1 THIN CAST STEEL STRIP WITH REDUCED MICROCRACKING BACKGROUND AND SUMMARY
OF THE INVENTION 5This invention relates generally to steelmaking, and particularly carbon steels
formed by continuous casting of thin strip. Thin steel strip may be formed by continuous 10casting in a
twin roll caster. In twin roll casting, molten metal is introduced between a pair of counter-rotated
laterally positioned casting rolls, which are cooled, so thdtmetal shells solidify on the moving roll
surfaces and are brought together at the nip between the 15 rolls to produce a solidified strip product

delivered downwardly fram gne oS T hSTEED "91R 1P Usad BerED e FefemichecrareaNegion at which
the rolls are closest together. The molten metal may be poured from a ladle into a smaller vessel from

which it flows through a metal 20 delivery nozzle located above the nip to form a casting pool of molten
metal supported on the castin®SHH &KL NN BNBISHYARERMgT&IBNd MYENhHA of the nip. This

casting pool is usually confined between side plates or dams held in sliding engagement with end

surfaces of @e 25 rolls so as tqﬁlﬁgn mq%(#: ngtiagmpgqq@nibogﬂg\gq making'. hen

casting thin strip with a twin roll caster, the molten metal in the casting pool will generally be at 30 a
temperature of tHGtdRREEISHIAT M0 GaFARM &FRe dRd TBEUE A Mg IFREAMIHOMRI extensive
nucleation on initstidificatortbfithestgtapshells on the casting surfaces is needed to form the steel
strip. U.S. Patent No. 5,720,336 describes how the heat flux on initial 35 solidification can be
increased by adjusting the steel melt ¢ em'str?/ such that a subgtantial pO%rtion of the metal oxides

formed are liquid at the initial rl's'E5Ii("f\f;i ic&tlo i'é'H;E’eHHﬁ}fe.b S stc%%% GIVACK !’;\'tqé'rﬂ%os.
5,934,359 4Rd 6,085 010 Inderkidfondiidolicasdie PCTVAUbYATDE2 I(busR&GkibRAINO. WO

00/07753), nuclepdanehthretia! arsinitiat cotidideatiaretareba inflysaped Sfoythentexiure of the
casting surface. 'Poga%{ﬂ%ﬂaﬁel‘lg%ﬁt@? 68F %wg&%ﬁ@@%ﬂgs Féﬁh%tr% random

texture of peaks and troughs in the casting surfaces can en initial solidification by providing

substantial nucle888 8fes 8RtALd Bekaheshalihg BRIKdddy on thex@mgiibithd<dden given
In the past to thesaiediaabemising ohthe Inetiupdrtictiagyg théhe Etlethretalipgp &ttwaes befuee the

casting of g thin s 1 egRRteINU s FRITHINE: SPAE 935 aRtendepikrsAgiven
controlling to theémde mcl{rglljlorclélé%nd th%og{fen levels In the steel metal and t e\ié?ogact on the
Equality of the stEQMMBEdAuEECTH € PARnt 13S7428 M 5 W drdgert ®681s Hitod8n levels
have been 20 regi@ded Ihah&heolgenecal taeghancathevtaatingtm Foldisy af thecdeskesttip. In
naving a U cqt oS (has B PPt by et et B e Batepe 26 Apoiaatio
aving a sulfur conten ess than 0.02% by wei oL ca fin n U.S, Pate pplication
O 111620 750, Hog AR Er btk o e YIS AR oDan 8 REHE > 2607 mon
abandoned & thilehby sy Wigzzdfickagaiestrabry endRemetddiet rfaifg 2h&aathkend disclosed
by controlling thepgidflir 66nteml 0é theneasi btriujsportaee nab ot SO0 DOB¥N @nd AbPat 8HABFO by
weight, along withthe can e n 0 % o] %. by wej In these
prior disclosures?tﬁ% té%ﬁ?n%%ﬁi_%&éﬁ@?aﬁ@ tgagd I(?v%gsu fgﬁ %eﬁlsgﬁcﬁﬁgsﬁgés'thﬁ%zs or

0.02%. See, e.g,AEkaDbRPADpASIPHEE HAGosHBBLE hEatyecP it PARBES. Phere is no
suggestion of pugenss|yherbdiding edriydewdeerigafjement with end surfaces of the

25 rolls so as to dam the two ends of the casting pool
against outflow.

When casting thin strip with a twin roll caster,

the molten metal In the casting pool will generally be at

30 a temperature of the order of 1500°C, and usually 1600°C
and above. A high heat flux and extensive nucleation on
initial solidification of the metal shells on the casting
surfaces i1s needed to form the steel strip. U.S. Patent
No. 5,720,336 describes how the heat flux on initial

35 solidification can be iIncreased by adjusting the steel
melt chemistry such that a substantial portion of the
metal oxides formed are liquid at the initial



3 sulfur to reduce or eliminate microcracking, or for any other purpose, except for U.S. Application SN
11/622,754, filed January 12, 2007, now abandoned. There has been no suggestion to our knowledge
of controlling the ratios of 5 manganese/sulfur or manganese/silicon for any reason in the casting of
thin strip, or any other steelmaking. Generally, sulfur has been an undesirable impurity in
steelmaking, including in continuous casting 10 of thin stZip. Steelmakers generally go to great lengths
and expense to minimize sulfur content in making steel. Sulfur is primarily present as sulfide

inclusions, such as Minfi iRFkisianss Sedfidsdingitsiens may aieddosises b wids andeestrface
cracking. Sulfur igs alse dpgreasy 1%%‘%“%@#%1% HHp?%tégﬁr‘%'&’{eusén%f hﬁﬁﬁi‘%%&%’io&hot

especially in the transverse diréction. Furthet, sulfur creates red shortness, or brittleness in re

steel. Sulfur alsofeddASXRERRBAY . QiR ICaEISRINFemBPe PBORY foftdn stk hgation
desulphurization pfoddss. 8¢ &ideldar donttnimbissabiing fiaaltd subjeated® deokidatiooeahd then

desulphurizafion H}/thenlé‘d'fe%ﬂﬂ”é‘r% PEYE t(&g@%% rpe]t}pdp'@yglyga pLring the molten
steel by injecting inert gases, such as ar%)n or nitrogen, while the molten metal is in contact 25 with
'E'é?d(i t'i\%

slag having a high ORtdaRak. Are ) 2ot (td 2P 44906h HaSHASER LAt Ast strip
formed by twin rafiecedting texstheed bveakisavand tdnarrglyso fornt36 misdaracks in the strip

surface. One causgfpasdeaen-iie fTeHRaleR of Al eKie lavanien froatriane Pyhp Ees§ag Fels that
acts as a thermal b I‘I’I%I’ c%u5| g irreqular solidification of the cast strip, and for %tlon of microcracks in
sbstartiglsys AR o

the strip surface. ecij}g,‘(!lj)s%iosh'i ensot%% .| é*n{Sg AR EdmisSon it t8mmon

general kndled§e!IifAGSPalia or 4 - elsewhere. The applicant has found that microcracking
is related to the steel chemistry and certain process 5 parameters affect solidification and that newly

formed shells can be made resigiaahi6ithe lRABaBRRAT BiS/aRTaFKS thiee pRBICAR hap&lsaekserved

that sulfur is a surface active element in liguid steel. From these observations, the applicant has found
that microcrackin%fhﬁyihscta@f st mgwrtéla\l'ﬁon REFHLSH %rj%tr'dﬂeg%f/ rl@élil‘ﬁng the ratio of

manganese to sunsttial buygan, Bumorfese okefer anthgscasit iegscp fiefhse ®intis Of anganese
to silicon, inghe npgltehengials €5 The present pisedorer deserirma U8 casiaieeidiipragduced by
continuous casti S omprising: s y = a) assemhbling a pai of internally copled 20 casting
rolls having a ni;%%}rﬁetgﬁv?g%n %Hs_éwi I(!o'nr}%ir%) c%@%re%xgﬁgie'nﬁ%!g %h8§ %f %Xe&nigl!?e b)
introducing molte?¥aeshrberelsel haviaen sdeph dntak AMdutBaT b.oIMPAGKIW08%5% by

weight, 25 less thard. Dty by fvettiet dhtemlunstatilpapirtdippedaf total 0xggerPanevetmesn 20 and
70 ppm of free oxygpf; ang AN AT MANRANEFS 19 SYITWiEF8 Vi’tégé’ijsbﬁ!é(\’%erb%@rloa“ of

casting rolls to form a casting’pool supported on the casting surfaces of castingE[oIIs; 30 C)
counter rotafing theXALatE Yol o B LR hERBd Pl sl S HeCEstnE LAREASSf Mcasting
rolls; and quality of the steel strip. In U.S. Patent No. 6,547,849,

a method is disclosed of providing silicon/manganese
killed molten steel having a sulfur content of less than
0.02% by weight for casting. Finally, in U.S. Patent

25 Application SN 11/622,754, filed January 12, 2007, and
published as U.S. 2007/0175608 on August 2, 2007, now
abandoned, a thin cast strip with reduced microcracks and
a method of making the same is disclosed by controlling
the sulfur content of the cast strip to between about

30 0.003% and about 0.008% by weight, along with the carbon
content to between about 0.010% and about 0.065% by
weight.

In these prior disclosures, the teachings are
35 generally to have low sulfur levels, such as less than
0.025 or 0.02%. See, e.g, International Application
PCT/AU99/00641 and U.S. Patent 6,547,849. There 1S no
suggestion of purposely providing very low levels of



35d)forming from said solidified shells thin steel strip downwardly through the nip between the casting
rolls. 5 The average manganese to silicon ratio in the molten low carbon steel introduced to
produce the cast strip may be greater than 3.5:1. The thin steel strip produced by continuous
casting may have a carbon content between 0.025% and 0.065% by weight, or alternatively, a carbon
content below 0.035% by weight. The thin cast sffip may have a chromium content Jess than
1.5% by weight or less than 0.5% by weight and/or the thin cast strip may have titanium content less

than 0.005% by weipfiir to redic@irbsteglstipiate bailesoheadking in BickRessagiless than
2.5 mmin thlckn%ﬁ PeerP %r%gwet E;%BPFC?‘% p%ol g@ép% %(%tcgﬂ W};gafo%%t of at

least 100 ppm an ree oxygen cbn etween 3 and ernatlvely or in"addition; the thin

steel strip producEHIRAcHRHBIY cb%tm&@% b@%nﬁ@@r\qeﬁ@ﬁ mekRBRehER8sHREFoMhaving a
nitrogen content Ewggbe:t RONUS?2 ppm. RvoMierdgtvelf, @ontddiibinthethem i thiepadil

pressures O%them 3&8@%??9?“&'%%%%&@/@%@ﬁr%r any reddifingively,

disclosed is a method of casting 30 thin steel strip comprising: a)assemb |n% Hga ir_of mternally cooled
casting rolls havif§% Mg idadeffed1aRd m'&nn%gaéléfs%@%ﬁj a9 of the nip: 35 -

6 - less than 5.0% by weight chromium, at least 70 ppm of total oxygen and between 20 and 70 ppm of
free oxygen, and an average @WNO silfwrLAtionRROVSRRD: &rbe@ma%mwé of casting rolls

to form a casting pool su orted ) E E§§s.t|ng surf% es ofnthe_castln%fé IS c {counter
rotating the casti 8?(5’1& t oﬁﬂ s% fied L PandiiS !a cgasllﬂg%% (l,eéj(())!r'%e S |Hagrolls and
10 1) foreifndthdm Sk B@hdlﬁ@@@h@%ﬂfﬁswgﬂ@ﬂmmﬁa&ﬂy gweadh dengiphsetween

the casting rolls. éﬁiﬂh@mém ENGRNGSH tesiBcArFlatiogorite Mol Imwgor@.ﬁwl introduced
in the method tog [pfg? 5' - ed by
the method casting 20 steel st V%ﬁgi\’;%{ %oﬁntli:)%}wgtent I&\’V%?en 'd‘%f(&!?% an? gﬁ?ﬁ’ d§§velght
The thin cast striffproditelus Qfésrne%hfmgﬁ hkRE HisheRsumasordivaserahtesod| BY weight or
less 25 than 0.5% dydeeighti@ioad’os thefdoe castaatid npy [SavEfiteninay calteot tssitbas®.005% by
weight. 15 THEIETY§iEY! %"HB AER 1§5Hikee %Hhrgﬁh@%r@?st%'eéaﬁla%%ééi‘m in
thickness. 30 The ?jfanant as also found that Za ditional variables that aff%yjﬁhlaﬂcatlon
and 'strength’ of FRARSYD Fmddshafs HEARSYERPEr A IEGhRMolkeH e in ish and
casting speed. Retieed S5 redpshuieneishe nslitdrittdenasendishized dxst spgedd allows time
for shell growth tglargarthiakae se edGoBaravelieRE R IFHCING MIFPErdekineAdipgE Ny o the
removed from molten steel by a desulphurization process.
20 Steel for continuous casting may be subjected to
deoxidation and then desulphurization in the ladle
metallurgy, prior to casting. One such method involves
stirring the molten steel by Injecting inert gases, such
as argon or nitrogen, while the molten metal is in contact
25 with slag having a high calcium content. See U.S. Patent
No. 6,547,849.

On the other hand, thin cast strip formed by twin
roll casting has been known to have a tendency to form
30 microcracks in the strip surface. One cause has been the
formation of an oxide layer on the surface of the casting
rolls that acts as a thermal barrier causing irregular
solidification of the cast strip and formation of
microcracks in the strip surface.
35
The above discussion is not to be taken as an
admission of the common general knowledge in Australia or



7- surface of the cast strip. The applicant has found that the thin steel strip produced by continuous
casting may be cast at a tundish temperature for the molten metal below 1612C (2933.7F) and a
casting speed less than 76.88 5 meters per minute. These additional variables are relevant to both the
thin cast strip produced as well as the method by which the thin cast strip is produced. BRIEF
DESCRIPTION OF THE DRAWINGS 10 FIG. 1-i4 a diagrammatic side elevation view of an
illustrative strip caster; FIG. 2 is an enlarged sectional view of a portion 150f the caster of
FIG. 1; FI&X skigrdyrenlarged sectional view of a portion of the caster of FIGS. 1 and 2; 20FIG.
4 shows the reduction in microcracking with manganese to sulfur ratios above 250:1 in a steel

composition made into cast Stﬁ&by a caster similar to that shown in FIGS. 1 through 3; 25FIG. 5
shows the reduction in microcrBeRindRRiIH fRNEaRaSe ToYnfLthads abeveo58aKkhNgsd&nd steel
composition madedbtoteabt Btripthy asestd sindantothat siolvearEKGS. pHouoegk 3; 30FIG. 6

shows the regluctipl ) HEeQ a8 FPE T LORR PSRRI BHC AN R BR A0 ME A BRI

composition made into cast strip by a caster similar to that shown in FIGS.1 thr%£h 3; 35FIG. 7 shows

the reduction in miefdEciGAY viff MQHSaﬁ@é't%tﬁ%ntr%tlse%bBQE%1%' a%econd steel
composition madeiiciocaack. by becaamy Kinidationads thdsshavaservess thakosg Bur

FIG. 8 shows thelr@dﬁcﬁ‘ﬁfffh@é?ra%rﬁﬂ?@gé’l@?néﬁ@oi‘rFOI‘iﬁ‘l} ﬂ?'%”t@é]%%mmﬂ’%%b@ a steel 5

composition made, into 08}%5” aster milar t tﬁg I%o g h(e; 1 thl"QU ESG 9 shows

the reduction in rﬂRﬁ?cr bt thc 803%8 rtBeIo 290 By Wdnt & é)eco 18& 10

composmoﬂaQnadbﬂnﬁﬁ@éét%ﬁrp‘Ey@fca!;fm‘ HRANOR tﬁﬁ??ﬂomrh Prssontreddra; by FIG. 10

shows the reduclti@gimlratmgatlgég el Ditlegenderrin 6slo b2 Sopiahe m&wbmetdrmi?]r to 1:

casting in a stee if] a to, sk S tot ElGS. 1 throug
1) %W QOS5 S i‘&é‘é&eﬁ olRe gﬁbbﬂﬁgﬁg P

3; FIG. 11 s ed’u Ion in microcracking with nitrogen Iev ppm in the

molten metal prld'i‘%@@rhea%%nﬁq’n akbtenn stddl cbifdarbEeRate tab cast strip

15 The present disclosure describes a thin cast
steel strip produced by continuous casting by steps
comprising:

a) assembling a pair of internally cooled
20 casting rolls having a nip therebetween and with confining
closures adjacent the ends of the nip;

b) introducing molten low carbon steel having
a carbon content of between 0.010% and 0.065% by weight,
25 less than 5.0% by weight chromium, at least 70 ppm of
total oxygen and between 20 and 70 ppm of free oxygen, and
an average manganese to sulfur ratio above 250:1 between
the pair of casting rolls to form a casting pool supported
on the casting surfaces of the casting rolls;

30
c) counter rotating the casting rolls to form
solidified metal shells on the casting surfaces of the
casting rolls; and
35 d) forming from said solidified shells thin

steel strip downwardly through the nip between the casting
rolls.



by a caster similar to that shown in FIGS. 1 through 3; FIG. 12 shows the reduction in
microcracking in a steel composition made into cast strip by a caster similar 25 to that shown in FIGS.
1 through 3 at casting speeds below 71.8 meters per second; FIG. 13 shows the reduction in
microcracking in a second steel composition made into cast strip by a caster 30 similar to that shown
in FIGS. 1 through 3 at casting speeds below 71.8 metefs{per second; FIG. 14 shows the
reduction in microcracking in a steel composition made into cast strip by a caster similar 35 to that
shown in FIGS. 1 through 3 at a tundish temperature below 1612C (2933.7F); -9 - FIG. 15

shows the reduction in microc ing. | cond steel ¢ Sitj [ t stri a caster
similar to that shown in FIGS. ﬁéro%\é%%ﬁea rﬁugnnoég’f% ?esronégg%atltjérog]bri;(?c?ﬁ 1%%5?@23@3%

FIG. 16 shows tHBYLEBRAPH GRYESRCREES aldEdigsskiteh REREURR R sERSIy a caster
similar to that shew ipFiGS. béhrgughBeat ftleadiffereht tasting speeds; FIG. 17 shows the

reduction in gnicrocracking in a second steel composition made into cast strip by a caster similar to that

shown in FIGS. 1 through 3 at_the same five different casting speeds; 15 FIG. 18 shows the

reduction in microcracking in al $t8elttdHp SRS n%%'iﬂtd’&%%‘é‘fﬁ&b?% CREIGHAHPto that shown
in FIGS. 1 througte@ til fige didfgrdaveastingapbeds adhteatgdekecersulfud 2idiosaasbve 20250:1;

FIG. 19 shows tf@-f@és%ti%yim;@rgﬁwclsiﬁgarl BeEFRRTVEAS) COMRASHIRNTAER iR East Fisip by a
caster similar to \ﬁa@&%%wg )l/n vﬁIeG aJt through 3 at five 25 different casting speeds with manganese to

sulfur ratios abo . 20 shows the reduction in microcracking in a steel composition
made into @&kt strip by a caster similar 30 to that shown in FIGS. 1 through 3 at five different casting

speeds with manganese tq _siliq:n@ rqumak@ga@@gﬁr mGmay sﬁ_gw@ the ¢ﬁdmtinmﬁn_¢@iﬁmﬁ¢cking in
a 35 second steei sampggsition rr_@g_)%i wovggibeﬁtgp&y_aj 8@6&?"&?"'fé.%%%?iﬁé’ﬂdﬂf@s' 1 through

3 at five different casting speeds wi anganese to silicon ratios - FIG. 22

shows the reduc@HfOhickhe atkihg i asteSteohRn o ARe TR B RPRF 8 skE SHmilar 5
to that shown in FElGEH DU006HH Byatviieeglifterent casting speeds with carbon content below 0.035%
by weight; 15 FIG. 23 shows the reduction in microcracking in a second steel composition made
into cast strip by a caster 10 similar to that showp in FIGS. 1 through 3 at five different casting speeds
with carbon content below 0.035% Bight STrip may; %4‘ 873 25w M8 Midrocracking
can be 15 turnedtdfi ahtheasiependiesen tHwratid & M3 antiMekBieeported in Heat Nos. 175406
and 175408 in Table I. DETAILED DESCRIPTION OF THE DRAWINGS 20Microcracking (generally

referred to as The molten metal in the casting pool may have a

20 total oxygen content of at least 100 ppm and a free oxygen
content between 30 and 50 ppm. Alternatively or in
addition, the thin steel strip produced by continuous
casting may be from the molten metal in the casting pool
having a nitrogen content less than about 52 ppm.

25 Alternatively, or in addition, the sum of the partial
pressures of the hydrogen and nitrogen is less than 1.15
atmospheres.

Alternatively, disclosed i1s a method of casting
30 thin steel strip comprising:

a) assembling a pair of internally cooled
casting rolls having a nip therebetween and with confining
closures adjacent the ends of the nip;

35

b) introducing molten carbon steel having a

carbon content of between 0.010% and 0.065% by weight,



"cracking") is a defect that may appear in the surface portions of thin cast strip. Cracking may result
from the formation of voids, surface cavities or depressions, or inclusions adjacent the surface of the
strip. Cracking may 25 occur during the formation and cooling process. Referring to FIGS. 1
through 3, the thin cast strip, and method of making the same, may be made and used in the
continuous strip caster shown. FIGS. 1 through 3 30 illugtrates a twin roll caster denoted generally as
11 which produces a cast steel strip 12 that passes in a transit path 10 across a guide table 13 to a

pinch roll stand 1feeampiiing Sirvh toys AdAghemerliaseliafier ekitinedbe prhpst stand 14, the

strip may pass i rolling .mi rising a_pair afyeductioner 6 cking rolls
16B by in which i |s@h%f %?@§%0Hre%%£{%%%ﬁegg 1Eﬁ§dro ngg rﬁﬁp %Eszﬁie]gnfg%pgj%&oﬁaéble 17
on which it may FcGYBH YL IPRIBEFIEEE cERtasH i Wdidtd@pRReMRa drllejcReTd e other
suitable means) aihe bpaiddiabdn dasiyreyant lths relledfsirip rmay dsn pgsptroduguppondenll

stand 20 5 Cﬁ’mpgﬁinQ@@éQEWWQZ%@:ﬁ%%§“8fh%ﬂ%e &gfﬂl@r Jr%ﬁgzgl cooling (if necessary) of

the strip takes place on the coiler. own In FIGS. 2 and 3, twin foll caster 11 10 comprises a main

machine frame 21 which supports a pair of cooled casting rolls 22 having casting roll surfaces 22A,
assembled side-by-side with aa)ip betveearttienr.oMaltammetileof gt tagoarodtbel @y ksrsupplied

during a casting QRArAHRF ‘e Adadle ZShior BInsishedd BEREIMEP 3UpiFacies 8fopde24 to a
distributor 25 and the#ce througg a meta) delivery nozzle 26 generally able the nip 27 between the
t

casting rolls 22. FRE MO MetP th A Gelivered to the nip 27 forms a pool 30 supported on the
casting roll€irfaces 22A above the nip and this pool is 20 confined at the ends of the rolls by a pair of

side closures, dams or plates @yt shqrgpm IHCTFraY kapasitondd agipsansthensistefghe rolls by a

pair of thrusters c%g%fiog%g(ﬁgagwméygiyhgwggg{ r LHHES (r?f é)fteqr)?é’ étgﬂletxﬁﬁgaggswcted to

the side plate 25 ers. The upper surface of pool generally r ed to as ‘meniscus” level)
may rise above th& lA%er end of the delivery nozzle so that the lower end of the delivery nozzle is
immersed within this pool. 30Casting rolls 22 are internally water cooled so that shells solidify the

mov_ing casting sur_faces _of thq{p(gsa'{')%ergagllsm%r RLLo4gNtde99thEH aPﬁ‘Ei'EJPi?rY tﬁz{yeen the _
casting rolls sometime with molten metal between_the SFE;IIS,?E produce the solidified strip 12 35 which

is delivered dowrMPArR rd A¥nEFH RO STERISHERIHR A b e ebfbly station and a
casting station. Qastidycell23 thastivd pooagr-petagictitewgtbanivd shatts (not shown) driven by
an electric, hydraulic or pneumatic motor and transmission. Rolls 22 have copper peripheral walls

formed with a series of longituding]ly extepding and circumferenti%%y spagced water copling passages
suppied with cooling water. THo I8y 8 ek o LBRLLaob I e Akl B d A bbb
2000 mm 18Ry inBkeedtoIblRcaayiphsrsauat srdBmI 2000 trmtvieetwardisA 2319%f @Bfventional
construction. It isgLD&EBmehase gt dish made of a refractory material such as for example

magnesium oxide (Mg0). One side of the tundish receives molten metal from the ladle. Delivery nozzle

26 is formed as an elongate body ) )
The thin cast strip produced by the method may

have a chromium content less than 1.5% by weight or less
25 than 0.5% by weight and/or the thin cast strip may have
titanium content less than 0.005% by weight.

The thin steel strip may be less than 5 mm in
thickness, or less than 2.5 mm in thickness.
30
The applicant has also found that additional
variables that affect solidification and “strength’ of the
newly formed shells are the temperature of the molten
metal 1n the tundish and casting speed. Reduced
35 temperature of the molten metal In a tundish and cast
speeds allows time for shell growth to larger thickness
and more strength reducing microcracking adjacent to the



20 made of a refractory material such as for example alumina graphite. Its lower part is tapered so as
to converge inwardly and downwardly above the nip between casting rolls 22. 25Nozzle 26 may have
a series of horizontally spaced generally vertically extending flow passages to produce a suitably low
velocity discharge of molten metal throughout the width of the rolls and to deliver the molten metal
between the rolls onto the roll surfaces 30 where initial sélidification occurs. Alternatively, the nozzle
may have a single continuous slot outlet to deliver a low velocity curtain of molten metal directly into

the _niptb?tweeg st@rfﬁa&t@nd/prth@ neage rgwbp_jmms??mtr@amltmt@efamﬂplitmt 13; -theld
againststepped gids g0 feupendh O FRRIEIS BL e RIS g g pltes ae

illustratively made of a strong re racti(;%m , Tor example boron nitride, a ave'sca side
edges 5 to matctFelodta@rd hthtshietsaPehad oF thel s thee BRibtaBtseERmIb L slRMted in
plate holders whith Be€ InqzedE:. ARy Gasting stamningacipetan bespathadradicd/linder units

(or other suigzble,pgags) BAFGHE e FRESLINARYAIRMTLAY: i siernpd TR e

casting rolls during a casting operation. The twin rol| caster may be the kind illustrated and

described in somEHAGFh, FEeHMReCaSE SHEAPNBEOSYEAE RS s 28 Sthes 888N/ or
5,934,359; 15U.DyPatbacApiivatith iNo. 436 886 (P abliqatiodudedl.S. 2004/0144519); and
International Patent Application PCT/AU93/00593 (Publication No. WO 94/12300), the disclosures of

which are incorporated herein by r%}g [:E%?Ié r a Ee @?d atents for appropriate
20 constructional details but forms %Er:teg E}ﬁgig |n)</) ntion. eDH)AWP@Se#erring to FIGS. 4 and 5,
the result ok@e mean rate of microcracking ("mean sum CR") in the surfaces 25 of cast thin strip of
two grades of steel show the reg@nse afshg redrgaNERe4e Bolfei thiioe TeoSta”)isonTgitipps are of

grade designatiogr}opjl%égp\czliggi%ogio{;iﬁ?@g@s%@% manganese, 0.20% silicon and 0.015%
05- a

chromium, and grade designation ving 0.035% 30carbon, 0.85% manganese, 0.25%
silicon and 0.015% chromium. The total oxygen content of the steel compaosition was >100ppm and
free oxygen content was 43 pprlGan@ thissnitnogen Eantgd vwsscAd ppailas/ineasoiedingbe tumaadish 23

for conveniggce. &pdihe Raigldresres S5 af hydrogen and nitrogen was <1.15 atmospheres. The
steel strip produced was made by a twin roll caster similar to that lllustrated in FIGS. 1 through 3. - 14

- Durlng crack assessment the top and bottom surfaces of the strip are each divided Into 7
areas (14 areas for 2 sides) artdl & crackigatiag leglandedesccs kvoalThvd erack Fatngportaeah area

may range from ‘G (lghessartialy dsfeetifees stiphiry'®; where "1" Is Jess than 5 microcracks, "2" Is
between 5 and 24 mdcrocracks, "3" Is between 24 and 42 microcracks, "4" Is between 42 and 60

microcracks, and "5" Is greater than 60 10 microcracks In the strip. The overall crack rating "CR" Is the
sum of the2Pack rating of all 1% Hread oftHNGrighas EREWATA e K Rdk eGILAFISIRG-IEBLA and 5,

the mean sum ofnaistegeiasks ltothsslifiaces ot issthibetyip PBONd ainargareselto sulfur ratio lower

h ; - -S24 jvely.
contast, a5 show et o 1 Bt e o e e

cast strip with maritaheSBWRuktl faliE2bobe BHPHURAS30.15 and 11.39, respectively, In the two

grades of 20steel In FIGS. 4 and 5. This analysis verified that the microcracking in the cast thin strip,
and the mejBod of making the spgne, svagpneh £/ GeeD IS i AleRi ErBePatRIRY idth
manganese to sulfur ratios above 250:1 In a second steel
composition made into cast strip by a caster similar to
that shown In FIGS. 1 through 3;

30 FIG. 6 shows the reduction In microcracking with
manganese to silicon ratios above 3.5:1 in a steel
composition made into cast strip by a caster similar to
that shown In FIGS.1 through 3;

35 FIG. 7 shows the reduction In microcracking with
manganese to silicon ratios above 3.5:1 in a second steel
composition made Into cast strip by a caster similar to



25 manganese/silicon ratio above 250:1. Referring to FIGS. 6 and 7, a similar analysis was done with
regard to the same steel compositions of grade designations 1005-S4 and 1005-S2 on effect of 30
microcracking ("mean sum CR") with manganese to silicon ratios above and below 3.5. As shown In
FIGS. 6 and 7, the mean sum of microcracking In the surfaces of the thin cast strip for a manganese to
silicon ratio below 3.5 were mean sums of 20.37 and 18 %1 In the two steel grades, 35 compared to
the mean sums of microcracking of 13.57 and 14.31 In the two different steel grades with manganese
to silicon ratios aippya 3shbwiiemnagaigsthelbangfibafh13-the cast thin strip, and method of making
the same, was verified with a manganese to silicon ratio above 3.5:1 in different steel compositions.
5The benefits of the present cast strip, and method of making the same, are also illustrated in the

heats 175404, 175406 and 175468 réhstiin fdite rodidatiHberdBnithehefiRodag WD, and
175406 producedatdsbwitbcutiage rbiclanrack03thhest WeIstprduaedtoetkel without surface

microcrackss TARKE L bepk RaFPABGY GrEMBRIS NeVR(S B $1 425604 OG30I%P7ES 0.0425

0.0012 0.892 n
that shown In FIGS. 1 through 3;

FIG. 9 shows the reduction In microcracking with
carbon content below 0.035% by weight In a second steel
10 composition made Into cast strip by a caster similar to
that shown In FIGS. 1 through 3;

FIG. 10 shows the reduction in microcracking with
nitrogen levels below 52 ppm In the molten metal prior to
15 casting In a steel composition made into cast strip by a
caster similar to that shown in FIGS. 1 through 3;

FIG. 11 shows the reduction in microcracking with
nitrogen levels below 52 ppm in the molten metal prior to
20 casting 1In a second steel composition made Into cast strip
by a caster similar to that shown In FIGS. 1 through 3;

FIG. 12 shows the reduction in microcracking In a

steel composition made into cast strip by a caster similar

25 to that shown in FIGS. 1 through 3 at casting speeds below
71.8 meters per second;

FIG. 13 shows the reduction in microcracking In a
second steel composition made Into cast strip by a caster
30 similar to that shown In FIGS. 1 through 3 at casting
speeds below 71.8 meters per second;

FIG. 14 shows the reduction iIn microcracking In a
steel composition made into cast strip by a caster similar
35 to that shown in FIGS. 1 through 3 at a tundish
temperature below 1612°C (2933.7°F);



0.2164 0.005 0.0056 178 4.12 175406 0.0312 0.0534 0.0296 0.0015 0.7786 0.2634 0.0041 0.0054
189 2.95 175408 0.0303 0.0555 0.0231 0.0016 0.9198 0.2265 0.0029 0.0043 316 4.06 15The values
given in Table | are percent by weight, as are other values of element content given this application
unless otherwise stated. As shown by Table I, considerably improved 20 results in microcracking of
the surfaces of the thin strip in heat 175408 were obtainéd when the manganese to sulfur ratio was
316 and the manganese to silicon ratio was 4.06. The manganese, sulfur and silicon, like oxygen

levels FIG. 15 shows the reduction in microcracking in a
second steel composition made Into cast strip by a caster
similar to that shown in FIGS. 1 through 3 at a tundish
temperature below 1612°C (2933.7°F);

FIG. 16 shows the reduction in microcracking In a
steel composition made into cast strip by a caster similar
to that shown in FIGS. 1 through 3 at five different
casting speeds;

10

FIG. 17 shows the reduction in microcracking In a
second steel composition made Into cast strip by a caster
similar to that shown in FIGS. 1 through 3 at the same
five different casting speeds;

15

FIG. 18 shows the reduction in microcracking In a
steel composition made into cast strip by a caster similar
to that shown in FIGS. 1 through 3 at five different
casting speeds with manganese to sulfur ratios above

20 250:1;

FIG. 19 shows the reduction iIn microcracking In a
second steel composition made Into cast strip by a caster
similar to that shown in FIGS. 1 through 3 at five

25 different casting speeds with manganese to sulfur ratios
above 250:1;

FIG. 20 shows the reduction in microcracking In a
steel composition made into cast strip by a caster similar
30 to that shown in FIGS. 1 through 3 at five different
casting speeds with manganese to silicon ratios above
3.5:1;

FIG. 21 shows the reduction iIn microcracking In a
35 second steel composition made into cast strip by a caster
similar to that shown in FIGS. 1 through 3 at five
different casting speeds with manganese to silicon ratios



described above, were measured in the tundish 23 by known 25 techniques. From Heats
175404, 1754406, and 175408 the applicant found it was possible to turn microcracks on and off
between campaigns by varying the ratios of Mn4S and 30 Mn4Si. When the ratio of Mn4S was below
250:1 and the ratio of Mn4Si was below 3.5:1, both the bottom and top surfaces of the cast strip
showed microcracks across of -16- the entire width of tA8 strip as shown in FIG. 24. The sample was
elongated by 6% in this analysis to assist in identifying the microcracks. TD and BD are the middle of
top and bottom ojHw/strig. BSi1are top and bottom of 5 drive side edge of the strip, and OS are the top
and bottom operator side edge of the strip. Three sections were also Independently analysed on both
the top and bottom surfaces of the strip between the middle and edges of the strip as shown in FIG.
24. When the ratio of Mn4S 16Was a24veleus) 2R tHEBIIHNINAS) WAS EPevaskEIgndi the
bottom and top sgitfeeds obtheosist $t5ip weadecl@éatof wiasecratkd psispownoadter 25imlid aample
was elongatgd by 4% n thisaalysis fo peeist injdeniityingrihe migropjeksy pRslering to FIGS. 8

and 9, the same two steel grades of steel compaosition were studjed for dlfferent0 carbon content in the
relationship to mcArA8EnG PeRESH YA CRATRIR CORLELL oPRLAMIHsHEOAs RKolR ¥30 FiGs.

8 and 9, the mean sum of microcracks was markedly improved in both steel grades with mean sums of

microcracking rates of 13.9 andl 13,23 3 esAesilyebhavilceceiBen FANTRREPBISKARRBRY v weight,
compared to mean sum§ of{gicrfcrackir(l)%taées of Zlg and 19.00 W%en 5 the carbon exceeded
Ste ' nd

0.035% in the reésfe%?lo S GradedP '%gfé?ﬂ g td FI8s 15 ﬁ!‘?héjga%e(:tﬁ/%t&rgdes of
steel compbQitiorsiné kastutife dtioatifehenith& eVl § 9t nitro@Ran@ie thidtadtiatBp on the 30

microcracking in geFfefases Cacensy nspEEiAwitvwedyddl cdfnl bebhenior@aaoking was

markedly improv%%vx@gggtn% ni Q,%En was below 0.0052% (52 ppm) by weight with the mean sum of
microcracking rates 13.89 an , respectively, in the two steel grades, compared to 35

microcracking rates of 19.11 and 16.59 when the nitrogen levels were above 0.0052% (52 ppm) by
weight in the two steel grades F1G5 R&érrangita2bl Ghdizsantith é 3nihereftach ok vagateaminb@sting

speed on the MiGERREK NG Of DK GUBACRRPENG FG Gist BHP Wat PBIARd IS Satee mriygidrades
of steel. As shown by FIGS, 12 and 13, the mlcrocraéklr:%gvas markedly |m%%o§/§d, showing mean
|

sums of microcracRIRITERSE 3 3168 LHY0Ss 32, /REB8AIM, Wit et hstif Kpedd was below 71.7

meters per minute, compared mean sums of microcracking rates of 18.29 and 1018.93 when the

casting speed was above 71.7 mteS IR oNiESER 1 PT 10NREferringetogr&AN&sand 15, the effect of
variation in temperature of the molten metal in the 15 tundish 23 on the microcracking of the surfaces

of the thin cast strip was studied in the same two grades of steel. Temperature of the molten metal
was meas#@d in the tundish B{i& tapeckiiaprépents shdwn sflaosd A @S5, the

microcracking wascirzfRY@dy Shovdng neReFesitMmeloht may appear in the surface
portions of thin cast strip. Cracking may result from the
formation of voids, surface cavities or depressions, or
inclusions adjacent the surface of the strip. Cracking may
25 occur during the formation and cooling process.

Referring to FIGS. 1 through 3, the thin cast

strip, and method of making the same, may be made and used
in the continuous strip caster shown. FIGS. 1 through 3

30 i1llustrates a twin roll caster denoted generally as 11
which produces a cast steel strip 12 that passes In a
transit path 10 across a guide table 13 to a pinch roll
stand 14 comprising pinch rolls 14A. Immediately after
exiting the pinch roll stand 14, the strip may pass into a

35 hot rolling mill 16 comprising a pair of reduction rolls
16A and backing rolls 16B by in which 1t is hot rolled to
reduce i1ts thickness. The rolled strip passes onto a run-



20 microcracking rates of 15.887 and 14.12, respectively, when cast at a tundish temperature of
molten metal below 1612C (2933.7F) in both steel composition, compared mean sums of
microcracking rates of 16.88 and 16.97 when the tundish temperature of the molten metal was above
1612C 25(2933.7F). Referring to FIGS. 16 and 17, the applicant further analysed the data more detalil
on the effect of casting speed on the degree of microcraktking in the 30surfaces of thin cast strip of the
same composition. In this analysis, the mean sum of microcracking rates on strip were categorized at

?geffs below 67cﬁj!f19t%il§l2§rminéfﬁ,vh¢i\&ﬁefi ﬁg{;ﬁ’agn%@o&?dﬁétﬁrﬁﬁeéﬁﬂgé@tbéww h70-92 and
.44 meters per n a te r a er
meters per minut%laﬁgés%gbvﬁeilﬁﬁzlgitﬁ% agrgdg @,'tﬁé rr\?é%n g&%ﬁrﬁ%ﬁ%@%«f&%@@ﬁa@ Improved

when the castingS$ptERAgs ReanaheNd 18Y Jeaslt FEIsE melélsaityY riMatEtin HeR gFeddLsr steel
compositions, whitemaeracigchihg marisglythereaged 0 g4 19cind-34 P isthedne sum of

microcracking ra '8 ca;ti&g.ﬁpegfl le%EHO%iQQ%ﬁt%ﬁﬁeiﬁg%@' to a Referring

to FIGS. 18 and 19, the effects on microcracking in the cast strip surfaces were studied for the
interrelationship SPthE&ENE rarfgt @e Rtk Hagifd ‘/:vifﬂecﬁ@?gﬁ'd'é’ 3t AEnEHRe SHENRIAHRR and
below 250:1. 10 pdaheworin M€ Scad kewd.19, there was a marked improvement in the mean sum of
microcracking rate with manganese to sulfur ratios above 250:1 at all casting speeds, and particularly,

when the casting speed was below 76.68 metigi §r inute ir;bot ades ﬁ[steel JSSCO ositions.
Referring to FIGS. 20 and 21, the %Itqé)r\waﬂ&w h§ ft r‘%ﬁﬂg nesldilcd? fatics3ove below

3.5:1 on miPocr&ekiny kges irathea3t sapaneufaasewdd thd dshetipdehtsagimpdeddt was
analyzed. As shaygsoilndd Gasiaind Pdltherewasa/magkeshktiioyemenl insthefaeas spprs,of

microcracking ra | casti egds, apgganrese(sili ati er 3.5, and
particularly Whent%g vsx?érsﬂgggée %q§§ v&gﬁ glg%%ga@fﬁw s%e@gfbgi{oavlg @%%& Urﬁi?\e%fé E\m%te.
Referring to FIG@.@?&n@ﬁﬁﬂ%‘iﬂtéf?éi@ﬁ’c‘fh%ﬁ?@ﬁc%ﬁn et BRA tadtifly EROEd for the two
different designatastahsieeperratasiorfnas 30 diadibel 28 etfectortthedinshio@ackibrateghof the
thin cast stiig. As,ShowiHIFRIGS: 2hBdd3pIerd Was S ier: FBRroysMaR i ik egracking rates
when the carbon level was below 0.035% at all casting speeds in both grades of steel compositions,
and particularly vﬁlarrpfﬁ% IS LRI X TSN }SefBQ\g?i%Sgraegﬁé‘ﬁE%ﬁP{ut@bifQ-the '}])'p
interrelationshipsZiethetwera vetiebleasidiad, palitsla?y onlinangeddsisnkadtidhus
manganese/siliceielpfige pasfineOSRGRS . #REPPVCAH PR NErQUsICETe Rl ppE Ftadisb ferpparature.
These are reported ir{TabIe J ? e|OWLfWith thegg &ol mns in tﬁe Table bel gt?ﬁliguts oflthe statistical
analysis. Specific%%, SSEmRCL is tRe'VaTisbie elngfi‘o&(veed at, Cofthth 2 '2 ype 3 Su % sqbgres) Is a

number tha@xplarRfheethathtererendsyvafatoie ineld sahable inednef15d6lemn 3 (df) is 10
the degrees of freddgsnregiymiahénesn squakss i Hetswhabsyyagsiehlunay 2pdivided by the

TABLE Il TESTS R PPN ety S s B RIS, B oy geoniicant
thrusters (not shown) comprising hydraulic cylindéer units
(or other suitable means) connected to the side plate
25 holders. The upper surface of pool 30 (generally referred
to as the “meniscus” level) may rise above the lower end
of the delivery nozzle so that the lower end of the
delivery nozzle is immersed within this pool.

30 Casting rolls 22 are internally water cooled so
that shells solidify the moving casting surfaces of the
rolls. The shells are then brought together at the nip 27
between the casting rolls sometime with molten metal
between the shells, to produce the solidified strip 12

35 which is delivered downwardly from the nip.

Frame 21 supports a casting roll carriage which



Source Type Ill Sum of Squares df Mean SquareF Sin. Corrected Model 195668.130 62 3155.938
22.115 .000 Intercept 698373.579 1 698373.579 4893.905 .000 Nom2 TundishTemp 3211.298 1
3211.298 22.503 .000 Nom _2_ Nitrogen 2886.082 1 2886.082 20.224 .000 Nom 2 CastSpeed
9880.504 1

-12 -

i1s horizontally movable between as assembly station and a
casting station.

Casting rolls 22 may be counter-rotated through

5 drive shafts (not shown) driven by an electric, hydraulic
or pneumatic motor and transmission. Rolls 22 have copper
peripheral walls formed with a series of longitudinally
extending and circumferentially spaced water cooling
passages supplied with cooling water. The rolls may

10 typically be about 500 mm in diameter and up to about 2000
mm long In order to produce strip product of about 2000 mm
wide.

Tundish 23 is of conventional construction. It is
15 formed as a wide dish made of a refractory material such
as for example magnesium oxide (MgO). One side of the
tundish receives molten metal from the ladle.

Delivery nozzle 26 i1s formed as an elongate body
20 made of a refractory material such as for example alumina
graphite. Its lower part is tapered so as to converge
inwardly and downwardly above the nip between casting
rolls 22.

25 Nozzle 26 may have a series of horizontally
spaced generally vertically extending flow passages to
produce a suitably low velocity discharge of molten metal
throughout the width of the rolls and to deliver the
molten metal between the rolls onto the roll surfaces

30 where initial solidification occurs. Alternatively, the
nozzle may have a single continuous slot outlet to deliver
a low velocity curtain of molten metal directly into the
nip between the rolls and/or the nozzle may be immersed in
the molten metal pool.

35

The pool i1s confined at the ends of the rolls by
a pair of side closure plates that are adjacent to and



9880.504 69.238 .000 Nom 2 Mn Si ratio 17924.057 1 17924.057 125.604 .000 Nom 2 Carbon
19607.330 1 19607.330 137.400 .000 Nom 2Mn S Ratio 51643.646 1 51643.646 361.897 .000 Nom 2
TundishTemp * Nom 2 Nitrogen 695.302 1 695.302 4.872 .027 Nom 2 TundishTemp * Nom 2
CastSpeed 1205.539 1 1205.539 8.448

-13-

held against stepped ends of the rolls when the roll
carriage is at the casting station. Side closure plates
are i1llustratively made of a strong refractory material,
for example boron nitride, and have scalloped side edges

5 to match the curvature of the stepped ends of the rolls.
The side plates can be mounted in plate holders which are
moveable at the casting station by actuation of a pair
hydraulic cylinder units (or other suitable means) to
bring the side plates into engagement with the stepped

10 ends of the casting rolls during a casting operation.

The twin roll caster may be the kind i1llustrated
and described in some detail i1n, for example, U.S. Patent
Nos. 5,184,668; 5,277,243; 5,488,988; and/or 5,934,359;

15 U.S. Patent Application No. 10/436,336 (Publication No.
U.S. 2004/0144519); and International Patent Application
PCT/AU93/00593 (Publication No. WO 94/12300), the
disclosures of which are incorporated herein by reference.
Reference may be made to those patents for appropriate

20 constructional details but forms no part of the present
invention.

Referring to FIGS. 4 and 5, the result of the
mean rate of microcracking (“mean sum CR”) in the surfaces

25 of cast thin strip of two grades of steel show the
response of the manganese to sulfur ratio. The steel
compositions are of grade designation 1005-S4 having
0.035% carbon, 0.68% manganese, 0.20% silicon and 0.015%
chromium, and grade designation 1005-S2 having 0.035%

30 carbon, 0.85% manganese, 0.25% silicon and 0.015%
chromium. The total oxygen content of the steel
composition was >100ppm and free oxygen content was 43
ppm, and the nitrogen content was 43 ppm as measured in
the tundish 23 for convenience. And the partial pressures

35 of hydrogen and nitrogen was <1.15 atmospheres. The steel
strip produced was made by a twin roll caster similar to
that 1llustrated in FIGS. 1 through 3.



.004 Nom 2 Nitrogen * Nom 2 CastSpeed 739.559 1 739.559 5.183 .023 Nam 2 T undishTemp * Nom
2 Nitrogen * 326.054 1 326.054 2185 .131 -20- Source Type Il Sum of Squares df Mean SquareF
Sin. Nom _2 CastSpeed  Nom 2 Tundishibmp * Nom 2 Mn Si ratio 3.529 1 3.529 .025

-14 -

During crack assessment the top and bottom

surfaces of the strip are each divided Into 7 areas (14
areas for 2 sides) and a crack rating is given for each

5 area. The crack rating for each area may range from “0”
(for essentially defect free strip) to “57, where “1” is
less than 5 microcracks, “2” i1s between 5 and 24
microcracks, “3” 1s between 24 and 42 microcracks, “4” is
between 42 and 60 microcracks, and “5” is greater than 60

10 microcracks in the strip. The overall crack rating “CR” 1is
the sum of the crack rating of all 14 areas of the strip.
As shown In the left hand columns in FIGS. 4 and 5, the
mean sum of microcracks iIn the surfaces of the thin strip
having a manganese to sulfur ratio lower than 250:1 was

15 19.53 on grade 1005-S4 and was 20.78 for the grade 1005-
S2, respectively. By contrast, as shown In the right hand
columns 1n FIGS. 4 and 5, the mean sum of microcracks in
the cast strip with manganese to sulfur ratio above 250:1
was 10.15 and 11.39, respectively, in the two grades of

20 steel iIn FIGS. 4 and 5.

This analysis verified that the microcracking iIn
the cast thin strip, and the method of making the same,
was much reduced in different steel compositions with a
25 manganese/silicon ratio above 250:1.

Referring to FIGS. 6 and 7, a similar analysis
was done with regard to the same steel compositions of
grade designations 1005-S4 and 1005-S2 on effect of

30 microcracking (“mean sum CR”) with manganese to silicon
ratios above and below 3.5. As shown in FIGS. 6 and 7,
the mean sum of microcracking In the surfaces of the thin
cast strip for a manganese to silicon ratio below 3.5 were
mean sums of 20.37 and 18.51 In the two steel grades,

35 compared to the mean sums of microcracking of 13.57 and
14_.31 in the two different steel grades with manganese to
silicon ratios above 3.5:1. Here again, the benefit of



.875 Nom 2 Nitrogen * Nom 2 Mn Si ratio 9,989 1 9.989 .070 .791 Nom 2 Tundishibmp * Nom 2
Nitrogen * Nom 2 Mn Si ratio 50.546 1 50.546 .354 .552 Nom 2 CastSpeed Nom 2 Mn Si ratio
1307.667 1 1307.667 9.164 .002 Nom 2 Tundishibmp * Nom 2 CastSpeed * Nom 2 Mn Si ratio
1442.565 1 1442.565 10.109 .001 Nom 2 Nitrogen * Nom 2 CastSpeed * Nom 2 Mn Si ratio 2236.165
1 2236.165 15.670 .000 Nom 2 Tundishibmp * Nom 2 Nitpogen * Nom 2 CastSpeed Nom 2 Mn Si ratio

10

the cast thin strip, and method of making the same, was
verified with a manganese to silicon ratio above 3.5:1 in
different steel compositions.

The benefits of the present cast strip, and
method of making the same, are also i1llustrated in the
heats 175404, 175406 and 175408 reported in Table 1 below
in percent by weight. Heats 175404 and 175406 produced
steel with surface microcracks and heat 175408 produced
steel without surface microcracks.

TABLE 1

Heat

Carbon

Cu

Cr

Ti

Si

Mn/S

Mn/
Si

175404

0.0307

0.0771

0.0425

0.0012

0.892

0.2164

0.005

0.0056

178

4.12

175406

0.0312

0.0534

0.0296

0.0015

0.7786

0.2634

0.0041

0.0054

189

2.95

175408

0.0303

0.0555

0.0231

0.0016

0.9198

0.2265

0.0029

0.0043

316

4.06

15

20

25

30

The values given in Table 1 are percent by
weight, as are other values of element content given this
application unless otherwise stated.

As shown by Table I, considerably improved
results In microcracking of the surfaces of the thin strip
in heat 175408 were obtained when the manganese to sulfur
ratio was 316 and the manganese to silicon ratio was 4.06.
The manganese, sulfur and silicon, like oxygen levels
described above, were measured in the tundish 23 by known
techniques.

From Heats 175404, 1754406, and 175408 the
applicant found it was possible to turn microcracks on and
off between campaigns by varying the ratios of Mn/S and
Mn/Si. When the ratio of Mn/S was below 250:1 and the
ratio of Mn/Si1 was below 3.5:1, both the bottom and top
surfaces of the cast strip showed microcracks across of



1,389 1 1.389 .010 .921 Nom 2 Tundishibmp * Nom 2 Carbon 609.876 1 609.876 4.274 .039 Nom 2
Nitrogen * Nom 2 Carbon 3714.569 1 3714.569 26.030 .000 Nom 2 Tundishibmp * Nom 2 Nitrogen *
Nom 2 Carbon 152.133 1 152.133 1,066 .302 Nom 2 CastSpeed Nom 2 Carbon 1692.383 1 1692.383

11.660 001 Nom 2 Tundishibmp * Nom 2 CastSpeed * Nom 2 Carbon 1095.570 1
-16 -

the entire width of the strip as shown In FIG. 24. The
sample was elongated by 6% in this analysis to assist iIn
identifying the microcracks. TD and BD are the middle of
top and bottom of the strip, DS are top and bottom of

5 drive side edge of the strip, and OS are the top and
bottom operator side edge of the strip. Three sections
were also independently analysed on both the top and
bottom surfaces of the strip between the middle and edges
of the strip as shown in FIG. 24_. When the ratio of Mn/S

10 was above 250:1 and the ratio of Mn/Si was above 3.5:1,
both the bottom and top surfaces of the cast strip were
clear of microcracks as shown in FIG. 25. The sample was
elongated by 4% in this analysis to assist in i1dentifying
the microcracks.

15

Referring to FIGS. 8 and 9, the same two steel

grades of steel composition were studied for different
carbon content in the relationship to microcracking (“mean
sum CR”) of the surfaces of the thin strip. As shown by

20 FIGS. 8 and 9, the mean sum of microcracks was markedly
improved In both steel grades with mean sums of
microcracking rates of 13.9 and 13.29, respectively, with
the carbon content below 0.035% by weight, compared to
mean sums of microcracking rates of 21.7 and 19.00 when

25 the carbon exceeded 0.035% in the respective steel grades.

Referring to FIGS. 10 and 11, the same two grades
of steel compositions were studied for different the
levels of nitrogen in the thin cast strip on the

30 microcracking in the surfaces (“mean sum CR”). As shown
by FIGS. 10 and 11, the microcracking was markedly
improved when the nitrogen was below 0.0052% (52 ppm) by
weight with the mean sum of microcracking rates 13.89 and
14.45, respectively, iIn the two steel grades, compared to

35 microcracking rates of 19.11 and 16.59 when the nitrogen
levels were above 0.0052% (52 ppm) by weight in the two
steel grades.



1095.570 7.677 .006 Nom 2 Nitrogen * Nom 2 CastSpeed * Nom 2 Carbon .982 1 .982 .007 .934 -21-
Source Type Ill Sum of Squares df Mean SquareF Sin. m 2 Tundishibmp * Nom 2 Nitrogen * Nom 2
CastSpeed Nom 2 Carbon 1.259 1 1.259 .009 .925 Nom 2 Mn Si ratio * Nom 2 Carbon 19.373 1
19.373 .136 .713 Nom 2 Tundishibmp * Nom 2 Mn Si ratio * Nom 2 Carbon 368.798

-17 -

Referring to FIGS. 12 and 13, the effect of
variation in casting speed on the microcracking of the
surfaces of the thin cast strip was studied iIn the same

5 two grades of steel. As shown by FIGS. 12 and 13, the
microcracking was markedly improved, showing mean sums of
microcracking rates of 13.99 and 13.32, respectively, when
the casting speed was below 71.7 meters per minute,
compared mean sums of microcracking rates of 18.29 and

10 18.93 when the casting speed was above 71.7 meters per
minute.

Referring to FIGS. 14 and 15, the effect of

variation in temperature of the molten metal in the

15 tundish 23 on the microcracking of the surfaces of the
thin cast strip was studied In the same two grades of
steel. Temperature of the molten metal was measured iIn the
tundish by a temperature probe. As shown by FIGS. 14 and
15, the microcracking was improved, showing mean sums of

20 microcracking rates of 15.887 and 14.12, respectively,
when cast at a tundish temperature of molten metal below
1612°C (2933.7°F) i1n both steel composition, compared mean
sums of microcracking rates of 16.88 and 16.97 when the
tundish temperature of the molten metal was above 1612°C

25 (2933.7°F).

Referring to FIGS. 16 and 17, the applicant
further analysed the data more detail on the effect of
casting speed on the degree of microcracking in the

30 surfaces of thin cast strip of the same composition. In
this analysis, the mean sum of microcracking rates on
strip were categorized at speeds below 67.8 meters per
minute, between 67.8 and 70.92 meters per minute, between
70.92 and 73.44 meters per minute, between 73.44 and 76.68

35 meters per minute and 76.68 and higher meters per minute.
As shown In FIGS. 16 and 17, the mean sum of microcracking
rates was improved when the casting speed was maintained



1 368.798 2.584 .108 Nom 2 Nitrogen Nom 2 Mn Si ratio * Nom 2 Carbon 1364.117 1 1364.117 9;559
.002 Nom 2 Tundishibmp * Nom 2 Nitrogen * Nom 2 Mn Si ratio * Nom 2 Carbon 743.037 1 743.037
5.207 .023 Nom 2 CastSpeed Nom 2 Mn Si ratio * Nom 2 Carbon 573.013 1 573.013 4.015 .045 Nom
2 Tundishibmp * Nom 2 CastSpeed * Nom 2 Mn Si ratio Nom 2 Carbon 815.529 1 815.529 5.715 .017
Nom 2 Nitrogen -18-

below 76.68 meters per minute in both grades of steel
compositions, while microcracking markedly increased to
24.9 and 26.9 1n the mean sum of microcracking rates when
the casting speed was above 76.68 meters per minute.

Referring to FIGS. 18 and 19, the effects on
microcracking in the cast strip surfaces were studied for
the i1nterrelationship of the same range speeds of casting
with the ratios of manganese/sulfur above and below 250:1.

10 As shown in FIGS. 18 and 19, there was a marked
improvement in the mean sum of microcracking rate with
manganese to sulfur ratios above 250:1 at all casting
speeds, and particularly, when the casting speed was below
76.68 meters per minute, In both grades of steel

15 compositions.

Referring to FIGS. 20 and 21, the
interrelationship of the manganese/silicon ratios above
and below 3.5:1 on microcracking rates iIn the cast strip

20 surfaces with the same different casting speeds was
analyzed. As shown in FIGS. 20 and 21, there was a marked
improvement in the mean sums of microcracking rates at all
casting speeds, when the manganese/silicon ratios were
above 3.5, and particularly when i1t was above 3.5:1 with a

25 casting speed below 76.68 meters per minute.

Referring to FIGS. 22 and 23, the
interrelationship of carbon levels and casting speed for
the two different designations of steel composition was

30 studied for effect on the microcracking rates of the thin
cast strip. As shown in FIGS. 22 and 23, there was a
marked improvement In microcracking rates when the carbon
level was below 0.035% at all casting speeds in both
grades of steel compositions, and particularly when the

35 casting speed was below 76.68 meters per minute.

The applicant also did statistical tests on the



Nom 2 CastSpeed * Nom 2 Mn Si ratio Nom 2 Carbon 264.656 1 264.656 1.855 .173 Nom 2
Tundishibmp * Nom 2 Nitrogen * Nom 2 CastSpeed * Nom 2 Mn Si ratio Nom 2 Carbon 200.957 1
200.957 1.408 .235 Nom 2 Tundishibmp * Nom 2 Mn S Ratio 146.236 1 146.236 1.025 .311 Nom 2
Nitrogen * 387.696 1 387.696 2.717 .099 -22- Source Type Il Sum of Squares df Nean SquareF Sin.
Nom 2 Mn S Ratio -19-

interrelationships between the variable studied,
particularly on manganese/sulfur ratio, manganese/silicon
ratio, casting speed, carbon content, nitrogen content,
and tundish temperature. These are reported in Table 11

5 Dbelow, with the 5 columns 1In the Table being outputs of
the statistical analysis. Specifically, column 1 i1s the
variable being looked at, column 2 (type 3 sum of squares)
IS a number that explains the amount of error iIn
variations in the variable in column 1, column 3 (df) 1s

10 the degrees of freedom, column 4 (mean square) is the sum
of squares (column 2) divided by the degrees of freedom
(column 3), and column 5 (sig.) is the probability that
the result i1s not significant.

15 TABLE 11

TESTS OF BETWEEN-SUBJECTS EFFECTS

Dependent Variable: Sum C

Source Type 111 Sun df Mean Square|F Sig.
of Squares
Corrected Model 195668.130 62 3155.938 22.115 -000
Intercept 698373.579 [1 698373.579 [4893.905 |.000
Nom_ 2_TundishTemp 3211.298 1 3211.298 22.503 -000
Nom_2_ Nitrogen 2886.082 1 2886.082 20.224 -000
Nom_2_CastSpeed 9880.504 1 9880.504 69.238 -000
Nom_2_Mn_Si_ratio 17924 _057 1 17924 _057 125.604 |.000
Nom_2_Carbon 19607 .330 1 19607.330 |137.400 |.000
Nom_2_ Mn_S_Ratio 51643 .646 1 51643.646 [361.897 |.000

Nom_2 TundishTemp

695.302 1 695.302 4.872 .027
* Nom_2_ Nitrogen
Nom_2 TundishTemp

1205.539 1 1205.539 8.448 .004
* Nom_2_CastSpeed
Nom_2 Nitrogen *

739.559 1 739.559 5.183 .023
Nom_2 CastSpeed
Nam_2 T undishTemp

326.054 1 326.054 2185 -131

> Nom_2 Nitrogen *




Nom 2 TundishTemp * Nom 2 Nitrogen * Nom 2 Mn S Ratio 831.865 1 831.865 5.829 .016 Nom 2
CastSpeed * Nom 2 Mn S Ratio 27.716 1 27.716 .194 .659 Nom 2 TundishTemp * Nom 2 CastSpeed *
Nom 2 MnS Ratio 423.801 1 423.801 2.970 .085 Nom _2Nitrogen * Nom 2 CastSpeed * Nom 2 Mn S
Ratio 417.891 1 417.891 2.928 .087 Nom 2 TundishTemp * Nom 2 Nitrogen * Nom 2 CastSpeed *
Nom 2 Mn S Ratio 6.805 -20-

Type 111 Sum
Source yP df

Mean Square Sig.
of Squares

Nom 2 CastSpeed

Nom 2 TundishTemp

* Nom_2 Mn_Si_ratio

3.529

3.529

-025

.875

Nom 2 Nitrogen *

Nom 2 Mn_Si_ratio

9,989

9.989

-070

-791

Nom 2 TundishTemp
>~ Nom_2 Nitrogen *

Nom 2 Mn_Si_ratio

50.546

50.546

.354

.552

Nom 2 CastSpeed

Nom 2 Mn_Si_ratio

1307 .667

1307.667

9.164

-002

Nom 2 TundishTemp
> Nom_2 CastSpeed *

Nom 2 Mn_Si_ratio

1442 .565

1442 .565

10.109

.001

Nom_2 Nitrogen *
Nom 2 CastSpeed *

Nom 2 _Mn_Si_ratio

2236.165

2236.165

15.670

-000

Nom 2 TundishTemp
> Nom_2 Nitrogen *
Nom 2 CastSpeed

Nom 2 Mn_Si_ratio

1,389

1.389

.010

-921

Nom_2 TundishTemp

* Nom_2 Carbon

609.876

609.876

4.274

.039

Nom_2 Nitrogen *

Nom_ 2 Carbon

3714 .569

3714 .569

26.030

.000

Nom_2 TundishTemp
> Nom_2 Nitrogen *

Nom_ 2 Carbon

152.133

152.133

1,066

-302

Nom_2 CastSpeed

Nom_ 2 Carbon

1692.383

1692.383

11.660

001

Nom_2 TundishTemp
* Nom_2_ CastSpeed *

Nom_ 2 Carbon

1095.570

1095.570

7.677

-006

Nom_2 Nitrogen *

Nom_2 CastSpeed *

Nom_ 2 Carbon

.982

.982

-007

-934




1 6.805 .048 .827 Nom 2 Mn Si ratio * Nom 2 Mn S Ratio 4838.907 1 4838.907 33909 .000 Nom 2
TundishTemp * Nom 2 Mn Si ratio * Nom 2 Mn S Ratio 1269.925 1 1269.925 8.899 .003 Nom 2
Nitrogen * Nom 2 Mn Si ratio * Nom 2 Mn S Ratio 484.197 1 484.197 3.393 .066 Nom 2 TundishTemp
* Nom 2 Nitrogen * Nom 2 Mn Si ratio Nom 2 Mn S Ratio 486.009 1 486.009 3,406 .065 Nom 2
CastSpeed Nom 2 Mn Si ratio * Nom 2 Mn S Ratio 536.386 1

Type 111 Sum )
Source df Mean Square Sig.
of Squares

m_2 TundishTemp

* Nom_2 Nitrogen *
1.259 1 1.259 .009 .925
Nom_2 CastSpeed

Nom_2 Carbon

Nom_2 Mn_Si_ratio *
19.373 1 19.373 .136 .713
Nom_2 Carbon

Nom_2 TundishTemp
* Nom_2 Mn_Si_ratio [368.798 1 368.798 2.584 .108

* Nom_2 Carbon

Nom_2 Nitrogen
Nom_2 Mn_Si_ratio * [1364.117 1 1364.117 9;559 .002

Nom_2 Carbon

Nom_2 TundishTemp
> Nom_2 Nitrogen *
) ) 743.037 1 743.037 5.207 -023
Nom_2 Mn_Si_ratio *

Nom_2 Carbon

Nom_2 CastSpeed
Nom_2 Mn_Si_ratio * 573.013 1 573.013 4.015 .045

Nom_2 Carbon

Nom_2 TundishTemp

* Nom_2 CastSpeed *
) ) 815.529 1 815.529 5.715 .017
Nom_2 Mn_Si_ratio

Nom_2 Carbon

Nom_2 Nitrogen

Nom_2 CastSpeed *
_ ) 264 .656 1 264 .656 1.855 -173
Nom_2 Mn_Si_ratio

Nom_2 Carbon

Nom_2_ TundishTemp
* Nom_2_ Nitrogen *
Nom_2 CastSpeed * 200.957 1 200.957 1.408 .235
Nom 2 Mn_Si_ratio

Nom_ 2 Carbon

Nom_2_ TundishTemp
* Nom_2 Mn_S Ratio
Nom_2 Nitrogen * 387.696 1 387.696 2.717 -099

146.236 1 146.236 1.025 .311




536.336 3.758 .053 Nom 2 TundishTemp * Nom 2 CastSpeed * Nom 2 Mn Si ratio Nom 2 Mn S Ratio
14.180 1 14.180 .099 .753 - 23 - Source Type Il Sum of Squares df Mean SquareF Sin. Nom 2
Nitrogen * Nom 2 CastSpeed * Nom 2 Mn Si ratio Nom 2 Mn S Ratio 1602.869 1 1602.869 11.232
.001 Nom 2 Tundishibmp * Nom 2 Nitrogen * Nom 2 CastSpeed * Nom 2 Mn Si ratio Nom 2 Mn S
Ratio 20.909 1 20.909 .147 .702 Nom 2 Carbon Nom 2 RS Ratio 572.876

Type 111 Sum

Source Mean Square Sig.

of Squares

Nom_2 Mn_S Ratio

Nom_2 TundishTemp
* Nom_2 Nitrogen *
Nom_2 Mn_S Ratio

831.865

831.865

5.829

.016

Nom_2 CastSpeed *
Nom 2 Mn_S Ratio

27.716

27.716

-194

-659

Nom_2 TundishTemp
* Nom_2 CastSpeed *
Nom_2 Mn _S Ratio

423.801

423.801

2.970

.085

Nom_2 Nitrogen *
Nom_2 CastSpeed *
Nom 2 Mn_S Ratio

417.891

417.891

2.928

.087

Nom_2 TundishTemp
> Nom_2 Nitrogen *
Nom_2 CastSpeed *
Nom 2 Mn_S Ratio

6.805

6.805

.048

.827

Nom_2 Mn_Si_ratio *

Nom 2 Mn_S Ratio

4838.907

4838.907

33 909

-000

Nom_2 TundishTemp
* Nom_2 Mn_Si_ratio

> Nom_2 Mn_S Ratio

1269.925

1269.925

8.899

.003

Nom_2 Nitrogen *
Nom_ 2 Mn_Si_ratio *

Nom_2 Mn_S Ratio

484 .197

484 .197

3.393

.066

Nom_2 TundishTemp
* Nom_2 Nitrogen *
Nom_ 2 Mn_Si_ratio

Nom_2 Mn_S Ratio

486.009

486.009

3,406

.065

Nom_2_ CastSpeed
Nom 2 Mn_Si_ratio *

Nom_2 Mn_S Ratio

536.336

536.336

3.758

.053

Nom_2 TundishTemp
* Nom_2_ CastSpeed *

Nom_ 2 Mn_Si_ratio

Nom_2 Mn_S Ratio

14.180

14.180

.099

.753




1572.876 4.014 .045 Nom 2 Tundishibmp * Nom 2 Carbon * Nom 2 Mn S Ratio 686.005 1 686.005
4,807 .028 Nom 2 Nitrogen * Nom 2 Carbon * Nom 2 Mn S Ratio 242.113 1 242.113 1.697 .193 Nom 2
Tundishibmp * Nom 2 Nitrogen Nom 2 Carbon * Nom 2 Mn S Ratio 194178 1 194.178 1.361 .243 Nom
2 CastSpeed * Nom 2 Carbon * Nom 2 Mn S Ratio 198.290 1 198.290 1.390 .239 Nom 2 Tundishibmp
* Nom 2 CastSpeed * Nom 2 Carbon * Nom 2 Mn S Rat#32.489

Type 111 Sum )
Source df Mean Square Sig.
of Squares

Nom 2 Nitrogen *
Nom 2 CastSpeed *
) ) 1602.869 1 1602 .869 11.232 .001
Nom_2 Mn_Si_ratio

Nom 2 Mn_S Ratio

Nom_ 2 TundishTemp
* Nom_2 Nitrogen *
Nom 2 CastSpeed * 20.909 1 20.909 .147 .702
Nom 2 Mn_Si_ratio_
Nom 2 Mn_S Ratio

Nom 2 Carbon
) 572.876 1 572.876 4.014 .045
Nom_2 Mn_S_Ratio

Nom_ 2 TundishTemp
* Nom_2_ Carbon * 686.005 1 686 .005 4,807 .028
Nom 2 Mn_S Ratio

Nom 2 Nitrogen *
Nom_2_ Carbon * 242.113 1 242.113 1.697 .193
Nom 2 Mn_S Ratio

Nom_2 TundishTemp
* Nom_2 Nitrogen
194178 1 194.178 1.361 .243
Nom 2 Carbon *

Nom 2 Mn_S Ratio

Nom 2 CastSpeed *
Nom_2_ Carbon * 198.290 1 198.290 1.390 .239
Nom 2 Mn_S Ratio

Nom 2 TundishTemp
* Nom_2 CastSpeed *

2.489 1 2.489 .017 -895
Nom 2 Carbon *
Nom 2 Mn_S Ratio
Nom_2 Nitrogen *
Nom_2 CastSpeed *
252.648 1 252.648 1.770 .183

Nom 2 Carbon *
Nom_2 Mn_S Ratio

Nom_2 TundishTemp
* Nom_2 Nitrogen * 640.454 1 640.454 4,488 .034
Nom_2 CastSpeed *




12.489 .017 .895 Nom 2 Nitrogen * Nom 2 CastSpeed * Nom 2 Carbon * Nom 2 Mn S Ratio 252.648
1 252.648 1.770 .183 Nom 2 Tundishibmp * Nom 2 Nitrogen * Nom 2 CastSpeed * 640.454 1 640.454
4,488 .034 - 24 - Source Type Il Sum of Squares df Mean SquareF Sin. Nom 2 Carbon * Nom 2 Mn

S Ratio Nom 2 Mn Si ratio Nom 2 Carbon * Nom 2 Mn S Ratio 174.833
=24 -

Type 111 Sum )
Source df Mean Square Sig.
of Squares

Nom 2 Carbon *
Nom 2 Mn_S Ratio

Nom 2 Mn_Si_ratio
Nom 2 Carbon * 174.833 1 174.833 1.225 .268
Nom 2 Mn_S Ratio

Nom_ 2 TundishTemp
* Nom_2 Mn_Si_ratio
* Nom_2 Carbon *

Nom 2 Mn_S Ratio

1.303 1 1.303 -009 -924

Nom_2 Nitrogen *

Nom 2 Mn_Si_ratio *
167.640 1 167 .640 1.175 .279
Nom_2 Carbon *

Nom 2 Mn_S Ratio

Nom_2 TundishTemp
> Nom_2 Nitrogen *
Nom_2_Mn_Si_ratio * [138.327 1 138.327 .969 .325
Nom_ 2 Carbon *

Nom 2 Mn_S Ratio
Nom_2 CastSpeed *

Nom 2 Mn_Si_ratio *
296.352 1 296.352 2.077 .150
Nom_ 2 Carbon *

Nom 2 Mn_S Ratio

Nom_2 TundishTemp
*Nom_2 CastSpeed*
Nom_2_Mn_Si_ratio * i422.782 1 422 .782 2.963 .085
Nom_2 Carbon *
Nom 2 Mn_S Ratio

Nom_2 Nitrogen *
Nom_2 CastSpeed *
Nom_2_Mn_Si_ratio * [33.001 1 33.001 .231 .631
Nom_ 2 Carbon *

Nom_2_ Mn_S_Ratio
Error 501171.975 3512 142.703
Total 626271.000 3575
Corrected Total 696840.105 3574




1174.833 1.225 .268 Nom 2 Tundishibmp * Nom 2 Mn Si ratio * Nom 2 Carbon * Nom 2 Mn S Ratio
1.303 1 1.303 .009 .924 Nom 2 Nitrogen * Nom 2 Mn Si ratio * Nom 2 Carbon * Nom 2 Mn S Ratio
167.640 1 167.640 1.175 .279 Nom 2 Tundishibmp * Nom 2 Nitrogen * Nom 2 Mn Si ratio * Nom 2
Carbon * Nom 2 Mn S Ratio 138.327 1 138.327 .969 .325 Nom 2 CastSpeed * Nom 2 Mn Si ratio *
Nom 2 Carbon * Nom 2 Mn S Ratio 296.352 1 296.352 21077 .150

10

15

20

25

30

As shown In Table 11, statistical correlations
were found the particular levels of each of the parameters
reposted above, namely manganese/sulfur ratio,
manganese/silicon ratio, casting speed, carbon content,
nitrogen content, and tundish temperature.

The continuously thin cast strip may be of low
carbon steel, which may include 2.5% or less silicon, 0.5%
or less chromium, less than 0.005% by weight titanium,
2.0% or less manganese, 0.5% or less nickel, 0.25% or less
molybdenum, and 1.0% or less aluminum, together with
sulfur between 0.003 and 0.008% and phosphorus and other
impurities at levels that normally occur in making carbon
steel by electric arc furnace. Low carbon steel, for
example, may vary to have manganese content In the range
0.01% to 2.0% by weight, and silicon content iIn the range
0.01% to 2.5% by weight. In any event, the steel may have
aluminum content of the order of 0.1% or less by weight,
and may be 0.06% or less by weight. 1In addition to or in
the alternative, the steel may have a vanadium content of
the order of 0.02% or less and a niobium content on the
order of 0.01% or less.

While this iInvention has been described and
illustrated with reference to various embodiments, It
shall be understood that such description is by way of
illustration and not by way of limitation. Accordingly,
the scope and content of the present invention are to be
defined only by the terms of the appended claims.



Nom 2 Tundishibmp *Nom 2Cast Speed* Nom 2 Mn Si ratio *1422.782 Nom 2 Carbon * Nom 2 Mn S
Ratio 1 422.782 2.963 .085 Nom 2 Nitrogen * Nom 2 CastSpeed * Nom 2 Mn Si ratio * Nom 2 Carbon
* Nom 2Mn S Ratio 33.001 1 33.001 .231 .631 Error 501171.975 3512 142.703 Total 626271.000
3575 Corrected Total 696840.105 3574

-26 -
CLAIMS:
1. A method of casting thin steel strip comprising:
5 a) assembling a pair of internally cooled casting

rolls having a nip therebetween and with confining
closures adjacent the ends of the nip;

b) introducing molten carbon steel having a carbon
10 content of between 0.010% and 0.065% by weight, less than
5.0% by weight chromium, at least 70 ppm of total oxygen
and between 20 and 70 ppm of free oxygen, and an average
manganese to sulfur ratio above 250:1 between the pair of
casting rolls to form a casting pool supported on the
15 casting surfaces of the casting rolls;

C) counter rotating the casting rolls to form
solidified metal shells on the casting surfaces of the
casting rolls; and

20
d) forming from said solidified shells thin steel
strip downwardly through the nip between the casting
rolls.

25 2. The method of casting thin steel strip as claimed

in claim 1 where the molten steel has a carbon content
between about 0.025% and about 0.065% by weight.

3. The method of casting thin steel strip as claimed
30 1n claim 1 where the molten steel has a carbon content
below about 0.035% by weight.

4. The method of casting thin steel strip as claimed
in claim 1 where the molten steel has a titanium content
35 less than 0.005% by weight.



-25- As shown in Table Il, statistical correlations were found the particular levels of each of the
parameters reposted above, namely manganese/sulfur ratio, 5 manganese/silicon ratio, casting speed,
carbon content, nitrogen content, and tundish temperature. The continuously thin cast strip
may be of low carbon steel, which may Include 2.5% or less silicon, 0.5% 10 or less chromium, less
than 0.005% by weight titanium, 2.0% or less manganegd,-0.5% or less nickel, 0.25% or less

molybdenum, ang 1.0% or lessalu iglﬁﬁs"oté%%efhg%w%? ﬁc('ilflll:m%twiﬁlgeqO%%Pq%é)?gg%@aém d. e

phosphorus and other impurities at leve norma urin ma carbon

furnace. Low carbn Sk Mol eWhebfe, i el s henyafarlcotiteding t8eedidif0.01% to
2.0% by weight, pad $ilihas cantent & thexdagge oo 2.6% byt whight tinl0y eyentathe sieel may

have aluminum cpptent af ¢ Hrd@@g{g%%mw g@igde%@n y be 0.06% or less by weight.
t

In addition to or In the alternative, the steel may have a vanadium content of the order of 0.02% or less
and a niobiuth content on the order of 0.01% or less. 25While this invention has been described and

illustrated with reference to varibes srbodimeftscashahdetUntersttee Ihattoch descapaamachy
way of illustratioryane pai Ry wayHd H@ienmOEIH INSAHEbA SeeeR RNF FORKRN CA8G Rgpsent

invention are to be 3Q defined onli: b'y the ter%ft e %pendﬁ? claims. -26 - CLAIMS: 1.A method
of casting thin stéSl? ipﬁ@gm%rigi 5 g%?&sscé ﬁ{é ai) Fof g%aﬂg%'%le caps?ilﬂg rolls having a
nip therebetween and with confining closures adjacent the ends of the nip; b) introducing molten

carbon steglhavipg a carbon htheonteehebberfeeasi@Hefotaith0 £66& by weightaless Faamed% by
weight chromium; at 0 t y. d en 20 7Q ppm of f ygen, and an
average manganc'a@e oﬁéﬁ urﬁ%%&%ﬁ@%&gﬁ %gat\if]viiﬁl 'Xé ga“%r g%{(%st%g r§I1Is8 %é%irﬁ casting pool

supported on theSPReL1il§ S8 kB of heCBiTRESHRs; PO tating the casting rolls to form

solidified metal shells on the casting surfaces of the casting rolls; and 20 d) forming from said solidified

shells thin steel sgrip downwarghythroughdhe $ijp @ﬁg"ﬁ‘ﬂbthﬂﬁ?“gﬂéﬁli&géﬁg hgetpodatqg

casting thin steel strip ES claimed in claim 1 where the molten steel has_a carbon content between

about 0.025% ant ol HTbes M FeightUna $He HEPEHBF LT tHhStde L fasStafled 30
in claim 1 where % nalataies dhased carbbbontént bePSBAbdht GP35% by weight. 4. The
method of casting thin steel strip as claimed in claim 1 where the molten steel has a titanium content
35less than 0.005% by weight._-27- 5. The method of casting thin steel strip,as claimed in claim 1
where the moltenB carbon steelﬁrin(%hg1 %ggt?ngg gltol%%ss{a' Pcﬁa%x%eﬁ%:%%ieré%? 018z 108 b%??]aand a
free oxygen contdft sd@dtBnB0vAed soEpen mplten steel has a chromium content

20 Dbelow 1.5% by weight.

10. The method of casting thin steel strip as claimed
in claim 1 where the molten steel has a chromium content
below 0.5% by weight.

25
11. The method of casting thin steel strip as claimed
in claim 1 where the steel strip contains, by weight, less
than 0.1% aluminum, less than 0.005% titanium, less than
0.01% niobium, and less than 0.02% vanadium.

30

12. The method of casting thin steel strip as claimed
in claim 1 where the sum of the partial pressures of
hydrogen and nitrogen In the casting pool is less than
1.15 atmospheres.

35



6. The method of casting thin steel strip as claimed in claim 1 where the molten carbon steel in the
casting pool has a nitrogen content less than about 52 ppm. 107.The method of casting thin steel strip
as claimed in claim 1 where the steel strip is cast at a casting speed less than 76.68 meters per
minute. 8. The method of casting thin steel strip as claimed 15 in claim 1 where a tundish
temperature of the molten steel is maintained below 1623€. (2933 7 F). 9. The method of casting
thin steel strip as, aimed in cI e ?e eelh s nt (ﬁ?_b low 1.5% by
weight. 10. The i‘T(i‘ééthOd of cas |ngt w?%lteé ﬁ%%agc im %Ih Fi'bi caim v#{re}rg?fheéﬁ}in engs't Ihas a
chromium content below 0.5% by weight. 11. The method of casting thin steel strip as claimed in
claim 1 where the}teel strip cerisesb by negightpless thdn Drité harhihyntdedsthare 095% titanium,
less than 0.01% pig prgnh%ﬂpiieg éhaﬁs %W@B@iwgénl%nﬁi%mh%ﬂfﬁ?ﬁﬁ@ thin steel strip as
u

claimed in claim 1 where the sum of the p artialé)ressures of hydrogen and nitrogen Tn the casting pool

is less than .15 GhASYNIRF @IS A thEHDAdT ALty ?niﬂ 5 | strip comprising:  a)
assembling a paib »f internally totieodeasting rokd itavingantipnherebedvésvang vwathazoriiiaing 5

closures adiacen&tii&ems BfﬁhSé’tRie@n 'riiiﬂ%‘ﬁ'r@ eden sALPULSaR! bR\RSA qa/bon content of
between about 0.010% out 065% r%? ht, less than 5. O%bﬁ/ wei%)gg hro at least 70
R

ppm of total oxyd'epn bet 8Rd f\‘i%é%@‘&ggii VR5 AH Rve %%ﬁ ahes@ W sulfur
ratio at least ZSO%emg@mmnéﬁé toetiwenPaidintthd st PRstREdlis gee Xl ORIM.3.5

belfween t)h_eaoairaii cae@itagdlsmgﬁg@ines@sﬂag mpf(?lrpnfaﬁbf)aﬁiel easiingzgofacessf the cafstirng
rolls; 15 c)counter.r [ r t 0] rfaces of the
casting rolls; andé B' a seglilc?i(é é(i Eiﬁsgltlnin s(:tm? %rirtﬁgado%vgp?g?ﬁ%g&éhathe nip
between the cast!riq Qﬂfi%fﬁgeﬂ FhamehadRi BuseRy s skl supfasapiieg it @I!i'rﬁ 18here the
molten steel has foaanban casteihepoedh eh@md}’mé@/mnctaleomamﬁw BuwEmtes2oT5.The

method of castinqlqanééeseg ﬁréo 2 F ipémed in claim 13 where the molten steel has a carbon content
below about 0.035% by weight. 30 16.The method ofgﬁsting thin steel %i'f as cla ed in claim 13

where the tlterFteel has a tRAMIEELIIBTATAAGHERD 6tk EnE S:L7t19h Mefhod of casting

thin steel strip asssdintbtf3®th cleka L3skhiedrkshemditen cabvtngesun fikcesstivl pdw has a total

oxygen content ot 26 6% 196 PPSt agA@ free oxygen content between 30 and 50 ppm. -29- 18.The

method of castin éhin steel stqp as claim din claim d:5L3 w moIt ﬁ\rbO{hs{teel ip thi casting
8. e me sir

pool has a nitrog content lessthah a%ouf%@ %a' cas?ng in ste ip as
claimed strip downwardly through the nip between the casting

20 rolls.

14. The method of casting thin steel strip as claimed
in claim 13 where the molten steel has a carbon content
between about 0.025% and about 0.065% by weight.

25
15. The method of casting thin steel strip as claimed
in claim 13 where the molten steel has a carbon content
below about 0.035% by weight.

30 16. The method of casting thin steel strip as claimed

in claim 13 where the molten steel has a titanium content
less than 0.005% by weight.

17. The method of casting thin steel strip as claimed

35 iIn claim 13 where the molten carbon steel iIn the casting
pool has a total oxygen content of at least 100 ppm and a
free oxygen content between 30 and 50 ppm.



in claim 13 where the steel strip is cast at a casting speed less than 76.68 meters per minute.  20.
The method of casting thin steel strip as claimed 10 in claim 13 where a tundish temperature of the
molten steel is maintained below 1612 C. (2933.7 F.).  21. The method of casting thin steel strip as
claimed in claim 13 where the molten steel has a chromium content 15 below 1.5% by weight. 22. The
method of casting thin steel strip as claimed in claim 13 2%here the molten steel has a chromium

content below 0.5% by weight . h ing thi tri _claimed.in_claim,13
where the steel siré; contgins,L@ewééﬁﬁ%%g?fh%%(gﬁiﬁﬁlﬁgﬁFlﬁmg,tfegséithgﬁlgo o tl gr%&n ess
than 0.01% niobilifh, @hd 1Bsd BtaMehsodtighdeplkecdriztsdeed cAiinkRicaeEistEp as
claimed in claim p3aheiashasuitafdhe padin peetsulessf ity@dnogabeuntd rBzogemin the casting
pool is less than 1.15 atmospheres.
5 19. The method of casting thin steel strip as claimed
in claim 13 where the steel strip iIs cast at a casting

speed less than 76.68 meters per minute.

20. The method of casting thin steel strip as claimed
10 1n claim 13 where a tundish temperature of the molten
steel 1s maintained below 1612° C. (2933.7° F.).

21. The method of casting thin steel strip as claimed
in claim 13 where the molten steel has a chromium content
15 Dbelow 1.5% by weight.

22. The method of casting thin steel strip as claimed
in claim 13 where the molten steel has a chromium content
below 0.5% by weight.

20
23. The method of casting thin steel strip as claimed
in claim 13 where the steel strip contains, by weight,
less than 0.1% aluminum, less than 0.005% titanium, less
than 0.01% niobium, and less titan 0.02% vanadium.

25

24. Ihe method of casting thin steel strip as claimed
in claim 13 where the sum of the partial pressures of
hydrogen and nitrogen in the casting pool i1s less than

1.15 atmospheres.



