
A STEEL PRODUCT WITH A HIGH AUSTENITE GRAIN COARSENING
TEMPERATURE, AND METHOD FOR MAKING THE SAME BACKGROUND
AND SUMMARY OF THE INVENTION The present invention
relates to steel products . Refinement of the ferrite
grain size has led to improvement in the strength and
toughness of steels. The final ferrite grain size of
the steel can be determined, in large part, by the
austenite grain size prior to cooling and
transformation to ferrite grains. However, austenite
grain growth also occurs during the processing of the
steel, e.g., during hot rolling, thermomechanical
processing, normalizing, welding, enamelling or
annealing. If coarse austenite 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- - 



temperature, without the necessity for additions of
conventional austenite grain refining elements such as
Al Nb, Ti, and V . These elements form nitride or
carbonitride particles , which act to provide a high
austenite grain coarsening temperature, whereas the
steel of this invention utilizes precipitated, fine
oxide particles comprising Si, Fe and O to achieve
similar high austenite coarsen temperatures . The
steel composition presently disclosed has high levels
of oxygen and a dispersion of silicon and iron oxide
particles of less than 50 nanometers and generally
ranging from ranging in size from 5 to 30 nanometers .
The ability to restrict austenite grain growth during
heat treatment cycles and welding processes
facilitates the achievement of a fine final micros
tructure on cooling to ambient temperature . 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. Atlow strain levels the nucleation
rate of new recrystallised ferrite grain size is low,
which leads to the growth of large ferrite grains .
The steel product of the present invention may be made
by continuous casting strip steel in a twin roll
caster. In twin roll casting, molten metal is
introduced between a pair of counter-rotated
horizontal casting rolls, which are cooled, so that
metal shells solidify on the moving roll surfaces and
are brought together at the nip between them to
produce a solidified strip product delivered
downwardly from the nip. The term "nip" is used herein
to refer to the general region 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 delivery nozzle located above the nip
forming a casting pool of molten metal supported on
the casting surfaces of the rolls immediately above
the nip and extending along the length of the nip.
This 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. ien 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
flux 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 liquidat the initial
solidification temperature so as to form a
substantially liquid layer at the interface between
the molten metal and the casting surface. A s
disclosed in United States Patents 5,934,359 and
6,059,014 and International Application AU 99/00641,
nucleation of the steel on initial solidification can
be influenced by the texture of the casting surface .
In particular International Application AU 99/00641
discloses that a random texture of peaks and troughs
can enhance initial solidification by providing
potential nucleation sites distributed throughout the
casting surfaces . We have now determined that
nucleation is also dependent on the presence of oxide
inclusions in the steel melt and that, surprisingly,
it is not advantageous in twin roll strip casting to
cast with "clean" steel in which the number of
inclusions formed during deoxidation has been
minimized in the molten steel prior to casting. We
have found that the extremely high cooling rates
result in high 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-O 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 AI2O3
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 andminimize the
total oxygen level in the molten steel . However, we
have now determined that lowering the steel oxygen
level reduces the volume of inclusions , and if the
total oxygen content and free oxygen content of the
steel are reduced below certain levels the nature of
the intimate contact between the molten steel and
casting roll surfaces can be adversely effected to the
extent that there is insufficient nucleation to
generate rapid initial solidification and high heat
flux. Molten steel is trimmed by deoxidation in the
ladle such that the total oxygen and free oxygen
contents fall within ranges which ensure satisfactory
solidification on the casting rolls and production of
a satisfactory steel strip. The molten steel contains
a distribution of oxide inclusions (typically MnO,
CaO, SiO2 and/or Al2O3) sufficient to provide an
adequate density of nucleation sites on the casting
roll surfaces for initial and continued high
solidification rates and the resulting strip product
exhibits a characteristic distribution of solidified
inclusions and 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, SiO2 andAl2O3 distributed through
the steel at an inclusion density in the range 2 gm/cm
3 to 4 gm/cm 3 . The oxide inclusions in the molten
steel may range in size between 2 and 12 microns . The
steel product with a high austenite grain coarsening
temperature may comprise 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 capable of
producing austenite grains through the micros trueture
resistant to coarsening at high temperature. The steel
micros tructure has an average austenite grain size of
less than 50 microns, or less than 40 microns, up to
at least 1000 C , or even greater than 1050 0C , for a
holding time of at least 20 minutes. The average
austenite grain size may be between 5 and 50 microns
up to least 1000 C , or at least 1050 0C , 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 content less than
0.01% or less than 0.005%. The steel product with a
high austenite graincoarsening temperature may be made
in a twin roll caster with the molten steel having
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. The molten steel may
have total oxygen content in the casting pool of at
least 100 ppm, usually less than 250 ppm, and a
free-oxygen content between 30 and 50 ppm. The closely
controlled chemical composition of the molten steel,
particularly the soluble oxygen content, and the very
high solidification rate of the process, provide
conditions for the formation of fine-sized, generally
spheroid- shaped oxide particles distributed through
the steel microstructure, which restrict the average
austenite grain size, on subsequent reheating to less
than 50 microns for temperatures up to least 1000 C
for a holding time of at least 20 minutes. The
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 .
In 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 .However, in the case of strip
steels produced via hot strip mills, the high cooling
rates of the steel strip through the temperature range
in which aluminium nitride particles precipitate,
during post rolling cooling processes, can limit the
extent of the precipitation. (For conventional coiling
temperatures of less than about 700 C ) . This can be
particularly evident at strip edges and coil ends even
at aluminium levels over 0 .02% and up to 0.06%.
Furthermore, the high heating rates typically achieved
on the subsequent reheating of strip steels also
restricts the extent of aluminium nitride
precipitation. Hence aluminium killed strip steels may
not necessarily exhibit a high austenite grain
coarsening temperature. For the steel product of this
invention, the cooling rate of the strip during post
rolling cooling processes, does not substantially
affect the austenite grain coarsening temperature of
the steel . The steel product presently described with
a high 



austenite grain coarsening temperature has a micros
trueture 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
strength 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
coarsemicrostructure in the steel on cooling and an
associated loss of strength and toughness in the steel
at ambient temperatures . Note that the titanium,
niobium and vanadium levels in the steel products
presently disclosed are generally those observed as
impurities introduced by using scrap as a starting
material for making the steel in an electric arc
furnace. However, purposeful introduction of titanium,
niobium and vanadium may be made without avoiding the
presently claimed invention where the levels are so
low that they do not provide the fine grain features
by alternative means as discussed above. A low carbon
steel strip with a high austenite grain coarsening
temperature may be made by the steps comprising:
assembling a pair of cooled casting rolls 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 freeoxygen 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 carbon
steel strip with a high austenite grain coarsening
temperature may also be made by the steps comprising:
assembling a pair of cooled casting rolls 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 100 ppm, usually less than 250 ppm,
and a freeoxygen content between 30 and 50 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. 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 154O 0C and 1600 0C , 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 adjacentto the surface of
the casting rolls during formation of the metal shells
and cast strip. These solidification inclusions are
liquid inclusions that improve the heat transfer rate
between the molten metal and the casting rolls , and
in turn promote the formation of the metal shells .
The oxidation inclusions also promote the presence of
free oxygen and in turn solidification inclusions , so
that the free oxygen content is related to the
oxidation inclusion content. The low carbon steel here
is defined as steel with a carbon content in the range
0.001% to 0.1% by weight, a manganese content in the
range 0.01% to 2.0% by weight and 



a silicon content in the range 0.20% to 10% by weight.
The steel may have aluminum content of the order of 0
.02% or 0.01%, or less, by weight. The aluminum may
for example be as little as 0.008% or less by weight.
The 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, Siq2 and AI2O3 distributed through
the steel at an inclusion density in the range 2
gm/cm3 and 4gm/cm3 . The molten steel may be refined
in a ladle prior to introduction between the casting
rolls to form 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,to produce
molten steel having the desired total oxygen content
of at least 70 ppm, usually less than 250 ppm, and a
free oxygen content between 20 and 60 ppm in the
casting pool . As described above , the total oxygen
content of the molten steel in the casting pool may be
at least 100 ppm and the free oxygen content between
30 and 50 ppm. In this regard, we note that the total
oxygen and free oxygen contents in the ladle are
generally higher than in the casting pool, since both
the total oxygen and free oxygen contents of the
molten steel are directly related to its 



temperature, with these oxygen levels reduced with the
lowering of the temperature in going from the ladle to
the casting pool. The desulphurization may reduce the
sulphur content of the molten steel to less than 0.01%
by weight. The thin steel strip produced by continuous
twin roll casting as described above has a thickness
of less than 5 mm and is formed of cast steel
containing 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 2 . The solidified steel may
be a silicon/manganese killed steel and the oxide
inclusions may comprise any one or more of MnO, SiO2
and Al2O3 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 uniquesteel with improved
ductility and toughness properties . BRIEF DESCRIPTION
OF THE DRAWINGS In order that the invention may be
described in more detail, some illustrative examples
will be given with reference to the accompanying
drawings in which: Figure 1 shows the effect of
inclusion melting points on heat fluxes obtained in
twin roll casting trials using silicon/manganese
killed steels; 



Figure 2 is an energy dispersive spectroscopy (EDS)
map of Mn showing a band of fine solidification
inclusions in a solidified steel strip; Figure 3 is a
plot showing the effect of varying manganese to
silicon contents on the liquidus temperature of
inclusions ; Figure 4 shows the relationship between
alumina content (measured from the strip inclusions)
and deoxidation effectiveness; Figure 5 is a ternary
phase diagram for MnO SiO2 Al2O3 ; 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 contentof the same productions
steel melts reported in Figures 9- 13 in the tundish
immediately above the casting pool of molten steel
during casting of thin strip with a twin-roll caster
Figure 19 is a TEM photomicrograph showing dispersion
of the fine-sized particles in a thin cast strip of
the present invention; 



Figure 20 is the energy dispersive spectroscopy (EDS)
of fine-sized particles observed in Figure 19; Figure
21 is a graph of average austenite grain size as a
function of temperature for a holding time of 20
minutes for a steel product of the present invention;
Figure 22 shows photomicrographs of the microstructure
of a steel product of the present invention and a
conventional hot rolled A1006 strip steel after
bending and heating to 600 0C , 650 0C ,700 0C ,750 0C
800 0C , and 85O 0C ; 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 A1006 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 StatesPatents 5,184,668
and 5,277,243 to produce steel strip of the order of 1
nun thick and less. Such casting trials using silicon
manganese killed steel have demonstrated that the
melting point of oxide inclusions in the molten steel
have an effect on the heat fluxes obtained during
steel solidification as illustrated in Figure 1 . Low
melting point oxides improve the heat transfer contact



between the molten metal and the casting roll surfaces
in the upper regions of the pool , generating higher
heat transfer rates. Liquid inclusions are not
produced when their melting points are higher than the
steel temperature in the casting pool. Therefore,
there is a dramatic reduction in heat transfer rate
when the inclusion melting point is greater than
approximately 1600 C . With casting trials, we found
that with aluminum killed steel; the formation of high
melting point alumina inclusions (melting point 2050C)
could be limited if not avoided by, calcium additions
to the composition to provide liquid CaO-Al 2q3
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 SiO2 by the
following reaction : Mn+Si+30 = MnO-SiO 2 The
appearance of the solidification inclusions on the
strip surface, obtained from an Energy
DispersiveSpectroscopy (EDS) map is shown in Figure 2
. It can be seen that solidification inclusions are
extremely fine (typically less than 2 to 3 microns)
and are located in a band located within 10 to 20
microns from the surface. A typical size distribution
of the oxide inclusions through 



the strip is shown in Figure 3 of our paper entitled
Recent Developments in Project M the Joint Development
of Low Carbon Steel Strip Casting by BHP and IHI,
presented at the METEC Congress 99, Dusseldorf Germany
(June 13-15, 1999) . In manganese silicon killed
steel, the comparative levels of the solidification
inclusions are primarily determined by the Mn and Si
levels in the steel . Figure 3 shows that the ratio of
Mn to Si has a significant effect on the liquidus
temperature of the inclusions. A manganese silicon
killed steel 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 M O6 : 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- Siq2-Al2O3 based.
These deoxidation inclusions are randomly located in
thestrip and are coarser than the solidification
inclusions near the strip surface formed by reaction
of the free oxygen during casting. 



The alumina content of the inclusions has a strong
effect on the free oxygen level in the steel and can
be used to control the free oxygen levels in the melt.
Figure 4 shows that with increasing alumina content,
the free oxygen levels in the steel is reduced. The
free oxygen reported in Figure 4 was measured using
the Celox(r) measurement system made by Heraeus
Electro-Nite, and the measurements normalized to 1600
0C to standardize reporting of the free oxygen content
as in the following claims . With the introduction of
alumina, MnO-SiO 2 inclusions are diluted with a
subsequent reduction in their activity, which in turn
reduces the free oxygen level, as seen from the
following reaction: Mn + Si + 3O + Al2O3 <
(Al2O3)-MnO-SiO2 . For MnO-SiO -Al2O3 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 MnO/SiO 2 ratio 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 50ppm to produce metal shells . The
levels of oxide 



inclusions produced by the total oxygen and free
oxygen contents of the molten steel promote nucleation
and high heat flux during the initial and continued
solidification of the steel on the casting roll
surfaces . Both solidification and deoxidation
inclusions are oxide inclusions and provide nucleation
sites and contribute significantly to nucleation
during the metal solidification process, but the
deoxidation inclusions may be rate controlling in that
their concentration can be varied and their
concentration affects the concentration of free oxygen
present. The deoxidation inclusions are much bigger,
typically greater than 4 microns, whereas the
solidification inclusions are generally less than 2
microns and are MnO-SiO2 based, and have no Al2O3
whereas the deoxidation inclusions also have Al2O3
present as part of the inclusions. It was found in
casting trials using the above MO6 grade of
silicon/manganese killed steel that if the total
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 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 total oxygen content
may be measured by a L 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 theduration of the treatment. The total
oxygen content was measured by conventional procedures
using the LECO TC-436 Nitrogen/Oxygen Determinator
described in the TC 436 Nitrogen/Oxygen Determinator
Instructional Manual available from LECO (Form No.
200-403, Rev. Apr. 96, Section 7 at pp. 7-1 to 7-4. In
order to determine whether the enhanced heat fluxes
obtained with higher total oxygen contents was due to
the availability of oxide inclusions as nucleation
sites during casting, casting trials were carried out
with steels in which deoxidation in the ladle was
carried out with calcium suicide (Ca-Si) and the
results compared with casting with the low carbon
Si-killed steel known as MO6 grades of steel. The
results are set out in the following tables : Table 1
Heat flux differences between MO6 and Ca-Si grades.
Although Mn and Si levels were similar to normal
Sikilled 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 Slag compositions with Ca-Si deoxidationThe
free oxygen levels in Ca-Si grades were lower,
typically 20 to 30 ppm compared to 40 to 50 ppm with
M06 grades . Oxygen is a surface-active element and
thus reduction in free oxygen level is expected to
reduce the wetting between molten steel and the
casting rolls and causes a reduction in the heat
transfer rate between the 



metal and the casting rolls. However, from Figure 7 it
appears that free oxygen reduction from 40 to 20 ppm
may not be sufficient to increase the surface tension
to levels that explain the observed reduction in the
heat flux. It can be concluded that lowering the free
and total oxygen levels in the steel reduces the
volume of inclusions and thus reduces 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/mm2 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
heattransfer at the various locations . It is thus
possible to produce an overall solidification rate as
well as total heat flux measurements . It is also
possible to examine the microstructure of the strip
surface to correlate changes in the solidification
microstructure with the changes in observed
solidification rates and heat transfer 



values, and to examine the structures associated with
nucleation on initial solidification at the chilled
surface. A dip testing apparatus is more fully
described in United States Patent 5,720,336. The
relationship of the oxygen content of the liquid steel
on initial nucleation and heat transfer has been
examined using a model described in Appendix 1 . This
model assumes that all the oxide inclusions are
spherical and are uniformly distributed throughout the
steel. A surface layer was assumed to be 2 microns 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/mm2 . Figure 8 is a plot of the
percentage of oxide inclusions in the surface layer
required to participate in the nucleation process to
achieve the target nucleation per unit area density at
different steel cleanliness levels as expressed by
total oxygen content, assuming a strip thickness of
1.6 mm and a casting speed of QOm/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
achievethe target nucleation per unit area density of
120/mm 2 . However, at 80 ppm total oxygen content,
around 50% of the inclusions are required to achieve
the critical nucleation rate and at 40 ppm total
oxygen level there will be an 



insufficient level of oxide inclusions to meet the
target nucleation per unit area density. Accordingly
when trimming the steel by deoxidation in the ladle,
the oxygen content of the steel can be controlled to
produce a total oxygen content in the range 100 to 250
ppm and typically about 200 ppm. This will have the
result that the two micron deep layers adjacent the
casting rolls on initial solidification will contain
oxide inclusions having a per unit area density of at
least 120/mm 2 . These inclusions will be present in
the outer surface layers of the final solidified strip
product and can be detected by appropriate
examination, for example by energy dispersive
spectroscopy (EDS) . 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 casting
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 0C , to
standardize measurement offree oxygen in accordance
with the present invention as described in the claims
. 



These free oxygen and total oxygen levels were
measured in the tundish immediately above the casting
pool, and although the temperature of the steel in the
tundish is higher than in the casting pool, these
levels are indicative of the slightly lower total
oxygen and free oxygen levels of the molten steel in
the casting pool. The measured values of total oxygen
and free oxygen from the first samples are reported in
Figures 9 and 14, taken during filling of the casting
pool or immediately following filling of the casting
pool at the start of the campaigns . It is understood
that the total oxygen and free oxygen levels will
reduce during the campaign. Figures 10-13 and 15-18
show the measurements of total oxygen and free oxygen
in the tundish immediately above 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 LMF. 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
invention. A s can be seen from these data, the total
oxygen is 



at least about 70 ppm (except for one outlier)
andtypically below 200 ppm, with the total oxygen
level generally between about 80 ppm and 150 ppm. The
free oxygen levels were above 25 ppm and generally
clustered between about 30 and about 50 ppm, which
means the free oxygen content should be between 20 and
60 ppm. Higher levels of free oxygen will cause the
oxygen to combine in formation of unwanted slag, and
lower levels of free oxygen will result in
insufficient formation of solidification inclusions
for efficient shell formation and strip casting.
EXAMPLE INPUTS Critical nucleation per unit area 120
This value has been density no/mm2 (needed to achieve
obtained from sufficient heat transfer rates)
experimental dip testing work 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, um (one side) 



Total no of 4265241128298.4536 inclusions surface
onlyThese inclusions can participate in the initial
nucleation process Casting speed, m/min 80 Strip
length, m 9615.38462 Strip surface area, m2
19230.76923 Total no of nucleating 2307692.30760 sites
required % of available inclusions 54.10462 that need
to participate 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, finesized 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 electronmicrograph given in Figure 19.
The size of the particles was found to be in the order
of 5 to 30 nanometers. The size of the particles was
determined from measurements on TEM micrographs .
Chemical analysis of these fine-sized oxide particles
using energy dispersive spectroscopy (EDS) found them
to contain Fe, Si and 0 as shown in Figure 20. The
formation of such particles, particularly in view of
their composition, size and distribution, can be
attributed to the processing technology. The total and
free oxygen levels of the liquid steel, and the very
high cooling rates involved with the twin-roll casting
technology described above, can result in the
precipitation and 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 the0.20% C steel. The particular samples are
identified in Table 3 below. Table 3 The austenite
grain coarsening temperatures exhibited by the present
steels are in the order of that usually observed in
the past with other aluminium killed steels, where the
presence of aluminium nitride particles in the steel
micros tructure acts to restrict austenite grain
growth. The austenite grain coarsening temperatures of
the present steels, in fact approach the grain
coarsening temperatures observed with titanium treated
aluminium killed, continuously slab 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 AlN 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, enamellingor full annealing.
Avoided is excessive coarsening of 



austenite grains during heat treatment, which can lead
to a coarse microstructure on cooling, and an
associated loss of strength and toughness at ambient
temperatures . We have conducted other studies in
relation to the resistance to strain induced ferrite
grain coarsening. In this study, samples of a present
steel product and conventional A1006 strip were bent
around a former to produce a range of strain levels
through the strip thickness that could be produced in
the manufacture of lightly deformed products and
subsequently heat-treated at temperatures in the range
of 600 C to 900 C . The samples were then examined
metallographically to determine the response of the
microstructure to the strain and heat treatment.
Photomicrographs of some of the resulting
microstructures are given in Figure 22 . The steel
product of the present invention material resisted
coarsening to a far greater degree than the
conventional A1006 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
straintemperature 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 A1006. In fact, only
very small strains are required in conventional AlO 06
strip to produce coarsening of the 



ferrite grains . This behaviour of the present steel
product is similar to steels with the presence of
asubstantially uniform distribution of fine-sized
oxide particles as described above. This attribute can
be relevant where heating could be applied to formed
products, such as joining processes like brazing. The
controlled chemical composition of the liquid steel,
particularly the total and free oxygen content, and
the very high solidification rate of the process
provide the conditions for the precipitation and
formation of the uniform dispersion of nano-sized
particles of less than 50 nanometer size particles.
These fine oxide particles act to inhibit austenite
grain growth during high temperature heating and raise
the strain to induce ferrite recrystallisation. These
attributes are important in fabrication of the steel
product. It is clear that the present steel product
with these properties may be produced by twin-roll
continuous casting of thin steel strips as described
above. While the invention has been illustrated and
described in detail in the drawings and foregoing
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 protected. APPENDIX 1 a .
List of symbols w = roll width, m t = strip thickness,
mm 



ms = steel weight in the ladle, tonne D3 = density of
steel, kg/m3 D i = density of inclusions , kg/m3 Ot =
total oxygen in steel, ppm d = inclusion diameter, mV
i = volume o f one inclusions , m 3 itii = mass of
inclusions, k g N t = total number o f inclusions t s
= thickness o f the surface layer, microns N 3 = total
number o f inclusions present i n the surface (that
can participate in the nucleation process) u = casting
speed, m/min L 3 = strip length, m A 3 = strip surface
area, m 2 Nreq= Total number o f inclusions required t
o meet the target nucleation density N C t = target
nucleation per unit area density, number /miti2
(obtained from dip testing) N av = % o f total
inclusions available in the molten steel a t the
surface o f the casting rolls for initial nucleation
process . b . Equations (1) HIi= (O t x m s x 0.001)
/0.42 Note: for Mn-Si killed steel, 0.42kg o f oxygen
i s needed to produce 1 k g o f neclusions with a 



composition o f 30% MnO, 40% SiO 2 and 30% A l 2O 3 .
For Al-killed steel (with C a injection), 0.38 k g o f
oxygen i s required to produce 1 k g o f inclusions
with a composition o f 50% A l2O and 50% CaO. (2)
Vi=4.19 x (d/2) 3 (4) N s= (2.0 t s x 0.001 x N t/t)
(5) L 3=(ItI3 X 1000)/(D s x w x t/1000) (6) A 3 = 2.0
x L 3 x w (7) N req =A S x 1 0 6 x N C t(8) Na v % =
(Nreq / Ns ) x 100 . 0 Eg. 1 calculates the mass of
inclusions in steel. Eq. 2 calculates the volume of
one inclusion assuming they are spherical . Eq. 3
calculates the total number of inclusions available in
steel. Eq. 4 calculates the total number of inclusions
available in the surface layer (assumed to be 2 mm on
each side) . Note that these inclusions can only
participate in the initial nucleation. Eq. 5 and Eq. 6
are used to calculate the total surface area of the
strip. Eq. 7 calculates the number of inclusions
needed at the surface to meet the target nucleation
rate . Eq. 8 is used to calculate the percentage of
total inclusions available at the surface which must
participate in the nucleation process . Note if this
number is great than 100%, then the number of
inclusions at the surface is not sufficient to meet
target nucleation rate .CLAIMS : 1 . 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 of
silicon and iron distributed through the steel
microstructure having an average precipitate size less
than 50 nanometers . 2 . The steel product as claimed
in Claim 1 wherein the aluminium content is less than
0.02%. 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, SiO2 and
Al2O3 distributed through the steel at an inclusion
density in the range 2 gm/cm3 to 4 gm/cm3 . 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 .8 . 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 of silicon and iron
distributed through the steel micros tructure wherein
the oxide particles increase the resistance to
austenite 



grain coarsening up to at least 1000 0C . 9 . The
steel product as claimed in Claim 8 wherein the
aluminium content is less than 0.02%. 10. The steel
product as claimed in Claim 8 wherein the aluminium
content is less than 0.01%. 11 . The steel product as
claimed in any one of Claims 8 to 10 wherein the
average size of the ironsilicon 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 ironsilicon 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.14 . The steel product as claimed in
Claim 13 wherein the aluminium content is less than 0
.02% . 15 . The steel product as claimed in Claim 13
or Claim 14 wherein the average austenite grain size
is between 5 and 50 microns for temperatures up to at
least 1000 C for a holding time of at least 20
minutes. 16. The steel product as claimed in Claim 13
or Claim 14 wherein the average austenite grain size
is less than 40 micron up to at least 1050 C for a
holding time of at least 20 minutes. 17 . A steel
product with a high austenite grain 



coarsening temperature comprising a carbon steel
having, 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
micros tructure 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;introducing molten low carbon steel having a total
oxygen content of at least 100 ppm and a free oxygen
content between 30 and 50 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 . 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 oxideinclusions comprising any one or more of
MnO, SiO and Al2O3 distributed through the steel at an
inclusion density in the range 2 gm/cm3 to 4 gm/cm3 .
25. The steel product as claimed in Claim 24 wherein
more than a majority of the inclusions range in size
between 2 and 12 microns . 26. The steel product as
claimed in any one of Claims 20 to 25 wherein the
sulphur content of the molten steel is less than 0.01%
by weight. 27 . The steel product as claimed in any
one of Claims 20 to 26 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 



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
asilicon/manganese killed steel and the inclusions
comprise any one or more of MnO, Siq2 and Al2O3 . 30.
The steel product as claimed in any one of Claims 27
to 29 wherein more than a majority of the inclusions
range in size between 2 and 12 microns . 31 . The
steel product as claimed in any one of Claims 27 to 30
wherein the solidified steel has a total oxygen
content in the range of 100 ppm to 250 ppm. 32 . 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; 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 .33 . The steel
product as claimed in Claim 32 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. 34 .
The steel product as claimed in Claim 32 wherein the
molten steel in the casting pool has an aluminium
content of the order of 0.01% or less by weight. 35 .
The steel product as claimed in any one of Claims 32
to 34 wherein the molten steel in the casting pool has
a total oxygen content between 100 ppm and 250 ppm.
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, SiO2 and
AI2O3 distributed through the steel at an inclusion
density in the range 2 gm/cm3 to 4 gm/cm3 . 37. The
steel product as claimed in Claim 36 wherein more than
a majority of the inclusions 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 steelcovered 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. 40 . The steel product
as claimed in Claim 39 wherein the desulphurization
reduces the sulphur content of the molten steel to
less than 0.01% by weight. 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, Siq2 and
AI2O 3. 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 /mm2 .45 . The thin steel
strip as claimed in Claim 44 wherein the majority of
the solidified steel is a silicon/manganese killed
steel and the inclusions comprise any one or more of
MnO, Siq2 and AI2O3 . 46. The thin steel strip as
claimed in Claim 44 or Claim 45 wherein the majority
of the inclusions range in size between 2 and 12
microns . 47 . The thin steel strip as claimed in any
one of Claims 44 to 46 wherein the solidified steel
has an oxygen content reflective of total oxygen
content in the range 100 ppm to 250 ppm and a free
oxygen content between 30 and 50 ppm in the molten
steel from which the strip is made. 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, Siq2 and AI2O3 . 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 .51 . 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 70 ppm to
250 ppm and free oxygen content between 20 and 60 ppm
in the made 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, Siq2 and AI2O3 . 53 .
The thin steel strip as claimed i n Claim 51 or Claim
52 wherein the majority of the inclusions range in
size between 2 and 12 microns . 


