%&6‘9&5&4 o@qrﬂﬁ H@\teﬁtﬂr e%sybe

limtation of the scope o invention is t
i ntuetedkechd thaltcr’m liraltstematfitbnscopa df tha rimwtmtiomscthéﬂebﬁtﬂtmdsd such
he |IIu t ed e, .and such rt her
st o P oS ate Bt forenanbiretdober
i llﬁfﬁltcﬁt%rﬁ%f m%eﬂrﬁicfbl&edmﬂe &Q%tmsﬁhes@fate@&hé’i@lﬂlﬂémg Contemplated

normal |y occur to one skilled in the art to which
i nisewiowld mornedl it exsur @ONRislled sn thetad 17 whidhibe imteation te\mtfns

I<;1glclor 33222” ‘lléﬁ etgsrt? tog @gs W?r %g%{’]ﬁl Bw%ln?ﬂ?s S(%Iggé%i‘? butlith may

CORPHHERSd th ARbIMandB&Hh AR pPrésRAEinkdntiil dhisSdagidflSoriprises a main
fromthe factory floor 12. Frame 11 supports a
ca@laF}ﬂ@e framg 1¢ arhighagends aipviing thei lgcthpr ilowdialtirgmendl aperts a

1 S‘t:avs\ﬁgg r(ﬁpca?ﬁig%rﬁl Whith & ﬁo?ﬁor]ft%ll q’aﬁe ?ﬁ’feeﬂ 9n %Es%hlb%pstatlon 14

riage carries a palr casti
r ohildsa d:stih@ stadibre hS. 26anmakd eh czmatesah pms ospmp)lllel e_abtdngrrbmgl(ato which

casting operation froma ladle 17 via a tundish 18 _
anam&%ql my gﬁ WBR AUy eigagingsansraiogd &y ﬁgadg?o bf vigg. tundish 18
Co L 25530 0y 1 105 RS o

br sught shteﬂgailhlﬁy oatth¢ e vingirpll betfwee ho A hedntedrpnghd tegetiar at the

Soll'liip%le{vlvc%g them It(P pI%aggeuef: goliﬁlﬁe%tstrtlphgroﬁgclztl20 aﬂ}leertoll ouHet This
product is fed to a standard coiler 21 and may subsequently be transferred to a second
coiler 22. A receptacle 23 is mounted on the machine frame adjacent the casting
station and molten metal can be diverted into this receptacle via an overflow spout 24
on the tundish or by withdrawal of an emergency plug 25 at one side of the tundish if
there 1s a severe malformation of product or other severe malfunction during a casting
operation.

Roll carriage 13 comprises a carriage frame 31 mounted by wheels 32

on rails 33 extending along part of the main machine frame 11 whereby roll carriage
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product is fed to a standard coiler 21 and may
subsequently be transferred to a second 30 coiler 22.
A receptacle 23 is nounted on the machi ne frame

adj acent the casting station and nolten netal can be
diverted into this receptacle via an overfl ow spout 24
on the tundish or by wi t hdr awal® of an ener gency plug

2513hs HRBoRIiEMoRhtell MG thovEhRhalohg tHNENE33 SCATREY fhBe 31 carries
mal formati on of product or other severe nmal function

du prig obradlasadleng’ 4 wpelrigh thenollg s R@IrptatﬁéhrmagéeclsRoll cradles 34
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mount ed for novenent _al
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t hl%llrs qklaﬁd %(9 erthbfe th F(ﬂfsatg Ib¥ r gtng&g% Rglujt focfraasmnq%n”r’é‘linterval when

are nounted on the carriag e I nter-engagi
c oin eqeintdatoyfosh aaianswmeﬂme of 3&akiR6s h@oalthe)smrmlae will be explalned

cradl es to.he, nov on .the carrj age r

i niY m%rﬁé%taﬂg%el fﬂ%f%ﬂeawﬁ IR 0?7&10%%%&5&118 33 by
adhdﬂﬁhoﬁhﬁ a‘@ogf{al@ a@ﬂcln%I RRIrAIR ﬂ?ﬁgmcﬂinﬁeﬁlﬁﬁf 39" goégcted between
roll's 16 and to enabie the rolls to be rapidly noved

apa dtivé bracket 90 onttha foblecairreoe and thathain machinedranexgi asdel be actuable

formag transverse |ine.of we I os
a Stown]olve @'ée ﬁﬁplyalg%getweﬁn }.P&agse q{j fefi%%? (f ‘:ﬁggng Sta{IOIP 15 and
catick @geal S novabl e as a whole al ong the ralls 33 by
actuation of a double acting hydraulic piston and

cyl i nder uni fagmg relbinHewe squipetwoiaed thgouphi dyeeishafesckl from an
40618821‘1% tﬁ?ot(g Jnld tfaﬁgnrflss@]tgﬁ n‘?:ﬂlgltetd ?1 cqﬁﬁ %ﬁ:‘ i€ ﬁ&l@“}}% lrc'ane copper

as to pe act uab nove t ero carri age

t heerghseirblayls Sdraved ovithldscaing oﬂlaaglmt@nzﬂltymdmﬂlng&na nd
Vi ce versa. Casthg rolls 16 are counter-rotat
t hriggHeeRtivh Prgsd watgn cqaligapaiases) S aqch%mhﬂngter through

tr @1@%5'11 %ﬁds%ﬂ%%%gg;g? dg\g ﬂs@lg ?olﬁ H\S@ﬁl‘%ﬁs 48%”1&1 49 C?nnected to

have copper peri phe or ne a series o
| owglet agipinahdsys éX theodihngtaangdladds €3. r”Ehwfodalrmm ﬁyﬂiclayy be about 500

R S SR R R05R PR SAS a Mg w

in ﬁﬁﬁd[0|| drive shafts 41 which are connected to
wat er supply hoses 42 through rotary gl ands 43. The _
roII may tpr@ﬂtﬂ?l%@*ﬁbﬁﬂYC@D@ﬂhwnﬂbwmﬁhdwﬁhmﬂlammpﬁﬁﬂiwaa

Q& mm | on qﬁo mm wi.de .stri

or shict S5k {Atheal 55f S & RERFAToB RO bR b Bot mora

CORSEikHGistAdna e |laﬁ11éiié FREEWEE Vitdpier ryPAEacRabMIbRA servo cylinder

over head crane whence it can be brought into position

f r brallevhgeltgremglal to flow from the ladle through an outlet nozzle 47 and
refractory shroud 48 into tundish 18.

Tundish 18 is also of conventional construction. It is formed as a wide
dish made of a refractory material such as magnesium oxide (MgQ). One side of the
tundish receives molten metal from the ladle and is provided with the aforesaid
overflow 24 and emergency plug 25. The other side of the tundish is provided with a
series of longitudinally spaced metal outlet openings 52. The lower part of the tundish

carries mounting brackets 53 for mounting the tundish onto the roll carriage frame 31



receiving station. The ladle is fitted wwth a stopper
rod 46 actuable by a servo cylinder to allow nolten
netal to flow fromthe |ladle through an outlet nozzle
47 and refractory shroud 48 into tundish 18. 30
Tundi sh 18 is al so of conventiognal construction. It is
formed as a wide dish made of %% refractory materi al
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ten net rect Py 1 nt e nip etmeen ero
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at the casting station. Side closure plates 56 are
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During a casting operation the ladle stopper rod 46 1s actuated to allow
30  molten metal to pour from the ladle to the tundish through the metal delivery nozzle
whence it flows to the casting rolls. The clean head end of the strip product 20 is
guided by actuation of an apron table 96 to the jaws of the coiler 21. Apron table 96
hangs from pivot mountings 97 on the main frame and can be swung toward the coiler
by actuation of an hydraulic cylinder unit 98 after the clean head end has been formed.
35  Table 96 may operate against an upper strip guide flap 99 actuated by a piston and a
cvlinder unit 101 and the strip product 20 may be confined between a pair of vertical
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units 83 to bring the side plates into engagenent wth
the stepped ends of the casting rolls to formend
closures for the nolten pool of netal formed on the
casting rolls during a casting operation. During a
casting operation the ladle stopper rod 46 is actuated
to allow 30 nolten netal to pér fromthe ladle to

t hgdé ENRESTO2L RUGRe K8 cABhad bt dukRH Yn BOHBE lEvs (Whﬁéﬂ&ﬁler the
it flows to the casting rolls. The clean head end
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an ip guide flap 99 actuated by a piston and

ﬁg Hﬁ%%%%&hnlt 101 and the strip product 20 may be
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of p%romw it theypy-casheanditiont Susb stiprreed npt st subestgdity in-line hot

e gyl g GRSy ¥R H ATl Syl Shed o oo
Paneﬂiﬁﬁnmhu6HMgon PCT/ AU93/ 00593. After extensive

operation of a twin roll caster as described herein
with 15 ref{é‘r%ﬁ‘?@éﬂ tesmis the paRrosement pf ciggogilskin surface roughness

St g\ﬂfl IBerﬁf} dA%k %E}‘f‘le@&l caf Q01 & OQI]ItIJOFgVér nmﬂgllqﬁfcletaﬁm? ?‘F&e initial heat

strirp which 1s substanti a free of crocod
skilux guthé au‘ealrstngghnﬁssﬂndef‘rcdnmi to gpenesi doptrphed fae dsshcl;hgtowth

copdi.tio Such sirip need.not be subj cte
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rolling. 20 In general terms, the inprovenment of
cr pogiipes which, tegetherceith @&Igﬂr&élsmlstlafmi tlgmmokm stedd dgedod total
achj eved trol ove ucl eat

f
ey e pa 0 b, By | B paf o £% oxveen

SOk drildrit o€ Béth@Bn DO aRNSMHEn Apro ek Qldobd disaitatioh 05 Bﬁlklla inclusions to
growmh. Initial nucleation % be controlled
8

ensuYq #grugleghemsitiss tihe paygarrostenhelche aralisn S@Pltfégd may be at least
100 ppm total oxygen and between 30 and 50 ppm free oxygen.

For example, forming a textured surface on the casting surfaces of the
casting rolls having a random pattern of discrete projections, having an average height
of at least 20 microns and having an average surface distribution of between 5 and 200
peaks per square millimeters may produce the desired distribution of nucleation sites.
The temperature of the molten casting pool is maintained at a temperature at which the
majority of oxide inclusions are in liquid form during nucleation and the initial stages

of solidification. We have also determined that the initial contact heat flux should be
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by the provision of textured casting surfaces forned
by a random pattern of discrete 25 projections which,
together with a steel chemstry of the nolten steel
feed of total oxygen content greater than 70 ppm
typically less than 250 ppm and free oxygen content
of between 20 and 60 ppm prodﬂlkes a good distribution
Of sIRKitRE th1eAridfr ONBedi FronSHE WELIRA sl 16 Ald QLIS fiBicesTdIRing the
oxygen content of the nolten steel feed may be at
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an
QoS uaRANR ARGh RSB0 R O SR RER TR GGGk fove an
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prevent rapid shell growth and distortion. This

c ompw@lon@)fn BRepgtingpeat hogldtberetonn by élarm{un@fi/att%@()?% andgpelow,
I
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inclusions in the nolten steel have an effect on
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reduction in heat transfer when the inclusion
meinclusynpoi nt is greater t han appr oxi mately 1600C. The
mel ting poin

shoul d t her e%‘?%eetogxeyr?&il E%CVL?F ?elg%%)%%cg(ﬁ%a%%ﬁ o@?’o‘iuring

angoliak tat fhidlnddnlidtud) @yiMehet 1h@hd @'f@ﬁﬁ@h WF €ol@fifiéiioh @itlusions near
steel In the castin ﬁg pool . The oxi de inclusions formned
¢8

| nthetsarfags afdhe step soiiicpleoninel uiang e Aornpg preominantly of
[idifi |
M%cﬁgg%rbﬂidg ks“(ﬁl[olgﬁp %a@?&o i dification inclusions

f orned Ication of the steel shells, and

deoxi dati on MmeSusitonsine8idd during refining in the

ladle. Wth The appearance of the solidification inclusions on the strip surface,
obtained from an Energy Dispersive Spectroscopy (EDS) map, is shown in Figure 9.
It can be seen that solidification inclusions are extremely fine (typically less than 2 to
3um) and are located in a band located within 10 to 20um from the surface. A typical

size distribution of the oxide inclusions through the strip is shown in Figure 3 of our

paper entitled Recent Developments in Project M the Joint Development of Low
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casting trials, we found that with alum numkilled

steels, the formation of high nelting point alum na
inclusions (nmelting point 2050C) could be limted if

not avoided by calciumadditions to the conposition

to provide liquid CaOA12G3 25 inclusions. The free

oxygen level in the steel is F éduced dramatically

duChi@n SEROKIrpIC &tink BE HANARCIHE, pre&sidd At figk M THETECongress 99,
generation of solidification i nc_II) usi ons near the
suPpgselogf Germang (huing 13715e §29%9 owvhigh aydieiconsulisd fergnengs
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reg%%ﬁ%ﬁsgso Mh+Si +30 = MhOSi Q2. The appearance of the
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obt ai ned from an Energy Di_spersive Spectroscaopy.(EDS)
mwlldpfécagﬁ%mlqswnpiawrgng}ly deterpiysd by theaMp angd 34 levels in the steel.
Sobi difi . . , _ | : o
(e ol i 8 SurA R L SR e p the fuicdus
bardpectat efl theiihdlisiodd A mad@meke aibcdrhiellsdisttaldaving a carbon

typi cal .35 size distributj of t.he oxi de incl usions
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Devel opment of Low - 12 5 Carbon Steel Strip Casting
byaB#HPmamun Fedtentpf dpcnrtedi4t0 Pher NETECYGghysamgyodige such

conTOHE Bl SFaR B AR e o L tr it i i Biogs of the

ki bds@iflo pb@ieln pAdiculen MRaftad im4e Ha@Y tHeSoRbwinB@omposition, termed
solidiglcation inclusions are prinmarily determ ned by

t hBI0kh and Si levels in the steel. 10 Figure 10 shows
that the ratio of M to S hasj@a signjfigcant: gf fect; on
the 1iquidus terrp“%atr%re of —th inc?‘agj/g’c&.o%}gﬂ
manganese slil-iconK"EMEGC st eel .h.a\,/i!n.qL"I 2 é@?%gﬁ
content in {the rangsligm 0 001%lt o 092884 bywaihyht |a
manganese clont ent Alpmitwen r ange | 0. 1049290 beowdightwei ght ,

a silicon content in the range of 0.01%to 10% by

wei ght, and Dagkiadition intlmicanire gtnedllyt fideaidbdurig dobili#fion of
or | ess by wejght can produce such 15 solidification )
oxthganqlicajstesl w%&e Hagte wigh &dotiiang Mt T, degamppyitipy af the oxide
up : . : . | b

or RS usLRSRRISA A hE o AR AOn AR MARSRALALE bR, i
Caddomndafio 6%t isyonsearghandorvbrigentaba tbe 6%p layd wesi glatser than the

solidification inclusions near the strip surface formed by reaction of the free oxygen

during casting.

The alumina content of the inclusions has a strong effect on the free
oxygen level in the steel, and can be used to control the free oxygen levels in the melt.
Figure 11 shows that with increasing alumina content, free oxygen in the steel is
reduced. The free oxygen reported in Figure 4 was measured using the Celox®
measurement system made by Heracus Electro-Nite, and the measurements
normalized to 1600°C to standardized reported of the free oxygen content as in the
claims that follow. With the introduction of alumina, MnQO+810; inclusions are
diluted with a subsequent reduction in their activity which in turn reduces the free
oxygen level, as seen from the following reaction:

Mn + 8i + 30 + Al,O3 < (Al,03).Mn0O.810,



10

15

20

25

30

35

Silicon 0.28% by wei ght A um num 0. 002% by wei ght

Deoxi dation inclusions are generally generated during

deoxi dation of 20 the nolten steel in the ladle with

Al, Si and Mh. Thus, the conposition of the oxide

i nclusions forned during deoxidation is mainly MOS O2
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ppm. As described in more detail below, these oxygen levels in the ladle result in
total oxygen levels of at least 70 ppm and free oxygen levels between 20 and 60 ppm
in the tundish, and in turn slightly lower oxygen levels in the casting pool. The total
oxygen content may be measured by an “LECO” instrument and is controlled by the

degree of “rinsing” during ladle treatment, i.e. the amount of argon bubbled through
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Cal-Sil grad
Cast No. Ga

171 3.55 M 34 M6 62 169
66 175 2.56 20 Altholgh Mh and Si
Si-killed grades,
heat s was Iomer when t he oxi de

051 Ca-Si
were simlar
oxygen | evel

es.
de (nfmin)

t o nor mal
in Ca-Si

The results are set out
Table 1 Heat flux differences between M)6 and
Casti ng speed, Poo
renoved
58. 050 Ca-S

(mm)
3.

i ncl usi ons cont ai ned nore

2. Heat flux

es i nSl

Hei ght ,

(MN M 33 M6 64
60 176 2.54
| evel s

t he

Tot al

in the foll ow ng

heat

free

is is shown in Table
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mell ting S| 9% l”56&_20‘3 CaO tenperature (QC, Ca-Si Z@eltmg

3205 9.8 32.11 22.1 1399 STHE fr oB Qx0T dvetad i n temperature

-Si grades were |ower|, typically 20 to 30 10 ppm (O)
conpared to 40 to 50 ppmw th M)6 grades. (xygen is a
sur f aGe-Sactive elXBment | a@2ds t huso.8educs2.on i RXree 1399

oxygen | evel is expected to reduce the wetting between

nol ten st eel TROFeL RRYERSIEINPid CL-kPe@ARdk wAYISE typlcally 20 to 30
reduction in the hea¥ transfer raté between thée netal
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! nbét\r?]vgenh‘glgtmeftzllllgr(ld tlllencagtrl]gg 190?12 eHowever from Figure 14 it appears that free
oxygen reduction from 40 to 20 ppm may not be sufficient to increase the surface
tension to levels that explain the observed reduction in the heat flux. In any case,
lowering the total and free oxygen level in the steel reduces the volume of inclusions
and thus reduces the number of oxide inclusions for initial nucleation. This adversely
impacts the nature of the initial and continued contact between the steel shells and the
roll surface.

Dip testing work has shown that a nucleation per unit area density of
about 120/mm?” is required to generate sufficient heat flux on initial solidification in
the upper or meniscus region of the casting pool. Dip testing involves advancing a
chilled block into a bath of molten steel at such a speed as to closely simulate the
conditions of contact at the casting surfaces of a twin roll caster. Steel solidifies onto
the chilled block as it moves through the molten bath to produce a layer of solidified
steel on the surface of the block. The thickness of this layer can be measured at points
throughout its area to map variations in the solidification rate and in turn the effective
rate of heat transfer at the various locations. Overall solidification rate as well as total

heat flux measurements can therefore be determined. Changes in the solidification

microstructure with the changes in observed solidification rates and heat transfer

values can be correlated, and the structures associated with nucleation on initial



| owering the total and free oxygen level in the stee
reduces the volume of inclusions and thus reduces the
nunber of oxide inclusions for initial nucleation.
This adversely inpacts the nature of the initial and
conti nued contact between the steel shells and the
roll surface. 20 Dip testing WPk has shown that a

5 NugdIRAidaBibn REthe YRl di@RedRMSInkY. Af dip dRaUHE agPRAINR hére fully
required to generate sufficient heat flux on initial

sofl¢sgiipgdciatfmigdiStates Pratend Sp&). 3@6 meni scus region of the
casting pool .
chilled bl OC ‘P} atloggtg%gthe%\{( czorﬁl%glifgpﬁ‘lel ufd stehel on initial

S pe®dkatidn tafd ﬁb@&ahsfeﬂhzmﬂeéﬁ Eanﬁﬁed GOimelh hio@EllSde@érlbed in Appendix

contact at_ the castlnqrsurfaces of a twn rpII caster,

St beilhigamqdsi F%Slé%l%maba biheropidednslptians e seherigal and appiptormly
10 (it TGP htich hIuREOIMGS s BUfiheddb be 2 pm and that

t hbldlj(lme:ﬂmsmfs prévest ihalye sudar lbﬁrmﬂﬂlﬂaﬂd‘q&te mahahgeleation process

throu s are p.variatio

soft i tr% é‘ ﬁ" @ﬁatwato %ﬁigﬁ? BiFpu Wéﬂ%fl}ogsk‘iv%tota} gyygegeontent

hegtint LROS fr@lusfh cﬁehﬁet&aﬁﬂr@l{ﬁlckﬂéégtdaﬂ sp@’da raﬁh Eurface layer

solidification rate as well as eat

methsakmesve Nihs ootpt Wet@mmn@ee Gétn@hlmome af th@h@mlg@@gﬁlm in the steel

the soljdificatio rostruc ure wWith t haﬂges

15 | MRgRRed Ol d BT BuT Bt B ieh dhity drlZaSRar

val ues can Dbpigafy rekatpestof @thdr it £k o 6LME @Sclusions in the surface
associated with nucleation on initial - 5

s olabf@r efleEad lopagicinakreindhy nYdeption progees t@)@ﬁhﬁeﬁ%@l@ tmgefi pyicleation
[ r
% g ? aocﬁ ﬁgﬁ%ﬂdﬁ‘ﬁ@{ S?el% giefuél ne sle%%él gxa%r@sts%a;i)} l.eo(iial oxygen
oxycgﬁernt casmrﬁiﬁtg aGfrip théckinkgwid. (Sﬁlﬁﬁ:lmmasﬁmg bpeekd of 80m/min. This
nucl eatj on, and heat transfer has been exam ned usi

20 mptfervsdbddpr hedm wHelupisariicnd 200 wﬂméowb%fg%%ﬁ@s2§% of the
th r
untl%?al %]&nl_%u%/atb%(e)o ffésﬁr@llugir&?lée Q&rfe?crﬁg A P?ﬁ ljeglﬂlredlate q}c&lﬁ@@e the target
s unddeeioh pyeuninvesa dgsitred lf(b’ . Algmvandt 8hppm toml gxygen

|nclu5|ons in that surface ayer.coul d .. .
oot 7% Rbisdedtuden g pRoged B bR fidrigeal nucteation
sotdidd £abipph ©fal bescatiged the;rehﬁflll PPME ink@rritREt ROLQIr oxide

was total oxygen content in the steel, inclusion
25 di mebsiens tomeétphe argsk nedsationgst mmg arsp éelcsltyamcguglm%éhe oxygen

: ﬁ CFI{S?F E Gk Fe%fﬁéedgg({ %e? u%@vbgﬁ? o lﬁcgpetrogagggiﬁ T content of at least
r eqel H8f ah@pRELAbIR bERROEIBshnN UGhieals ADUPRIO ppidh.t TBE RIBult is that
density of 120/ m®. Figure 15 is a plot of the

peﬂl@ém) atgém@fdewlaa@rwﬁ@wﬁutwswg s Ogumrlalo@hdlfwté@n will

t£1§ %{({%1% l? tﬁ;llﬁlgtn%e a}{l} tuﬂl‘? a&lz{cilleﬁs";}w St R gl%%ﬁn These

eve per uni t area densl
30 at indhiisfoas el bs pﬁ';eéntdﬂl &ﬁﬂiuieﬁ]@ﬁﬁ“adedﬂﬁﬁo%e ﬁmp]r@ﬁﬁtﬂédbmp

total, oxygen ) o
product and can be detected by appropriate examination, for example by energy

dispersive spectroscopy (EDS).
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2. 00E- 06 the initial
nucleation process.

Casting speed, m/min 80

Strip length, m 9615.38462

Strip surface area, m* 19230.76923

Total no of nucleating sites required 2307692.30760

% of available inclusion that need 54.10462

to participate in the nucleation

process

In silicon manganese killed low carbon steel strip, we have further
determined that the presence of Al,O; in the deoxidation inclusions can be highly
10 beneficial in ensuring that those inclusions remain molten until the surrounding steel
melt has solidified. With manganese/silicon killed steel, the inclusion melting point is
very sensitive to changes in the ratio of manganese to silicon oxides and for some
ratios the inclusion melting point may be quite high, for example greater than 1700°C,
which can prevent the formation of a satisfactory liquid film on the casting surfaces,
15  and also may lead to clogging of flow passages in the steel delivery system. The

deliberate generation of Al,Os in the deoxidation inclusions so as to produce a three
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Inclusion volume, mO0.0 Total no of inclusions
1706096451319381.5 Thi ckness of surface |ayer, gm?2
(one side) Total no of inclusions surface only
4265241128298. 4536 These inclusions can participate
in the initial nucleation process Casti ng speed,
mmn 80 Strip length, in 9615538462 Strip surface

ar fiase Bkl 2 30enf 08RBrisihO MO MO End UEIE @bk RGIusE theSensitivity of the
requi red 2307692. 30760 % of availabl e inclusion that

neegltig ppou g2 changepiarthe Mnghb&irptiestradpae reslaies the melting point.
process In SJI‘ilé ?edg:}?{%%ﬁgl?ﬁ% I’Il%l{l 9?1h9¥¥ tfl%d?o da%og%llclusmns 18

strlp, we have rn1n rese

of soMdiZiV3 td chahpe: i€ @RXMeeiO Ratiofol iBkOMS IS RS Bﬁllbﬂ@iﬂ&dﬁn Flgure
10_beneficial in ensuring that those inclusions renm
mol ¢ BRIchmlel vivdions it BalvaiongndiRepoiniagainshiks relevant \nGsio,

so} 'ngé R c%(!tfng 15 GBI §1%/e15§t111¢ ﬁférbagthr{étt%gértaﬁﬁé s dbft 1580°C

|nc usi on ne point 1Is sensi anges
i nittwid beaténafrah Fﬂ@ng d6dse ova aSGekﬂaIIﬂ'ﬂngB(@fddﬁOéﬁi@z fal)ros the

sone,. ratiqs the jnclu 0i nt it

hi @ﬁlus}oé‘r‘n%&%%‘?@ F‘é‘ﬁ‘? qteggﬁﬂiggﬁ%tmgmﬁ% % may be in
pr evei oft B0 @ WAlH bh ﬁf Qn@ﬁﬁ% ﬁ&ﬁ&tlp{s Yol f)&;'éibﬂe tfo' shﬁ@fg) fhe
the casting surfaces, so may lead to clog

of reﬁhmwngaﬁ agﬁelsmgrﬁhq lheln@lﬂ@me afel hqlaedu} Sgly%méhq: o¥ide 1nclus10ns and

del i b €. t f A1203 the d dat
o OS] SRR R Bl PR 1k MR o B pgretpge not
SY SAROPrEd@dIIT ic8dting. Il#h@herﬁio@ cBGifdlod AR ve pls AR UL e tdBBvery nozzle

sensitivity of the nelting point to changes in the
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l o { 0
ab%\%%%g%@ti%t aSidel 90*5}%1‘[&9151421'\/”1% ﬁ%ﬁ@e%oﬁteh?of 0.6% and a

silicon content of 0.3% is a desirable chemistry and based on equilibrium calculations
should produce a MnO/SiO; ratio greater than 1.2. However, operating a commercial
scale plant has shown that much lower MnO/S10; ratios are obtained. This is shown
by Figure 17 in which MnQ/S10; ratios obtained from inclusion analysis carried out
on steel samples taken at various locations in a commercial scale strip caster during
casting of MOG6 steel strip, the various locations being identified as follows:

L1 - ladle

T1, T2, T3 - a tundish which receives metal from the ladle.
TP2, TP3 - a transition piece below the tundish.

S, 1,2 - successive parts of the formed strip.

It will be seen from Figure 17 that the measured MnO/S10; ratios are
all considerably lower than the calculated expected ratio of more than 1.2. Moreover,
small changes in MnQ/SiO; ratio, for example a reduction from 0.9 to 0.8, can

increase the melting point considerably. It is further worth noting that during steel
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It wll be seen fromFigure 16 that over a certain
range of MO SiQ2 ratios the inclusion nelting point
is much higher than this casting tenperature and may
be in excess of 1700C. Wth such high nelting points
it is not possible to satisfy the requirenment of
ensuring the mai ntenance of a° Il?QUl dus state in the
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Al,O3 to ensure an inclusion melting point less than 1580°C. An absolute minimum
of about 3% is essential and a safe minimum would be of the order of 10%. For
MnO/Si0; ratios above (.9, it may be theoretically possible to operate with negligible
Al,O3 content. However, as previously explained, the MnO/Si0; ratios actually
obtained in a commercial plant can vary from the theoretical or calculated expected
values and can change at various locations through the strip caster. Moreover the

melting point can be very sensitive to minor changes in this ratio. Accordingly it is
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m ni mrum 30 of about 3% is essential and a safe

m MR otiode Beow 7O pRe addbe fref 000w cralenivigrgledgo to 20 to 60
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obtained in a conmercial plant can vary fram
theoretical ope @5?%%%%%@%%&%@@ éﬁ@% 35.’1@%% first sample
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Mor eover t ting nt can be very sernsitive
rri mirl Alzamg e total ¢xyigsn cadte. waAooasdied dlyyhd LECE m@;ﬁ}mé&qt

0 control the alumna |evel o r qduc n
ALISTEBHERE 1 i Ir s e pneR mp sy b B RER b A B ment
ki B%/ﬁ@éin |d@é’cvri%@dl Pvestidg e 03@?31101@\'?@& H:%grt@(i €G34 are the actual
controlling the alum na | evel and total “oxygen in

t hmerwlrftd yaduas mownalized Frlyas v XOOUHI tbhlzgﬁewzduft bing estahdardized
Va ue ﬁ)r%leeagtlﬁl‘gr?lent o%ffree oxvgen in accordance with the claims.

These free oxygen and total oxygen levels were measured in the
tundish immediately above the casting pool, and although the temperature of the steel
in the tundish is higher than in the casting pool, these levels are indicative of the
slightly lower total oxygen and free oxvgen levels of the molten steel in the casting
pool. The measured values of total oxygen and free oxygen levels from the first
sample are reported in Figures 29 and 34, taken during filling of the casting pool or
immediately following filling of the casting pool at the start of the campaigns. It is
understood that the total oxygen and free oxygen levels were reduced during the

campaign. Figures 30-33 and 35-38 show the measurement of total oxygen and free
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casts at differing A1203 | evel s and total oxygen

val ues neasured at the tundi sh which 10 supplies the
casting pool. The casts were rated as "Good Casts" or

"Poor Casts" on the basis of both castability and
measured heat flux. It will be_see that over the

preferred range of al um na contént s, good casts coul d
beoagh avad tinfdifhiendhafiablyasyasihe am (15)%@1 RRAs@hples 2, 3, 4 and 5
greater and the free oxygen between § and 50 ppm
Folakewilwrgna the compaipmty dlpptadts theredustient ensi ve

production o) c for ' h .
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measur ed by the LECO i nstrunent described above, and

t hio Hlpwevidxylge how blvvepractinsds gresgrizyoxygen Geldox(ile)providing

Measur e t ste escri be ve. The.free oxygen
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measur ed val nesanes s ifdadthVadale $hd ©tal 6Q0%n dohnt Rtat Rhst about
val ue being a standardi zed value for neasurenent of
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Fi%#res %?Hﬁgg 34, t%¢en during filling of the casting

et Sttt %G 6WIHG filling of the casting
pool at the $hatdlid@ficalibe ifcARAk F0encd!d tHeSneHAIS ISPt he pool
that the total oxygen and free oxygen |levels were

r ectueidhl dolidifigationebcg@ne nvphiiagron the gurfass o8theIBaksidip product and

35-38 show t asur enent. ,.of tal o en_and free

St ey FRRR R, e B 30 8ot fihe oter
Capindnge PRAIbut RnSAITP HESughouBthe 4tra) AT ytadk @0clE bdar£@ than the
the canpaign to 1llustrate the reduction. Al so, these

datdidgfirgiion elysiane ene aregienemaby imipe stze sMaRi 2 18 1Ringlrags owhey can
( 1i?egtdily be detected by SEM or other techniques.

Also to avoid crocodile skin roughness, we have found that the
solidifying shells passing through the ferrite to austenite transition should have
reached a sufficient thickness of greater than 0.30 millimeters. This shell thickness
resists the stresses that are created in the shell by the volume metric change that
accompanies the transition from ferrite to austenite. Given the heat flux may be on the
order of 14.5 megawatts per square meter, the thickness of the shell may be about (.32

millimeters at the start of the ferrite to austenite transition, about 0.44 millimeters at



- 180 ppm, low blow (70 - 90 ppm) and ultra-|ow bl ow
(60 - 70 ppm with the oxygen |lance in the LM-.
Sequence nos. from 1090 to 1130 were done with high 10
bl ow practice, sequence nos. from 1130 to 1160 were
done with | ow bl ow practice, and sequence nos. 1160
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o SRR Rar TR R Chayh Sl SRR PP RGO o
m?ﬂl@%@{tioﬁ dPahy sielidigoiRnethick & bR eRRRSEMfaphlat Sluekdip
may be about O 32 millimeters at the start of the

f ePPTP$IEY -t 0 austenlte transition, about 0.44

mllinmeters FLA plgtsthla?t @ﬁ(gvaﬁestolﬂ%neﬁrﬁplﬁ tsbl%‘?@ﬁ%& of steel

about 0.78 nlgﬁlneters ave &l'so
30  samples on two substrates, the first having a texture formed by machined ridges

having a pitch of 180 microns and a depth of 60 microns and the second substrate
being grit blasted to produce a random pattern of sharply peaked projections having a
surface density of the order of 20 to 50 peaks per mm” and an average texture depth of
about 30 microns, the substrate exhibiting an Arithmetic Mean Roughness Value of 7
35  Ra. It will seem that the grit blasted texture produced a much more even heat flux
throughout the period of solidification. Most importantly, it did not produce the high
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that it is inportant to the avoi dance of crocodile

ski n roughness and i nproved porosity that the

transition of the steel in the shell fromferrite to
austenite phase occur before the shells pass through

the nip of the twn roll caster. It is also inportant

that the oxide inclusions and A%icl eation be 10
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e op R EaD ane it B riny e Aty PPt Shen
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a texture formed by machi ned ges having a pitch of
18@p ai thepastingrarfacd e pharshefls ﬁOldmﬁ’lQﬂrlurﬂse dindest ewbish dingire 22

trate bei.n rit b ted t roduce ando
o oRTab R o BRI B9 ocdule URE RARRENRE S THE RS of these
s Uk aeecalensirt yldafed il elg@wm Byl Bc b@naRatARAKE11PEEpIFHEd on the
and an average texture depth of about 30 m crons,

t he
s u’é@queﬁubstéak%P?ﬁllblﬁﬁi@uhﬁawaﬂ erosedilecdalecinwieraitie skells depOSlted
Va!) grl‘[ %lag ed e stlja{e sWﬁlNJed RS %mcgﬁ]%:]detf?&? ?[r zlllt "ﬁleasﬁgﬁsdwere also

t hm@hﬂj;lh@i.lﬁor bhalp efwlaﬂsﬁtrg;nﬁbn?ﬂy;?m@homnheﬂvhﬁﬂ area to derive

| n?il%arlstu?e%eln){é otl sttan%lalgd ge%&atlggl%%glﬁgkllte?sewlﬂfcg are set out in Figure 24. It
will be seen that the ridged texture produced much wider fluctuations in standard
deviation of thickness than the shells solidified onto the grit blasted substrate. The
shells solidified onto the grit blasted substrate have a remarkably even thickness and

this 1s consistent with our experience in casting strip in a twin roll caster fitted with



-23- 5 peak of initial heat flux followed by a sharp
decline as generated by the ridged texture which as
expl ai ned above, is a prinmary cause of crocodile skin
defects. The grit blasted surface or substrate
produced | ower initial heat flux values foll owed by a
much nore gradual decline to- varues which remai ned

5 hi ﬂﬂl@'haﬁh?rgrﬁ based ekuat aeditfis gind RRsiblel td gesiuse BIsd Ik aF Such even

as solidification progressed. 10 Figure 22 plots
rra&lulqhyﬁssﬁb%itllqﬁllctsutrﬁea@mtr?eﬂ#mrl@abm praesibrean g eleeisieleavoided.
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otted in Figure 2
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> ot By BB Fasd B30 TRER Pt A D e Bl SRS urea
MEAREHCE PRIJE SeOWitls b aliie R ebneteddafth s ONthelorddRioe KN ﬁﬁ&oﬂhh@dkness
are set out in Flggre 24. 1t wll be seen that th
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a remar kably even thickness and

electrodeposifion.
However, the random pattern in the texture of the substrate of the

casting rolls to provide for distribution of the nucleation sites over the casting surface

does not directly relate to the number of nucleation sites. As previously explained, at

35  least 120 oxide inclusions per mm? comprised of MnO, S10; and Al,O; may be

desired. It has been found that the steel will have an oxide inclusion distribution
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35 this is consistent with our experience in casting
stripinatwnroll caster fitted with -24- 5 rolls
having grit blasted texture that it is quite possible
to produce shells of such even thickness that |iquid
entrapnment and generation of porosity can be
effectively avoided. Figures~ 2% 26, 27 and 28 are
P hﬁlugpenqéﬁgﬁmaﬁmvm € xBHE bRAR cadlipl r8RkluPALeOTThS pehsSn the
solidified onto four different substrates havin
t esasting ol pruskaceidel howewp dactlitglelthe wyiforagiyl odthe diglgdutigrf of oxide
18 cr [ y C depth (Figure 25); 10
%D Smngqﬁ%b%& kg gégnghﬁ%ﬁypltch by 60 micron depth
(Flgure 26) ; Wieguhadnvpntioatiag be@f Muaedtédas] dikerdd in detail in the
m cron spacing and 20 m.cron height (Figure 27) and a
gr eV g nd foregeing flﬁ%ﬁetl%&h%@nﬁ IALQ b%ﬁﬁwd@rmﬁlluﬁraﬂve and
Roﬁ'&h@s‘%ﬁéﬂv%ﬁh ldﬁar%terl Q%l dngg sﬁ)og\qaat OE S)QME ?F‘efe#eﬁi dlments
26 show extensive nucl eat’ area respon
t ohdvedetie diawrearrd ctbgmbedcmé mhamla]lchaﬂgjeq anncﬁrnomﬁdetsor&phzﬁadme
ur i nitial_ solidification ures 27 and 28 show
sotthih hariBos e RIS Rl ° §F'eclEt ast ed
substrate was nmuch the sanme as for a regular grid
pattern of pyram d projections of 20 m cron hei ght and
160 mcron spacing. Thus it can be seen that the
random pattern of discrete projections produced by
grit blasting limts the spread of oxides and ensures
an even spread of discrete oxide deposits which can
serve as nucleation sites to pronote establishnment of
a 20 coherent shell at the outset of nucleation which
in conbination with controlled growth rate of the
shel | enables the gromh of shells of remarkably even
t hi ckness as necessary to avoid liquid entrapnent and
strip porosity. An appropriate randomtexture can be
inparted to a netal substrate by grit blasting with
hard particulate materials such as alumna, silica, or
silicon carbide 25 having a particle size of the
order of 0.7 to 1.4mm For exanple, a copper rol
surface may be grit blasted in this way to inpose an
appropriate texture and the textured surface
projected with a thin chronme coating of the order of
50 microns thickness. Alternatively, it would be
possible to apply a textured surface directly to a
ni ckel substrate with no additional protective
coating. It is also possible to achieve an 30
appropriate randomtexture by formng a coating by
chem cal deposition or electrodeposition. However,
the random pattern in the texture of the substrate of
the <casting rolls to provide for distribution of the
nucl eation sites over the casting surface



does not directly relate to the nunber of nucleation
sites. As previously explained, at 35 | east 120 oxi de
i ncl usi ons per m®2 conprised of MO, Si 2 and A1203
may be desired. It has been found that the steel wll
have an oxide inclusion distribution -25- 5

i ndependent of the peaks in théStexture of the casti ng

roll surface. The peaks inappeNngsasti ng roll surface do
however faC|L taﬁ Hp? uniformty of the distribution
of oxi d& FLgi oY’ the steel as expl ai ned above.
While the invention h been illustrated and descri bed
in detal'l in the "drdWhdS and foregoing description,
the same is to be considered as illustrative and 10

not restrictive iRMEFERSERMM| t bei ng understood t hat
only the preferred enbodi nents have been shown and
descri bed and t hastedMeighamtedadadomsdi f i cati ons t hat
come wthin the spirit of the invention are desired
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w=roll width, mt = strip thickness, nmns = stee

wei ght r@ t he Iadh&wnygﬁg@hm;gsq&wn3den5|ty of stee
kg/m8 fl = density of inclusions, kg/nB O = total

oxygen | steel di aneter, mVl =
vol une one |nc%2[sp|0g %enlﬁé{e%lig&% = nmass of

i ncl usi kg Nt total. nunber of inclusions is =
thicknegs of the gﬁpﬁﬁ@'lyﬁﬁgb um Ns = total numnber
of inclusions present in the surface (that can
partici pate n t heolhwelogans mslusioss.asd) 20 u = casting
speed, mimn Ls = strip length, mAs = strip surface

area, nml = mass of inclusions, kg

Nt = total number of inclusions

ts = thickness of the surface layer, um

Ns = total number of inclusions present in the surface (that
can participate in the nucleation process)

u = casting speed, m/min

Ls = strip length, m

As = strip surface area, m2

Nreq = total number of inclusions required to meet the target
nucleation density

NCt = target nucleation per unit area density, number/mm?2

(obtained from dip testing)
Nav = % of total inclusions available in the molten steel at the
surface of the casting rolls for initial nucleation process.

b. Equations



Nreq = total number of inclusions required to neet the
target nucleation density 25 N = target nucleation
per unit area density, nunber/m®2 (obtained fromdip
testing) Nav = % of total inclusions available in the
nolten steel at the surface of_the casting rolls for
initial nucleation process. b.'ZEQUati ons -27- 5 (1) m
5= (O x(ys xm@. 001) /0. &3 Net&:0.dmanoMr-Si killed steel,
0. 42kg of oxygen is needed to produce 1 kg of
i ncl usi ons kbi: ArO@RBPRIIfl AR BRYor MoQen 4006c8LH2
and 30% AL20% JrBlucdl 1l b ifdusibRElik WebRpleiibfibSioh on)

0
0.38 kg of 1 . r to proguce 1 kg o
i ncl usi ons w&"@ﬁgg"g%@%éﬁ?tg%n&g?}50% A1203 and 50%

CaO. (2) vl EowAlllled (eélZydth Cainjetion, BBRKBiofx vi) (4)
10 Ns = (2.0 i soxydn @dkquirdd totprodulee (1 K)g dfSnctudidrds with a
1000) / (Ds x wontpdsitidQ@)50%4 B),08end 5@6L20Ls x W (7)
Nreq = As x 106 x NC 8) Nav. % (Nreg/Ns) x 100.0
Eq. 1 cecul Btes The n&d€*dfDhcl usions in steel. 20
Eq. 2 calculates the volune of one inclusion assum ng
they ar®)sph®ticar. E§/(3i¥3Dcul ates the total nunber

of inclusions available in steel. Eq. 4 cal cul ates the
total ni{fberNof incl usiZdhs 891 2BItd i n the surface
| ayer éﬁz;ssumsd to be 2mon each side). Note that

15 t hese i 6@l uslons tan ofimyx pePDi(Eispar & tilQ00t he initi al
nucl eation. 25 Eq. 5 and Eq. 6 used to calculate the
total s(ffacdsarea of ER&lst¥Wp. Eq. 7 calcul ates the
number of inclusions needed at the surface to neet the
target ©Glcl edtdgon=r at eAs x 106 x NCt

(8) Nav % = (Nreq/Ns) x 100.0
Eq. 1 calculates the mass of inclusions in steel.

20 Eq. 2 calculates the volume of one inclusion assuming they are spherical.
Eq. 3 calculates the total number of inclusions available in steel.

Eq. 4 calculates the total number of inclusions available in the surface laver
(assumed to be 2 um on each side). Note that these inclusions can only participate in
the initial nucleation.

25 Eq. 5 and Eq. 6 used to calculate the total surface area of the strip.

Eq. 7 calculates the number of inclusions needed at the surface to meet the
target nucleation rate.

Eq. 8 is used to calculate the percentage of total inclusions available at the
surface which must participate in the nucleation process. Note if this number is great
30  than 100%, then the number of inclusions at the surface is not sufficient to meet target
nucleation rate.
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Eg. 8 is used to calculate the percentage of total

i nclusions available at the surface which nust

participate in the nucleation process. Note if this

nunber is great 30 than 100% then the nunber of
inclusions at the surface is not sufficient to neet

target nucleation rate. -28-"58CLAIMS: 1. A nethod

of producing thin cast strip with |ow surface

roughness and | ow porosity by continuous casting
coppiirsisng the steps of 10 a) assenbling a pair of

cooled casting rolls having a nip between them and

Wi {h confi ni ﬁ%&h@cﬁb‘fﬁro@ﬂii@&ﬁ% cdsh@rigRdh By datRee thhness and
i ntroduci ng nolten steel having a total oxygen contéent

of loat pdresityt by dodOnpqusm castchgacoimmesingxdhgetapcaint ent  bet ween

30 and 50 ppm between the pair of casting rolls to

forma casting pool between the casting rolls at a 15
tenperature gugRetbRig Qp{ﬂiﬁbﬂéd(ﬂéﬂ Qktib 1R XhHAg a nip between them
inclusions fornmed therein are in liquidus state; c)

count er adov il Perfinimeclesne pdigoqnd tesengdhaf #ipansf erri ng

heat fromthg, .ol I I

the sur f acest bR s3] A AR o ooleRlor a eas
shel | s foopprh and b €led dey@xi d@atennibdtwséroRBatded (apprAetir@en the pair
the total oxygen content 20 of the nolten steel and

f or m st elegasidng fohls 19 Eemay castingprpl betvesgp thec@singghinass ;

and d) ] i f la) : TR ORI, T oo : :
the ni pte&g{e%ﬁe}% S?ﬁJeﬂhgﬂczygtg Jﬁi} ﬁlgmr)%f]?é%fﬁlr% gﬁcnthgsgl&é $lfercin are in
sol i di f ieddehdtts. 2. The nmet hod of naking a steel

strip with I ow surface roughness and | ow 25 porosit

by cont i nuoud) eatrdgres Smneee R et TotRehgfrom e
the tenpgliat HEQ 19forhetaf @11k BE (1RORMabS JTThOMsERORHs such that
3. The nethod of making a steel strip with | ow surface

r oughneths shelts grow to pwhwksioxydenyclosnns iglabing te dstiptaboxgen content

oughneds shel o obgdegeluones sl e os
For m ng”be BxeP e CaTRawE BF Phehttsl g G PrdisssSgpmess: and

the casting gpkdemifaydliagrial thﬁ;rb@éyﬂhwigtthﬁﬁgh e p Bek@b@the
proj ections, having an average hei ght of at |east 20
m cr onscahag Falyifrgn &ﬁflda@]@ﬁggs@m-f ace distribution of
between 5 and 200 peaks per square mllinmeters.

2. The method of making a steel strip with low surface roughness and low
porosity by continuous casting as claimed in Claim 1 wherein the temperature of the

casting pool is below 1600°C.

3. The method of making a steel strip with low surface roughness and low
porosity by continuous casting as claimed in Claim 1 comprising additional step of:
forming a textured surface on the casting surfaces of the casting rolls
having a random pattern of discrete projections, having an average height of at
least 20 microns and having an average surface distribution of between 5 and

200 peaks per square millimeters.

4, The method of making a steel strip with low surface roughness and low

porosity by continuous casting as claimed in Claim 1 wherein:
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35 4. The nethod of making a steel strip with | ow

surface roughness and I ow porosity by continuous

casting as claimed in Aaim1 wherein: -29- 5 the

oxi de inclusions conprised of MO, Si 2 and A1203 are

di stributed through the nolten_steel in the casting

pool with an inclusion density 23t  between 2 and 4

grams per CulheGxfRNhIITROEY confprisddef MRS dpzfndr@lg@!‘ Sredlistributed
steel strip with | ow surface roughness an

por osi t W@&ghéb%mﬁ%%}seleaéhq qagtingspasil st ingjudbadensity of

wher ei ny t‘avget{ Mé%/a%g]s etr%ﬁl!nc cht n‘lé‘atercast I ng pool is

IOM/car &M &I content in the range

of 0.001%to 0.1% by MEIght, a nanganese content in

the range oThOmbihaltod mhQind% dosel weeipghith loanghirtacs dughoess and low
content in the range. of 0.Q1% .to 1096b¥ wei ght. 15 6.
ThROTREEHRHC WS ging asrclaimed in CHUR; L WhSTENY sur f ace
roughness ang, ln?M’tenQ‘EérePﬁl' thy ca@t’mé g%l‘ iRy §ar5@n°‘ Ltk %a®Bie a carbon
claimed in daim1 wherein: the steel shells have sug
manganesaters it thegmgard 0100 e ‘m)u]"d %)hydeelghltn@ hasgorse emtent in the

to produce st L, stri avi n uni t o
of at |&%gs o0 @8/0 t8X1IO&g/ IBH &e Ilcog(fag{e 1nqﬁe rangé/ of 0.01%
m Il i meeeroot oy avetigpt h of 2 n1crons 20 7. A nethod of

pr oduci ng th|n cast strip with low surface roughness
and |ow porosity by continuous casting conprising the

stegps of a) senpl i.n air_of coaqled casting. o
nebi g a i prieriae ot ROk sF R T PR s and ow

cl F@ugi@ la}déaﬁiaﬁbustdam@ui&leqﬁleﬂ iPClddh 1i Wwhéreiduci ng
en steel havinq@a total oxygen content of at |east
70 ppm and #epkebshslly by stehepganse. waisan 2od algmigpn oxide

ppm bet H{%ﬁﬁpﬁlg G RAbaRb ste%?ﬁhP 'ﬂgw%g ngr lgr%it Iérggl Qi Rity of at least 120

casting poo en the cast

t enper abxide mcmsmlms phradquaremajllam eteytoaf ddphieofiXmateons.
inclusions fornmed therein are in liquidus 30 state; c)
counter-rotating the casting rolls and transferring

heat from thg ,dRbd 6MpreliGhe thth ERL ipRlial lomﬁ}aﬁe Hghness and
the surfaces of the castlng rolls such that th

shkW porgsipvbyt @ntingdusdestorg aenpirisolgubé saps ofel at i ng to
the total oxygen content of the nolten steel and form
steel strip free of crocodile surface roughness; and

a) assembling a pair of cooled casting rolls having a nip between them
and with confining closure adjacent the ends of nip;

b) introducing molten steel having a total oxygen content of at least 70
ppm and a free oxygen content between 20 and 60 ppm between the pair of
casting rolls to form a casting pool between the casting rolls at a temperature
such that a majority of the oxide inclusions formed therein are in liquidus
state;

¢) counter-rotating the casting rolls and transferring heat from the
molten steel to form metal shells on the surfaces of the casting rolls such that
the shells grow to include oxide inclusions relating to the total oxygen content
of the molten steel and form steel strip free of crocodile surface roughness; and

d) forming solidified thin steel strip through the nip between the

casting rolls from said solidified shells.
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35 d) formng solidified thin steel strip through the
nip between the casting rolls fromsaid solidified
shells. -30- 5 8. The method of nmaking a steel strip
with | ow surface roughness and | ow porosity by
continuous casting as clainmed in Aaim?7 wherein the
tenperature of the casting pO%? is bel ow 1600C. 10 9.
The nethod of nmeking a steel strip with | ow surface
roughness and | ow por05|ty by conti nuous casting as

cI &i med in Clbg method efrprakigricstend diripi witlalovssusface foughness and low

é&lggi ¢ l%héo%ﬁl‘}‘f{;tgsdc&gt\lljll{%agscczalglg%taihéla(flgits?: \kﬂgelgl#ﬁ%%&%%éa?&ere of the

prﬁasﬁﬁgp@(ﬂssbélawillﬁgocan average height of at |east 20
m crons and havi ng an average surface distribution of

between 5 and 15 200 peaks per square mllineters.
109 The met hef, of TR kﬂlgsatsqgél Stri r&lﬂlwghr“aggvroughness and low
surface roug ness an w porosity by conti nuous

c aptrosigy BscailtiaiomctastmeGlsailaiméd wh€tagmry. coniyeisong adeitional step of:

i ncl usi ons CP(%[‘I sed of Q Si and. A120 ari h ) 1
di stri but ed a7 SEYE HElape P Hiy capting surtaegspl the casting rolls

casti NghRYA a WinkiBm Atk FEcRRe Ql%ﬁb%hbﬂ( ‘ﬁgwmg &h %&Q%ezhelght of at

and 4 grans per cubic centineter. he net hod
maki ng kagt2@ahicams japd hirting Iamwarwefsac‘f@cer disigibrraers oflprtiween 5 and

|l ow po ity by continuo casting as claimed in

C ai m 75@\}31%?&& H%/r StqH%rer"r‘i’)lH %ergt eel in the casting pool
is low carbon steel having a carbon 25 content in the
ran e of 0.001%to 0.1% by wei ght, a manganese content

| nl@he  r angEhometiod ofgnabing, vod Byinweilhy susiige goughness and low
s *)(l)r ? {& l%gp(;n%ﬁ{loﬁsrka tr\% z[s%nzg fm glaq)rilge&elilér&tnr OZO \?My th

| ow surface mu;gm’é&ﬁﬂuﬁmﬂs do(mtprlsad)oﬂo]ihﬁs St & Al Os are distributed
conti nuous casti ng[ as clained in daim7 wherein: the
steel shapysh thamelienstrelin thssesiing pagl Mgy melasian densHief

oxi de .i)aaflemgﬂ&%&ntsgge%eﬁe%&tﬁﬁa@ strip having a

per unit area density [ east 120 oxide
i nclusions per square millineter to a depth of 2
m ttons. 35 1B& mEﬂl@dmémﬁthg@f sterh kiripgvigh Bvesirfase rayghness and low

SRt BABE g O arHEa Al T B of
the molten steel in the casting pool is low carbon steel having a carbon
content in the range of 0.001% to 0.1% by weight, a manganese content in the
range of 0.1% to 10.0% by weight, and a silicon content in the range of 0.01%
to 10% by weight.

12. The method of making a steel strip with low surface roughness and low
porosity by continuous casting as claimed in Claim 7 wherein:
the steel shells have such manganese, silicon and aluminum oxide
inclusions as to produce steel strip having a per unit area density of at least 120

oxide inclusions per square millimeter to a depth of 2 microns.

13. The method of making a steel strip with low surface roughness and low

porosity by continuous casting as claimed in Claim 7 wherein:



10

15

20

25

30

35

-31- 5 the nolten steel in the casting pool has an

al um num content of the order of |less than 0.01% 14.

A thin cast strip having | ow surface roughness and | ow
porosity nade by the steps conprising: 10 a)

assenbling a pair of cooled casting rolls having a nip
between them and with confinfA§-closure adj acent the

ends of the fheRholtdh stddt MAHE GAsAEs FBOIIRAL af hR@Ainia \CoRGnPof the
total oxygen content of at |least 100 ppmand a free
oxygen edat efrlessibaveBh’30 and 50 ppm between the pair

of ygasting ralihs 8 Jf MR CR% LAPAALRELUEFI Biosity made
casting rolls a AT améauuesm% at a mg| it

of bt e sepk demprighytsi ons forned therein are in

liquidus state; c) counter-rotating the casting rolls

and transferring heat fromthe nolten steel to form

netal shells, 0 - - i ol

that the sl Foohpitks BAFEErled SREERINT ARl BHRRen them
rel at i ngnd with benfirot @tlomy gdjncand titeamntls @0thomifi;he nol t en

steel and to forn1steel(§tri Léee of crocodile

surface roughh84@ducidg penFisPhinPeshiottoryed ©Rteht of at least
steel s{@d poh RAPHEGRE Bgﬁgeﬁ' BnREt MEE&Berd NPanCABH IR BethRbh the pair

fromsaid solidified shells. 25 15. The thin stee

strip whidastiagyodlatd e & oughgesyd baiveeh dw qetimsiolly abg
clainmed in Claim14 erein the tenperature of th : .
cast i ng'BRsTIs e i) gt ot STRE s ferpe Gy are in
wi th | owyshif age, roughness and | ow porosity as

claimed in Caim14 wherein: 30 the nolten steel in

the casting poetunigigotghing therfapting wlneehtragsferting hed depap the

of | essmtoﬂéﬁ‘ thlQ(}(f)@m}dtZl tairgh%llg Bh ﬂ%esstuﬁgkess tfrtfleocagiittl%:rchl?%ch that
surface roug%ness an OW porosity as cl armed

C ai m ltheghetprdrswng itdhelcaditctihclngbnsSitcRpingto 3% thtar sivagn content
on the casting surfaces of the casting rolls. a

t ext ur et 8§ m@fe@ stepladrig Tormt derd sHinaes Arorocodilg pwdscsraughness;
projectjgns, having an average height of at -32- 5

| east 20 m crons and having an average surface

di st ri buti ondpforbetgvedmnliftedahoh steel strip through the nip between the

casting rolls from said solidified shells.

15. The thin steel strip with low surface roughness and low porosity as

claimed in Claim 14 wherein the temperature of the casting pool is below 1600°C.,

16. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 14 wherein:
the molten steel in the casting pool has an aluminum content of the

order of less than 0.01%.

17. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 14 comprising the additional step of:
forming on the casting surfaces of the casting rolls a textured surface

having a random pattern of discrete projections, having an average height of at
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200 peaks per square mllinmeters. 18. The thin stee

strip with | ow surface roughness and | ow porosity as
clainmed in Caim14 wherein: 10 the oxide inclusions
conprised of MO, Si2 and A1203 are distributed

through the nolten steel in the_ casting pool with an

i nclusion density of between 232nd 4 granms per cubic

cent i mefegt-20kSicrohBand hinfinggh?@sjfer&%ersiuﬁaw dibtrib@MoiS Bf btk Een 5 and
roughness and | ow porosity as 15 clained in Caim 14

wher ei n20@ prakgrpértsgnarsmaliméterst he casting pool is |ow
carbon steel having a carbon content in the range of
0.001%to 0.1% by wei ght, a manganese content in the

rapge of 0. 1THe thin 6:108aGHW ithedivg birfa0 dowphakdsia@@ow porosity as
content in_the range of 0.01% to 10% by weight. 20
20¢lampd ipGilpimstbwhersty i p with | ow surface roughness

and | ow poro 'et&iﬁqnclﬁéi%%%rﬁrﬂe&@wgineAll%g, Bllg%istributed
steel shells have such mangartese, siliéon and al'um num
oxihtlaighithe inoH erostselas tlieocaptirgripied wstheal indtisibp dhraity g batween 2 and
per unit area density of at |east 120 25 oxide

i nCBUOTIRE PP CSYBAFE ni | | i meter to a depth of 2

mcrons. 21. A thin cast strip having | ow surface
roughness and | ow porosity made by the steps

cohpri si ng: Bk thin stedetrif witly law pariface odughooisewid deas ppragity as

rolls Vi a. nip between them and with confining
cl%lé’l??egﬁﬁéjq%%%‘{]‘”"ﬁﬁr&“ends of the nip; b) introducing
nol ten st eel thRavdiRg steel DB cAXMYPBOIGONIVEBArb& staé] HaCidgta carbon
70 ppmand a free oxygen content between 20 and 60

ppm bet owdent imthepange o). Q4 e torfyl Yorbey) waightoa rgngangse content in the
castin I 5 ' | i o
Sti g{aﬁgg of @?ﬁo‘“@ﬁl@td‘% %§ g\%?%}}'t glg(il %gfm:?n ?%ntalt n glee range of 0.01%

t enper ature suc 0 e oxl
i ncl usi @Rt by Medbhitherein are in |iquidus state; -33-
5 c) counter-rotating the casting rolls and

transferring heat fromthe nolten steel to form netal

shepl's on they,syrd ?[9&%&?5 whh fo Qlﬁjfdcg 9?1{%’1,:11133% aﬁHQ% ﬁ)BlEHsity as

the shells grow to I nclhude oxide 1nc ons re I ng

t oclhineedtiotGHhinokd/gberesont ent of the nolten steel and

to formstee] strj ree of crocodile surfac . .

r oughness: aﬂ’]a steei ﬁlefls ﬁave such manganese, s1 1%0n an(? aluminum oxide
inclusions as to produce steel strip having a per unit area density of at least 120

oxide inclusions per square millimeter to a depth of 2 microns.

21. A thin cast strip having low surface roughness and low porosity made

by the steps comprising:

a) assembling a pair of cooled casting rolls having a nip between them
and with confining closure adjacent the ends of the nip;
b) introducing molten steel having a total oxygen content of at least 70
ppm and a free oxygen content between 20 and 60 ppm between the pair of casting
rolls to form a casting pool between the casting rolls at a temperature such that a

majority of the oxide inclusions formed therein are in liquidus state;



d) formng solidified thin steel strip through the nip
between the 10 casting rolls fromsaid solidified
shells. 22. The thin steel strip with | ow surface
roughness and | ow porosity as clainmed in Claim21
wherein the tenperature of the_casting pool is bel ow
1600C. 15 23. The thin steel'%%rlp with | ow surface

roughness ang E&Wt@%&ﬁh% meaﬁlsmcg I@ulgraﬁd tr&s@rﬁhghgék from the
conprising the additional step of formng on t

c agpltprystselie Sgasmetal shells ensha wgfaml qfghexcasang ke guch that the
S ugﬁeﬂg grmﬁ% Elgd90£1ag %%mspo%ts trartg lfo t?é: tsogil%%(?g n_content, of the
proj ecti ons avli ng an avera e[ % 58

m Gohas staglchnb &yfdﬂ@l Bt @t‘y‘@rfﬁge)fﬁbtfcf)dﬂ@sﬁfa‘éé ml@hhmparﬂf
between 5 and 20 200 peaks per square mllineters.

24. The thi ndkf@mm%%qhdﬁ”l% thin Sieshsisiprthropgh Fh@wglhh@%en the

MR in Caim?2l1 wherein: the
oxgﬁgggﬁgﬁu5|o%%d%%#%ﬁggggﬁgf MO, Si Q2 and A1203 are

distributed 25 through the nolten steel in the

casti ng pool an i nclusjon densit bet

@54 grams pet! t"é‘hﬂ?@ Swnwthi%wr?afs rgbﬂa%@e%wﬂ %‘Y@@TOS“Y as
st Elaftndd ih @Luﬁiﬂa ﬁ%h@@ﬁﬁhé RUGRRAGS Ak d QMM PISAH ﬁe\{o@q 600°C.
claimed in daim?21 wherein: 30 the nolten steel in

the casting pool is [ow carbon steel having a carbon

co ent int an %1t0.0.1% ht, a .

anese conbelih MR A ik Gs Fetaied g Towpfypsis
weugiﬂﬁedaﬁdjlanszl ERPYiE eﬁﬂdlhﬁnrﬂ@@ ringe of 0.01% to
10% by wei ght. 35 26. e thin stee strip with | ow

surface r ougfﬂﬁ@% Hhide |C@€wng<§rlﬁaqe§ pf the cagting retlela faxtured surface
a ai m Zﬂ'a\y\f’lj@g Fanla()m p%ﬁe ftdhs%re‘clf%_'fl%l;(ec%’ hl"ﬂ lhﬁ 19@%16[‘ a%‘f‘gge lilelght of at

manganese, I'con Fand al um-nu e T nel usions
pr oduc eleadt@@lmidtdnk pnd AvHNG a apRigelinitheadie@bdans bf et@éen 5 and
at |l east 120 oxide inclusions per square mllineter

to a depthPgks perfduprgmallimeiersa t nin cast strip having
| ow surface roughness and | ow porosity made 10 by the
steps conprising: a) assenbling a pair of cooled
cag4.i ng rol | $hhtwn stgelatrip with diweetace harghnasscindiléwn porosity as
co ghﬁgdqgcﬁ&gfgfghgglacent the ends of the nip;
the oxide inclusions comprised of MnO, Si0; and Al,O; are distributed
through the molten steel in the casting pool with an inclusion density of

between 2 and 4 grams per cubic centimeter.

25. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 21 wherein:
the molten steel in the casting pool is low carbon steel having a carbon
content in the range of 0.001% to 0.1% by weight, a manganese content in the
range of 0.1% to 10.0% by weight and a silicon content in the range of 0.01%
to 10% by weight.

26. The thin steel strip with low surface roughness and low porosity as

claimed in Claim 21 wherein:



b) introducing nolten steel having a total oxygen
content of at least 15 100 ppm between the pair of
casting rolls to forma casting pool between the
casting rolls at a tenperature such that a majority of
the oxide inclusions formed therein are in |iquidus
state, and producing in the st éér strip
5 MO, Si 2. AL2(iB sicRrdHess ﬁ.ﬁkse slil@h(hﬁﬁ #heb@kilRoR nd iGN Bxide
in the range of 0.2 to .6 and %1203 content of at
| east 3rhwent asty nrhdme@m stpp haying @ pat et aree densiiy of pleleast 120
casti ng fer t ten
croel TR P AR BRI RE R AT er
casting rolls such that the shells grow to include
OXIde inclusions relating.to the total oxygen content
of 2The ol t eft BINGBFLSIAHBAES Fooy Hirkge suisheise padlopnperosity made

h the nip between the 25 casting
10 roﬁfgheﬁégh@gﬁpféaggl idified shells, the thin steel
strip being formed with reduced crocodile surface

Foughness. ant FMORMBEREE PRy SR80t STl N AR i beteen them
wher ei Ny @itk %&Hﬁﬁﬁ’% Hbﬁlré’fadjta%t %ﬂ@gf@l@% .i's bel ow
1600C. 30 29. Th hin steel strip with om13urface

roughness anbl) idvedpeing sidltgn gisel laﬂvalgm@tal XGea) aenRAt of at least
addl |onm

15 Cast ng! SepPABed Sk it clSef g ol RUSHRR shliadfpol booween the

sur f acecashay tdIB aa iansieMuRaLtRIHAL @tnaftirB ¢ betHR oxide inclusions
projections, having an average height of at 35 |east

20 ni cr tweed Hrerdinareriy liamiday st andsprioflacies o the SicplAtipn
of bet Wﬁ%g) §1g‘tlﬂ?o3 19191 ?%ﬁ%ﬁa\ﬂf’? ?a(iftgaorf%/[%l |1¢)n}:flttﬁ£ ?ange of 0.2 to

-35 - cas rp aV|ng Iom;sur
roughnegsaﬁamncmmwﬁwmsfﬁymﬁﬁﬂﬂanbmwshemsﬁeas
conpri si ng: gé assenbling a pair of cool ed cast

20 v ol I's havi ngSactinergataias the; ‘H‘é‘h‘?g rpfs ARG HTIES hf:f%rfm%the
cl osur em%mar?&gatto Fieh BBAP sl‘f%ils bR VuPfac ot ga‘g%{onlg such that

mol ten steel having a total oxygen content of at~|east

100 ppmhbehsisanowhe nmdude oxfdedasltisingg rebiting t¢ theftamhosargen content
casti ng ol between t casting rolls at a

t enper afife MaliER sEph a0 najority of the oxide

i ncl usi ons gy forming solidified thin steel strip through the nip between the
25 casting rolls from said solidified shells, the thin steel strip being formed with

reduced crocodile surface roughness.

28. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 27 wherein the temperature of the casting pool is below 1600°C.
30
29. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 27 comprising the additional step of:
forming on the casting surfaces of the casting rolls a textured surface
having a random pattern of discrete projections, having an average height of at
35 least 20 microns and having an average surface distribution of between 5 and

200 peaks per square millimeters.
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formed therein are in liquidus state, and producing in

the steel strip 15 MO Si Q2. A12G3 i ncl usi ons having a

ratio of MnO SiQ2 in the range of 0.2 to 1.6 and

A1203 content of at |east 3% and | ess than 45%

wherei n: oxide inclusions conﬁrlsed of MO SiO2 and

A103 are distributed through t 2" nolten steel in the

casting pool with an inclusion density of between 2

and 4 granms per cubic centineter; 20 C%n _

c o%t er - r ot atithig qaﬁestr@abwmgglomur@%mg WhIRG Iy peyosity made
r ten steel to formnetal shells on

gﬁﬁfgécg%g?gﬁ'e casting rolls such that the

shells grow to include oxide inclusions relating to

the total oxygen content —of the nolten steel; and d)

form ng sol i & rySeMPERg APYE @%FO%%%H&% £ohls hays @ip between them

crocodi J |p bet ween

t he casf?kgHﬁg@ﬁﬁlﬁggﬁgggP }% ?Fggfs 's. 31. A

thin cast stb) mtivducing nicmmsmeﬂaecfmgamgﬂ neggenamdteh'ow at least

por osi t ste conprjising: 30 a

assenbl MBF Bsﬁ%%%%& sdngprp g torgim %ﬂiﬂ%@%bﬁ“ﬁeﬂ the
bet weenqkRRToIRNMa W!Iﬁ;h:rﬁﬁféfs'ugl'l [t & 'n%%t‘ft? oﬁfﬂea)%%tm&lhﬁons
ends of the nip; b) introducing nolten Steel having a

t ot al oloymed theorin erstindiuaius bates and produgngrindibe weelstiihe
pai r of ing,rQlls to f stl bet ween
t he g{@%?%d’] 6%1?@ %lugmp%ﬁ%\fé?%? Eglﬁ@t%ﬁé% in, the range of 0.2 to

maj or I t y.6Qhd tahoentat bnglieisi msana%sfs QNS od, hﬂfe@élﬁl Hide
in liquidus state, and producing in the st eel strip

MhO. Si s pag comptitedios An PaliOn gnd AFQi are distribyied thsrl@ the

at | oot Ay P8 Piepl Rk RO FEREb Ve and 4

shel | s pawe pstickbicenganese, silicon and al um num oxi de
inclusions as to produce steel strip haV|ng a

unit area defsPRUnLGIroRiing diesqastingyods pbiranshearins heidrom the
per squgfk, ﬁeﬁ‘rétgél't Jed e mbQ) éhqu Bh hrecgurl%cép o rtfPJ]cc‘d’stl % rolls such that

counter-rotatlngt e castlng r ol and transferr
heat f rthmshftiks gt@wrmllrtcdirdesmﬁbl in¢losibwy wrlatep &b thshethal nygﬂn content

the surf t he cqgtlng rolls such that the
shel | s ﬁf ePﬁ@Fbﬂ% oxi de inclusions relating to

the total oxyy @%‘E&Hﬁﬁe&fnntéﬂ&l Reiptveith RUB&lD créddilekurface
formng solidified thin steel strip with reduced
cr ocodi tcelgbmnss threugh the nip between the casting rolls from said solidified shells.

31 A thin cast strip having low surface roughness and low porosity made

by the steps comprising:

a) assembling a pair of cooled casting rolls having a nip between them
and with confining closure adjacent the ends of the nip;

b) introducing molten steel having a total oxygen content of at least
100 ppm between the pair of casting rolls to form a casting pool between the
casting rolls at a temperature such that a majority of the oxide inclusions
formed therein are in liquidus state, and producing in the steel strip

MnO.S10,.Al,Os inclusions having a ratio of MnQO.Si0; in the range of 0.2 to



roughness through the nip between the casting rolls
fromsaid solidified shells. 15 32. The thin stee
strip with | ow surface roughness and | ow porosity as
claimed in Caim27 wherein: the nolten steel in the
casting pool is |ow carbon steel having a carbon
content in the range of 0.001%¢% 0 0.1% by weight, a

5 manganesg 168 MIAN confent Beat 1203t 3BNAE 1&E 11n145%, tvehetdn Q% steel
by weight and a silicon content in the range of 0.01%

to 10% #yllpdivghiuch genganese. sHican gné alumgpym pxigetipelusoons as to
S e SRR e Y RITATLAY BRI R D
pool hamcARioak Pef syusifc GailliR&tr 1ofa ddbeh of W @esfoef | ess
than 0.01% ¢) counter-rotating the casting rolls and transferring heat from the
10 molten steel to form metal shells on the surfaces of the casting rolls such that
the shells grow to include oxide inclusions relating to the total oxygen content
of the molten steel; and
d) forming solidified thin steel strip with reduced crocodile surface
roughness through the nip between the casting rolls from said solidified shells.
15
32. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 27 wherein:
the molten steel in the casting pool is low carbon steel having a carbon
content in the range of 0.001% to 0.1% by weight, a manganese content in the

20 range of 0.1% to 10.0% by weight and a silicon content in the range of 0.01%
to 10% by weight.

33. The thin steel strip with low surface roughness and low porosity as
claimed in Claim 32 wherein:
25 the molten steel in the casting pool has an aluminum content of the

order of less than 0.01%.



