A STEEL PRODUCT W TH A H GH AUSTENI TE GRAI N COARSENI NG
TEMPERATURE, AND METHOD FOR MAKI NG THE SAME BACKGROUND
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relates to steel products . Refinenent of the ferrite
grain size has led to inprovenpnt in the strength and
toughness of steels. The final ferrite grain size of

the steel can be determned, in large part, by the
austenite grain size prior to cooling and

t r ansf STHREL | PRODUCT eWITH cA gHECH SAUSTDHRYEE | GRATH cODRABSENING
grai n gr oWEMPERATURE U 28D] METHPD [FOR) MAKING MHED fSAMER
steel, e.g., during hot rolling, thernmonechanica
processing, normalizing, welding, enanelling or

anneal i ng. | cKAAMCYRDA WHDE RIUMMARYAIOFS TES ThEIRtON
during such processing, they are often difficult to

refine in subsequent processing operations, and such
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steel. Coarsening or austeniteée grarns duri
processi nBe£anchentl b£fi Bhéhfesifeeé faxingspeerhas led to
nmechani cal properties . Steels containing a fine
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grIf roeums avishpnite grains are formed during such
processing, they are often difficult to refine in
subsequent processing operations, and such refinement
comes at added cost in processing of the steel.
Coarsening of austenite grains during processing can
result in the steel having poor mechanical properties.

Steels containing a fine dispersion of small stable

particles such as those found in Al, Ti, Nb and V steels
have been shown in the past to resist austenite grain
growth at high temperature. The elements form stable
nitrides, carbides and/ or carbonitride precipitates in
the steel that resist austenite grain growth at high
temperatures. The ability of these particles to resist
dissolution and coarsening, in the past, has been
considered essential in resisting austenite grain growth
at high temperatures.

This invention relates to carbon steel products

that exhibit a high austenite grain coarsening



tenperature, wthout the necessity for additions of
conventional austenite grain refining elenments such as
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carbonitride particles , which act to provide a high
austenite grain coarsening tgn‘ge_r_ature, wher eas the
steel of this invention utilizes precipitated, fine
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ferrite. This phenonenon 7s induced through heating
| i fpeed 34 e s | U | golbievemenit wfaa fineof tndbrmpgrostructure

Stéﬁ”cégfgggtébtéhg%ggéiEéﬁf%rature. A high austenite grain
coarsening temperature provides a wide temperature range
from which a known and reliable austenite grain size will
be produced, which aids in achieving the desired final
microstructure. In the case of a low carbon steel
presently disclosed, cooled under air cooling conditions,
the resultant fine ferrite grain size is conducive to
achieving an attractive combination of strength, toughness
and formability.

The steel product presently disclosed also exhibits
a high ferrite recrystallization temperature. Such an
attribute can restrict or even prevent the extent of
critical strain grain growth of ferrite. This phenomenon
is induced through heating lightly plastically strained
areas in cold formed steel products to subcritical
temperatures. The resultant large ferrite grain size can
provide a low strength region in the formed product, which

may be deleterious to the performance of the product. At



tenperatures . The resultant large ferrite grain size
can provide a low strength region in the forned
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of the product. Atlow strain levels the nucleation

rate of new recrystallised f_ergi;_e grain size is |ow,

which leads to the gromh of large ferrite grains .
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extending along the length of the nip. Th%s casting pool
is usually confined between side plates or dams held in
sliding engagement with end surfaces of the rolls so as to
dam the two ends of the casting pool against outflow.

When casting thin steel strip in a twin roll

caster, the molten steel in the casting pool will

generally be at a temperature of the order of 1500 to 1600°
C, and above, and therefore high cooling rates are needed
over the casting roll surfaces. It is important to
achieve a high heat flux and extensive nucleation on
initial solidification of the steel on the casting
surfaces to form the metal shells during casting. United
States Patent 5,720,336 describes how the heat f£lux on
initial solidification can be increased by adjusting the
steel melt chemistry so that a substantial proportion of

the metal oxides formed as deoxidation products are liquid



surfaces to formthe netal shells during casting.
United States Patent 5,720,336 describes how t he heat
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adjusting the steel nelt chemistry so that a
substanti al proportion of the gefal oxides fornmed as
deoxi dation products are liquidat the initia

SQld didd Ca{d k1 I P4 S b Stdnp U A so as to form a
substantially liquid | ayer at the interface between
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than 50 nanoneters and generally ranging in size from
5 935 B et Withrheckepposttedh 1 Winkele the number of
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Caes:g'li:rneq{lelt.jp ehfgt‘ﬁeéoéfirgge nzearltatl_sl: yressuubitecat.r?dhat.g(‘)h levels of
oxygen in the steel composition and the formation of a
fine precipitated dispersion of silicon and iron oxide
particles of less than 50 nanometers and generally ranging
in size from 5 to 30 nanometers. The composition of these
particles we believe to be Si-Fe-0O spinel.

Steel for continuous casting is subjected to
deoxidation treatment in the ladle prior to pouring. In
twin roll casting, the steel is generally subjected to
silicon manganese ladle deoxidation. However, it is
possible to use aluminum deoxidation with calcium addition
to control the formation of solid Al,03 inclusions that can
clog the fine metal flow passages in the metal delivery
system through which molten metal is delivered to the
casting pool. It has hitherto been thought desirable to

aim for optimum steel cleanliness by ladle treatment and



silicon manganese | adl e deoxi dati on. However, it is
possi bl e to use al um num deoxi dation with cal ci um
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inclusions that can clog the fine netal flow passages
in the netal delivery system tfirough which nolten
netal is delivered to the casting pool . It has
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i ncl usi ons and surface characterlstlcs
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t id=eertiing radlsls sﬁmcﬁé@]ﬂémlmml aardl |eaystiteed high
solidification rates and the resulting strip product
exhibits a characteristic distribution of solidified
inclusions ﬁnd surface characteristics.

We have produced a steel product with a high
austenite grain coarsening temperature comprising less
than 0.4% carbon, less than 0.06 % aluminium, less than
0.01% titanium, less than 0.01% niobium, and less than
0.02% vanadium by weight and having fine-size oxide
particles containing silicon and iron distributed through
the steel microstructure having an average precipitate
size less than 50 nanometers in size, or less than 40
nanometers in size. The average oxide particle size may
be between 5 and 30 nanometers. The aluminium content may
be less than 0.05% or 0.02% or 0.01%. The molten steel
used to produce the steel product may include oxide

inclusions comprising any one or more of MnO, SiO; and



0. 02% vanadi um by wei ght and having fine-size oxide
particles containing silicon and iron distributed
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precipitate size less than 50 nanoneters in size, or

| ess than 40 nanoneters in s_i_zg._The aver age oxi de

particle size may be between 5 and 30 nanoneters. The
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up to least 1000 C , or | east 1050 OC , foy a .
hSHFERRT 1 RF oS ‘fr}bad%tfézdﬂ’_rﬁfrﬂﬂ%'s.“l’rhE ffeleast 1000°c,
P IS Jraader atigdes ot i€ AbidiNy | esse téaat
50 nanoneters in size. The al um niumcontent nay be
I é@ﬁ:ﬁaﬁ!@ ®igBokess - Oﬂm%mr@@mﬁﬁfvﬁ%ml?am size may be
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1050°C, for a holding time of at least 20 minutes. The

fine particles may be oxides of silicon and iron less than
50 nanometers in size. The aluminium content may be less
than 0.05% or 0.02% or 0.01% by weight.

Alternatively, the steel product with a high
austenite grain coarsening temperature is a carbon steel
of less than 0.4% carbon, less than 0.06% aluminium, less
than 0.01 % titanium, less than 0.01% niobium, and less
than 0.02% vanadium by weight may be capable of resisting
ferrite recrystallization up to temperatures of 750° C for
strain levels up to at least 10% (for conventional
processing heating rates and holding times up to at least
30 minutes). The steel product with a high austenite
grain coarsening temperature may have a carbon content
less than 0.01%, or less than 0.005%, and aluminium
contént less than 0.01% or less than 0.005%.

The steel product with a high austenite grain



of less than 0.4% carbon, |ess than 0.06% al um ni um
| ess than 0.01 % titanium |ess than 0.01% ni obi um
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of resisting ferrite recrystallization up to
tenperatures of 750 C for stgakn_levels up to at | east
O@b(for conventi onal processihg heating rates and
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austenite grain coarsening properties exhibited by the
prdsaransties anpRratuges dimitarleastriiq i@rfeham holding

t hase eraIJI[ b ved th conventi onal normalized
r{:ulnl?en%ﬁt?n%fl é/ads%?ﬂ;él%lnu €t’e the presence of

al um ni UNThe austenite grain coarsening properties exhibited
by the present steel product are similar to or better than
those generally observed with conventional normalized
aluminium killed steels, where the presence of aluminium
nitride particles in the steel microstructure act to
restrict austenite grain growth. The austenite grain
coarsening properties of the steel in fact approach the
grain coarsening properties observed with titanium treated
aluminium killed' continuously slab cast steels. See, JP
Publication No. S61[1986]-213322. 1In titanium treated
aluminium killed steels, the cooling rates of continuously
cast slabs produces fine titanium nitride particles, with
particle sizes ranging down to 5-10 nanometers. The
ability of aluminium to form a suitable dispersion of
aluminium nitride particles when the appropriate levels of
aluminium and nitrogen are present in the steel has lead

to the production of aluminium killed fine-grained steels.



nitride particles in the steel mcrostructure act to
restrict austenite grain growh. The austenite grain
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the grain coarsening properties observed with titanium
treated al um niumkilled- contjnuously slab cast
steels. See, JP Publication . "S61 [1986] -213322 .
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coarsening tenpérature. For the steel product of this
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th;%miie&%!turemﬁ Hirelstydeqaduct presently described with

a high The steel product presently described with a high
austenite grain coarsening temperature has a
microstructure with austenite grain growth inhibition
better than aluminium killed fine grained steels in the
absence of the conventional grain refining elements,
aluminium, titanium, niobium and vanadium. Unique steel
with different microstructure and resulting streﬂgth
properties is thus provided by the present cast steel, and
without the added costs associated with such fine grained
steels in the past. The austenite grain coarsening
properties of the present cast steel confers benefits as
refinement of the microstructure of the heat affected zone
associated with welding processes and other heat
treatments such as normalizing, enamelling and annealing.

In the past, excessive coarsening of austenite grains

during heat treatment has been found to lead to coarse



austenite grain coarsening tenperature has a m cros
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absence of the conventional grain refining elenments ,
al um nium titanium niobium agd_vanadi um Uni que
steel with different mcrostruCture and resulting
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presently disclosed are generally those observed as

i meiding the rpckreently eliined civyenrtien svherenghe levels

faéﬁé'saé e M%&%edétr?f{%{o@{‘ddg'%érf mg.r rain
urnace. wever, purposeful " imtroductron o i Tanium
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presently_clainmed i nvention where the_ levels_ are so
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steel strip wth a hig

tri austenite grain coarsening
t esgrepEeRsarg ey be nmade by the steps conprising:

assenbl i ng aagsaénribf:lf.ngoa(,)lpea(.jixcagéiggoigél gagé:}ﬁilggrolls having

a nip between them and confining closures adjacent the
ends of the nip;

introducing molten carbon steel between said
pair of casting rolls to form a casting pool between the
casting rolls with said closures confining the pool
adjacent the ends of the nip, with the molten steel
having a total oxygen content in the casting pool of at
least 70 ppm, usually less than 250 ppm, and a free-
oxygen content of between 20 and 60 ppm;

counter rotating the casting rolls and
solidifying the molten steel to form metal shells on the
casting rolls with levels of oxide inclusions reflected
by the total oxygen content of the molten steel to
promote the formation of thin steel strip; and

forming solidified thin steel strip through the
nip between the casting rolls to produce a solidified

steel strip delivered downwardly from the nip.



a nip between them and confining closures adjacent the
ends of the nip; introducing nolten carbon stee

whedreen3sai d pair of casting rolls to form a PEEAUZY6/001554
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pool between the casting rolls with said closures
confining the pool adjacent_tgﬁ ends of the nip, wth
the nolten steel having a totall oxygen content in the

casting pRolaffoftstEae! o {DipAA chiSHAidn! 285¢LAM250ain

ppm and a freeoxygen conte et ween 20 and

pRrvarcening teoperarkgrtehamayastlisog beolagleadny the steps
solidifying the nolten steel to formnetal shells on
tﬁ@mﬁiﬁﬁlﬁg”rolls with levels of oxide inclusions

reflected byddaapiahng =0psaeN FORRNedlcddE dPlddlls having
steel to pronote the Tormation of thin_steel strip;

and #orib reeteeeni them andncerfiring choeRFeEgAdiAgent the
nip ting rolls to produce a solidified
BRALTEE LA, 65

st ee éd downwardly fromthe nip. A carbon
steel stri p intrHodudiingh meldteonidarbymaistesdaisivesn said

tenperature may. al so be. made the steps conprisjn
asseﬁﬁ%Fn@faC%%F+n%frﬁiﬁ?eg°cgéf?n© Fﬁf?%nﬁaggﬂg %egVﬁen the
bet wegb+ihgM-808s CROERNERId CLPSHhBEs A8bAEEALnE€naNES oL

of the nip] introducing nolten carbon steel between

Eaidaéia¢ent thet endsr of | theonipy nwvitkashpngopsen steel
t .1h ' | [ o] iNa]
e SRR AR BT E0kLS, UL e SncLOBUESLLO Lok

t he poo cen e nip w
st eelleliavi DQO appm} ahsaxaylgnlesat ehani 250hpphasandga free-

pool of at |east 100 ppm usuall ss than 250 ppm
and 8“¥?%%o??@Eﬁnth?gﬂ?eBe?&e%ﬂgsggaﬂBmSO ppm

counter rotddfitdheHatidlp ¢ |&Ahg rolls and
solidifying the molten steel to form metal shells on the
casting rolls with levels of oxide inclusions reflected
by the total oxygen content of the molten steel to
promote the formation of thin steel strip; and
forming solidified thin steel strip through the
nip between the casting rolls to produce a solidified
steel strip delivered downwardly from the nip.
The total oxygen content of the molten steel in the
casting pool may be about 200 ppm or about 80-150 ppm.
The total oxygen content includes free oxygen content
between 20 and 60 ppm or between 30 and 50 ppm. Note, the
free oxygen may be measured at a temperature between
1540°C and 1600°C, which is the typical temperature of the
molten steel in the metal delivery system where the oxygen
content is typically measured. The total oxygen content
includes, in addition to the free oxygen, the deoxidation
inclusions present in the molten steel at the introduction
of the molten steel into the casting pool. The free

oxygen is formed into solidification inclusions adjacent



solidifying the nolten steel to formnetal shells on
the casting rolls with [ evels of oxide inclusions

wo edozeetoarl by the total oxygen content of the PGI/ABEN06/001554
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steel to pronote the formation of thin steel strip;
and formng solidified thin stygel_strip through the
nip between the casting rolls to produce a solidified

stigelerd rd - ARld ¥ athd %@ﬁq Yed X0 dd¥es 4y H%ogllihﬁ:ion of
total oxygen content of the nolten steel in the
cashe mee ool sheshd hearab cras 2 GOEpipm  orTherRits OiABDI g on

The t.otal oxygen .cont.ent. i ncl udes free oxygen content
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t R £ 10 Xy Bativddh NEIRS Wicitbet netLIRHAItHE casting
bet ween 1540 0C and 1600 0OC , which is the tgpi cal

t differst @RS dM tHEFHREIWMPL] ddie iFPmrtinh 21 dere etal

SYsHOM sherd NG UMGeSh G RN diss Fa/ﬂ&?éahé@@swéd-
The total oxygen content includes, in addition to the

f merespneremt tfreel apsyakat iard el s e kdisita tion he

nmol ten steel at the ir]érogjction of the rr@lten. steejt ted t

i M THE P 157y BB TR E T O P IEETRY bt TRtdEed T
salndlidat £ ¢:00h | I 10is esljesent to the surface of

the casting rolls during formation of the netal shells
and cast Ihej powTRasEoRoFtERL BerroASi Aefd8rpgnasaséeel with

li gy fed 36! U s thated thepdeated 1 réd £oh
b G df | S s, (I et (P dER el IONEE By it a

i mangangsomuetdriie frorthed immgd @ L hetal 2 SOfelby weight and
The oxj dation i.nclusio al so pro t he esence of

f SHRESHE T R TRNGT A B Fhcl G ToReve Lyt

t e tdeadl aayPXNBAN L0 BN | Sori €t 68 t€hd Nerder of 0.02%
oxi dation inclusion content. The | ow carbon steel here

i PRI N ar skead \BY Weldht borTh REMIRE (Y rEefe

0. LI 0 196 s MEN DMe G, SO SFELBF Wed b I he

range y wei ght an
molten steel may be a silicon/manganese killed steel.

The oxide inclusions are solidification inclusions
and deoxidation inclusions. The solidification inclusions
are formed during cooling and solidification of the steel
in casting, and the oxidation inclusions are formed during
deoxidation of the molten steel before casting. The
solidified steel may contain oxide inclusions usually
comprised of any one or more of MnO, SiO; and Al,0;
distributed through the steel at an inclusion density in
the range 2 gm/cm® and 4gm/cm’.

The molten steel may be refined in a ladle prior to
introduction between the casting rolls to fofm the casting
pool by heating a steel charge and slag forming material
in the ladle to form molten steel covered by a slag
containing silicon, manganese and calcium oxides. The
molten steel may be stirred by injecting an inert gas into

it to cause desulphurization, and then injecting oxygen,



a silicon content in the range 0.20%to 10% by wei ght.
The steel may have al um num content of the order of O

WO 0R9er03®. 01% or | ess, by weight. The al um nROT/AE06/001554
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for exanple be as little as 0.008% or |ess by weight.
The nmolten steel may be a silijcon /manganese killed
steel . The oxide inclusions are solidification

0 T
sgfé ﬁl cat | 2‘% ﬁﬁ%r LU i0hd q#djseﬁlsd sk total oxygen

usi ons are torned urlng cool I ng
arpbreEntlidf celt | e Tm@medsuarﬂ.lqasltesg tleard 25 ppm, and

oXi tion inclusions formed rin oxi datio
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one or nore of MO, Sig2 and Al 203 distri uted t hrou

{ Mo Itesn S el e STAAE RS AGL (R e rah et 100 ppm
g fined
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r ditiss twedaordy twee matst itlgipodie yotehtoxypgen Akl free oxygen
charge and sl f 1.ng materi al eladletoform
e on Yha TaRT JFS Hafmaiiy High in "the
RN ﬁtﬁh. Cad GlddNBud Kl aghe T&&i@'&ﬂgé{ %a{d myeé)aaxygen
stirred inj ‘ecting an inert gas into it to cause

dé‘-fﬂ;ﬂ‘rﬂﬂ#-’r At |16ne arhettaah e i engiyn, 1ol predivee 1ts

h t
ort B e LWL S TG P SRR WA, ehe
frmawmﬂowheenﬁert;ﬁmémm@bﬁﬂg phom ntHdieladle to the
casting pool . As described above , the total oxygen
cHRTHRDPINe noThe fteh vrrftﬁfé%sfﬁmgr%%me rﬂ%ﬁ pRelphur
ated fastt 109 BN ACdD & EdEE QX YOS CaRdend . ded \f@fmeight.
30 and 50 ppm In this regard, we note that the total

oxygen anB@her shioxplenlcshrént produckd biydcenfinuous twin

SRS e AL LSRR Yl s UGG 8 s

ndHaan Stneelamd eigli fetidd Jl@isetl $2el Scontaining
solidified oxide inclusions. The distribution of the
inclusions in the cast strip may be such that the surface
regions of the strip to a depth of 2 microns from the
outer faces contain solidified inclusions to a per unit
area density of at least 120 inclusions/mm?.

The solidified steel may be a silicon/manganese
killed steel and the oxide inclusions may comprise any one
or more of MnO, S8iO., and Al,0; inclusions. The inclusions
typically may range in size between 2 and 12 microns, so
that at least a majority of the inclusions are in that
size range.

The method described above produces a unique steel
high in oxygen content distributed in oxide inclusions.
Specifically, the combination of the high oxygen content
in the molten steel and the short residence time of the

molten steel in forming steel strip has resulted in unique



tenperature, with these oxygen levels reduced with the
| owering of the tenperature in going fromthe ladle to

w0 b@708988 ng pool. The desul phurization nmay repCDaU2I06/001554
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sul phur content of the nolten steel to | ess than 0.01%
by wei ght. The thin steel strgg produced by continuous
tmﬁn roII casting as described”above has a thickness

is tﬁn %P QQth%t &r g Q& %@%bh%%%%lpropertles

con |n|ng SO |ed OXi usi ons
di stribution of the |nclu3|ons in the cast strip may
be such that the surface regions of the strip to a

depth of 2 ni crEBHER RFESIRIECTAAEOF JdEs RRAWINGS
solidified inclusions to a per unit area density of at
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be a silicon/mnganese killed steel the oxide
|mokesdemalﬁaysomwpmliasamytowe example sofwiliObeSigdren with
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range. The nethod _described above produces a uni que

sPOERtEi GR headx FdarFesoPRERLn@ds i iy Gt Lo gageing trials
| Bl ? gqﬁ.:.c%%%afdg%%lés)é xil9 Goidaatld ,on of the high

oxygen content 1 n tthe nolten steel and "t he short
residenceFingeoﬁ iheannémengst@e$p¢n5im¢n$ngctreé¢°py (EDS)

p ul t.ed in.un t roved

o B, R, o b el 92 e, oI By ipctgsions
OinTHE SORAWINGRd & tiederstrfigt; the invention may be
described in nore detail, sone illustrative exa

wil be F¥@WERi 3 hif c? cPEAEeShOWiRE EE%oﬂﬁ%ﬂy‘Fna 'Varying
%Wg%lgﬁééen W's&ﬁldanglgo%t]arﬁ;%\eﬁl ttlif‘e qf;f tdl:g temperature

i nc tlng pol nts on t fluxes o talned i n
t wifn imallusdasisi;ng trial s using silicon/ manganese
killed Stgelste 4 shows the relationship between alumina
content (measured from the strip inclusions) and
deoxidation effectiveness;

Figure 5 is a ternary phase diagram for
MnO-Si0;-Al,03;

Figure 6 shows the relationship between alumina
content inclusions and liquidus temperature;

Figure 7 shows the effect of oxygen in a molten
steel on surface tension; and

Figure 8 is a plot of the results of calculations
concerning the inclusions available for nucleation at
differing steel cleanliness levels.

Figures 9-13 are plots showing the total oxygen
content of production steel melts in the tundish
immediately above the casting pool of molten steel during
casting of thin strip with a twin-roll caster;

Figures 14-18 are plots of the free oxygen content



Figure 2 is an energy dispersive spectroscopy (EDS)
map of Mh showi ng a band of fine solidification

w0 p@i7asiosss in a solidified steel strip; Fi gurBCBAUS008/001554
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pl ot show ng the effect of varying nmanganese to
silicon contents on the |iqui ﬂ_LhS _tenperature of
inclusions ; Figure 4 shows the rel ationship between

a| 1 . r. . . : _
o OF i S U dRAS S A S dhd R S Wgures 9
pHess elrdi gy amrfdirsHVhidmtedia td 130xkhowe dgilree dassthiows pdwel of

rel ati onshi bet ween al unina content i nclusio an ]
oot S e S S ilie PR AR Ffwin-rons

oOReyd N a nolten steel on surface tension; and
Figure 8 is a plot of the results of calculations
concer ni ngigheei A8 &si anTEMvRhPAPRACFOTTARB| EBPWARTaL

differi t eanl i ne | -
pl%t%és ovﬁ%n SO% h@"? g"{uaﬁg_o%f/zgéecﬁ%n lecn]fé%]Eth Igf%g'f}?:%’ gt%&t
Steedipred i Schen gresdntndimsden el at el y above t he

casting pool of lten steel duri casti,ng of thin
Strip wi {RLGuPRi ADr 4F tRESPRPTSY GFBET£AVEsSRPE CHPEEGPY

of (B fdeer RIS LOPHA QL1 dd 15yt otaH e 19;
steel nelts reported in Figures 9- 13 in the tundish _
i mredi Flduraitlvds R graph R RNgrage mrstenistegrain size

dyrd ng fﬁl.gnsééi@n %%@éﬂé&é’“é 3%, WAL .0k | L GRSISE 20
Figure 1S a phat om crograph show ng di Spersion
ofmimietdd oS etk tprddisct rof the rprasdénistinyewtion;
the present invention; .

Figure 22 shows photomicrographs of the
microstructure of a steel product of the present invention
and a conventional hot rolled Al006 strip steel after
bending and heating to 600°C, 650°C,700°C,750°C, 800°C,
and 850°C; and

Figure 23 is a graph showing the critical strain
levels required to induce ferrite iron recrystallization

in a high temperature steel product of the present

invention and a conventional hot rolled Al1006 strip steel.

DETAILED DESCRIPTION OF THE DRAWINGS

While the invention will be illustrated and described
in detail in the drawings and following description, the
same is to be considered as illustrative and not
restrictive in character, it being understood that one
skilled in the art will recognize, and that it is desired
to protect, all aspects, changes and modifications that
come within the concept of the invention.

We have conducted extensive casting trials on a twin

roll caster of the kind fully described in United States



Figure 20 is the energy dispersive spectroscopy (EDS)
of fine-sized particles observed in Figure 19; Figure
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function of tenperature for a holding tinme of 20
mnutes for a steel product of .the present invention;
Fi gure 22 shows photom crogra Rs of the mcrostructure
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product of the present invention and a conventj onal
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t .
baeﬂ:g"elﬁ{’d FeF S st &k iGa§4Eng noll :ﬁurfaces in
I QHRINer daGildid df e GRYT eddie R thigildr heat

aspects, changes and nodifications that cone wthin
t Heassfayptradies-he i nventi on. We have conducted

ext ensi\;: t.i J i i .
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have an effect on the heat fluxes obtained during
Stadatsnt ithdn calpmixiasatdlyistaai’ed.i nWEthucasting dwials,
mel ti ng point oxides inprove the heat tralnsfehr cont act,

we found that with aluminum killed steel; the formation of

high melting point alumina inclusions (melting point
2050°C) could be limited if not avoided by, calcium
additions to the composition to provide liquid CaO-Al;0s
inclusions.

The solidification oxide inclusions are formed in the
solidified metal shells. Therefore, the thin steel strip
comprises inclusions formed during cooling and
solidification of the steel, as well as deoxidation
inclusions formed during refining in the ladle.

The free oxygen level in the steel is reduced
dramatically during cooling at the meniscus, resulting in
the generation of solidification inclusions near the
surface of the strip. These solidification inclusions are
formed predominantly of MnO:'SiO, by the following reaction:

Mn+Si+30 = MnO-SiO,
The appearance of the solidification inclusions on

the strip surface, obtained from an Energy Dispersive



between the nolten nmetal and the casting roll surfaces
in the upper regions of the pool , generating higher

whear/osgoansf er rates. Liquid inclusions are noPCT/AU2006/001554
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produced when their nelting points are higher than the
steel tenperature in the castijng_pool. Therefore,
there is a dramatic reduction™in heat transfer rate

' Sj i n j ' I than
%{ﬁ%z&‘ﬂfl 5 )rg?r{gﬂwtg.h@@l{gwﬂ Si D B e f‘ It can be

casting trials, we found
t Istenwi thla tal aoiliidlirfiidldd Yigoh sivedlusitdns faygereitoremg i fjine

mejtin i nt. al um.na incglusjons (nelting, poi nt, 2050Q) .
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i nclusions. The solidification oxide inclusions are
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d@R@detet iDmve Ingdmesitensind @mereauM rthe efaimtnPeveldmment of
ladl e. The free axygen |leyel .n the eel | duced

b Gy, SR o e s e HE ans THES B sppted
| i Réhed QPR | WhgesP!9gl) fivid bt WPdisifRs (Adie 13-15,
the surface of the strip. These solidification

i AAA®i-ons are forned predom nantly of MO SiQ2 by the

foll OWilq'g n{a%%rLe :ﬁil\fgf .n+319il:.l.é\g]% .eq ,2 t':m_ﬁ comparative
appear ance o e solitarfication 1 nclusions on the
Stlrevelsurdficthe odulaidiefii datoivranidalargions are primarily

Di spersi veSpectrQscQq (EDS), IS sho in Figure 2
D i S hen b SO R KA T Thors (el o Figure 3
AR thdt Nnd Y AldY MESo 19 1D SidROFDNEIt effect

t

~and are located in a band located within 10 to 20

miagy dee flriemiduis siampryatyre \9ff ddie sineluiiens butd on
‘”héd&%ﬁ@%é“%iiﬁ%éﬁ“ﬁ%ﬁiéé”é%éﬂh having a carbon content in

the range of 0.001% to 0.1% by weight, a manganese content
in the range 0.1% to 2.0% by weight and a silicon content
in the range 0.1% to 10% by weight and an aluminum content
of the order of 0.01% or less by weight can produce such
solidification oxide inclusions during cooling of the
steel in the upper regions of the casting pool. In

particular the steel may have the following composition,

termed MO6:

Carbon 0.06% by weight
Manganese 0.6% by weight
Silicon 0.28% by weight
Aluminium 0.002% by weight.

Deoxidation inclusions are generally generated during
deoxidation of the molten steel in the ladle with Al, Si
and Mn. Thus, the composition of the oxide inclusions
formed during deoxidation is mainly MnO-SiO;-°Al,0; based.

These deoxidation inclusions are randomly located in the



the strip is showm in Figure 3 of our paper entitled
Recent Devel opnents in Project Mthe Joint Devel opnent

w@Roozo¥sodar bon Steel Strip Casting by BHP and PEH/AU2006/001554
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presented at the METEC Congress 99, Dussel dorf Germany
(June 13-15, 1999) . In manganese silicon killed
steel, the conparative |evels of the solidification

i @éﬁ&? Uy A REdJENdA Vet andd nesh #34 d:he MbanthSiusions
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in the steel . Figure 3 shows that the ratio of
Mnetax Sihehastrirsignifdamfiomdddedy oreadiidn qfi didwe free
er at u%e 0of the i.nclusions. A manganese silicon

te
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wei ght Al um ni um 0. 002% by wei ght. Deoxi dation
i MEasraRenl SRRt fade hdlerasrsfrierterdld thun iapa the

of, j 4 it ' :
RN So8a A4 NS Yol heporeing
dwrfi rthed vl aixyogen cardienty ddhGn Sihg? - L Bvibep ezllaims .
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of the free oxygen duri ngn casting.
which in turn reduces the free oxygen level, as seen from
the following reaction:
Mn + Si + 30 + Al,05 & (Al,03) -MnO-SiO,.

For MnO-8i0,-Al,0; based inclusions, the effect of
inclusion composition on liquidus temperature can be
obtained from the ternary phase diagram shown in Figure 5.

Analysis of the oxide inclusions in the thin steel
strip has shown that the Mn0O/SiO, ;atio is typically within
0.6 to 0.8 and for this regime, it was found that alumina
content of the oxide inclusions had the strongest effect
on the melting point (liquidus temperature) of the
inclusions, as shown in Figure 6.

With initial trial work, we determined that it is
important for casting in accordance with the present
invention to have the solidification and deoxidation
inclusions such that they are liquid at the initial
solidification temperature of the steel and that the
molten steel in the casting pool have an oxygen content of

at least 100 ppm and free oxygen levels between 30 and 50



The alum na content of the inclusions has a strong

effect on the free oxygen level in the steel and can
wheoonsed3g o control the free oxygen |evels in PCEATRIOS/001554

Figure 4 shows that with increasing alumna content,

the free oxygen levels in the g eel is reduced. The

free oxygen reported in Figure 4 was neasured using
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It was found in casting trials using the above M06
grade of silicon/manganese killed steel that if the total
20 oxygen content of the steel was reduced in the ladle
refining process to low levels of less than 100 ppm, heat
fluxes are reduced and casting is impaired whereas good
casting results can be achieved if the total oxygen
content is at least above 100 ppm and typically on the
25 order of 200 ppm. As described in more detail below,
these oxygen levels in the ladle result in total oxygen
levels of at least 70 ppm and free oxygen levels between
20 and 60 ppm in the tundish, and in turn the same or
slightly lower oxygen levels in the casting pool. The
30 total oxygen content may be measured by a “Leco”
instrument and is controlled by the degree of “rinsing”
during ladle treatment, i.e., the amount of argon bubbled
through the ladle via a porous plug or top lance, and the



i ncl usi ons produced by the total oxygen and free

oxygen contents of the nolten steel pronote nucleation
w@ea7libs heat flux during the initial and conpCTaB2h06/001554

solidification of the steel on the casting rol
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nore detail bel ow, these oxygen levels in the |adle
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may be neasured by a L Legl,roa"hi nstrument and is

control l ed by the degree 19 s ng”

Heat flux differences between M06 and Ca-Si grades.

Casting Pool Total heat
Cast No. Grade speed, Height, Removed (MW)
(m/min) (mm)
M 33 MO6 64 171 3.55
M 34 MO6 62 169 3.58
O 50 Ca-Si 60 176 2.54
0 51 Ca-Si 66 175 2.56

Although Mn and Si levels were similar to normal Si-
20 killed grades, the free oxygen level in Ca-Si heats was
lower and the oxide inclusions contained more CaO. Heat
fluxes in Ca-Si heats were therefore lower despite a lower

inclusion melting point (See Table 2).

Table 2
25 Slag compositions with Ca-Si deoxidation
Free Inclusion
Grade | Oxygen | Slag Composition (wt %) melting
(ppm) Si0; | MnO | A1,0; Cao temperature
(°c)




during ladle treatnent , i.e., the anmount of argon
bubbl ed through the ladle via a porous plug or top
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oxygen content was mneasured by conventional procedures
using the LECO TC- 436 N trogen/ Oxygen Deterninator
described in the TC 436 Ni troggn/ Oxygen Det erm nat or

2065253
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Heat fluxes in Ca-Si heats were therefore | ower

dewyti e suffigientc|tasiinenasad hpaunfgScanmian X9

. rabl.e Sl.ag ¢ Qsit,ions W th - Si 0X| i.anr
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tyiiwal |y 20 to 30 ppm conpared to 40 to 50 ppmw th

MD6 grades . Oxygen is a surface-active el enment and

thus rddu@@ored rmIdaded ddint daiering ihetikpg pnd total
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casti’ng rolls and causes a reduction in the heat
t rigrsifveriaons arsbttingn tdduces the number of oxide inclusions

for initial nucleation and continued formation of

solidification inclusions during casting. This has the
potential to adversely impact the nature of the initial
and continued intimate contact between steel shells and
the roll surface. Dip testing work has shown that a
nucleation per unit area density of about 120/mm® is
required to generate sufficient heat flux on initial
solidification in the upper meniscus region of the casting
pool. Dip testing involves advancing a chilled block into
a bath of molten steel at such a speed as to closely
simulate the conditions of contact at the casting surfaces
of a twin roll caster. Steel solidifies onto the chilled
block as it moves through the molten bath to produce a
layer of solidified steel on the surface of the block.

The thickness of this layer can be measured at points
throughout its area to map variations in the

solidification rate and in turn the effective rate of heat



nmetal and the casting rolls. However, fromFigure 7 it
appears that free oxygen reduction from40 to 20 ppm

woreg7/et039e sufficient to increase the surfacePCEABRON001554

10

15

20

25

30

to levels that explain the observed reduction in the
heat flux. It can be conclugeglthat | owering the free
and total oxygen levels in th& steel reduces the
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possible to exam ne the mcrostructure of the strip
s ardicere mmidiommilat elichanidested thrugiidul ftheatstgel. A

m crostructure with the ch eg d obser ved

ST AT MR SRS B P CLoR and it was
assumed that only inclusions present in that surface layer
could participate in the nucleation process on initial
solidification of the steel. The input to the model was
total oxygen content in the steel, inclusion size, strip
thickness, casting speed, and surface layer thickness.
The output was the percentage of inclusions of the total
oxygen in the steel required to meet a targeted nucleation
per unit area density of 120/mm®.

Figure 8 is a plot of the percentage of oxide\
inclusions in the surface layer required to parﬁicipate in
the nucleation process to achieve the target nucleation
per unit area density at différent steel cleanliness
levels as expressed by total oxygen content, assuming a
strip thickness of 1.6 mm and a casting speed of 80m/min.
This shows that for a 2 microns inclusion size and 200 ppm
total oxygen content, 20% of the total available oxide

inclusions in the surface layer are required to achieve



val ues, and to exanine the structures associated with
nucl eation on initial solidification at the chill ed
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described in United States Patent 5,720,336. The
rel ationship of the oxygen co Lent of the liquid steel
on initial nucleation and heaf“transfer has been
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Following the casting trials, more extensive
production has commenced of which the total oxygen and
free oxygen levels are reported in Figures 9 through 18.
We found that the total oxygen content of the molten steel
had to be maintained above about 70 ppm and that the free
oxygen content could be between 20 and 60 ppm. This is
reported in Figures 9 through 18 for a series of sequence
runs.

The measurements reported in Figures 9 and 14 where
the first sample taken of total oxygen and free oxygen
levels in the tundish immediately above the castihg pool.
Again the total oxygen content was measured by the Leco
instrument as described above, and the free oxygen content
measured by the Celox system described above. The free
oxygen levels reported are the actual measured values

normalized values to 1600°C, to standardize measurement of



insufficient [evel of oxide inclusions to neet the
target nucleation per unit area density. Accordingly
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t he oxygen content of the steel can be controlled to
produce a total oxygen conten% n the range 100 to 250
ppm and typically about 200 p r% “This will have the
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. the casting pool with samples 2, 3, 4 and 5 taken during
the campaign to illustrate the reduction.

Also, these data show the practice of the invention
with high blow (120 - 180 ppm), low blow (70 - 90 ppm) and
ultra low blow (60 - 70 ppm) with the oxygen lance in the
IMF. Sequence nos. from 1090 to 1130 were done with high
blow practice, sequences nos. from 1130 to 1160 were done
with low blow practice, and sequence nos. from 1160 to
1220 were done with ultra low blow practice. These data
show that total oxygen levels reduced with the lower the
blow practices, but that 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 present iavention.

As can be seen from these data, the total oxygen is

at least about 70 ppm (except for one outlier) and
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tundi sh is higher than in the casting pool, these

| evel s are indicative of the ghightly |ower total
oxygen and free oxygen |levels™0of the nolten steel in
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oxygen is

Roll width m 1
Strip thickness mm 1.6
Ladle tonnes t 120
Steel density, kg/m3 7800
Total oxygen, ppm : 75
Inclusion density, kg/m3 3000
OUTPUTS

Mass of inclusions, kg 21.42857
Inclusion size, m 2.00E-06
Inclusion volume, m3 0.0

Total no of

inclusions 1706096451319381.5
Thickness of surface 2
layer, pm (one side)

Total no of 4265241128298.4536

inclusions surface only
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free oxygen | evels were above 25 ppm and generally

clustered between about 30 andgbout 50 ppm which

nmeans the free oxygen content should be between 20 and

60 ppm Higher levels of free oxygen will cause the

oxygen to conmbine in formation of unwanted slag, and

| aEegsd et Busiods e pucticipdtd el the Ninitial nucleation
i ns fflClent formation of solidification inclusions

f & BfTicient shell formation and strip casting.

EXANPLE I NPUTS Critical nucleation per unit area 120

Thi s vl g eshidsa begmdensi ty no/ m2 (neggled to achieve
obt ai ned from sufficient heat transfer rates)
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in the nucleation process

Property Enhancement Through a Dispersion of Fine

Particles.
The chemical composition and processing conditions

used in making product with a high austenite grain
coarsening temperature of the present invention results in
the formation of a distribution of precipitated, fine-
sized oxide particles of silicon and iron with an average
particle size less than 50 nanometers in size throughout
the steel microstructure. The chemical composition and
the specific total oxygen and free oxygen content in the
molten steel, and the very high solidification rate of the
present twin roll casting method, can cause the formation
of a generally uniform distribution of such fine particles
through the steel product. This distribution of fine
oxide particles has been found to confer particular,
previously unknown properties to product of a high
austenite grain coarsening temperature.

A detailed metallographic examination of product
using transmission electron microscopy (TEM) techniques
has found fine oxide particles , substantially uniformly
distributed throughout the steel microstructure. These

particles are shown in the transmission electron
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| ength, m 9615.38462 Strip surface area, nR
19230. 76923 Total no of nucleafdng 2307692. 30760 sites
requi red % of avail able inclusions 54.10462 that need
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formation of such a distribution of such nano-sized oxide
particles less than 50 nanometers containing Si and Fe.
We have found that the austenite grain growth
behaviour of the steel product was unique in that the

austenite grains resist coarsening to relatively high

temperatures up to least 1000° C. An example of the
austenite grain growth behaviour for a 0.05% carbon steel
product is shown in Figure 21. The austenite grain size
was measured using the linear intercept method as .
described in AS1733-1976. The austenite grain boundaries
were etched using a saturated picric acid based etchant.
It can be seen that the austenite grain size remains fine
for temperatures up to at least 1050° C, , for a holding
time at temperature of 20 minutes. Similar studies have
been conducted on steels covering different carbon levels
with similar results. The austenite grain coarsening

temperatures, for a holding time of 20 minutes, were in

excess of 1050° C for the 0.02%C steel and 1000° C for the
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transm ssi on el ectronm crograph given in Flgure 19.

The size of the particles was und to be in the order

of 5 to 30 nanoneters. The size of the particles was
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Chem cal analysis of these fine-sized oxide particles
ustakRlentrkgleW spersi ve spectroscopy (EDS) found them

to contain Fe, Si and 0 as Figure 20. The
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pr eCI F' '43 YS%:?%II‘]b’_P or ?3229§f 'd§||r\h a rh Qf r| ﬁ'lg‘s on ﬂf

such N £arhen go haALPEL504) s than 5g 1000

nanoneters containing Si and Fe. we have found t hat
the ausigDi 16s G e G0, %Qéerht@rac"&?leés exhibited
product was unique 1 n that the aust itegralns resi
cd‘af s@m Rresent| steals yale gin tEmpereder esf uhd msaa;lly

n. ex le of the austenite grain o]
oA Tt D Rk ot Ho P Sk i (LR e veets,
Fivige Zdhe Thitesatsde b4 6a hinai i &k 261 WESILTBREHELLL &S T 1Y) the
the linear intercept nethod as described in

ASTEES. foEgrostHaIGkRte Mmetks g%nﬁamrate%tw*ée grain
CLLARANST Nihd AU Pl G @gfsderbﬁ%zgg fa yrdd of
can be seen that the |ns

austenite grain si I he
f dthe anpsrentursseals t dimtfdcaApi=-lC the dxmaim coarsening
h Id|n tine at te erature of. 20 m nutes.
e At D AR ok 3 Gt Kiar et Al i nom

dikifireant sotiuddl8} Sslab cast steels. In the case of

continuously cast titanium treated aluminium killed

steels, the cooling rate of continuously cast slabs can
produce fine TiN particles, with particle sizes ranging
down to 5-10 microns. The ability of aluminium to form a
suitable dispersion of AlLN particles when the appropriate
levels of aluminium and nitrogen are present in the steel
has lead to the concept of aluminium killed fine grained
steels. Given that the ultra fine particles less than 50
nanometers produced in the present steels confer similar
or better austenite grain growth inhibition to aluminium,
killed fine grained steels. The present steels thus
produce a fine grained steel in the absence of the
conventional grain refining elements Al, Ti, Nb and V.
The fine oxide particles in the present steel
product, which act to resist austenite grain growth, can

be beneficial to products that undergo welding, enamelling



with simlar results . The austenite grain coarsening
tenperatures, for a holding tine of 20 m nutes, were

wWoO poognexw3s of 1050 C for the 0.02% steel and RODAULD06/001554
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for the0.20% C steel. The particul ar sanples are
identified in Table 3 bel ow. _ le 3 The austenite
grai n coarsening tenperatures exhibited by the present

steel uff Cahfled NEn@! dehvOi adddf s USKALL ¥i PDSEENELehng of
the past with other alumniumkilled steels, where t%e

prassterité araimsidwring rhert pareathest rwhbehscar| lead to
ma(l:rosa}__ru%ure a%scéo restrict austeni%e lgrai n__. 41
groOVETE T TR RTER 21T TR HF R P cBRPEET hgP PR r AT TP REabed Lloss
t hef ps esSiGtht £8d StoudghAded 20 EMISLENn £ Neeib@rAtures .

coarseni ng tenperatures observed with titaniumtreated

al uni ni ¥ ka7 etondepeed Rthey stediesasins¥ebptioppto the

thes Lfe Copt d | Y, t4 | e :
al umgﬁléﬁam ‘tliﬁf:‘l]c')edé g%%%?s,nt eé%o% %H%na%%ggé Qoarsen:.ng. n
cortimustedy, ceatpbdabst carppesehicesteak didduct and

ticl i i c) e, si i ng_down to_5-10
PrientesEaanel P0G S1555 fRe JRRTS FEFRIG S FoRirE to
diSPedstONa Ofarfhdl PArét£ans Ve § hen APREVPEREL Strip

| evel s of alum niumand nitrogen are present in the

stiddicknass cblipt cowkd dom deprdured | i Hheamannfagterqeof

grad t i\ t u [ rdicle

P EASHCLP | 885 Semet SodbiBts Ay Bl SO BPTALEL Piroate
Coif CtembdidBlirss Detties Enbt QORI tH BPJ® C. The
inhibition to alumnium killed fine grained steels .

TrAapR kR Wese cehen examined yeetal Iograph ieably steefletermine
. \ . e
A ERAREe £ LY RRERGIEled S LD gng neat

i nExteectpeels ent Plsd i qur oghtegph s viif cdometof otli€@Siesulting
austenite grain growth,, can pe benefi c#'zal t o products

t FACTRRET (oS P HyT Ehamel 11 doFUR 42 anntlr i Ages! product
AVl il | S EXE08 Si P PP U PP {1 resisted coarsening to a

far greater degree than the conventional Al1006 steel.
Such coarsening results in a considerable softening of the
steel.

The photomicrographs also illustrate the strain
required to initiate ferrite grain coarsening. The
through thickness strain distribution was calculated and
applied to the photomicrographs to determine the strain-
temperature combinations where ferrite grain coarsening
recrystallization began. The results of this analysis are
given in Figure 23. The results show that significantly
higher strains are required in the present steel product
to induce coarsening of the ferrite than for conventional
Al006. In fact, only very small strains are required in
conventional Al006 strip to produce coarsening of the
ferrite grains. This behaviour of the present steel

product is similar to steels with the presence of a



austenite grains during heat treatnent, which can |ead

to a coarse mcrostructure on cooling, and an
waz®onsssed | oss of strength and toughness at BOIYABZI06/001554

tenperatures . W have conducted other studies in

relation to the resistance to rain i nduced ferrite

grain coarsening. In this study, sanples of a present

SR s RLOEHICE 1 PANch CRIME N PRI b AND 5 rfﬁéﬂﬁéfz&&%mde

around a former to produce a range of strain levels

t mankicide a3 rdqﬁq#nb,ebd]eed@\tmat Tois ohibbrngmm ile

su si(.e%{%tn Iyurrgea?‘I reg{] °lfdle%%ﬁ> ﬂf?eg cts€ ?d‘omge

Ofpﬁﬁﬁ:lcﬂ:é,o Sfkh Gs Jolith IRNPEScdEsEs tTiare axarud ragl
met al | ogr aphi calq;}/ to determ ne the response_of the
ni cr ostTAR ALY ket hemicrly PRt tiemiofenthe liquid

PhotQai ¢ oo aihp 061 Wk ofoddie Jr?&%féé‘goxygen content, and
m crostructures are given in Figure 22 . The st ?
prdvictery high mce'lgeiwfmwlamn oratrmtef | the rmsmmm provide
cq:aHsenl g fo a far reater ree than t

convent 1 onar ALD steef prﬁc %aa?lséhlaffbélf%%ﬂﬁ%i‘?rh of the

C il St bl s d it HE Qfarddvs it parftitcles of less than 50

phot om crographs also illustrate the strain required
10 t ;anAmetae 989 R Gales codiRass fginarxids Rpjfticles act

t R kinass, St ral S Std | 2R ,."15{

applied to the photon% cg%)%rap s to det lﬁ# e?ﬂgtemperature

s thes ity tnais e e reltiaoins wmelrmdticm ridxerigteai n

coarseni n recr taII atl on The results of

t BS54 ?sr? F uffs TRE R AR AR

t tﬁmﬁlmfdmm Iahéﬂlsgi&rl Prciutt ar er¢ ellidrLha NeHd¥e the
present steel product to induce coarsening of the
15 1 fnssent weglo PrasnAh (Widdnl theso e rare s may \be

\”ﬂﬁbéﬂgﬂd 'Eufﬁifﬂfi'63H£1nd§4é;ééﬂ%%ﬂ&'é%“ﬂhfﬂ‘%é%%l

sfrip to produce coarsening of
strips as described above.

While the invention has been illustrated and
described in detail in the drawings and foregoing

20 description, the same is to be considered as illustrative

and not restrictive in character, it being understood that

only the preferred embodiments have been shown and

described and that all changes and modifications that come

within the spirit of the invention are desired to be

25 protected.

APPENDIX 1

a. List of symbols

w = roll width, m

t = strip thickness, mm

30 mg = steel weight in the ladle, tonne

[]
[11]
i

density of steel, kg/m’

O
l.l.
il

density of inclusions, kg/m3
Ot = total oxygen in steel, ppm

d = inclusion diameter, m



ferrite grains . This behaviour of the present steel
product is simlar to steels with the presence of
wasuwbpeszsg i al |y uni formdi stribution of fine-sP@EAU2006/001554
oxi de particles as described above. This attribute can
be rel evant where heating cqulgy he applied to forned
products, such as joining processes |ike brazing. The
control |l ed chenical conposition of the liquid steel,
patit TctiPaly Phe®Pot &P<ahdiPP8e Bxygen content, and
t he vemasi oif daldldistiionad,| &y rate of the process
provid [tigps.for the precipitation and
fc}‘?trrﬁt fe'gﬁggfﬁ?‘ﬁgé%n??o%ﬁc PE%@P% on of nano-sized
padtst Fcthickhebeseft hha So0rfiagendapersi macpansi cl es.

5 These £68810xhA6ePaGE Eheﬁueﬁangopkamﬁhft 1AYEhENLLEFace
grain grow h during high tenperature heating and railse
thethd% ain to i nduce ferrite recrystallisation. These
at tri ekt ol difoEd At tHe fldidatian ploddespt eel

product. It is clear that the present steel product
wit i (R o??eﬁ‘?cﬁeénrf'h’gpbe produced by twin-roll
cdnt Fnsaaspcdehigtd .ol t hin steel strips as described
abpve. ile Qv Lon_thas been illustrated and
10 d(%%c?i%g%i#nsjégtf%%% ?%é%hgmdr awi ngs and foregoi ng
débesT el numbem e ineligondieeguirt dto meet the
I lddigdd@tive and not restrictive in character, it
bei ng understood that only the preferred enbodi nents
have béBF 8P fiPRfs¥ i bed and that all changes and
Mt f =C abirget hibaleati®nWpeli Mnite adRial iden@fi tyh)e number /mm2

iLngc%%rgi.on gre desired to be protected. APPENDI X 1 a .
[ 0
mm

15 ine

synbols w=roll width, mt = strip thickness,
from dip testing)
N.y = % of total inclusions available in the molten steel
at
the surface of the casting rolls for initial
20 nucleation
process.
b. Equations
(1) m= (O x m; x 0.001)/0.42
Note: for Mn-Si killed steel, 0.42kg of oxygen
25 is
needed to produce 1 kg of neclusions with a
composition of 30% MnO, 40% Si0; and 30% Al,Os.
For Al-killed steel (with Ca injection), 0.38 kg

of
30 oxygen is required to produce 1 kg of inclusions
with a composition of 50% Al,O0; and 50% CaoO.
(2) vi=4.19 x (4/2)3
(3) Ne=m;/ (03 x v3)
(4) Ne=(2.0 ts x 0.001 x N./t)
35 (5) Ls=(mg x 1000)/(0s x w x t/1000)
(6) A; = 2.0 x Lox w

(7) Npoq =As x 10° x NC.



ms = steel weight in the ladle, tonne D3 = density of

steel, kg/m8B Di = density of inclusions , kg/n8B O =
W(bmoa,i04snxg/gen in st eel, ppmd = inclusion di aneCEAP200K/001554
|=vo|umsofone|nclu5|ons,m3itii:massof

10

15

inclusions, k g Nt = total n er of inclusions t s
= thickness o f the surface |ayer, mcrons N3 = total

clugjons _present i n the surface (that
{150 artll‘lﬁ"pgte ?Hrelng he! ¥28i%n process) u = casting
spﬁ:pd 1 daidulates e miaé@rhgf h.ndlvs Forrs Sin i @tééllf ace
ar.ea, Tot |nclus ns. required. t
o Bl &\ Rl TS s e ot 1S SRELSF BifRiAg they
nitesplerigal unit area density, nunber /miti?2

(obtal ned fromdip testing) Nav = %o f total
ust orrsl avkd teml Bre rtetrl munker fcinglysiors available

SLh[rfaé}LQaén_f the casting rolls for initial nucleation
process . b . Equations (1) Hi= (Ot x ms x 0.001)
_/ Ed2 Nat£lcdDitdd)-fhe ktdt£l winddr IFE M@l wsionxygedilable

ih el'xeedesduxt'toage OJ(.ju:,?eer 1(al.<sg1n9e<; er USé ounn? g\{'lxteac side).
Note that these inclusions can only participate in the

initial nucleation.

Egq. 5 and Eq. 6 are used to calculate the total surface

area of the strip.

Eg. 7 calculates the number of inclusions needed at the

surface to meet the target nucleation rate.

Eg. 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.



conmposition o f 30% MnO, 40% Si O 2 and 30% Al 20 3 .
For Al-killed steel (wwth C a injection), 0.38 k g o f

W@000085088 S required to produce 1 k g o f i nclPGI/ans006/001554

10

15

20

25

with a conposition o f 50% A | 20 and 50% CaQO. (2)
Vi=4.19 x (d/2) 3 (4) Ns= (2.4t s x 0.001 x Nt/t)
/1000) (6) A3 =2.0

(5 L 3=(Itl13 X 1000)/(Ds x wx t
X drorMsW (7) Nreg =ASx 1 06 x NCt(8) Nav %=
(NFeg7™s ) x 100 . 0 Eg. 1 calculates the nass of

inclusions in steel. Eq. 2 cal culates the vol une of

one incJusipon assum ng.they are spher.i cal Eq, 3 .

cal cul ates hsét‘?%#aﬁ’r?%% orE i Rt o s%%%%b?’éai‘ﬂ
Stefdrsdufing tahsatt Dt @Se t Eding L S nP UL wOighBf| USEHNEhan
avai |l able in the surface |ayer (assuned to be 2 nmm on
edt%iRyPon NoteSE Hetan HRsE6% rlwsiviam c oleem| fhan 0.01%

PAALLADE € 1dLd Nhddd | G5 WELSA O andBeds Hfait . B22
are used to calculate the total surface area of the
stvanadEup and dawinag cSindcoxiddgavtiched usobHnsilicon and
needed at the sur e to neet the target nucl eation )
o Batgfindien Hifnoiol i o tethoterRiragtbey having
t il aveEd gis i s Ayptd 8| s Ble t1es S UEK A€ 65 0Vh £hoied rs .
participate in the nucleation process . Note if this
nunber is great than 100% then the nunber of
i ncl usidns Ehe tseslprzeduds aptchadredimtClaimekbtwherein
t t eat| o e . CLANM :..1 . el product
w 1S 2 MR Mt et S0 etten 6 REDer Bl e
conprising, by weight, |less than

3. The steel product as claimed in Claim 1 wherein

the aluminium content is less than 0.01%.

4. The steel product as claimed in any one of the
preceding Claims wherein the average oxide particle size

is between 5 and 30 nanometers.

5. The steel product as claimed in any one of Claims

1 to 3 wherein the average oxide particle size is less

than 40 nanometers.

6. The steel product as claimed in any one of the

preceding Claims wherein the molten steel used to produce
the steel product contains oxide inclusions comprising any
one or more of MnO, SiO, and Al,0; distributed through the
steel at an inclusion density in the range 2 gm/cm’® to 4
30 gm/em®.

7. The steel product as claimed in Claim 6 wherein
more than a majority of the oxide inclusions range in size

between 2 and 12 microns.

35



0.4% carbon, less than 0.06% al um nium | ess than
0.01%titanium |l ess than 0.01% ni obium and | ess than

w@:2®2%3amadi um and having fine oxide particl eBCDAU2006/001554
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silicon and iron distributed through the stee

m crostructure having an aver precipitate size less
than 50 nanoneters . 2 . The steel product as cl ai ned

in O aign 1 gharaly G TN GRIHIE U ud el Hah

0. 02% é?? The ste Jn%%oduct as cl al madtiin Clng?e:‘n%

whesar senitey dienperatmosntaprisintes oy waeidh®l1%esls . than
T { eel .product as,_.cl ai | n_any. one of. the

o AP e O rish AR L3S 1 Fage 0-0L5
Si gtdbidiel ViIRsEE Stiedil @ raneieh R, -akd . 1dse shael0.02%
product as clained in any one of Clains. 1 to 3 wherein

t heenadiay ansi v ing tF it oFide irarkkalenHf 4pilicon and
o e e D P Lo P LA TP whezein
usteite toxijde hrctidie st oetreaosudie cors bstanox | te austenite

uskie ta L4 moxi e auste
AR SR TRIRS (1 o P neetbet 0% Gn i ncl usion

density in the range 2 gmicnB to 4 gmicnB . 7 . The

steel pgodupie st RiRSIhd: A8 M Linder £h eI & Nerein
a mpjority of the oxi'de inclusions range in size
b ety el @nixidi 2con tewhsis glesy thaw|0 pP2¥uct with a

hi gh austenite grain coarsening tenperature ~
conpri sj hg, wej ,.less than 0. 4% carbon,. | ess .
Chan 0 B89 A srent PRediehaf CIARERL IR Ghpof § vherein
t hgwle Oa Dot @R s tael 1£SBeddathdhn 02% vaNadi um and

havi ng fine oxide particles of silicon and iron
distributed through the steel mcros tructure wherein
t he oxide. pdthe cseeel ereduct tde ¢baimednte 2py one of

EﬂE&é{HéE& to 10 wherein the average size of the iron-
silicon based oxide particles is between 5 and 30

nanometers.

12. The steel product as claimed in any one of
Claims 8 to 10 wherein the average size of the iron-

silicon based oxide particles is less than 40 nanometers.

13. A steel product with a high austenite grain
coarsening temperature comprising, by weight, less than
0.4% carbon, less than 0.06% aluminium, less than 0.01%
titanium, less than 0.01% niobium, and less than 0.02%
vanadium and having fine oxide particles distributed
through the steel microstructure capable of producing an
average austenite grain size of less than 50 microns up to

at least 1000°C for a holding time of at least 20 minutes.



grain coarsening up to at |least 1000 0OC . 9 . The
steel product as clainmed in Caim8 wherein the

w@kaoriosiossn content is less than 0.02% 10. ThePGL/av2006/001554
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product as clainmed in Claima8 wherein the al um nium
content is less than 0.01% __1?% The steel product as

clainmed in any one of Cains 0 10 wherein the

averagg $i zemd Jifieed ONSHdAC YL hfigaqdnéwiﬂ? cP.I?éli:ﬁ ol $Syherein

is between 5 and 30 nanoneters . . The stee
pridoaclwsiciw meshtentanys dresoftl@mih®03% t o0 10
wherein the average size of the ironsilicon based

oxide particles is |less than 40 nanoneters . 13.
O eor T el e ST 1 S 4y o
t ISR tIY GHEN T SEHY, a el HilstdreStse t iW). dee is

carbon, less than 0.06% al um nium |ess than 0.01%
t ihefinesn 3 and tHhmizoms Mo eRPeIREFIReS wmake (RB2bsast

A A E Ty el 4 AP e RN

an average austenite grain size of |less than 50

m cronsilelp tFheits sl tp A dorclaimddli g ¢ladm of3 abr

| east, 20 mnutes. 14 . The steel product as clained in
CRh3im 3 HWHERH LR Heh AFRTAIRN FHEPM B¢ IFRR $iem b5 less

-03%n AP midh S§Felo MOl s@SI 3@ @BEb: a QS MM AF time of

or aim 14 wherein the average austenite grain size
i ;ateckewsrln 20 amichB=s1i crons for tenperatures up to at
| east 1000 C for a holding tine of at |east 20

i nutes._ 16. Th | duct laimed in O aim13.
or Ol ail 14 Bureth RHRIIGE R SRR (R grepES $EALD

| ScdpSferd ia) AL Qird RedipPisimpsd dBb $06cP having,
holding time of at [east 20 mnutes. 17 . A steel

prriduigight h kess gihanis? bt teaxpen n less than 0.06%

aluminium, less than 0.01 % titanium, less than 0.01%
niobium, and less than 0.02% vanadium, and having fine
oxide particles distributed through the microstructure
capable of restricting ferrite recrystallization for
strain levels up to 10% and temperatures up 750 C with

hold times up to 20 minutes.

18. The steel product as claimed in Claim 17 wherein

the aluminium content is less than 0.02%.

19. The steel product as claimed in Claim 17 wherein

the aluminium content is less than 0.01%.

20. A steel product with a high austenite grain
coarsening temperature made from a steel strip produced by
continuous casting by steps comprising:

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

closures adjacent the ends of the nip:;



coarsening tenperature conprising a carbon steel
havi ng, by weight, |less than 0.4% carbon, |ess than

WO 20060438881m nium |l ess than 0.01 %titani um |RPCEFAUMAK001554
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0. 01% ni obi um and | ess than 0.02% vanadi um and
having fine oxide particles glsst_ri buted through the
mcros tructure capable of réStricting ferrite

recrystallizati %ﬁgﬁ{q@ Endl%\é%! 3 P de2bEosteél having
W

t enperatures up old tinmes up to 20
mnutes. 18 tothd sksgelenprogtentasfckdi fedsitn 100xppm and 2

wherein the alum nium content |s,|less a Vi Qpet
The ot ool | Erem orvgen: ConeRt fegvarh 257 knk 86 bt between

al um ni um GeRt li A S RS HiYN x@10E/tc?Eorkh @ ealsting pool
product with a“high austenite grain coarsening
t enper at ur betmeenf the s£atdag R4L4F/produced by

conti nuous cast ig%%%éﬁﬁ%%%rgﬂ r&gswmim @nd

pair of cool ed ca ing a nip between them
and with cerfliiriifyingsire sncdjeac srttealhdefiprmmetpl shells

ni p;introducing nolten | ow carhon steel havi £ 1
oxygen cont%'httq'lﬁ SHEHIERT °f'8d: aasﬁ:d"nag fﬁOelggso%lg%{nqeve °

content betyeen 3 anbRk B heifraitdd epaitie ofotal oxygen
casting rolls to forma casting pool between the

casting roldantento o cthe Makten irRek 4 RTINS stBfd
sol i i fying. e, 1ol of el JQ.dorguaml alusel s or

the surfac e castrng rolls wth'evels of oxide
i ncl usi ons refl ecopdihy sbbidofied oklyiensteat entripp through

the nolten steel -tqQ pronote the formatio f Lhi .
steel stripthaRtp c}??l’l“ﬁ%e’éoﬂi‘%licﬁse%"??]iﬁ&é %e#rérpr?%ld

through thegdy pabeivgesmditescasting rolls from said

21. The steel product produced by continuous casting
as claimed in Claim 20 wherein the molten steel in the
casting pool has carbon content in the range of 0.001% to
0.1% by weight, a manganese content in the range of 0.20%
to 2.0% by weight, and a silicon content in the range of

0.0% to 10% by weight.

22. The steel product as claimed in Claim 20 or
Claim 21 wherein the molten steel in the casting pool has
an aluminum content of the order of 0.01% or less by

weight.

23. The steel product as claimed in any one of
claims 20 to 22 wherein the molten steel in the casting

pool has a total oxygen content between 100 ppm and 250

ppm.

24. The steel product as claimed in any one of

Claims 20 to 23 wherein the molten steel contains oxide



solidified shells . 21 . The steel product produced by
conti nuous casting as clained in Caim20 wherein the

woreioress03t eel in the casting pool has carbon cPCI/an2oosn01554
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the range of 0 .001%to 0.1% by wei ght, a manganese
content in the range of 0.20%tq 2 .0% by weight, and
a silicon content in the range of 0.0%to 10% by

"B e1 &ifs oot HPUIEL &S b NS tinio O Sid) 2hd
o:'fﬂ &M 2L wh reﬁﬁﬁe %Iten steel in the casting .
(KIDjo;hdssanintitedlnthroughebheostepd akdar dpcpugiopofensity

| ess by weight,. 23 .3 The,steel product as clained in
afy %ﬁn%?a%r%“;ﬁﬁ“téﬁﬁ %Z%‘ih the molten steel in

the casting pool has a total oxygen content between

100 pps andr2 sl proddde £4 e8laiheduih @baiha?dewherein
in any one of Clains 20 to 23 wherein the nolten steel

aovitai Heanxd dedirtiky opf thapinelwgieny HHRIBr IRpPL2ef
Si O and i | buted through the steel at an

il\g%‘ﬂ%‘?%nga%%é f%?%c%%ééiange 2 gmcnB to 4 gnicnB .

25. The steel product as clained in Caim24 wherein

nore then arna) Seeéy pfodbieti as! sradmedr anganynosezef
between 2 and 12 microns . 26. The steel grrg_du%t ﬁs 1t
cChaime 20 BRy2BreheretraFhe 9BLPRUBSCRRLPRENCThERS molten

S r.go t theo®l Hen,sigat.is less than 0.01%
b%L%lfgﬁ%fégg.tf%% Qt eel p?oguc:? as clained in any
one of Clains 20 to 26 wherein the steps conprise in

addi tion. rehénsbgel hprodutenast edhipedoint snyoenengt
ot AATESh Beneal MleeRbesl gphhe8e®it 3hacion.
refining the molten steel prior to forming
the casting pool by heating a steel charge and
slag forming material to form molten steel
covered by a slag containing silicon, manganese
and calcium oxides;
stirring the molten steel by injecting an
inert gas into molten steel to cause
desulphurization, and thereafter; and
injecting oxygen to produce molten steel
having the total oxygen content of greater than

100 ppm and a free oxygen content between 30 and

50 ppm.

28. The as claimed in Claim 27 wherein the
desulphurization reduces the sulphur content of the molten

steel to less than 0.01% by weight.

29. The steel product as claimed in Claim 27 or

Claim 28 wherein the solidified steel is a
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desul phuri zation, and thereafter; and injecting oxygen
to produce nolten steel havi the total oxygen
content of greater than 100 ppm and a free oxygen

cont.e 1 2thq tH® Bfctdslidmel ddmprise
ll Wﬁ? the g'sulp urization reduces the

Sal.ﬂ}phiﬁe cmntm:nte af £ tMreD N i@ agide d1209- | ess than 0. 01%
by weight. 29. The steel product as clained in Caim

27 or Caim?28 wherein the solidified steel
asi | i n%"seee%l?%%‘%‘feae? R H “hc‘?‘tgu%‘h% of
$§ﬂ£ﬁﬁ§€2f”Wbc§§5ﬁﬂefgiﬁfﬁgréﬂﬁlaﬁﬁﬁﬁhigwkftﬁGﬁf.tR@.

steel product as clainmed in any one of Clainms 27
tin@ushenei ramge cin eize bebérer y2 And hk2 i AEFERFdns
range in size between 2 and 12 microns . 31 . The

st eel odu t as_cl ained [ 2 0,80
mherelgithe g%l?ﬁ??fé%r%?%%F %%sgggtﬁédc1%x§%%ngné of
CODAERE 21 tbHe3o aRerein 100e ppoLiaifb8d ppheeBhasfa total
steel product with a high austenite graip c g@senlng
texyaent epetanbel? r Bhe aranegel o5 1P) ’Bdﬁeeg yPPm -

conti nuous casting by steps conprising: assenbling a

pair of cooled casting rolls having a nip between them
and wi 82. conf sheead produceswauhaeehtghhéuéﬁ€§l§P ghein

ni p;, introducin ten

b
o GO AR 4 A AS8bS TP Brosuces vy
OX¥HEIna8ALeRhshehyeBy 28epBdcbRpRRBLAGE WeeN

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

introducing molten low carbon 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;

counter rotating the casting rolls and
solidifying the molten steel to form metal shells
on the surfaces of the casting rolls with levels
of oxide inclusions reflected by the total oxygen
content of the molten steel to promote the
formation of thin steel strip; and

forming solidified thin steel strip through
the nip between the casting rolls from said

solidified shells.
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nmetal shells on the surfaces of the casting rolls wth
llevel s of oxide inclusions refd ected by the total

oxygen content of the nolten“steel to pronote the
formatd.on | | Ry anch ffddN 10 Sl 32 efherein
thin s%sg'el Qé}fér rgp%% gﬁ%%(ﬁ%%% nsfp ble ween the casting .
reld sndTisn sstebkain dilie exhstiigld PogB hagigarhep|content in

product as cl aj i n C ai 2 wherein t

sthey | range (RE cé\;?‘?d]ngb 5%0‘?‘#?%1 %aﬁ%’b%’%bn%]gﬁ{@#én&ﬁ% content
rB00ELOf r T J0 188 L@, D09 % by2 Vi Ohy , weti g g caed ea csabl Bexdn

in the range of 0.20%to 2.0% by weight, and a silicon
cowment i in t tee roarge opf 00 09% t B 1195 RY ERHFRE- 34 |

The steel product as clained in Caim32 wherein the

nol ten, ste in_the c ' pool { L erein
cont en"t’iof e’#}?ﬁ% %%’%I%]r' %?8%&%500%0#% yﬂvveu%ﬁ%ﬂn%% wh
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to 34 wherein the nolten Stﬁlﬁ in ihe castin R ol has
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36. The steel product as clained in any one of O ains

32 to §§.thﬂ8iQtégfgﬁghg&EtsggeElﬁgﬁéé;ﬂﬁ 8x%{ydéne of

i ncl usTons conprisin one or nore of MO, SiQ2 and
At248m8di 321 tbuBédwhereighthhemelben ateah Lncthsi 6asting

density in the range 2 gnmcnB to 4 _anl 3 T 250
speef 1"‘6dﬁcf'°5§i‘cg§¥ﬁ§ FR™ glgmb§gwﬁ%g?%98 ég?egtﬁﬁan
Ay mjority of the inclusions range in size between 2

and 12 mcrons .

36. The steel product as claimed in any one of
Claims 32 to 35 wherein the molten steel contains oxide
inclusions comprising any one or more of MnO, $i0, and
Al,0; distributed through the steel at an inclusion density
in the range 2 gm/cm’® to 4 gm/cm’.

37. The steel product as claimed in Claim 36 wherein
more than a majority of the inclusjons range in size

between 2 and 12 microns.

38. The steel product as claimed in any one of
Claims 32 to 36 wherein the sulphur content of the molten

steel is less than 0.01% by weight.

39. The steel product as claimed in any one of
Claims 32 to 38 wherein the steps comprise in addition:
refining the molten steel prior to forming
the casting pool by heating a steel charge and

slag forming material to form molten steel



38 . The steel product as clained in any one of C ains
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product as clainmed in any one of Clains 32 to 38
wherein the steps conprise_iggaddition: refining the
nolten steel prior to formng the casting pool by

heating a steel %!1%5,9% %&%)95 | R0, A0 sTalikidny| nahganese
ere

form nol t ef st 66l co a slag containing silicon,
manganese aind e@lleiimm @widess;;, stirring the nolten

steel by injecti ng zi_gﬁligng% ?ﬁ%tieeg# Q Rl Sitne_*,eelcéi‘hgg an

cause desul phuri ter; and injectin
oxygen to RERAUCIDP!ilfid Sicidlerhaticx] tie daotsd oxygen

content of greater than 100 ppm and a free ox n

cont ent bemmwmfbpmnchﬁherﬁ?egfﬁ%elay‘%foduct

as claimed in C.aj L I Neo dasddiyimeBtdONsteel
reduces the sul pﬁﬁg%%n%ﬁc{}% the nolten steel to

| ess than hDBidadythei hital AxydRre eonkdniprofigresier than

claimed in Caim39 or O aim40 wherein LOillegy andg
steel is a 49 iRRM/ g%n.%% & Y scf‘%%{'&g%}?%hgééﬁ an

i ncl usi ons L@NREH se any one or nore of MO Sig2 and

Al 20 3. 42. The steel product as clained in Caim4l

wherein nore than a majority of the inclusions, range .
in si z&0 betTiesns Bea@hdprodneransclaimed jmeClpip| 39 wherein

duct | aj ned. | ; 9
S o SRR 0 A0 98, Ble LRy kit of ene

CRBiest LPedlersangssofndN00ppbstoy 268ightn 44 . A
thin steel strip with a high austenite grain

41. The steel product as claimed in Claim 39 or
Claim 40 wherein the solidified steel is a
silicon/manganese killed steel and the inclusions comprise

any one or more of MnO, SiO, and Al;03.

42. The steel product as claimed in Claim 41 wherein
more than a majority of the inclusions range in size

between 2 and 12 microns.

43. The steel product as claimed in any one of

Claims 39 to 42 wherein the solidified steel has a total
oxygen content in the range of 100 ppm to 250 ppm.

44. A thin steel strip with a high austenite grain
coarsening temperature produced by twin roll casting to a
thickness of less than 5mm and formed of a solidified
steel containing solidified oxide inclusions distributed
such that surface regions of the strip to a depth of 2
microns from the surface contain such inclusions to a per

unit area density of at least 120 inclusions/mm?.



coarsening tenperature produced by twin roll casting
to a thickness of |ess than 5nm and forned of a

wa@odormaFosed steel containing solidified oxi de PCT/AU2006/001554

10

15

20

25

30

i nclusions distributed such that surface regions of
the strip to a depth of 2 m¢fpns fromthe surface
contain such inclusions to a per unit area density of
at | east 120 inclusions /m®2 .45 . The thin steel

stri 4 | o1yl
he b5y f| Qe&i}erglélé‘éi“sé ﬂ?%@ SddfedriRrelyinfas

|con/nanganese Killed
%Ieﬁemdtmaanajmiusy o choepsobidafijednsterl nb? e2 of

MO  Sig2 and Al 2Q8 The thin,stee
o e a5 el BRacHRR 1785b81 850 comoriee
0fn{ Nénd NSE UsbLBSoF ABYE, | 8i6) Zmdaimesn 2 and 12
mcrons . 47 . The thin steel strip as clained in any

one of Clains 44 to 46 wherein the solidified stee
has andé6xygEhectintmnsteel| stripeasfclaimpdoklgehaim 44 or

R A e e s

stepb beewevhi ghahle1stmiproasimde. 48 . A thin stee
strip with a high austenite grain coarsening

tenperature produced by twin roll casting to
t hi ckné3s ofheetbirhaheslnfitain Fﬁrﬁéalﬂﬁd 1§0PP§|PP§d°f

é??ec? Eha£ E' oxbdeshnehusignsadiesthi Buked has an oxygen

a to oxygen content 1n the range 100 ppmto
258nﬁaﬁtaadfiéeelaaygéntouatenxybenmeentegtaha sbeppange

i'n_the made fromwhich the_strip

THEOt RPR §Pe§ESSPPPpaﬁ§ 8I%Fﬁ?d°FXgEPac°n£g%%h€F§%ﬁen 30
t BEaMBOOopbhY iff thBemsokidl kited1sEeehn whighsithecetrip is
/ manganese killed steel and the inclusions conprise

ampdene or nore of MO Sig2 and AlI2G3 . 50 . The thin
steel strip as clained in Claim48 or

48. A thin steel strip with a high austenite grain
coarsening temperature produced by twin roll casting to a
thickness of less than 5 mm and formed of a solidified
steel containing oxide inclusions distributed to reflect a
total oxygen content in the range 100 ppm to 250 ppm and
free oxygen content between 30 and 50 ppm in the made

steel from which the strip is made.

49. The thin steel strip as claimed in Claim 48
wherein the majority of the solidified steel is a
silicon/manganese killed steel and the inclusions comprise

any one or more of MnO, Si0, and Al,0s;.

50. The thin steel strip as claimed in Claim 48 or
Claim 49 wherein the majority of the inclusions range in

size between 2 and 12 microns.
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Cl aim49 wherein the magjority of the inclusions range
in size between 2 and 12 microns .51 . A thin steel
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tenperature produced by twin roll casting to a
t hi ckness of less than 5 mm gnd forned of a solidified
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The thin steel_strip as clai med,i | 1 ke
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conprise any one or nore of MO Sig2 and Al 2(? . 53 . d
Thetahi oryger| certent ain cFhe gdnge n/ ¢ 8Pt 52 %70 PR 7

52 wherein th Lori hgq i Ugi r 889€hé Mad
SFolbEE k"o R b LahBo! 6180 5B e
steel from which the strip is made.

52. The thin steel strip as claimed in Claim 51
wherein the majority of the solidified steel is a
silicon/manganese killed steel and the inclusions comprise

any one or more of MnO, Si0, and Al.0;3.

53. The thin steel strip as claimed in Claim 51 or
Claim 52 wherein the majority of the inclusions range in

size between 2 and 12 microns.



