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WD 2004/ 065039 PCT/ AU2004/ 000086 5 CASTI NG STEEL
STRIP WTH LOW SURFACE ROUGHNESS AND LOW PORCSI TY
WO BEOHRGGAY. FI ELD This invention relates to thePCHAUR00g/000086
of steel stripinatwinroll caster. 10 In a twn
roll caster nolten netal is introduced between a pair
of count er -CASTENG §TEEL SHRPYWVIEHItQWSYBFAEE whi ch
are cool ed so tRRAUGHNESS ANg? LOVE FARMIEYon t he novi ng
roll surfaces and are brought together at the nip

themto produce a solidified strip product
TEC@?M@@%@ ownwardly fromthe nlp The term "ni p" |s

used herein to.ref to _the |on at
e r orties petingefites 6 piedemuf tr! sipn g il Sl
be pourgg ttv'irpfﬂlljc%st@r fn%ﬂér?m!eﬂﬁ % 1ﬁtr§@@eh BEtWERR 3§)airl ot @BUinter-
which it flows through a netal delivery nozzle | ocated
rotated @@meomthlecmtupg rOdi,Snwhigh arecotedrsg thaahetalfshai scéudlfsr@péhe moving
S ort t t surfaces of the ro
roll RS T By el o SE et A MR PR arthrhdS arc € prlicifed sp
producadiveredl ddwitvadlR frob it RS Thé@rRODkp” ik SsddHéadih Yo refer to the
confined between side plates or dans held in sliding

generaligaiparnt mthich the radlsduselpsestogether. Thramelien metabmay be @oured from
a ladlg 3{[]%@%165 Ye%gg%ro?x{ W?‘lﬁ)ﬁ if ﬁg\% Hgo %%OA m@g?{i{iﬁltegp r?(gz eol\gﬁated

Str
aboveCths hi fhrpdg a WShhg pes1eif aidltﬁn bﬂbtalahpporteﬁm&habamﬁg Isﬁ]rfaces of the
excess of 1550C and usual |y 1600 C and greater.

rolls igupediatghyaboye theanp é%em@?c&m% alpng thedength @f e “ElheT]Wé ICP%HIg pool
is usu?%? %%)%%%;b&hp%in%?% 01315}% ﬁ‘ﬁ is ] t ﬁf sl dg[r?% én%ja% dﬂ (\)&?fhd&fd surfaces

of theenofio seiretoadani the twashdsaf theicdstiog @ob]mgtahxst omfloen st eel
castin ool duri n% each revol ution o%leg cast

rol |'s. WHPRERFHRS Stefl STID b iyip ZaH CasT ing ool Hheenerally be
ata tél@ﬁgérﬁhfé 8% EQR o P5APClAd AR HOBL O dnk Qe Rdr. tIthi§ necessary to

SO fying shells which cone together at the nip to
achieyoverytragd @D@@g oftthé molten stedravientheshstingesuseds|of thcaells in order to

efects nown as_".crocodi| e.skin"
form s RRR €t B B Bitof REO et B U ERE SBE B dte pgten
steel ¢dshﬂ$ bb@tcﬁ(ﬂmgleﬁclﬁegbﬂﬁﬁoﬂ of e @ast 1€ sMpedoved fitGis irp&Sant to
and falls in the strip surface of 40 to 80 mcrons, in
achle&ﬂe@(;pghéxflcgtl@rbsolq; teravoif gistetien oftheselididyipg shells which come
toget I‘%.E Jtﬂe eformsl\(eeﬁ?él str qﬂlg%%&g%ﬁgé fsl?(ﬁﬁ cilead to surface defects
ns an are avol ded, m nor
knowhrag égmlc@dllet dkéxs’ slurfasdﬁlexlughrgarsa\l\ﬂi‘bcadﬂe sitie khirfate sowghneonis illustrated

in Fl%bl&w | =]<,eetsnt§1| IL{SQIL%%&;&CIBI@%%U"MI d eal Ifﬁgna rretr}twl nﬁagé fs)ﬁiqe {9280 microns, in

) Rgﬁaill 81@ e, nleA§ursd 6¢ brotilhbre w‘% £ ¥RInBEnRH §urf:

penogge%gér at aé t e entr a{ppgg | quI?ﬂd g fl\é S, angur ace

distortiaus endadgferto gietay oidad trhimos ireeglilasities m shoB grovetti alngl shell duytoruons
2b of

will s} 1S oY i Ao P bisn D v B GreBn £ oy el in the

midd Yoo SMEL @tEE‘IE‘sﬁtlp ofhe'.s,é vbiAWafRg et Rehe ecﬁtfd‘FEed liquid solidifies,
Casting" by BHP and , presented at th

and c@agrEsesiyan theDiesd eﬂr@cnbsex@d hamyray dustowigin Figurg @9@jein and in

B T PRMM TN AT N WY TOCRE —
Low Ohfbeh W&t Sk Useid ey BESaridae, ]{n@éen@éﬂ A theOMIBTHE Congress 99,

because of cracks generated by the voids and potenti al
Duss¢jders kiegmany (Juhe 13 999hdEhis neesssitates in-line hot rolling of the strip to

eliminate the porosity since the strip cannot otherwise be used even as feed for cold rolling

because of cracks generated by the voids and potential breakage of the strip under tension.
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WD 2004/ 065039 PCT/ AU2004/ 000086 5 It has hitherto
been thought that such internal porosity was

WO p@vo6saBd e i n as cast thin cast strip, which PEeERABLDOB/O00086
be elimnated by in-line hot rolling. However, after

careful ly consideri ng the factors which may lead to .
uneven liskssihitheste heandhoughd thak sechdntpenal pRigsity sige eneyijable in as-
. s o N . 1
s SHAORE LT, RRALPD By 59 GORB UM AL S
carefuilly doasidersisd the €adtors adfictemey tvad eo enernsbidificgiondnld ekensive

avoi d crocodil e 10 skin surface roughness, and al so,
eXPeripnes W SRy $ted SHIP i) AWy raligastep WithicoRRal @ysy those various factors,
we ha]%%@ts,ttc?r Hnk@kda¥ it i8 ‘Pgéslﬁﬁc RYARNE YnorPb - sBBRovh td B¥oid crocodile

ENT According to the present i1 nvention, there is

skin spriecd eghressyenf atopdvopd sighi€ican lighld ¢rttrapmeatsindshud qubstantially

with ] ow surface roughness and | ow porosity conpri sing
reducg RRTOS¥Eps of :  assenbling a pair of cool ed casting

rolls having a nip between themand with confining

cl osure adj acent the ends of nip; introducing nolten
DISCEOSE ROV TJE ANVENIIOdk ygen content of at |east 70

ppm sual J. el ow 250. .and free oxygen nt ent :

Dot wee esgrdnfe ey Bisarat vEnieh 1t iopiotds haR el Gipgpeins
thin ch®lstrfp WAh 1G4 Bhirdace 36ldhnessR@A oW pofosity FBRIDALHE EheSdieR of:

that the majority of oxide inclusions forned therein

ar e i n apseqbiling uppireof coolad rasiing gl having muipdgtvsenghem and with
1.0 | r erri eat fromthe nolten steel to
Conﬁélg# %%g%{%%&i %ﬁgfles%{eqsl%gn N the surfaces of the casting
rolls suedduchatimblia stdedhiveing b covall axyigae bortdent ofxi Beast 70 ppm,
inclusions relating to the total oxygen and free i
usualky,Bedesh 2 2@ APEntndbes My SR FREFNIDERAENZNNdPY PRIPNReY R the pair
. l . . B
orcah sl 6T SEGRIM! 8 AW bRESSE ISR, AR o g
includitres fomn¢d thgreimnadesn lifjuidrstasgi d sol i di fi ed shells.

According to the esent invention, there is also
pr ovi dé?ag]éte Y tﬁ%ﬂfp th? Casb‘P%&‘g g tf"ﬂ?{’?ﬂ fea frﬂnptﬁmoﬁten steel to
form 5QMWiS4H SHRAE of AANPRSS Mk dRMh PRNBSLEN thaPIRB shalisow € include
~steps 30 of: assenbling a pait of cooled casting
oxiderin¢lisionrarelating 40 Hiegoloboxygen andh &ae aryenicontentcefithe piokign steel and
cl gsure.adjacent ..t he ends of ni.p:. i ntroducing nolten
form GG 8 bRt fR SubneBiut: "of a1 east 100
ppm  ysthdihk Yolkdkieauhdd Se@lRfip eitshghrthe nipbegReenabe t&fihg rolls
bet ween 30 and 50 ppm between the pair of 35 casting
from paid palidified ghellsa casting pool at a tenperature such
t hat t ccgpciilgé {4 t¥1? gfes%liﬁl\%nhgﬁ,l ttféje.%]as? &%EH%H a.trH&fl&i Bt
are in'liqurd®state; counter-rotating e casting
produciig thinadast dtripmsthdowisagfadeaatiglinessnarndiewnmirdsity cotmpeisinigahe steps
formsolidified shells on the surfaces of the casting
oft rolls such that the shells grow to include

assembling a pair of cooled casting rolls having a nip between them and with

confining closure adjacent the ends of nip;

introducing molten steel having a total oxygen content of at least 100 ppm,
usually below 250 ppm, and free oxygen content between 30 and 50 ppm, between the pair of
casting rolls to form a casting pool at a temperature such that the majority of oxide inclusions
formed therein are in liquid state;

counter-rotating the casting rolls and transferring heat from the molten steel to

form solidified shells on the surfaces of the casting rolls such that the shells grow to include
2
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2 WD 2004/ 065039 PCT/ AU2004/ 000086 5 oxi de i ncl usions
relating to the total oxygen and free oxygen content
wo@boothesoanl ten steel and formsteel strip freRBCDAU2004/000086
crocodi |l e surface roughness; and form ng solidified
thin steel strip through the nip between the casting
oxiderigelpgions relpiing 49 thesetal axygeagnd fféF PXygen) qonteny pf the giplten steel and
f n l.,.qt he nmet hod has been
fomg%ﬁlnsgﬁp%g Bﬂggljtoc%bl sﬂ ﬁkeﬁ%@?ﬁ?&?n fimk ing | ow carbon
st eel . fbnmag)sondmed tthl stesltstrép thedneghl the rip/bddaven the casting rolls
ﬁ&g%&gge oxi de, silicon oxide and al um num oxi de
from g #lshellsas to produce steel strip having a per
uni targeh e SisbYasOful ﬁ%mﬁl@ﬁ%&taﬁﬁ’&s O%ECfhe AEHYE b R %5und
square mllTrneter to a t 2 mcérons fromthe
particsitariypissinl frameking hew wedbbh ntge]p diaty ofset the siael Shedls amas hmg/
be bel ow and, preferabl.y is about 1580C,
mangieg oS E OV 46 thCLABRI RO P RSiTe o B WgRoirgeel scip
havm%%gier uf b8 deRGHMSH @ qb%s@@@ﬂixhcﬁﬁﬁclﬁﬁloh@&r sgh4ré nﬁﬂﬁneter to a depth
may be distributed through the nolten steel
of 2 migeong ém thg sprqmurﬁact:h The: meltmglmlrdmf denigrlugioos m@efowbel@w

W t hout. bei n
16007t 308 o bRE oS 13401 AR BB S o LR R
castlrfg%h Nesile muﬁlgﬂwOmfs@@ bt WIni0§ SE®J ArRVALOL ehal®e distributed
provided by controlling the rate of growth and 20 the
through grermelifm strel 7 thgcasting Rop! wib a8 dnqlerion/dengitief betwsere? pad 4
| The primary factors in avoiding shell
gramgﬁésrtcgu? fc%ﬁﬁ%@%g beenpfoundyto be caused by a ggod '
di st ri bWithout being lxaltedby theaty, avoidunct efitiooodik dkéssuirface
t he m)Iten steel over the C&Stlﬂﬁ? urface and a

roughpigsi 0GP Wt PargtiEy i Pelisnerito Be BivKicgdpicortiplking he tate ¢fgrowth and
the dlsﬁibﬁlhélll of 1%%? of) he%g 151@}91{11%\/(5 a'f] Ql‘ibllé rﬁﬁﬁg% %Es@ n& ok lpﬁﬁ‘la.?}gfactors

nucl eati o oun
in avoidjpgrshelh dlstohradm bfefed]een fhwmdsobe dafsyd hy agbeﬂ kifstrplams

ferri t ustelte tlon
soliafafenelehfion Sl SRt puube FAgpeaiarey 4?&& Controlled
rate 09 s grolwki pRtieHIaTY !h@fhhlﬁﬁl iR of §ARBRStibN FnRARtely following
generated by the volunetric change that acconpanies

nucleptigons Kurthes oy raveifownd thatit isimpheantithattbefqra thefsotididying shells pass

throuél'ri]ﬂ{pf&%fté {4 Le(ﬂltg Vr%ﬁ%n ﬁﬁeﬁlonp&%%ﬁelps rg%mjcih sl?l%flc%n% tﬁ[ncl%bess of greater

pass

than ($BI® Hdilineidrs t@rersgsmststreishﬁhst dre gemgatel dy t}aar ﬁﬂ@memrc ahetke that
the volunetric chang& that acconpani es the

accomwa@%ft%hs wanslermatin. pagd hibpetrangfarmatine eapfermite fx agstenite
v IS, 4, RSN 15 T

the sttdssds hieat ateagdnenited ettt eolintetrié chaags tien a¢c@mpanies the transformation.

tra sfor ion, _.about. 0.44 m.llimeters at the end of
For ex4up ew%"ﬂmeﬁtaﬂ%ﬂn HiecPrdas othel 46 meEavats PETAGOaTEIDSIeT, fhee

thickf¥sP of AehRAMEnAL 30 ag&ﬁteﬁﬁ ﬂﬁﬁm‘ét&?&t atQﬁ@thIq 'ok fheSKirfle to austenite

roughness 1s avoi ded by having a nucl eati on per
transﬁormatlcmt; aloud Orfigl millimbteat at Itlmmd df 21t msnsfsquar(m and about 0.78
i ng}er We believe such crocodile skin roughness
T ”P%telﬁlaﬁ ®dVBi ded by generating controlled heat flux of

| ess t WgB héw: also determined that crocodile skin roughness is avoided by having a
nucleation per unit area density of at least 120 per square millimeter. We believe such
crocodile skin roughness is also avoided by generating controlled heat flux of less than 25
megawatts per square meter during the initial 20 millisecond solidification in the upper or

meniscus region of the casting pool to establish coherent solidified shells, and to ensure a
3
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megawatts per square nmeter during the initial 20
mllisecond solidification in the upper or neniscus
WO e@ioes08d t he casting pool to establish coherBeit/AU2004/000086
solidified shells, and to ensure a 3 WO 2004/ 065039
PCT/ AU2004/ 000086 5 controlled rate of the growh of
contrelledgate o giel growth of thase shptlein avey whickpapids @h@?@xﬁw@m which
. ' ] I iguid entrapnment in the strip. A
mghtgg%%gd@g{r]%%uﬁﬁ%ﬁ{lglfth%gt(&:ik)éati on sites for initial
sol i di fA gadd distribatiorbef matadopkitesiforinityal estpdifiyitiod can be
casting surfaces with a texture forgt%d by a random
[

accorpRiispet By eplogngaging pirigrevitypixtug formgddyt etagdom pattern of
sl BRSO Y AR IS TN R el s s
heighhaf/a lenst 2/micages sdrthecmaylhster anbaverage soffadeatisweibntidn ofdrtiveen 5

w20 el RS P e ARG e B gl 25 by o
grit bBSRE bl 8teCRVERE By WprotebliRe @atih Y. EMoBRh Al BulaiptBe protective
particul arl the protective coating may be an

coatiel 1y bopi eleetebpiastdmetrd aoiting, Eeemaresreciffralythe allbisjrate may be

the substrate may b C er. and the plated coating

COppet"rﬂ}dﬁlé’Pj?tegﬁ?aéwgd?ﬁyeq%og‘ﬁlgowm‘en steel in the casting
pool nahehfolfen! s HAhs @ﬁbtﬁg%@bl May b1 g 18R 286N seelMa®ig carbon
in the range of 0.001%to 0.1% by wei ght, nanganese

conteglopttgtangpn ok 80} %rig 8. 156 by woigh. raangangsochyteniinghe raage of 0.01%
i]j [ . f Q.03 1 9
to 203 bl IR Bfon ookl W REERor O ek RS St Thg otien
steel inAe haveddimifunOcdhtont of tHeasderlf OVAHI%) bt lessThyewsipht. eThesmekén steel
may have manganese, sil.icon apd al uni num oxi des
may éé‘fl?élg?‘f&s?’r‘f%t%’é agfl aymigyp g¥ids PRBRINEPA ihecsiee strip
L OBLUS ] . . . i , L 5.00o8 b9 10 1.6 and
MO, e3P oyl he 50 O PGSk T ERpb e k12 0 16
the Al0g kastenns thesincls®nt sdass4bdn 40% e Tha ciassianmapyorgaintagiaast 3%
Al at least 3% A1203. Part of the present invention is
0% he production of a novel steel strip having inproved

sur f ac @ FQ g e Send RGPS itﬁ&g@ﬁu&%' AWindgell i1 BRipliading
steps as described above. 25 This conposition of

imprayed sirfaserpyghnassreod poresity by fklowingdbemethed gtops ps Besgribed above.
. other.tha the process. ste sed i . ]
Tris Qg s AL R RE R Sub TR B R BLLRBE &by e

procekd 3 edtsodinymbe th®kteell sulip ¥s @splivddmddve.t he results of
extensi ve experience in casting |ow carbon steel st rifo
in a tnardesihat thedpentignimayde peedpilpegplaijpd.fhe results o

exen BB o G TR KRB0 0 AL B
with efgtegrafe etompasad drawilgsin stidhace roughness in

prior art thin steel strip; Figure 2 is a photograph
of an x-ray showi ng porosity in prior art thin steel

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a photograph of crocodile skin surface roughness in prior art thin
steel strip; '

Figure 2 is a photograph of an x-ray showing porosity in prior art thin steel
strip; .

Figure 3 is a plan view of a continuous strip caster which is operable in

accordance with the invention;
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35 strip; Figure 3 is a plan view of a continuous
strip caster which is operable in accordance with the
WO pogisioan; 4 WO 2004/ 065039 PCT/ AU2004/ 000086PCTHAU2004/000086

Figure 4 is a side elevation of the strip caster shown

in Figyre 3; Fi g,Lcjlre 51is a }/lert,i cal cross-section on

the | i Hd8Wegs p fdpplgipiomol thesigpaster showa ipdiigure di

Cr 0SS- $8at 8N QertibA drdRGebiorlor {1:16'1_'1"11_9‘5[—% iff Figurk Ure 7

is a vertical cross-section on the line 7--Fin Fi gure

3; Fi guiignre 63hawsrtickleressfsectionodn tha dine $i-6rin Fiduire By

poi nts . on heat fluxes obtained ég.in twin roll

castin 1$‘FF§|1§E‘M§1%H§C§?%_S[SSB?9% s diin Fegredeel s:

Fi gure f@l\/%dré 83Ro W B @Yfei SRBEIRLIYE nRRAR! SRS R YieAtHIRESs obtained
. map of NMh showing a band of fine solidification
in twinpell gastioa érials using silicen/fapganssekilled steels; Figure 10 is a

plot s i .the effect of. varying nmm se t .

BT con R4t Eemis Eetrivg ekl %oR ST fee gm showing o
band bMhdisilidificatid®inch@ivhe idd ssliBmned §tbg strg);at i onshi p

bet ween al um na content (neasured fromthe strip

i ncl usifésisy 18 plebstiogdng Bie edferieeltayxing swng#iege eesiticon contents
on thd gqlﬁ%ﬁs%gl?grxgﬁgﬁls@cﬁmﬂg;am for MO Si Q2. Al 203; Figure
13" shows a

e refatronshi’p between al um na content
i ncl usiFpae ahchowd el irel igorishipyietaéanr #umidd coh@ht @nebdured from the
) ,sgllgws the effect of oxygen in a nolten steel on
strip igelupigey) and depgdationsfiegh¥eness:i s a plot of the results

of cal gyhat !1@%@&13?3? ﬁﬁs@%iégpﬁngwpéiﬁpgﬁmz ailable

for nucleation at ering ste ean ess’ | evel s;

Fi gur e Figir¢ 13 sisdwsathe selathenshipftetweenf alivhida Sofnt iatus®noand
T u'di ncl usi&n melting point; Figure 17 illustrates
1AMERH (5P 8I°EP " Fat i os obt ai ned from i ncl usion anal ysis

carri egrigid® 19 hovdths 8fiBLF ok%%?ﬂnfarrﬂ@ﬁéﬁasﬁée@ B# surface tension;
| ocations in a strip caster during the casting of |ow

car bon Figire &5 issa plopof the grsnbis afcalqulaiions gorssing thefiheosions
. j ' I£in it by the addition of A1203
v GERLETR PRI 08 R D fstf g

ure Etrates how al um na

| evel s Fi@ite beiladiratst 8@ affethofMaAORSI08 ratds @ReHAEiBYmelting point;
regi on_when casting | ow carbon steel in order to keep _
t he nefigug l'palusiratss MKySKL rgios phieined fremsinglasion apalysis carried

ou ofFFESLETRG 5 SLaRhE oIRGB oo
steel stgp;al oxygen and Al1203 content;

Figure 18 illustrates the effect on inclusion melting point by the addition of
Al,0O5 at varying contents;

Figure 19 illustrates how alumina levels may be adjusted within a safe
operating region when casting low carbon steel in order to keep the melting point of the oxide
inclusions below a casting temperature of about 1580°C;

- Figure 20 illustrates results of casting with steels of varying total oxygen and
Al,O3 content;

Figure 21 indicates heat flux values obtained during solidification of steel

samples on a textured substrate having a regular pattern of ridges at a pitch of 180 microns

and a depth of 60 microns and compares these with values obtained during solidification onto

a grit blasted substrate;
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Figure 21 indicates heat flux val ues obtained during
solidification of steel 35 sanples on a textured
wa@esnemse having a regul ar pattern of ridges BET/AU2004/000086

pitch of 180 microns and a depth of 60 m crons and
conpares these with val ues obtai ned during i .
sol i di Figuse £3alosnmaxingyheat flgk a&qaé%regﬁb'@p%&wd dyripgsuccessive

dip teOHHARRARR W { MR AR O Gui rofrd ﬁyﬁsemﬁé rj!agé’& fhd grit blasted
maxi mum heat ux measurements obtai ned dur’fig

substraigs;cessi ve dip tests in which steel was solidified

fromfour different lts onto ridged and grit blasted .
Subot r SH 2kl S fe R SRS s GIeR ISt cRocoae skin

defecttﬁIﬂYﬁie“s@iidHEﬁ%Hélﬁ'H%&fi&dqfrOIﬁFtl‘ilé:&ﬂités@s' Wiguredz%f ects in

he solidified shells obtained fromthé dip tests of

Fi gur e Fgrre 24 indigutesehesiltsdifoatassrenteatsr @ Sudtarsiant deviation of

: . f dar d .deyvi at | f i ck f
ek e BF RO nedeeTls PP ERSRIS LD RS TEID Foet o of
Fi gur e F2ires 2 D406 26 pROEmeGo AaBhPHhe BiredcegbAMas &frmed on
the surfaces of shells formed on ridged substrates

ridgechenbpingfesihdvieg difigring ddec denthtis; Figure 27 is a

phot om.¢r o h of .the surface of shel | li.dified

ont o Fage 2Tl Mg B il g bl e s Rl o«
substigiértatubdiyQ RetlaPpgicriastpfri@id Bro@Btibiss; and

phot om crograph of the surface of a steel shell o

sol i di figtde i photgfpicrogsnmseidhe subase o4 stecshgllsglidifigd onto a

- are plots showi ng the total oxygen content

gntbltg%}&?gx?%gg%“ on steel nelts in the tundish i mediately

above Fhgres?d ihaggh@6laroplomnihbeingsthe ébtal EFgeucoment of

casting of thin strip with a twin-roll caster; an
produpiep e meltsif fisugRdisbi %ﬁaﬁeb’( oy hefstnerDb Ly a@ﬂen steel
durin%@a@ﬁﬁgbf ffin Etﬁ%_v?iﬁi‘?txﬁh-%ﬁ cadi®! hsg reported in Figures

9 thfough 33" in the tundish i nmedi ately above the
cast i ngigwed 3bthroughl3Beme plotsedf thieifree1gx yges cbnigniodf thérsame steel

meltsEgors ot i U P BB Vo e cosing pool of
molteR 5REPAriE ABAYGRAR!HMHRE aalvid-Ral @isienci pl es of the

i nvention, reference will now be nade to the

enbodi nents illustrated in the drawi ngs and specific

| anguage wi Il be used to describe sane. |t wll
DETAJ@E&D CEIBTHAN (HEHERRSEFERRED #8VIBOIHMENT on of t he

scope of the invention is thereby intended, such .

al t er atfioothe pampbstuiof fremoBag awuidarganding ef tha priheiples of the

imvenfi, TR B OSSPSR AT hhaES PRRRuEF T b Wafings ana

specifidi@hgidpe Rdil g vwaNoaErijeadmes IRl kkveARBIsIbE udderdfootl Ghat no
one skilled in the art to which the invention

limitagien af the. scopeyefrthe inyertipns therehstintendeds spelh dlterdions and further
modiffF Qb HME i1ffstrhRd ﬁg\%ee, ranéi\’fs]ﬁc%hfuﬁﬁgr :ﬂ)"f)lications of the principles of the

invention as illustrated therein being contemplated as would normally occur to one skilled in

the art to which the invention relates.

Figures 3 to 7 illustrate a twin roll continuous strip caster which may be
operated in accordance with the present invention. This caster comprises a main machine
frame 11 which stands up from the factory floor 12. Frame 11 supports a casting roll carriage
13 which is horizontally movable between an assembly station 14 and a casting station 15.

Carriage 13 carries a pair of parallel casting rolls 16 to which molten metal is4supplied during

6
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operated in accordance with the present invention.
This caster conprises a main nmachine 35 franme 11 which
wGar@atesoap fromthe factory floor 12. Frane 11PGI/AP2004/800086
a casting roll carriage 13 which is horizontally
novabl e between an assenbly station 14 and a casting
a castiiggneppiongrom @gdadle 44 §1a12@u@%xﬁh L& gndydelivery mzz;lml%tq c@qsate a casting

por 6L 61 B35 S0 BT ik BUARLIGE g s

16A am@mbnonghﬂ‘ to@éthér dtditH p bétween tieni wlp‘fbﬁllibe]agso@lﬂffled strip product 20
livery nozzle 19 to create a casting. poo

at thecfﬁ% PPig- This |P§0®Gt irfed (R wandagbeailsr 24 apg, a"taySS;:}biengenﬂy be

transf3bd & § ¥ecBRa E&TBY I cé}ﬁ&éle %f’?' fsfrﬁ%e%&@ RSkl eframe adJacent
rought toget her at t e nip between themto pro

the cashg stafioreshdstplign metaﬁcmtbe?cﬁvermd mfmethrs(rlad:epmmld wh an 'Jihd:xﬂow spout

odu is fed to a standard coiler 21 and nay .
24 o3 B istnok oy I Bt OF B Pl e BOLPITR 25,4 o bt thp tungish i there
isa sé@?@ﬂﬁﬁ&r’nﬁaﬂ%ﬁ of ?rdﬂ&%r@ﬁh& @e\Feli‘@ rdiﬁﬁﬂétﬂﬁl cftfrﬁa@% c%gﬂn%c(ﬁiﬁatlon
O the casting station and nolten netal can
d| vert é‘tbll erroagehi %cqnamapst acirgdagd ﬁalaﬂ 3d>vmnmlte@1vb3sxphnﬂls 32 on rails

33 exénglélg a%rﬂ% tE? H]glgnolfl {;d na) q%;ebglﬁgﬁ é;ami gé/ as a whole is

moun$seMof ﬁloﬂ&nfaﬁ)cr AGd @8 rafs I @%ﬂ@ztge%arﬂé BEEarbiBY £ p&ir of roll cradles 34
mal functi on during a casting operation. Roll carriage

in which the rpdlsi 19ease rotatablyi r@@mtefdr drl gadlepdh ta@dnbtgntvm@@ﬂls; c3giage
frameoﬁ l??é h e&%gglgggglﬂg F’%{%%f r %]giggg%b%];s 3% ha%q()lea.glowr"éﬁt=, irgal%s to be

movemwnheedarﬁﬁ)ge lﬁﬁﬂéﬁfrﬁﬁhﬂ@mﬂ of hytRaulRi dy8inde: undis 37 ﬁgt% adjust the
me 31 carries a pair_of raoll cradles 34 in which

ra
Wldtht afahe wpibstesniacisngall 1o 4ad iiperable thsirpllciohs ragidhmoved apart
o S5 TS, OGNS o] BTSSR o yengprom e
strip @l wibhbetexplatnesidh esort detb# belvov ebheorartidpe ic arovalkiges amdete along the

: |nfluen e of hydrau li.nder units 37, to
rails 4315 adhiaigd of gy oW Gr i pirteand Brliietti 1 corgeed
betwel:ﬁ a&ﬁ‘ﬂ'etb%&eﬁm 8n tReol Chikiagd ShdPie PR ﬁiakfhﬁ@‘ﬁ%ﬂle%ﬁ% to be
for a short tinme interval when it is required
actuablg tenreovertheselbeasagd hetwesn the ajsrbdly siatiaskt mdecasfsng stgtlon 15 and
as. . Wll be explained in nore detail below The

vice versa,
cdarriage is novable as a whole along the rails 33 by

act uat iQustied rallsdelbd €ovmedriro@tedytBfodth d6ivekIsHfRM18 % an electric
cylinder unit 39, connected between a drive bracket

motoydgrns issios| mowted pragrariagedrame3 haRallibe haveecoppererigheral walls
forme%hs\x/fﬂ?a b&Gi sl%)?;ti eI ﬁmtaﬁ%%)tgfddﬁ% (?ﬂnéém{g?é E&lﬁg}?ﬁ%d’\ﬁﬁgﬁgoohng

passagetscsapplwcﬁmth Caslingngatecthtangh ffheafoﬂ endsl fYoRT witet atpplil ducts in the roll
h drive shafts 41 froman electric

drive @Mﬁ i ERIFR ATerRgTRe e f@ﬁﬂ%%rrﬁup@qéw%thwghmeqansglmds 43. The
|
ol SRR S50 AL TN i A B

2000mnma/adecsmpprtg1ucpassages suppl i ed VVI t h cool i ng water

throug e Joll end fromwater supply cts in the

roll adﬂﬁ SQﬁ Slthrg nWrﬂ“é’Halé‘rOé‘StE'gﬁ‘ﬂﬁééPng %“BP%?J;YM a yoke
45 onSaHR)Q/EﬂheQ@ §1%§e $AebdY PEG I B%TI]X &b ?Bgi%oﬂ Fronl B goturg&%foreceiving

typically be about 500 aneter an
statiog O'@be radid is figted nvidr aissopreo rq:d’étﬁjwt@ble%)ﬁ)@ serwo wiliiedes ta allow molten
metal?o ?lg)yvcftrdm the ladle through an outlet nozzle 47 and refractory shroud 48 into tundish

18.




10

15

20

25

30

35

Ladle 17 is of entirely conventional construction and

is supported via a yoke 45 on an overhead crane
wob@noesose can be brought into position from aP¢DAU2004/000086

metal receiving 35 station. The ladle is fitted with

a stopper rod 46 actuable by a servo cylinder to allow

nol t en Tigadigh 18 ¢s 4ls@of ¢anyentidral ¢oagirectiony Bagformed 6s ¢ made dish

AT Sl b e R R U

receivel nbMBH @ithd] Groah thedadie hnd isippovided with theoaford alaS)varfWWdM and
dish made of a refractory material such, as nagnesi
emergsRey|Blug YgOLhe oher sidg@f i€ tpdish i dfied With @isgees PR Rdinally

spaceﬂfﬁe@il otl{lgrgg%er % gévivl ; A cf:'rialﬁ? ro?i‘ﬁec{ﬁﬁjdlgl} &g‘n %ﬁo%téng brackets 53

or esal emer gency plu
for mmﬂtmlg tis¢ whadnh ohtoethe mlﬂézﬁhag'eﬁfrqm@m aidiproivided avitteapessrestio

t udi nal | spaced tal outlet o s 52.
receweda%ﬁ‘%mgs 5 onyihd CaiHaame 9 A0 ALY nlg’g?}F mw@slgs
10 for gy I{E)Qzlterl@ 1§ P&Fﬂeﬁ Rs NERNENE bO@) InaB8bf 4 R9Rictory

franme 31 and provided wth apertures to receive
materiah saohi asglhpmga gBabhge. ItShbW@apart mdapefrgchsreasgdo cagverge inwardly and

acc | ocat e undi sh. Del ivery.n e 19 i.s, .
downfi e el TR PshRsLERe P Relreo DR E ST Ia o § proviada witha
mounﬁﬁgY BFdcRet 6DUE @u@ﬁ)r@llt BAkRAof lcaR gt Gramletand i@ Wbersi is Eé‘rmed with

tapered so as to converge inwardly and dowwardly s

outhtrﬁlaztpromcmuiﬁ ﬂﬁt@@ﬂ 5% mehach Ineate pp theanodmgduadkehg r oI |'s

i—ﬁ p 0 :; . o%%l% %z ﬁjaveI 3 se(r:lgsr ?]?I]Tgbégg#fﬂhkegaacg% %gﬁe%l u)ﬁ Qer{igally

exten@ﬁgtﬂo %efswgﬁ?t?b Wotllice Dsititablydby veloojte dislchl@gs bﬂﬁlefall &m@@lout the
| ocat e, on _the nounting bracket.

w1dth|»pj\y]g_e @llg and tosdedivenibe imelfen angtal 1%95@@@%@5\@?% tp9 rolls w1tho¥1t direct
1mp1né§1§1tgllétgﬁ1;th¥ rollegiltn[%ggé ﬁ%lg{:lgﬂ%@ﬂ%éﬁgﬁéatfoﬁaﬁE&ﬁ UQGte atlvely, the

ow velocity arge o roughout
nozzle ey havela bingle dontinuaisisiot antdettto deleter wéow tvhkocitp cumain of molten

intq the ni t we e.rolls wthout .direct 20
metal s e e T bR G100t Ay DA R if [ holich meta
pool.SOl i dification occurs. Alternatively, the nozzle may

have a single continuous slot outlet to deliver a | ow
vel oci tBhepapk iaicanfifiedras theeands néthalroldﬂ e phiy of side clopere plates 56

iR VSB 4 05Rhb 8ol o Byl PG o g e
statioRf Sideeldsatd (Hatey 56 aRAhAdeddf aSiudag edfaR LT nithei Sfoﬁ@xan%ﬂe boron
whi ch are held galnst st epped ends 57 of the rol

nitridgipag heresqalppedeads ¢dege 8il &o mptchike erasatiredf the seprse. ends 57 of the
rolls. ﬁi‘al%es%cl?e aﬁﬁgt% gar&ﬂée?(ltgﬁg?tg@ bl@]?lgtﬁ%%f%{sﬁb d@hﬁhrag@ﬂxg&gglé ache Esting
statiofi g latwopish of dgaieciegirdilictoglinddr ahits 8% t(ﬁbtﬁn@ﬂxa rsﬁleqﬂatéshlﬁto

stepped ends 57 of the rolls. The side ates ca
engaa?m?ﬁ wifh the sisnped endy efdhe castingsgliso foran %IB%eSai%r ﬂﬁénolten
hydraul i c
pool G4k 8 LDg AT Bbhl Oy BRHBNEL 1T 50
engagermnmgvd daltit hepeshtignrbel ladiedsomfer tdid € msctuagdriobllew molten

ety S e G RS o i BBl ol e i s
to the A8 o8 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. Table 96 may operate against an upper strip

guide flap 99 actuated by a piston and a cylinder unit 101 and the strip product 20 may be
8
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During a casting operation the |ladle stopper rod 46 is
actuated to allow nolten netal to pour fromthe |adle
wa oootthesosundi sh t hrough the netal delivery nozeC€EAU2004/000086
whence it flows to the casting rolls. The clean head
end of the strip product 20 is guided by actuation of

coninge) beSveaprcit ofbleeioabside ralies | GgARAT thnBRadcinddns baen guided in to
the Jﬂ% io?ﬁxfetrcgﬁé e 920()?&1(1@ %cétfa%@m% 861}'8}6 'E@&‘?xfg)'dﬂ&szqgaélrdqgﬁl aﬂrgﬁ table is

allowed tousiih®badkf toaR 1lﬁk}fﬁfz&iwlelp©s10¢h iwheler it siriply h&@safdne thetrhachine
cl ean head end has been forne oper.ate

bl e, 96
framegdear 96 thegodyshwiichyis faken dispetly qqt%@iegfgﬂsrc%ha l&edre@g}tlgg strip

o, 34 O A B AR OG- s

awaycfmrdthncedstﬂetvveen a pair of vertical side rollers 102.
After head. end_has b d.i.n,t the. jaws of
the coltBpaileroe ¢ gnnral Fardbaicgrg gl d Fs s 07 ar
more @&lgﬂd‘b‘%&rﬂ?eq iR e PAPMAR. 5,384 668 Snd RDTDYES aﬁcpln%ﬁlﬁg)nal Patent
to Its Inoperative position where it sinply hangs
Apphf:atmnR@'B/Al’cﬁBVﬁOﬁ% frame clear of the product which is
t aken d| ctI onto the c esul ti str.
pr oduc A58 SR BB OB BOG T O st & PEGHPH! Aot

referefde tFiRHREYEE 7 2wé hivd idesified fattofstaBs ROfitkollelOn dY@Y td ERMteel
the caster. Full particulars of a twin roll caster of

strip whigh g swhstentialiytfrest fbroaedite gkin surfacerrgughngpseandfporesiflyliy the as-

cast cgﬁégr ; b%gch Str é}? #n dgirog‘gf:l r}a(ftg%a tlélﬁ &%ﬁp?ﬁqﬁngﬁdelmnnate porosity

and HBG}_IHe/ﬂs&B{nQﬁé 88 casftomtitiexbransd uefeepetosk ferrcodd radlingd n
roll caster as described herein with 15 reference ﬁ
Fi gur edn genegalfermyge thedpprevgaisnt off @acqdileskinsupigepoughness and
porosftg bt oL L& \Jea b IR Ul BnEEIver fnqt?zh nuélteﬁﬂlcﬂuf W 6 Rial ﬁ at flux in the
stantla 'y free of croco e skin surface roug ness
initialastages bf piddfdatipn kmershe :asentmdisdi rato nfishell@row®u dhitet nugbeation
need t. be suhjected. to in
may b5 GogfAle debwag*lg § 8094, Ellsrﬁig}lusa of g\é@%}twntsr{sgﬁ% &ﬂea’é?vmon of

texture@RM o QbrtMes Y&@kdasy 4 Radord ipafkm iR diseRhdIprofdctibAGwhich, together
general ternms, the i'nprovenent of crocodile skin

with s ste¢labemistry gif Hessoligmsteet (ﬁeqﬂmf é@trak gxyEem cortenicgipaterdiahy0 ppm,

oS5k i PR EPLLR 30 B AT e

good aR&EHifion of 6XiE detorsab eer9é ashelldation Qited). THel’bxtygath content of the
nucl eation may be controlled by ensuring a

moltegisste e 1AG Dot 19l (O o1 OBEcm R PRIVAPI SRHF0 Bpm foe
Oxygé extured casting surfaces formed by a random pattern

of discrete proj ections which, together wth a stee
chem stHoy exdmple efofmintgeﬂesﬁlm]l suffa&doroﬁletcaitﬁig soxfcgsrof the casting
cont ent gr eater than 70 ppm 25 pically |ess

rolls bayingpandempatteraot ék%?beéﬁpf@dﬁ?fl@?&: tha‘rmgéilﬁ)é%rﬁg%ﬂ&bfd)?@bleast 20
micrdi'hd RGP Sy dOPMctistibi b bPBkt DX hilP 200G bOuare

to serve eation sites e oxygen conte
millirhéters mot preducsttbetesired distrlyutiva odihutleasn s100 EMetrqlezﬂture of the
bet.ween 30 and 50

oxygen an
ol CATGIE00 bt G 0 LR LoTesaRtula A A cToe BHUSIL SF PRge inclusions
are indWui RFRR RinkABCIEA$ A the initial stages of solidification. We have also

determined that the initial contact heat flux should be such that the transfer of heat from the
molten metal to the casting surfaces during the initial 20 milliseconds of solidification is no

more than 25 megawatts per square meter in order to prevent rapid shell growth and
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30 rolls having a random pattern of discrete

proj ections, having an average height of at |east 20
wor@sne®3and havi ng an average surface di stri bRCT/An20#/000086

between 5 and 200 peaks per square mllinmeters may

. rodyce the desired distribution of nucleation sites.
distosigg: g}?ﬁé’?ﬁ?llﬂféh%lf gropreh alsgicer he st by Hig 156 Of thegselected surface

textaf®®i Nt ai ned at a tenperature at which the majority of
oxide inclusions are in liquid formduring nucleation
and t heCasting frizls wsingyalicarf mandaneiefkidet looncarbin ficel awd so
35 detfermned.that .the injtial .contact heat flux
demopfpti (e Fikin prit FomidedhSpuPiom (o mONER sgrh e an effect on
the héWo 12y IPRifdd diRinlghieeet SSIdifchtidH b ARRRaCY A PRutdS Low melting
o initial 20 mlliseconds of solidification iI's no nore
point pxigles IBPIAER Hedeeatsirasfer souiactdetmtenrthé molienl eretal ang theveesting roll

' rowth .and. 9. WO 2004/ 06503 . : :
sorto s B85 oode il Mg ASR PRRAS S sep eirmelipappins are
greategrtiam the sleslaciperabite fethe RYstind§oUE ETIRrefole t1fed R B8matic reduction

surface texture. Casting trials using silicon

in hegihapsipeate when the inchysieramplsing poid is graster thee approximaately 1600°C.

: Dot of oxi L e T the
T T —
1600barai edolv candipagicalael begohd thefliérapérare éSmbldrigédl ak 8@ dasting

Figure 8. Low nelting 10 point oxides inprove the heat
Pool'tran_sfer contact between the nolten netal and the
cast i ngrpe Qklde iﬁaﬁ&&%%gh@@ga %@&ﬁiﬁéd ﬁl@{a??hellls'aﬂﬁl il the thin
i ncl usions are not produce en their nelting pal Nt s
steel sirip cogfpipabhdifichtzon inblesiohefrmed dpangselidifi¢ation loé theasdel sigells, and
.paol .. Therefore here i.s.a .dra i ¢ reduction, .in
deorif i ipRRPraRed HUlgCR NG 1t 8 B 1 B FHSIAG CdR e found that
with GiRaiued killB@ e AP RHhO Fdrimatieh ¥f B2Helting; ?@nf@hﬁﬁﬂhﬁnﬂﬁbieﬁs (melting
of the inclusions in the casting pool should therefore

point BASQYED gewl e dimited ibnateyoided i chlsiwmnadditiensparths carhposition to
. p e ure of nolten steel in the casting
prow%g%ﬁﬂgffhg Ao%%uéggn%uﬁ‘%ﬁ: "§si ons formed in the solidified

met al  ghelfles oRgbni 16vdl G thetsbR] ishtduced demhathlly BuS®NEéGRg at the
.solidifjcation inclusions formed during solidification
menisgys, {g3ultingdp thesgraprasion g splidifaeskion snqlesionsmepidp swace of the strip.

far. ) cofin . ; ; .
mhes SRR 81 8 0ot Bl ot MRS B gl
reactiothe formati on of high nmelting point alumna inclusions

(mel ti ol nt .2050C) could be Iimted if not avoi ded

by cal gﬁhﬁﬁgﬁggfﬁ‘b(g%l%é the conposition to provide

I'i qui d THaGhYealRcé Bpihﬁ%bﬂﬂiﬁcaﬁr&?ﬁn&ﬁaﬁ%ﬁ)éﬂ &ﬁ@t#}fﬁgfagé,rbbtained

the steel 1's reduced dramatically during coo
from amhgnergy Risperséve Spestudscopy (EPS) inep,gestevat indfigwe 9. It can be seen

ofiLdification incluysions_.near t urface of the
that s§iciion SR aPE SR SAE Pgpere RIS EERE 18Uy gras located
in a bafdadedidwaithinyl 0ab 2WE5HO2 thy sirfiRe f Al tk:?i\emrhgze di8BBhHA of the oxide
Mh+Si +30 = MhOSI Q2. The appearance of the

inclusioys ityopghetae isoip is skowr irohigursrd efhar papdrenttled Reeent Developments
in Pro?em ﬁf {h& (joint Development of Low Carbon Steel Strip Casting by BHP and IHI,
presented at the METEC Congress 99, Dusseldorf Germany (June 13-15, 1999), which may
be consulted for more information.

In silicon manganese killed steel, the comparative levels of the solidification
inclusions are primarily determined by the Mn and Si levels in the steel. Figure 10 shows

that the ratio of Mn to Si has a significant effect on the liquidus temperature of the inclusions.
10
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froman Energy Dispersive Spectroscopy (EDS) map, is
shown in Figure 9. It can be seen 30 that

waologésosrat i on inclusions are extrenely fine PCT/AU2004/000086
(typi caIIy less than 2 to 3n) and are located in a

10 to 20m f t sur f ace.
A R SE) bt BRon e s s 00,15
h 0
ST OB AR 1S 1R 4o SO Sl Sy
range[d\ P} 1dp ﬁaelﬂ% bfy vte@ghmdmmral@nmm @mntenp oOdetdrdg dfy).BKor less by

weig %gn Q_A&l ﬁgﬁg%t?%]nt q%smi S10R lgj%{ esgfﬂllgg Oiﬁrﬁv stegh in the
uppelhegloﬁilsﬂﬂhé eghting goﬂp I8 paffcRIBhE Sel thily Bivel RO ﬁ)llowm% he

manganese killed steel, the conparative |evels
CompgﬁiFlP%ht‘FrrﬂteétM% i ncl usi ons are prl mari | y det erm ned by

anmad—Sr— s thejstee tr shoews
:Egtwthhen. at+o ?ﬁﬁa. t-o—SH—Has °bl06?y¥ ﬂffact on
the | qui-cus t ¥RBENSSSr o of It he (0RPEY; )
2004/ 065039 PCTASNigM04/ 000086 50,&8%1?150%@@ silfi con
killed steel haWimigum car borl corf.@0% iby wdightr angle of
0.001%to 0.1% by wei ght, a manganese content in the

ran g e @ebﬂ[odh@odﬁﬁﬂ@mnw@&qeraﬁy gehdred dGARE BRSxildtioh ¥ the
of 0.01%to 10% b i ght, and an al um num

moltep sfeg bifhe Rilereity Adt 208 oIhJesOﬂlelcegwowon wéhglexidseinclusions
formeﬁrcﬂﬁﬂ %e%ﬁ?&ﬁhqu %’1%541&1 %'?OZQA'I erbag A ulgﬂeg ?oqitl’l(?alé{c])g inclusions

cool | i‘ons
are ram&snllydgcthh thd stripand Iardeoafs,er llhbﬁ tl&tseﬁﬂlfi&aﬁomﬁl‘éﬁlsidﬁg near the

0 t MD6: Carbon 0. 06% by
strip Pt ST ARG SHEGE B G55 LGNSR N 0. 26% by
wei ght Ak HMH%(QItQ‘Q%%I@’mmb@m h%%?r’&' gteffg& on the free oxygen

i ncl usi ons are genera y gener at eoxl
level igfthe sfecl, ansl qanbegisedto Gomtrohéae e Ioaygﬂmlhvd}d; in Bk naiid mmre 11

shows itwich BEraRRaRih? Botne e IVeER epREstra! fdeturedn fBe free
oxygeﬁ&'@p@rtéatm Blyutd e kias inasurdd uﬁﬁ% tHeATKISHD YndaQsiBnBAk dySteldBade by
strip and are coarser than the solidification

Hefﬁ@PﬁEl@ﬁ@?%&? Ashihe fprasutgments notmdlized 16 b60ASE toystandardized neported
o e e e GRS LA BRI 02T LB 2P

Mn0°81@gﬁnlus1bm/a’e dilntetihveitish esequitire@8dtiodan W ladtVit§ Qﬂﬁﬂpﬂn turn
ree % en levels in the nmelt. Figure 11 shows

reducelsﬁg‘? EW PHEeR Fveh <5 sepndiromitheafollewingteactionee oxygen i n
the steel |SMI§Ql$qg_c§(§) Il)ﬁzér@eggloog %Srslbeported in

Figure 4 was neasured using th reasur ement

syst enpgRgdRoni0, H—ﬁlz@eﬂ% § rﬁitisgcglé%% Rt 8%3 1ﬁc§1§smracompos1t1on on

neasurenents nor |1 ze 1 ze
liquidussipmpertire ofn behabthined froxye reraaniphade diserhm shbwn Gh Bigibe 12.

Ana‘ly’tﬂg 6 @X%‘ﬁﬂﬂ\é\%g&t“gﬁ% Ithg‘it‘ gtgglggrtlﬁfﬁ%gwgfawg{yﬁ% é‘@ﬁMﬁp/ SiO; ratio is

typicall$ thid @8 té 0.8tA86r A eYintey itWHs Fud dthhtifimina content of the oxide

inclusions had the strongest effect on the inclusion melting point (liquidus temperature) of the

inclusions, as shown in Figure 13.

We have determined that it is important for casting in accordance with the
present invention to have sufficient solidification and deoxidation inclusions and be at a
temperature such that a majority of the inclusions are in liquid state at the initial solidification

temperature of the steel. The molten steel in the casting pool has a total oxygen content of at

11
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reduces the free oxygen level, as seen fromthe
followng reaction: 25 vn + Si + 30 + A1203 q

W@ 20208030 Si 2 For MO Si O2- Al 203 based i ncPCBEAT2®H/000086
the effect of inclusion conposition on |iquidus

erature can be obtalned fromthe ternary phase
teast Y Bh 245 & RSy genpsogiang between 40, ap é@ BP0 prdugg mgtal shells with
1 1§ deint&l if
vy TSR Lk ISRl ok BRSO i
molten Htﬁgl oggomete riucleansn foingitht hetialsolidificatiooof tha Stee]f ort lhe castmg

si.ons d the. st.rqongest effect

roll syt B SRR B Aro iR oG B kg nghospmoyagd provide
nuclehtithl ditSé SBcondEid SRificanty @UfRlchBon WeriAPHE n‘i’&ﬁlesbmh@l%gtlon

that it is inportant for ‘casting in accordance wt
procegs, But tb@ dewndationvagltsions may hewtate (gumfoﬂlmgntthat thelr concentratlon can

i an nd d ation inclu n
be vaBQ) il b Bl R RO R e il e PrielS afisafle The
deox1dz!it1dnl ifitlislosd At emath bidpRr, i thhit AR grefbt Ghbh UGRICERR, Whereas the
enperature of the steel. The nolten steel in the
Sohdl@%mﬂ@db%@ms ap genpralbt leps ey & aricionn prcharedfin@eSiOr basadand have
t and, a.

no AI%Q(Q g»gﬂ%g&qgeg dg 3 né gxqgcﬁ(lﬁgl% aqg)ohaie éﬁa(gg as %rt?og%rlgaluggns

met al ﬁt&tls lbsenfctud it easahg tridfls @singj&lelabsbaJM%rgsade of

reflected by the total gen and free oxygen contents
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the TC 436 N trogen/ Oxygen Determ nator Instructional
Manual avail able from LECO (Form No. 200- 403, Rev.
Apr. 96, Section 7 at pp. 7-1 to 7-4). In order to
det ermi ne whet her the enh £ heat fl uxes obtai ned
with higher 30 total oxygéfSecontents was due to the
avai |l abi | i de ingclusio as ion sites
Guring. ciehr Hiye Bleeheny WF%H@KMQ%FGH ot i th

ctonnl o \nh| r\h der\V| '~|nf| on N |l adl o \wac ry

St CCT—S—t > HA—¢ ||\., e alheat
CastNad th| cal cippsi | i Fi g8ipespesd) an?opﬁgel,gégm ps 1ot
conpared|with casting| witf4H8) | ow car @R Si - k| Irpwgved (MW)

steel known as M6 _qarhdes of steel The resultsl are

MB3out |n thMdtllowf ng t&hle: 12 WO 2dd4/ 065p39 3.55
PCT/ AU2004/ 000086 5 Table 1 Heat flux differences

béBheen MO6 aMDGCal - S| | grafzs. Capting l$feed, Pool 3.58
Hei ght, Total heat Cast No. Grade| (minin) (nm

efdved (MN CMS3 MD6| 64 17403.55 | M 34 1IVB6 62 [L69 2.54
3.58 0 50 Ca-Si 60 176 2.54 0 51 Ca-Si 66 175 P.56

A shough|Mn agd-SSi | eVels wede simlar tigsnorm 2.56
Si-killed grades, the|free 10 oxygen level in Ca-Si

heats was | ower when the oxi de i ncl usions contained

nor e CaihohPh Mn &kl SiNSWIs wBre kal16: 18 noﬁﬁﬁt&fﬂﬂl}’é@émﬂé% the free
Ca-Si heats were therefore | ower despite a | ower

oxygémieveldn 6a-Sidkats mys povertwhendbt exide Sickpians @p@tgmed orge CaO. This

T e

induﬁ@&hﬁ&%ggoﬁao tenperature (C) Ca-Si 23 32.5 9.8 32.1

22.1 1
Table 2

Slag compositions with Ca-Si deoxidation

Grade Free Oxygen Slag Composition (wt %) Inclusion
(ppm) melting
Si02 | MnO | AI203 | CaO | temperature
(°C)
Ca-Si 23 325 9.8 32.1 22.1 1399

The free oxygen levels in Ca-Si grades were lowqr, typically 20 to 30 ppm

compared to 40 to 50 ppm with M06 grades. Oxygen is a surface active element and thus
reduction in free oxygen level is expected to reduce the wetting between molten steel and the
casting rolls and cause a reduction in the heat transfer rate between the metal and the casting
rolls. However, 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.
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Accordingly, the oxygen content of the steel needs to be controlled to produce a total oxygen
content of at least 100 ppm and preferably below 250 ppm, typically about 200 ppm. The

result is that the two micron deep layers adjacent the casting rolls on initial solidification will
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only 21 42857 Inclusion di aneter, in 2. 00E-|0FTUGIPRE fsibgjpiti
volume_ mOQ 0 Total lno of inclusions nucleation process.

Castinggged.ensniB19381. 5 80
Strip length, m 9615.38462
Strip surface area, m” 19230.76923
Total no of nucleating sites 2307692.30760
required

% 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,Os in the deoxidation inclusions can be highly 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, and also may lead to clogging of flow
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Thi ckness of surface layer, m2 (one side) Total no
of inclusions surface 4265241128298. 4536 These
WO pk6306Ns can only participate in the initiBtT/AU2004/000086
nucl eati on process. Casting speed, minin 80 Strip
length, in 9615.38462 Strip surface area, m
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Figurp rlévfempvetrrvs:ehrammng@nf anOA3105 aatiosfthecinglupioni meltidg pointis much

e BRSP4, il ST

meltiRBpSiAEESis nbt HAAGibH @%!atlﬁ?'tlhé&%ﬁlﬁrcﬁﬂéﬁ %ths_ﬁﬁﬁlg(ﬂ@ mBRksdhce of a
generation of A1203 in the deoxidation inclusions so

liquidus state iprtlrierdde chhm@é apé sstero ligeiddilex amthe eagimgsnifaces. This
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passagéinlRdde®eryt Iitfzzm%{nﬂldﬁ]ger peitnbt thd bRel@gives dystewdéanibetiige a
mel ting point of the deoxidation inclusions is 10
proble@nsi tive to changes in the Mi/SiQ2 ratio for those
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usi e

vari ati ons n In on rre ti'ng point agai nst
to pradetinyg aindt dedvived BIHQYSi@d rages, it difficulasi dnsgrel thay th@ddzsimd ratios are in

steel strip the casting t erature out 1580C.
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MnO/SiO; ratios are obtained. This is shown by Figure 17 in which MnO/SiO, 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/SiO, ratios are all
considerably lower than the calculated expected ratio of more than 1.2. Moreover, small
changes in MnO/Si0O; 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 transfer operation from the
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ladl e (L1). .10 By controll | | um num | evel s, X
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Iusion int.to .c

previoiurs]ﬁ/ exp amed,nt‘?lletl\}[ﬁ](gls{fBZ rattios actugl?yngo%asméc[] in'\élhc%rgring)rzcial 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 desirable to control the alumina level to produce an Al,O3
content of at least 3% for all silicon manganese killed low carbon steels.

The combined effect of controlling the alumina level and the total oxygen in
the melt is shown in Figure 20 which gives the results of a large number of casts at differing
AlOs levels and total oxygen values measured at the tundish which supplies the casting pool.

The casts were rated as “Good Casts” or “Poor Casts” on the basis of both castability and
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15 ratios. These effects are illustrated by Figure 18
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s gyt imthe CRRRE Rhol B! BFeSH ARG s B Bl ovveen
and frbé 6xi3g%§%\te$s S th@moBEs SreQUATIRS cA8fin€pSA1S TAE ntbakred | lvﬂlﬁes of total

| evel s and total oxygen val ues neasured at the
oxygepundilel oxtigerhleselp fomebe fing samplei agroperied in Higareg 28 @gd 34, taken

durm% aﬂ;lﬁg og;tl?%%at%ﬁn %%SJ(? ;%6 Iﬁﬁi&)[tealatez% foig% g@%ﬁ%é gganc?gpf?g pool at the

start JPEHd AldZ20As 0 DO GhderSiod® eimuttedotabatygkbh und frbé oxyden 1beels were
see that over the_preferred r ansge of alum na contents,

reducefbdiringthe sarmpriey Bieurs F0s3Aand 10-$hehompihg megsyrgmgnt piotal
oxygeéga%gg%@ o%g/lg%f ﬁQBée{unﬁﬂﬂ 1ﬁ1§1¥re.d£agé:’lf aQS%QEQ cashRE gﬁ&r\v@ﬁ) sdhiles 2, 3,

OW ng the casti rials, nore”éxtensive
4 and prtakhncdurmg thasanyeigretod Bastfate thewbduction.he t ot al oxygen

and free o en levels are reported in. Figures -3
Ve 1 ountis® RS dae SERE HeRIaPU ) gl nur iRV Highlow (120 - 180
ppm) "[B{thﬁ&v%’?@ ebo ?ﬁ[ﬁ § £ wihadol B1ER (60 23 MESnPRAN %@&%En #ce in the

d the free oxygen content expanded to t
LMF. GSeqmm:e dsi from]é)%e@d)n(bmremoﬁc g&uﬂleh;gmblow prectinghseg@ence nos.

from Eﬁ{ tﬂglﬂ% e e w1ﬂ?fg)w o&mﬁgc ice, z%%sstquéncg 91883 1?@8 to 1120 were

done with ultra low blow practice. These data show that the total oxygen levels reduced with

the lower the blow practice, but the free oxygen levels did not reduce as much. These data -
show that the best procedure is to blow with ultra low blow practice to conserve oxygen used

while providing adequate total oxygen and free oxygen levels to practice the invention.
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The neasurenents reported in Figure 29 and 34 were the
first sanple taken of total oxygen and free oxygen in

wa b@4pesoad sh i nedi at el y above the casting pooPCT/Ay200m/000086
the 15 total oxygen content was neasured by the LECO
i nstrument described above, and the free oxygen
cont entAsxaadarsech fygmtthis dgel the totpl dtygsw cententtis sylsaSé gbout 70

escr.ibed abov I eveI in
ppm. KRG GRSl ahd Byical s BT O L i it £ ke Level
gener¥l®y b@weé®aboke 80 ?pmteﬂlﬁ 158tppa1. PR fue (b(?‘g&ﬂle&els are above 25 ppm and
st andardi zed val ue for neasurenent free oxygen in

generglicelpsfareddeiwaen abpet ) andrabout2d) prvesehich eansihig dige gREgen
conteltnt s%%l&ld%@ﬁ%?\pe%l?/bg&% éﬁepé)g% ?ﬁ%ﬁgf ?1% U I“ & ofq?%';ég Wi p cayise the
oxygdn&ﬁmefn@irw it @imhbtdh She@lanted stde aﬁdﬂ@dﬂeﬁ kevelssof hﬂe@ eygen will
an in.the casting pool, these levels are indicative

resultdp insyHicignt é(pmpa)t;lop hqlgqaéqon I@Sé(?ps fghgfﬁp]fegbsl};*ly &é‘)ﬁlatlon and
ﬁmpééﬁﬁ?%s of the nolten steel in the casting pool. The

neasured val ues of total oxygen and free oxygen

| evel s Theanlidifieationr iatlusianpfoemad et the premiseds JemelFofghe mol on initial

Sohdlﬁpat}%%a%?iwﬁ%@z %\%ﬁ“ SR %{rﬁelprggiq?ﬁﬁé T Rmoved

by de%ahh%‘ ®r &kﬁl’ié Phe &éﬂﬁud‘aﬁgﬁ) &lcUR%onsloh th@o&i@ﬂ%ﬁtﬁ@ﬁﬁsﬁﬁﬁied

ota oxygen and free oxygen |levels were reduced
generellly thngaghloet thaspip. Jrhey Riqggunesc@sed Shaartbe SBiddBcagininddstons and

e SRR Oh TR RERRAES? (P LbBYStn e Raeeh R gr Shictffa by Semt or

other §2ARq88s.2, 3, 4 and 5 taken during the canpaign to
|IIustrate the reduction, 30 Al so, these data show the

pract i desofo aveid ¢ragedileiskin anghness. gte hvedpynpibat the gglidifying
shells&%rs%%}f)ré\wﬁéfhtﬂglﬁéra% to agg)[exlﬁ)l[)en?ran%R%n%h%lﬁ%eﬁéﬁeﬁg‘n %gﬁclent

ance

thickm’@§ of greater haf 0. %Qnﬂﬂﬂ@tevse rEhiddie thickitesh registsnheviresses that are
ractice, sequence nos.. from 1130 to 1160 were_ done
createg) ipbg RGN ElE Belapeinediric ghanes S arroenagies therswsitioniiorp ferrite

t I i
to auégﬁig R, tcﬂ%}?th\r%"hkﬁ ey bOYh hie%% R4 I5GRe o TS E)elgs‘gﬁlt@rﬁemeter, the

at t total oxygen |evels reduced W t
thicknesswef the Ishelbimyvbp abattioc3, mﬁhmetet&aatftlneeﬁam rl theferride 0l ag1stenite

wons B L A5 T o BB B b s

the nipOVBERKR MVBERd HREH is Mbdrﬁn%QHé N digane 851&&@%@(11160511&{ roughness
oxygen and free oxygen l'evels to practice t

and imprpyed ponesityl thatbe 200sitios sH e sw@wnAhzsiml/mgd%te % austenite

m_t hi t.he ygen. cont ent
phasc’ @By er8E5he AT pAS sEroBh e il Bl iBin BASR P00, T
and tymi g&ndommpartmltwtﬁé)&u@@mcmstdﬂs taﬂ@nﬁaeaaionmémﬁbuted
evel generally between about 80 ppm and 150

relatiya ovesky yihir o bes] sl Momaliars! BB icgEme PETIAU99/00641
et AT e e

castingrnekeb ar@nmwhtr&m@rsuhgp@imf @folieh @Relix ¥aEportsti loh ohaws tore chilled
the 10 oxygen to conbine in formation, of unwanted

casting| syfacesiertisedw 3 rapdams paiferp pbdisereirgunieniiens. Thisiapdomly textured
castn%g%ﬁ%%é ﬁ'cSH&asftéS%{]\QFlfl b%@lo% lpf‘o?ﬁ)k%% gﬂ GRAP1HY Hdb St BcO Fesigned to

or efficrent or na
promote heat transfer. The random pattern texture is less prone to crocodile skin roughness,

as well as chatter defects caused by high initial heat transfer rates, the random texture having
a significantly lower initial heat transfer rate than a casting surface with a ridged texture. To

prevent shell distortions which cause liquid inclusions and strip porosity, we have found the
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strip casting. The solidification inclusions forned at
the nmeni scus level of the pool on initia

wa@odosmeFosrat i on becone | ocalized on the surfackBCDAULINE/000086
final strip product and can be renoved 15 by
descal ing or pickling, -The deoxi dation inclusions on

initia} heat Bansder At oalﬂévedae&w 2puesvyisher sqyaye mtmagﬁmferably of
e P e UDhePL Rufb i RSP RAILIG s opgom patm

texturei onethe eastiag 2ol Mdreovear ﬁﬁSand'BhEp’atteam texaae la]sy nli@ contrlbute to an
SEM or . ot her. techniques. Al so . to avo

ct.ed
even g SHPP Q%W?ﬁt%&&ﬁﬁ%‘&é the, gasting kg emwhich dn cqrﬁ‘gmatlon with the
contrSfioRideYih@sion ShSRRHY 85 Hékéﬁbé?gaﬂoné g&ggléﬂsbgve% %ﬂl Il lfugleatlon

austenite transition shaul d have r cl en
and sulpstankinBy svaf fogmetidreof doharenOsobidifivd| shelieatehs outddtios selithfl&:atmn

. thickness resists the str e created.in
whict (e SRERI OB PRUSHHI M SreTs G EREHGEN Eh §10 Bed Grittid es
entra}% glttaﬁggﬁiptﬁ&gslfyr omferrite to austenl te. Gven the

| ux 'may bé on the order of 14.5 negawatts per

squ ar e Figure2] plote heat Hiugabies obthined dusing B¢11d1ﬁ9atbe ofi bigelt samples
ters at the start t he ri,te
on tosibsFhesy S Bl Bfor e by ASHIF Firk shing g of 180
micrddd en@h dépralof 0 RSIdnk @A ﬁﬁ@e@ﬁ@%ﬁbﬁra?@bahg biitBh @S toBiroduce a
the nip. W have also found that it is inportant to

randopppatigfib Phisheerly ppakedpeeigetions SRYIRG pbgeredpasitipithe order of 20 to 50

peaks ;};QP ﬁﬂﬁeﬁ paglr el e{g\értér){av?g d{e@tﬂ aotlg; en '31i)'elﬁﬁr ;gttélg §u1§sttrect?e ex'hﬂ)ltmg an

Arithinefio Mbah %ughﬁésls §7aphgess 7t Ru. Ol ghilll bdeen thapthefgrit fbeasteﬂ/ltékture
roll gter is also inportant that the oxide

DrodfL B HGLTR U AR SR L S PETiBh PP igpation. Mos

| .
ol G A KoL i PR e AR he PR sy = shp et

as gempatee bp dmdnd@dwcwtuw}ﬁtlaawmmd amive on a@RihvadB 688e of crocodile

i 8, e RSBl NS g 35 PR s v

followddAP4 hﬁl@h AibroBMAdas] ¥R t%hz'alde@ dhidAghlatBd HisHeARRS those
textured %: a random pattern of discrete projections.

obtaing fgorn of stibstrale @GOBOhd?é@lil@ng@grefS&Qﬂe is contrasted

\(/jwets Ihgﬁ ggéﬁ}rg 'ig é,ﬁ’(%g gn%%ﬁnfrﬁ %t%{mgrﬁés( ér gf%ﬁs c?o%ﬁé" (?ndsuccesswe dip

tests lmig @fldgdd@ubwrz&e hsvih g8 itphi OGNS0 Bicesscmdia Iﬁig@lﬂegth of 60 mlcrons
ness, as well as chatter defects caused

and aiepi BIAaea Ridbstiate £ DrORFBled i SoliGRAOn Bk Fal S gt of
dlfferﬁlgsfh&[] &ﬁén‘ﬁ@t@fe% YThOWRK ﬁﬂr@é fnklgg ng%aﬂ)w rEﬁH&aﬁ ${eefs%tf 91&4??1% copper
a rirdged t preven

casting surtrace wt ext ur
conteﬁh&idl thelfairthrhelonas whighhresi dued etebl wyelfit.d Iri me lcas afnise Adged texture

T N R R

bmshﬁg WA éawle%ﬁo BV {otndSHthS R 8 il 8da bR 1018 V\lﬁba E‘llcy

he or der T 15 megawatts per square ‘neter,
brushummaamhi auedionid dnytdféhe auedesaivp anstmsnng the >gtlub1<astoah substrate. It

..th ti ) | s, eover tern
will b 3R 0 it RlabiBi TR ettt Sopsragaly 1BRet b feat fux
Valulehaﬁlt'Hé ﬁ@ééd%ﬁbﬁkdt@ﬁ)r%ﬂ%feef QRnGA/Ld A &Hﬁ&u’:t%ﬁ? bUWRhIB. Mhe
onbination with the control of oxide iInclusion

textur@ﬂ ewbstrateypraduagd sondisentlyalowermaginoun dex fhaenlues dpmabelridged
substr%%lecfore gﬁ 5201 chemistries and without any brushing. The ridged substrate produced
consistently higher heat flux values and dramatically higher values when brushing was

stopped for a period, indicating a much higher sensitivity to oxide build up on the casting
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10 and substantially even formati on of coherent
solidified shells at the outset of solidification,
wWai0sl63039 essential to the prevention of any sP&i/AU2004/000086

di stortion which can l'ead to liquid entrapnent and

strip porosity. Figure 21 plots heat flux values
surfacgy i Hhersbell plidifipddaithedipiteshia Which Higive 82 refarswase exagpined and

e r .

croco i aefer il ThE FRUICT BB Ao Gl 8 bR i igure 23
It wilbbalgph Ithad thetdbells depariedndtht hidgsd audnttae wlhibitad eutzeintigl crocodile

"grit blasted to produce a random paitern of sharply .
defecge‘%lkf‘é%asgﬁ%f 6 idgPRSItAG O i gé@fﬂ#ﬂéésﬁ%i@t&?weém%codﬂe defects
at all OTAEEheBE wBe 4100 ?Qa RERKE P& MR RRHa@BcANRE BFSughout their total

texture depth of about 30 mcrons, the substrate
area texlhiild meaggrementhof stanvdard devidiimn oRohighness whidhl ane satfoui7in Figure 24.

oo 8 e ST A bR S BUASLE ger evinin
of thiD&lekPGaR theSBEIHidlideRdd Gtto t # bBGteld @ﬁ@itfa@é]t'il“ﬁé shiefls §H1flified

not produce the high peak of initial heat flux

onto the igribphesfed jubstratedraye deernakably gyenydicknasseddiilyis iheonsistent with

i d texture which as | ai ned .above, S .a pr.jar
our {8 b et b bR T e R G bR B Y txture
that itsis ghiae poseiblStehsb dedehellOsTua EtlevepWaIckhedk thadlighi@antrbhd¥ént and
values followed by a nuch nore gradual decline to

generglen @PospiiFirap dewfiseidvahy gieidedt han those obtained from
the ri ‘%g%ﬂgfi@%%r 3 Gn P98 ﬁlglg{hgi%o{rrblx %agﬂs EHOQ)@B? gﬁr%é‘e n%gleation of

Fi gure ot’s” haxi mum suremen
shellsclotidified dntnfostl ditfesasit vebstiafes hhwdsg eexustngrogided dgpectively by

substra having a pit of 180 m crons_and a ri.dge
regulTdseRs of [WORIEF _Blﬁ%ﬁp bsaﬁ(gmgr_a? ﬁfptﬂ]ﬂ%g?@d% U8 ALTidges phd 80
et BY 0SR20k S PR e for BP0 micron
spacimgdrtds2Onmiczont beightdEigiual7)sind el gsit blastidfshbstiatghavipga Arithmetic

Mean%crq{g%rqﬂ%slg %?aﬂ%et %ﬁsoé{%gﬁgrulﬁgﬁ%): gg@%es?%‘_g{trg? %g %%)i\;\g%(glens%een%cleation

band SteRSédrRkportiase @ tﬁéfb&dar@lﬁd%\égr(ﬁ/epﬁvﬁﬁlhi 1Rghid Ofidéd @rda@buring initial

_indicated by the |letters but: no brushi ng was
solidifigatione Figimes Pf ausk 2§ ghogoihat the oxide corverage s thengtitddasead sypstrate

; ushi rried. o hor. to. .
o L0 B T P S B o
and 16Whséroakgacidd. Thuislit cddebese@ntbhitat raddengpdtierdbPdit@ete projections

substrate produced consistently | ower maxi mnum heat )
produgceq By gthlastngdpaits the spieadigheridisrad casues & cvem sprged of discrete

oxide%@@it%%ﬂi&?ca%&k‘gg e;jagl?ﬁgfea@&ysitk%F ;t/bs ote J%li%ﬁm&rﬁt&ftﬁrc%ﬂerent

substrate pro consi st ent ower maxi mum
shell tlthexowtsdt wé autlbationt wisich irdgenbinatidastitiatentfobled gtdwthtratelof the shell

T R TN AT A

entraphd 88d gﬁgp@f@q@ti cal Iy higher val ues when brushing
was stoppéd fof a period, indicating a nmuch higher

sensi t iAn apprepiatediaddorn uétare wpn be itpartedas hingal20bite by grit

2004/ 065039, PCT/ AU2004/ 000086, 5 sur f ace. . Th s .
blasti G VAR BRI G BOR ot SRR Bl sUicss chids ving a
particWiR SPHRETbIABELNY t6 1 26081 Fé Xl ﬁfcgﬁeg é@l@ 8B Inay HeSyrit

results of these neasurenents are pl in Figure
blasted 3n thi wayiq impnse ge eppropiate taxeurs aed the teigpredisudacaprojented with a

thin cflrlogr%ec%aﬁrlfgb cs)’f t%gto?de%)gt] ISB Irrgigr%nss t ?(ﬁ(tnggst Ifllterr(fz{t%%i)yq 5t| v?ould be possible

to apply a textured surface directly to a nickel substrate with no additional protective coating.
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10

15

def ects whereas the shells deposited on the grit
bl asted substrate showed no crocodil e defects at all
wah@®406fB% s were al so neasured for overal |l thi PRII&aBE3003000086
| ocati ons throughout their total 10 area to derive
. asurenents of standard deviation of thickness which
Itis ag%%@%%b le 4p fchievepnARpECPylate rapdomtextung by farping jgpoaiingby chemical
oduced nuch wi der fluctuations in
&moﬁégﬂgg?%§§ﬁ§$§g?@n of thickness than the shells
sol i di fHegeventhe tahdoxgrpatteﬂnl1aﬁteﬁdx&td)@ﬂth@ttﬁastrﬂ&&afﬁ]h@cbdsﬁng rolls
ri.t hl asted substrate h

to prob Pk i PouGR f e maefbaln sied v S Pting futaseaines aptdirecty

relateQY EheSREer %Bﬁﬁ‘cl&a{hoﬁ%ﬁéé NAs §1te‘§zioﬁsl'yréxﬁla§ﬁ@ﬁnatr19als't 1@@5&@5
fitted mn{h roll's having grit blasted texture 15 that

inclugiens per qml @ngu1§sd bf Mn(h Sp@m@mbélz@h may@eoiesmui: Hit basslpeen found
|on of

that tkbehslrtCSI ay 8‘2%‘%%%)(1 qul g{sent %P E@tbqndlggepegg%rﬁ ezrseakﬁjél the texture

of theZhs@iirolGusface. PIH Ak € n08E 3gMfiifg SHIOWrRe A0HoReer facilitate the
nucl eation of shells solidified onto four different

unifopity of the distitaiion @f paide indesignsgyithfettedl g8 pedaingd Rjovigy
| - depth . .
oo SISy AR B i

and f@8gdihg deserigapd, ihd :ﬂn@uiﬁ eo Bﬁ&onskh@ﬂ&ﬂl arillyyraéing énd not restrictive in
proj.ections of 160 m cran :pa0|ng and 20 m cron

charaf{gr, g‘mw(adﬂrgiﬁf%ooziﬁ}iafaqvéy thegreierpl g@bedimspdvaberhdbprngnd
descrfl’)eé"rahcﬁ REBLI Ehap %@ ﬁgg@i@g%ﬂ@h UEmBhwi QIBFhe(S irﬂtb[f?he invention

Figures 2 ow ext ensi ve nuc
arede,stramd)l&'rpiasecwdrrespondl ng to the texture ri dges over
whi ch |iquid oxides spread during initia
solidification. Figures 27 and 28 show that the oxide
coverage for the grit blasted substrate 25 was nuch
the sane as for a regular grid pattern of pyramd
projections of 20 m cron height and 160 m cron
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
nucl eation sites to pronote establishnment of a
coherent shell at the outset of nucleation which in
conmbi nation with controlled growh rate of the shel
30 enables the growth of shells of remarkably even
t hi ckness as necessary to avoid liquid entrapnent and
strip porosity. An appropriate randomtexture can be
inmparted to a netal substrate by grit blasting with
hard particulate materials such as alumna, silica, or
silicon carbide havinga particle size of the order of
0.7 to 1.4nm For exanple, a copper roll surface nmay
be grit 35 blasted in this way to inpose an
appropriate texture and the textured surface projected
with a thin chrone coating of the order of 50 m crons
thickness. Alternatively, it would be possible to
apply a textured surface directly to a nicke
substrate with no additional protective coating. 21
WO 2004/ 065039 PCT/ AU2004/°000086 5 It is al so possible
to achi eve an appropriate randomtexture by formng a
coating by chenmical deposition or electrodeposition.
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However, the random pattern in the texture of the

substrate of the casting rolls to provide for
wale@bedoss i on of the nucleation sites over thePCHAU200g000086

surface does not directly relate to the nunber of

nucl eation sites. As previously explained, at |east

120 oxide 10 incl usi onsABBENREX konpri sed of MO, Si 02

aad ALZ0s offeymbss desired. It has been found that the

steel will have an oxide inclusion distribution

| Rdeperadent @i widig, aeaks in the texture of the

casting roll surface. The peaks in the casting roll

syrface do Qg@ﬁﬁfg&%@%tate the wuniformty of the

di stribution inclusions in the steel as

expl ai ned above. \Wi.le t I pvention has been

i MPust rat ed S?ﬁﬁwg\é@clpﬁlb%gg}en%&gf’ ail in the draw ngs

15 and foregoing description, the sane is to be

coifsi dér ed %énﬁl'lylolﬁﬁeﬁlalkg@@ and not restrictive in
character, it being understood that only the preferred
eftdodi rent s daesiy, of becdusiertsoigym®nd  descri bed and t hat
all changes and nodifications that come within the
strit =of t letal skyged inoseelgipen desi red to be protected.
22 WD 2004/ 065039 PCT/ AU2004/ 000086 5 APPENDI X 1 a.

Ligst oft synmpolisidd damlek, i dth, mt = strip thickness,
mmnms = steel weight inthe ladle, tonne 10 ~ s =

densi ty of / n.l o= density of inclusions,
kg;ﬂrTB o :%%%%qoﬁﬁg%%usilélnsé{ngel , ppmd = inclusion
di ter, mV :.voiumeq(f one inclusions, nB 15 m =

of i ncfst BHECIRIONRXE= ¢ ot al number of i ncl usi ons
is_= thickness of the surface |ayer, umNs = total
niftber =of i HRIALRINEhes opeBsNS|i n t he surface (that can
participate in the nucleation process) 20 u = casting
sipeed, = ni mhickiess-ofsthe sprfdcedggeln, urm As = strip surface
area, n2 Nreq = total nunber of inclusions required to
megt thke tar@elnunibe beicludiond RSkt 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
1 mI = (Ot x ms x 0.001)/0.42
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25 N = target nucleation per unit area density,
nunmber/ m2 (obtained fromdip testing) Nav = % of

WO 210al06308C | usi ons avail able in the nolten steePCHAURIE000086
surface of the casting rolls for initial nucleation

process. b. Equations 30 (1) = (O x ns X
0. 001) NpteZor M- S/@l;z@bm@sse@g; HORYSeRB0¥LAR0086 5

Not e: fpoeduvh-13ig dfiihdlesiorstveigh a cOmpesiigorodt F)% dnO,i s
needed 406 pi0aand80% AgOef inclusions with a

conposi n % 40% Si 3 %A1203 For
Al - ki | IPt %étkcézliqd s?%? f‘ﬁl%:ganﬂ (étb‘)tng’o iéjgg)o ENey oxygen
is redeiyied te rodrelike of 1119 SISV IB‘?&St\‘/ﬁnt
CONposi wbﬁlz@fsandéO‘@d%Q\lzos and 50% CaO. (2) vI =
4. Xd/ 2)3 ( [(M1 xvi) (4 Ns =(2.01is
(%)goof([x Nt/t) ?1)559'\%_%&2)3](”5 X 1000)/(’\5 X w x t/1000)
13)( = 2. O ‘yia(?) . Nreq = As x 106 x N
? Nav %—(Nreq X OOOEq. 1 calcul ates the
ng ofyd Nel_usi oQ? 2 cal cul ates the
volume of one i nclusi on assum g they are spherical.

a2 e T st oo POl sl BB 1 TG 2 himper

of, .y ncl S|ons av le |n the surface layer (assumed
(Sdo pm on eagﬁ(5 ?8 Not e that these inclusions

and) o Rt t 6% e&«g@{t@ the total surface area of |
R@ 3t3|r ﬁgeggéNgf %tel CUL@’ thehteomrjrengsrt ?1]; t ar get
pif%i ?%a@tea?thft e SRS DAl | abl e at the
p:gﬂcgé: it Tolihe g?ﬁltaf're%'@ S8 TP R %ﬁgﬂhen
o e SRR O ShasPicet elun s FGHAT BB SreBl
Eq. 4 calculates the total number of inclusions available in the surface layer (assumed

to be 2 pm on each side). Note that these inclusions can only participate in the initial
nucleation.

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 than 100%, then
the number of inclusions at the surface is not sufficient to meet target nucleation rate.
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WO 2004/ 065039 PCT/ AU2004/ 000086 5 CLAIMS: 1. A
nmet hod of producing thin cast strip with | ow surface

w0 oughe®3s and | ow porosity by continuous casPCTIgu2004/000086

conprising the steps of: 10 a) assenbling a pair of
cool ed casting rolls having a nip between them and
Wi th confining closure adjacent the ends of nip; b)
i ntroducing nolten steel having a total oxygen content

CLAMS:at | east 100 ppm and a free oxygen content between

1.

30 and 50 ppm between the pair of casting rolls to
f or m a A asthadgpfpoaduchngtthimesasttstrep withtlow gurfade eughiness and low

ture such that .a ority of 15 the oxide

t enper r _ |
POfOSFtX?P?&QP Up 6750 CORBFEPR MG RSOY i qui dus state; c)

0.

counter-rotating the casting rolls and transferring
heat fromthe nolten steel to formnetal shells on
t he surd) ssesmidingtdppicefsopled cesinggolsbavinganip hetwednetherg and

ar. .t nclude oxide. jnclusions relating to the

0 ot S s &neeBs PR <t eel "and” form

steel ) fihﬁoihi&i@% Rblted 2640 %aliag 3ubfaP6Ly deh BRBRSST at BAG 100 ppm

20 d) forming solidified thin steel strip through the

niapd Bdtagespgerneontans betiger 80 rad 5@ ppvn behiverndbe par pf eagting rolls to

s on f i ' i :

< 5 pasfine GRGLOGHEAES SO, B AbERLiaTE bl Bty of

cabkd oxide arlsionl f@thedrithéskiai are b Nduedisi staté;he t enperat ure

of the casting 25 p&ol i s bel ow 1600C. ‘3. The net hod

of makiOHNSEEIRIR 1P Fasiing RON LI STEEERng bR HiREs§e sdten stecl

| QurorRLHREEN ERE1BYn Q}%E&lgﬂe&tb?f tﬁ?@&sﬁﬁgr & s?d:l?’dﬂ?ﬁlle'sﬂells grow to
aim1l conprising additional step of: formng a

t endludeeckidelinthismne relstineg to dlst tioted oz ygehamanobdf thhenolten steel and

casting rolls hayin 30. random pattern of discrete

o aErisne SRl e SRR G anst at | east 20

M crong) RAMindavlididicathiad VRERGEp BH6hACBe RiSbdibit th8Rafing rolls
between 5 and 200 peaks per square mllineters. 4.
THeonsaid gelidifiedrehiellag a steel strip with | ow surface
roughness and |l ow 35 porosity by continuous casting

as claimed in Caim21l wherein: 25 WO 2004/ 065039

PCT/ AUZ0124h&108D80malbing heteekdtdp withdbwSuefase wapdss el kv

MO, Si02 and A1203 are distributed through the nolten

POTOSHY 8% |CORYNGONE CRshing iah glapaest infilpdm Avherrn thei temperaiss ofthecasting
pooli@%%ﬁﬁfffbo@cand 4 granms per cubic centimeter. 5. The
met hod

3.

of making a steel strip with | ow surface
roughness and | ow ‘

The method of making;7 a steel strip with low surface roughness and low

porosity by continuous casting as claimed in Claim 1 comprising additional step of:

4.

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.

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

porosity by continuous casting as claimed in Claim 1 wherein:

25



10

15

20

25

30

35

porosity by continuous casting as clained in Caiml
wherein: 10 the nolten steel in the casting pool is

wo omM40630BON st eel having a carbon content i n BPCIEAD200¢/@00086
of 0.001%to 0.1% by weight, a manganese content in
the range of 0.1% to 10.0% by wei and a silicon
co nt entth exidhinchminge C@mptlse@lﬁfol\ﬂ@o,lg%z tapd idi@hare dstribpiiesd

" Girgnen B i et b€ Bk pft Bl A T A% pf pgeen2

a%n@h%k&fﬁﬂpéﬂbuglcademlﬂlewher ei n: the steel shells have
such manganese, silicon and al um num OXI de i ncl usions

as to produce steel strlgﬁhaw ng unit area

5. densi t i bsfmethod afwmeking g stg} ddp “ﬂ‘@l legvl Saﬁgce roaghngss apdlow
i 'I%‘H 7. A nmethod of
porosffy Ibglf gﬁ]lgfot %?%S%é‘ ggi ? tCﬂn{lr?%dpl%vvl ?%egﬁl?f ace roughness
and | owhe mottexs bteyl ib yheormntingpoml §s lowstartng sterkhaviag agatbes content

st e s of : asserrbbT ng a g]%br of cool ed cast.i ng rol | SfOl
haR {5 aagerﬁ FP ity Pt eiet A RANSARSH PR @R of 0-1%
a% Q j %1@9 dsd ‘ﬂfsﬂﬂ:'oﬂ cofentdh theah SLUED. 0%@'1@¢%y weight.
st ee Ing a’total oxygen content of at |east 70 ppm

and a free oxygen content between 20 and 60 ppm
betvvee t he g?(#]r of cast rma

6 pool b B8 B tereeif With 159, sulBid bR AR pirow

poros‘itz By c@ntniﬂio%'é chstin@fas claifedinl Ciginh MGyHesdigNs for med
efein are in liquidus state; c) counter-rotating the

C ast i nghe ge¢lsheltrohave swelf Igpupgangseh gilicon anshalpminug pxide inclusions
c f& ?‘? Rré)%}l%ﬁ quel S {Cﬁnﬁas’thn% ﬁe&%l U e%]ndeinp ?y St tflga%? ﬁ(féﬁh@ﬁlclusmns

S Su

;peﬂﬁ]daf&ﬂnﬂﬁtr@ﬂﬁtd glapth 02 ndiciohs. t ot al oxygen cont ent
the nolten steel and formsteel strip free of
crocodi |l e surface roughness and d) formng solidified

thin st r wRRt [
7. rolls ?[%r%ﬁ)? a(%fg)r(t)&{ H%QP . I%%ggg%%o{igﬁ{e’s@&ld low
poros2§ G4/conGiRMis Eﬁiﬁn.gldzﬁi@ﬂ»ém@@lﬁlﬁﬁeps&f& The net hod of

meki ng a steel strip with | ow surface roughness and
| ow porosity by continuous casting as clained in Caim

7 wher gj rhsgéiﬁbﬁr%'{_@ﬁina&wo%leﬁfcaﬁt 188 hhif aBﬁPlBetW%en them and
belowl 00C. 9 he net hod |ngas% strip

wivith ¢anfining dlagee a@a@mh%@néhdf dipw 10 por 03| ty by

conti nyqQus, cast.i n aim7 co IS

coa 1 depeRine fhoften fefiFe ol PifPed sPRERLO G e 70 pm

C ot iaTEeSox @%ace&na{t betWeef 26 1ah190 Ipﬁhi etWesn the pair of asseagrolls to
pattern of "di screte projections, having an average

h efpgma cefftumpqobb@vvegothmcesrtrsrrgsrollwoﬂ haxppwglra Sugh tBatzay@ajority of
S l{fl g)‘f’ e gnc% CrR YR tﬁgreﬁea{r%epqlﬁdwatg,oo peaks per
c) 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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mllimeters. 15 10. The nethod of making a steel strip
with | ow surface roughness and | ow porosity by
W@ entioerweus casting as clained in O aim7 wherBCTAU2G0€/000086
oxi de inclusions conprised of MO, Si 02 and A1203 are
di stributed through the nolten steel in the castin
8. pool withe ra¢tho¢hof mekiog ad@nlsaittly vofh lbmsmf@m ughess and low
poros%y &8 é/lcogf 1}1?0613 \XP%%W%I%Q&}[ cf v¢ C% a%u QVY" % Qg %otgq%fg{ﬁ%ié of gle%astmg
pool BOERS 16009¢. cont i nuous casting as cl a| med in Caim7
wherein: the nolten steel in the casting pool is |ow
carbon steel having a carbon content in the range of
0. 001 [
range o?ﬁe %héi @@lelwg fg&@f t@9 %ﬁlgla{}]%?fg&g{bg%ﬂlﬁslk g%%{b%v
porosit® blyeohtinuwous Rastingrag eladthe Din0dlati U@oﬁ@%sﬁag adeitiohal. step2of:

The net hod, of making a steel strip with I? sur f ace

r oughndSEWAg¢ tPWedﬁB?fé%ei qrythsya%atspﬁa%g \g&ﬁaﬁ%ﬁ rolls having a
cl

e S T o
asntl kapingco eeemgeslrfat dispithaen of between Swuni 208 pezks per square
derqqiﬁliirtﬁé of at |east 120 oxide inclusions per square

Mt Br to a depth of 2 microns. 13. The nethod of

meki ng a steel strip with | ow surface roughness and

| ow porosity by continuous casting as clainmed in
10. O ai m Theteetbpdof ®Bkinpe stes] stein vithdew sunfagdhepughrask agd low

poroif Ry <078 5 R RS GbE0 8 bt ReBb04/ oo00se 5 14,

A t hi n tB@skids indludidia \Cofi@ribeofIMhOAS D DUFNOS Sre Aidiribiovd
porosity nmade by the steps conprising: a) assenbling

a thrgugeh Hie melitreded isthe sasting|noel wihiap dnusiopdasityethetween 2
cl osure adj acent the ends of
t%glg]#a%gmi#{)%b&:@{%%gfu%?ng nolten steel having a total
oxygen content of at |east 100 ppm and a free oxygen
11. cont entTheahewked oBﬁhahing aﬁfbebmip bétmbmwﬂaee paighness and low
cai{yi n s to oI bet ween t he
porosily i°ﬁ§“?‘51“|5§a%ﬂnga?s€ ?Hat a majority of
the oxiife nigheh Y@kiAA%hd &@fﬁegigadi %‘J Riwcaabéh étébl Ihwmg disrbon content
state; c) counter-rotatin he casting rolls an
t rimtisf rangs o). a@b% t6 P.dfha bmwembt,tagnar@ae@ae contsnt in thvbramge of 0.1%

R YA e L

relating to the tot al oxygen content of the nolten

steel and to ] o
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:
the molten steel in the casting pool has an aluminum content of the order of
less than 0.01%.
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formsteel strip free of crocodile surface roughness;
and d) formng solidified thin steel strip through the
woR@4loetoseen the casting rolls from said sol i BCT/AB2D04/000086
shells. 20 15. The thin steel strip with | ow surface
roughness and | ow porosity as claimed in Caim14
14.  wher ei M the case stpiprhavingdowisutface ronghresgyasblow pagodiey mgde by the
‘o S1600C: 16. The thin steel strip with | ow surface
Steps FUEHHES's and | ow porosity as clained in 25 Claim 14
wherein: the nolten steel in the casting pool has an
al um num content of the order of |ess than 0.01% 17.
The t hia aseesrblingtanajy oficonleoastingrtpHe Baving g hivdaswegithem and
cl al 14 conprising the
%ﬁ?&gﬁéﬁl{%%l&%m %a%cgggtrlﬁe %ndgggf gip?astl ng surfaces of
the caghi mg‘odilﬂiuhgsmaltérﬁStédI rhatzhng artbat exypeu icogtet offaaitdsmO00 ppm

pattern of discrete_ projections, having an_aver ag
h@hg TS OAEST Rlant berwerk P ARY SURBTYRSIYFRa Dy 6F sagtine rolls to

SYbiRG %a&i t;fobpwtévgé}x Lgé g%ﬁ%@lgoo‘l ; (@)ﬁﬁg&%&r@ SRShRS majority of

squar e I'i'met ers. 65039
P(ﬂTd Mﬂé)ﬁﬂt&ﬁﬁ@%n&dlﬁerefﬁrwe hfﬂuqméuseseite,st rip with low
surface _roughness. and | ow por as_.cl.

O i m ) BB fin eSS TPt %ﬁ@“&%g‘%t {5 (e molten steel
W9f0r§l ngtaiiﬁféll%g% RkRcd stithd Qééhﬁg rolIsrbﬁ@l‘rl Qﬁt {t3&hells grow to

nolten steel in the casting pool an incl usion
den@uqleyo;gﬂe nslusions r@atmgdozthe @ta mygferogmgt ef the molten steel and to
nt i rrteter Flf gcr he fn srteelﬂ sstrlg with | ow
sdPFma el iR HRe] gt <§‘WB QEERESRad) ai med i n
CJ ai m 1Y pbaing selidifiee thil steeNstip @abugttht Agp bastémtie Rading rolls
is low carbon steel having a carbon content in the

r dreye sy solidfed shefls 0. 1 % by wei ght, a nanganese
content in the range of 0.1 % 15 to 10.0% by wei ght
and a silicon content in the range of 0.01%to 10% by
15. wei ght .Th2Ghinke2] sthiprwitt leed susface oughhdss hndisupbrasiey as claimed in

. roughness and | ow poro as clainmed i aim 14
Clalrﬂe,ﬁ%lwélpwm ilﬁée@ﬁ%%tpr%qféﬁ %Ha% 8o s ke lﬁ%ﬁﬁgﬁ% silicon
and al um num oxi de inclusions 20 as to pr oduce st eel

strip having a per unit area density of at |east 120
16. oxi de iThelthiistees 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 least 20 microns
and having an average surface distribution of between 5 and 200 peaks per square

millimeters.
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per square millineter to a depth of 2 mcrons. 21. A
thin cast strip having | ow surface roughness and | ow
wW@es6I0y9 nade by the steps conprising: 25 a)PCT/AU2004/000086

assenmbling a pair of cooled casting rolls having a nip
between them and w th confining closure adjacent the

18. ends ofTherkinmsigs] stp withtlewawelfaegyramsheass ard sy porgsithes @aimed in

gen content of at least 70 ppm and a free

Clain} %gén ic%ntent bet ween 20 and 60 ppm between the pair
of castth\gkil®lnchusions tomprised TMBOs$IOIGNnH @Q&OP&E ieeibuted
t he castlgs? rolls at, a tenperature such t

throu&%}hsm {encsfeel Mghg casiiae rpﬁel Yiigh %@%&%ﬂ@%@%bqﬁws«w prd 4
gramg %%g;ésce?ﬁﬁgtg c) counter-rotating the casting rolls

transferring heat fromthe nolten steel to form
met al sheIIs on the surfaces of the casting rolls such

that t ells grow i ncl i de i ngcl usions
19. | ol ati ngetdneiel HPéi‘flthg'QVgsé‘ﬁéﬁf‘o’fﬂué espng 1o RYypiBhas claimed in
ClainSi£ehe@flf to formsteel strip 35 free of crocodile

surface roughness; and d) formng solidified thin

st eel $he mpltethsterl gi thehpastingopded isewrcattom Sd:faféhh‘figg pohiben content

fro sal d 9 WO 2004/ 0650

49%8%@% 05‘SJI %’%’%Yﬁ‘{‘@g{‘ FARAERRSSe SPRIFR W?‘“hraP%Wfo 1%
s 4 ﬁ@@% bPWERAESE AAHCAPYSnRM: @5ihe Ya® Fl0019B b 10% by weight.
Claim 21 wherein the tenperature of the casting pool

is below 1600C. 23. The thin steel strip with |ow

20. ?:Iu ;T ;C ?PeQH%Q&%IQ'SQmE r&gﬁllelgyakg dsglgj{agés f Sa.%hr?ﬁ%s 8}1@ o%ag%tj F tyas clalmed in

conpri’sin ron ep o
Clain04 tvheretast i ng surfaces of the casting rolls a
textured surface havi n% random pattern of discrete

pr oj ecthoeel shellshgye arrtaverargeschetispn anskalgminugpeidg gnclusions
bt LRSI AR AT AT GO Kbl P S Abtusions
2%er Sduard tilhmstee sl a d¢pth pf dntibroheaw sur f ace r oughness

and | ow porosity as clained in Caim21 wherein: the

oxi de inclusions conprised of MO, Si02 and A1203 are

21. distri bmtﬁﬁicaskm?qﬁbm Ehew TBHh@YoabiaRks armmep&@ss@yrﬁgde by the
pool with an inclusion density of between 2

steps gemp#sipgr cubic centineter. 20 25. The thin st eeI
strip with | ow surface roughness and | ow porosity as
claimed in Caim21 wherein:

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;

c) 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 to 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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the nolten steel in the casting pool is |ow carbon
steel having a carbon content in the range of 0.001%
W 2000/0430y wei ght, a manganese content in t hePCEHAY2008/H00086
0.1% 25 to 10.0% by weight and a silicon content in
the range of 0.01%to 10% by weight. 26. The thin
st eel |tlpnmetehstnpw@dpw:ﬁ@ﬁa%@gahiws archipw pawosity as claimed in

I
Clmﬂﬁ%éﬁﬁé&%atﬁé GRSt SRR B0 i o e

inclusions 30 as to produce steel strip having a per
unit area density of at |east 120 oxide incl usions
23. per squRedhipisteel] ﬁﬁp rithlgwzsugfagn youghness aadlognporogty as claimed in

Claim 21 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 least 20 microns
and having an average surface distribution of between 5 and 200 peaks per square

millimeters.

24. The thin steel strip with low surface roughness and low porosity as claimed in
Claim 21 wherein:
the oxide inclusions comprised of MnO, SiO, and Al,O3 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:
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.
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