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DESCRIPTION

Technical Field:

[0001] The present invention relates to a ferrosilicon based inoculant for the manufacture of
cast iron with spheroidal graphite and to a method for production of the inoculant.

Background Art:

[0002] Cast iron is typically produced in cupola or induction furnaces, and generally contain
between 2 to 4 per cent carbon. The carbon is intimately mixed with the iron and the form
which the carbon takes in the solidified cast iron is very important to the characteristics and
properties of the iron castings. If the carbon takes the form of iron carbide, then the cast iron is
referred to as white cast iron and has the physical characteristics of being hard and brittle,
which in most applications is undesirable. If the carbon takes the form of graphite, the cast iron
is soft and machinable.

[0003] Graphite may occur in cast iron in the lamellar, compacted or spheroidal forms. The
spheroidal shape produces the highest strength and most ductile type of cast iron.

[0004] The form that the graphite takes as well as the amount of graphite versus iron carbide,
can be controlled with certain additives that promote the formation of graphite during the
solidification of cast iron. These additives are referred to as nodularisers and inoculants and
their addition to the cast iron as nodularisation and inoculation, respectively. In cast iron
production iron carbide formation especially in thin sections is often a challenge. The formation
of iron carbide is brought about by the rapid cooling of the thin sections as compared to the
slower cooling of the thicker sections of the casting. The formation of iron carbide in a cast iron
product is referred to in the trade as "chill". The formation of chill is quantified by measuring
"chill depth" and the power of an inoculant to prevent chill and reduce chill depth is a
convenient way in which to measure and compare the power of inoculants, especially in grey
irons. In nodular iron, the power of inoculants is usually measured and compared using the
graphite nodule number density.

[0005] As the industry develops there is a need for stronger materials. This means more
alloying with carbide promoting elements such as Cr, Mn, V, Mo, etc., and thinner casting
sections and lighter design of castings. There is therefore a constant need to develop
inoculants that reduce chill depth and improve machinability of grey cast irons as well as
increase the number density of graphite spheroids in ductile cast irons.

[0006] The exact chemistry and mechanism of inoculation and why inoculants function as they
do in different cast iron melts is not completely understood, therefore a great deal of research
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goes into providing the industry with new and improved inoculants.

[0007] It is thought that calcium and certain other elements suppress the formation of iron
carbide and promote the formation of graphite. A majority of inoculants contain calcium. The
addition of these iron carbide suppressants is usually facilitated by the addition of a ferrosilicon
alloy and probably the most widely used ferrosilicon alloys are the high silicon alloys containing
70 to 80% silicon and the low silicon alloy containing 45 to 55% silicon. Elements which
commonly may be present in inoculants, and added to the cast iron as a ferrosilicon alloy to
stimulate the nucleation of graphite in cast iron, are e.g. Ca, Ba, Sr, Al, rare earth metals (RE),
Mg, Mn, Bi, Sb, Zr and Ti.

[0008] The suppression of carbide formation is associated by the nucleating properties of the
inoculant. By nucleating properties it is understood the number of nuclei formed by an
inoculant. A high number of nuclei formed results in an increased graphite nodule number
density and thus improves the inoculation effectiveness and improves the carbide suppression.
Further, a high nucleation rate may also give better resistance to fading of the inoculating
effect during prolonged holding time of the molten iron after inoculation. Fading of inoculation
can be explained by the coalescing and re-solution of the nuclei population which causes the
total number of potential nucleation sites to be reduced.

[0009] U.S. patent No. 4,432,793 discloses an inoculant containing bismuth, lead and/or
antimony. Bismuth, lead and/or antimony are known to have high inoculating power and to
provide an increase in the number of nuclei. These elements are also known to be anti-
spheroidizing elements, and the increasing presence of these elements in cast iron is known to
cause degeneration of the spheroidal graphite structure. The inoculant according to U.S.
patent No. 4,432,793 is a ferrosilicon alloy containing from 0.005 % to 3 % rare earths and
from 0.005 % to 3 % of one of the metallic elements bismuth, lead and/or antimony alloyed in
the ferrosilicon.

[0010] According to U.S. patent No. 5,733,502 the inoculants according to the said U.S. patent
No. 4,432,793 always contain some calcium which improves the bismuth, lead and/or antimony
yield at the time the alloy is produced and helping to distribute these elements homogeneously
within the alloy, as these elements exhibit poor solubility in the iron-silicon phases. However,
during storage the product tends to disintegrate and the granulometry tends toward an
increased amount of fines. The reduction of granulometry was linked to the disintegration,
caused by atmospheric moisture, of a calcium-bismuth phase collected at the grain boundaries
of the inoculants. In U.S. patent No. 5,733,502 it was found that the binary bismuth-magnesium
phases, as well as the ternary bismuth-magnesium-calcium phases, were not attacked by
water. This result was only achieved for high silicon ferrosilicon alloy inoculants, for low silicon
FeSi inoculants the product disintegrated during storage. The ferrosilicon-based alloy for
inoculation according to U.S. patent No. 5,733,502 thus contains (by weight %) from 0.005-3 %
rare earths, 0.005-3 % bismuth, lead and/or antimony, 0.3-3 % calcium and 0.3-3 %
magnesium, wherein the Si/Fe ratio is greater than 2.
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[0011] U.S. patent application No. 2015/0284830 relates to an inoculant alloy for treating thick
cast-iron parts, containing between 0.005 and 3 wt% of rare earths and between 0.2 and 2
wt% Sb. Said US 2015/0284830 discovered that antimony, when allied to rare earths in a
ferrosilicon-based alloy, would allow an effective inoculation, and with the spheroids stabilized,
of thick parts without the drawbacks of pure antimony addition to the liquid cast-iron. The
inoculant according to US 2015/0284830 is described to be typically used in the context of an
inoculation of a cast-iron bath, for pre-conditioning said cast-iron as well as a nodularizer
treatment. An inoculant according to US 2015/0284830 contains (by wt%) 65 % Si, 1.76 % Ca,
1,23 % Al, 0.15 % Sb, 0.16 % RE, 7.9 % Ba and balance iron.

[0012] From WO 95/24508 it is known a cast iron inoculant showing an increased nucleation
rate. This inoculant is a ferrosilicon based inoculant containing calcium and/or strontium and/or
barium, less than 4 % aluminium and between 0.5 and 10 % oxygen in the form of one or more
metal oxides. It was, however found that the reproducibility of the number of nuclei formed
using the inoculant according to WO 95/24508 was rather low. In some instances a high
number of nuclei are formed in the cast iron, but in other instances the numbers of nuclei
formed are rather low. The inoculant according to WO 95/24508 has for the above reason
found little use in practice.

[0013] From WO 99/29911 it is known that the addition of sulphur to the inoculant of WO
95/24508 has a positive effect in the inoculation of cast iron and increases the reproducibility of
nuclei.

[0014] In WO 95/24508 and WO 99/29911 iron oxides, FeO, FexOs and Fe3Oy4, are the
preferred metal oxides. Other metal oxides mentioned in these patent applications are SiO»,
MnO, MgO, CaO, Al,O3, TiO2> and CaSiO3, CeO,, ZrO,. The preferred metal sulphide is
selected from the group consisting of FeS, FeS,, MnS, MgS, CaS and CuS.

[0015] From US application No. 2016/0047008 it is known a particulate inoculant for treating
liquid cast-iron, comprising, on the one hand, support particles made of a fusible material in the
liquid cast-iron, and on the other hand, surface particles made of a material that promotes the
germination and the growth of graphite, disposed and distributed in a discontinuous manner at
the surface of the support particles, the surface particles presenting a grain size distribution
such that their diameter d50 is smaller than or equal to one-tenth of the diameter d50 of the
support particles. The purpose of the inoculant in said US 2016’ is inter alia indicated for the
inoculation of cast-iron parts with different thicknesses and low sensibility to the basic
composition of the cast-iron. Thus, there is a desire to provide an inoculant having improved
nucleating properties and forming a high number of nuclei, which results in an increased
graphite nodule number density and thus improves the inoculation effectiveness. Another
desire is to provide a high performance inoculant. A further desire is to provide an inoculant
which may give better resistance to fading of the inoculating effect during prolonged holding
time of the molten iron after inoculation. Another desire is to provide a FeSi based inoculant
containing bismuth, having a high bismuth yield in the production of the inoculant compared to
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the bismuth alloyed inoculants of the prior art. At least some of the above desires are met with
the present invention, as well as other advantages, which will become evident in the following
description.

[0016] SU 1 047 969 A1, WO 02/081758 and P. Ferro in published article "Effect of inoculant
containing rare earth metals and bismuth on microstructure and mechanical properties of
heavy-section near-eutectic ductile iron castings - ScienceDirect" Journal of Materials
Processing Technology Vol. 2030, Issue 9, 30 September 2013, all relate to different forms of
treatment of metals using Bi. WO 99/29911 is considered to be a high performance inoculant,
which gives a high number of nodules in ductile cast iron. It has now been found that the
addition of bismuth sulphide to the inoculant of WO 99/29911 surprisingly results in a
significantly higher number of nuclei, or nodule number density, in cast irons when adding the
inoculant containing bismuth sulphide to cast iron.

Summary of the Invention

[0017] As set forth in the appended claims, in a first aspect, the present invention relates to an
inoculant for the manufacture of cast iron with spheroidal graphite, where said inoculant
comprises a particulate ferrosilicon alloy consisting of between 40 and 80 % by weight of Si;
0.02-8 % by weight of Ca; 0-5 % by weight of Sr; 0-12 % by weight of Ba; 0-15 % by weight of
rare earth metal; 0-5 % by weight of Mg; 0.05-5 % by weight of Al; 0-10 % by weight of Mn; 0-
10 % by weight of Ti; 0-10 % by weight of Zr; the balance being Fe and incidental impurities in
the ordinary amount, and where said inoculant additionally contains, by weight, based on the
total weight of inoculant: 0.1 to 15 % of particulate Bi;S3, and optionally between 0.1 and 15 %

of particulate Bi;O3, and/or between 0.1 and 15 % of particulate Sb,O3, and/or between 0.1
and 15 % of particulate SbyS3, and/or between 0.1 and & % of one or more of particulate
Fe304, Fex03, FeO, or a mixture thereof, and/or between 0.1 and 5 % of one or more of

particulate FeS, FeS,, Fe3Sy, or a mixture thereof.

[0018] In an embodiment, the ferrosilicon alloy comprises between 45 and 60 % by weight of
Si. In another embodiment of the inoculant the ferrosilicon alloy comprises between 60 and 80
% by weight of Si.

[0019] In an embodiment, the rare earth metals include Ce, La, Y and/or mischmetal. In an
embodiment, the ferrosilicon alloy comprises up to 10 % by weight of rare earth metal. In an
embodiment, the ferrosilicon alloy comprises between 0.5 and 3 % by weight of Ca. In an
embodiment, the ferrosilicon alloy comprises between 0 and 3 % by weight of Sr. In a further
embodiment, the ferrosilicon alloy comprises between 0.2 and 3 % by weight of Sr. In an
embodiment, the ferrosilicon alloy comprises between 0 and 5 % by weight of Ba. In a further
embodiment, the ferrosilicon alloy comprises between 0.1 and 5 % by weight of Ba. In an
embodiment, the ferrosilicon alloy comprises between 0.5 and 5 % by weight Al. In an
embodiment, the ferrosilicon alloy comprises up to 6 % by weight of Mn and/or Ti and/or Zr. In
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an embodiment, the ferrosilicon alloy comprises less than 1 % by weight Mg.

[0020] In an embodiment, the inoculant comprises between 0.5 and 10 % by weight of
particulate BirSs.

[0021] In an embodiment, the inoculant comprises between 0.1 and 10 % of particulate Bi>Os.
[0022] In an embodiment, the inoculant comprises between 0.1 and 8 % of particulate Sb;,03.
[0023] In an embodiment, the inoculant comprises between 0.1 and 8 % of particulate Sb>S,.

[0024] In an embodiment, the inoculant comprises between 0.5 and 3 % of one or more of
particulate Fe3Oy4, Fe;0O3, FeO, or a mixture thereof, and/or between 0.5 and 3 % of one or

more of particulate FeS, FeS,, Fe3Sy, or a mixture thereof.

[0025] In an embodiment, the total amount (sum of sulphide/oxide compounds) of the
particulate BiyxS3, and the optional particulate BixOs, and/or particulate SbyOs, and/or

particulate Sb,S3, and/or one or more of particulate Fe3Oy4, FexO3, FeO, or a mixture thereof,
and/or one or more of particulate FeS, FeS,, Fe3S4, or a mixture thereof, is up to 20 % by

weight, based on the total weight of the inoculant. In another embodiment the total amount of
particulate BiyS3, and the optional particulate BiyO;, and/or particulate Sb,O5, and/or

particulate SbyS3, and/or one or more of particulate Fe3O4, FexO3, FeO, or a mixture thereof,
and/or one or more of particulate FeS, FeSy, Fe3Sy, or a mixture thereof, is up to 15 % by

weight, based on the total weight of the inoculant.

[0026] In an embodiment, the inoculant is in the form of a blend or a mechanical/physical
mixture of the particulate ferrosilicon alloy and the particulate Bi>Sis, and the optional

particulate BioOs, and/or particulate Sbo,O3, and/or particulate Sb>S3, and/or one or more of
particulate Fe3Oy4, FexO3, FeO, or a mixture thereof and/or one or more of particulate FeS,

FeS,, FeaSy, or a mixture thereof.

[0027] In an embodiment, the particulate Bi»S3, and the optional particulate Bi>O3, and/or
particulate SbyO4, and/or particulate Sb>S3, and/or one or more of particulate Fe3O4, Fes0a,
FeO, or a mixture thereof, and/or one or more of particulate FeS, FeS,, FeaSy, or a mixture

thereof, is/are present as coating compounds on the particulate ferrosilicon based alloy.

[0028] In an embodiment, the particulate Bi»S3, and the optional particulate Bi>O3, and/or
particulate SbyO4, and/or particulate Sb>S3, and/or one or more of particulate Fe3O4, Fes0a,
FeO, or a mixture thereof, and/or one or more of particulate FeS, FeS,, FeaSy, or a mixture

thereof, is/are mechanically mixed or blended with the particulate ferrosilicon based alloy, in
the presence of a binder.
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[0029] In an embodiment, the inoculant is in the form of agglomerates made from a mixture of
the particulate ferrosilicon alloy and the particulate Bi;S3z, and the optional particulate BixO3,

and/or particulate Sb,04, and/or particulate Sb,S3, and/or one or more of particulate FezOy,
FeoO4, FeO, or a mixture thereof and/or one or more of particulate FeS, FeS,, Fe3Sy, or a

mixture thereof, in the presence of a binder.

[0030] In an embodiment, the inoculant is in the form of briquettes made from a mixture of the
particulate ferrosilicon alloy and the particulate Bi>S3, and the optional particulate Bi>O3, and/or

particulate SbyO4, and/or particulate Sb>S3, and/or one or more of particulate Fe3O4, Fes0a,
FeO, or a mixture thereof and/or one or more of particulate FeS, FeS,, Fe3S4, or a mixture

thereof, in the presence of a binder.

[0031] In an embodiment, the particulate ferrosilicon based alloy and the particulate Bi»S3, and
the optional particulate Bi;O3, and/or particulate Sb,O3, and/or particulate Sb,S3, and/or one or
more of particulate Fe30y4, Fex03, FeO, or a mixture thereof and/or one or more of particulate
FeS, FeSy, FezSy, or a mixture thereof, are added separately but simultaneously to liquid cast

iron.

[0032] In a second aspect the present invention relates to a method for producing an inoculant
according to the present invention, the method comprises: providing a particulate base alloy
comprising between 40 and 80 % by weight of Si, 0.02-8 % by weight of Ca; 0-5 % by weight of
Sr; 0-12 % by weight of Ba; 0-15 % by weight of rare earth metal; 0-5 % by weight of Mg; 0.05-
5 % by weight of Al; 0-10 % by weight of Mn; 0-10 % by weight of Ti; 0-10 % by weight of Zr;
the balance being Fe and incidental impurities in the ordinary amount, and adding to the said
particulate base, by weight, based on the total weight of inoculant: 0.1 to 15 % of particulate
Bi>Ss3, and optionally between 0.1 and 15 % of particulate BiO3, and/or between 0.1 and 15 %

of particulate Sby0O4, and/or between 0.1 and 15 % of particulate Sb,S3, and/or between 0.1
and 5 % of one or more of particulate Fe3zO4, FexO3, FeO, or a mixture thereof, and/or
between 0.1 and 5 % of one or more of particulate FeS, FeS,, Fe3Sy, or a mixture thereof, to

produce said inoculant.

[0033] In an embodiment of the method the particulate Bi»S;, and the optional particulate
Bi»O3, and/or particulate Sb,O4, and/or particulate SbyS3, and/or one or more of particulate
Fe304, Fes0O4, FeO, or a mixture thereof and/or one or more of particulate FeS, FeS;, FezSy,

or a mixture thereof, if present, are mechanically mixed or blended with the particulate base
alloy.

[0034] In an embodiment of the method the particulate Bi>Sa, and the optional particulate
BioO3, and/or particulate SbyO4, and/or particulate Sb,S3, and/or one or more of particulate

Fe304, Fes03, FeO, or a mixture thereof and/or one or more of particulate FeS, FeS,, FezSy,
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or a mixture thereof, if present, are mechanically mixed before being mixed with the particulate
base alloy.

[0035] In an embodiment of the method, the particulate Bi»S3;, and the optional particulate
Bi»O3, and/or particulate Sb,O4, and/or particulate SbyS3, and/or one or more of particulate
Fe30y4, Fes03, FeO, or a mixture thereof and/or one or more particulate FeS, FeS,, Fe3Sy, or

a mixture thereof, if present, are mechanically mixed or blended with the particulate base alloy
in the presence of a binder. In a further embodiment of the method, the mechanically mixed or
blended particulate base alloy, the particulate Bi,S3, and the optional particulate Bi,O3, and/or

particulate Sb,O3, and/or particulate Sb,S3, and/or one or more of particulate Fe304, Fes0a3,
FeO, or a mixture thereof and/or one or more of particulate FeS, FeS,, Fe3Sy, or a mixture

thereof, if present, in the presence of a binder, are further formed into agglomerates or
briquettes.

[0036] In another aspect, the present invention related to the use of the inoculant as defined
above in the manufacturing of cast iron with spheroidal graphite, by adding the inoculant to the
cast iron melt prior to casting, as an in-mould inoculant or simultaneously to casting.

[0037] In an embodiment of the use of the inoculant the particulate ferrosilicon based alloy and
the particulate BiyS3, and the optional particulate BiO3, and/or particulate SbyO3, and/or

particulate Sb,S3, and/or one or more of particulate Fe3Oy4, FexO3, FeO, or a mixture thereof
and/or one or more of particulate FeS, FeS,, FeaSy, or a mixture thereof, are added as a

mechanical/physical mixture or a blend to the cast iron melt.

[0038] In an embodiment of the use of the inoculant the particulate ferrosilicon based alloy and
the particulate BiyS3, and the optional particulate BiO3, and/or particulate SbyO3, and/or

particulate Sb,S3, and/or one or more of particulate Fe3Oy4, FexO3, FeO, or a mixture thereof
and/or one or more of particulate FeS, FeS,, Fe3Sy, or a mixture thereof, are added separately

but simultaneously to the cast iron melt.

Brief description of drawings

[0039]

Figure 1:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt E in example 1.
Figure 2:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt F in example 1.
Figure 3:
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diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt H in example 2.
Figure 4:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt | in example 2.
Figure 5:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt Y in example 3.
Figure 6:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt X in example 4.
Figure 7:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of Melt Y in example 4.
Figure 8:

diagram showing nodule number density (nodule number per mm?, abbreviated N/mm?)
in cast iron samples of in example 5.

Detailed description of the invention

[0040] According to the present invention a high potent inoculant is provided, for the
manufacture of cast iron with spheroidal graphite. The inoculant comprises a FeSi base alloy
combined with particulate bismuth sulphide (Bi>Sz), and optionally also comprising other

particulate metal oxides and/or particulate metal sulphides chosen from; bismuth oxide (BizO3),
antimony sulphide (Sb,S3), antimony oxide (Sb;03), iron oxide (one or more of Fe30y4, Fes03,
FeO, or a mixture thereof) and iron sulphide (one or more of FeS, FeS,, Fe3Sy, or a mixture

thereof). The inoculant according to the present invention is easy to manufacture and it is easy
to control and vary the amount of bismuth and antimony in the inoculant. Complicated and
costly alloying steps are avoided, thus the inoculant can be manufactured at a lower cost
compared to prior art inoculants containing Bi and/or Sb.

[0041] In the manufacturing process for producing ductile cast iron with spheroidal graphite the
cast iron melt is normally treated with a nodulariser, e.g. by using an MgFeSi alloy, prior to the
inoculation treatment. The nodularisation treatment has the objective to change the form of the
graphite from flake to nodule when it is precipitating and subsequently growing. The way this is
done is by changing the interface energy of the interface graphite/melt. It is known that Mg and
Ce are elements that change the interface energy, Mg being more effective than Ce. When Mg
is added to a base iron melt, it will first react with oxygen and sulphur, and it is only the "free
magnesium” that will have a nodularising effect. The nodularisation reaction is violent and
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results in agitation of the melt, and it generates slag floating on the surface. The violence of the
reaction will result in most of the nucleation sites for graphite that were already in the melt
(introduced by the raw materials) and other inclusions being part of the slag on the top and
removed. However some MgO and MgS inclusions produced during the nodularisation
treatment will still be in the melt. These inclusions are not good nucleation sites as such.

[0042] The primary function of inoculation is to prevent carbide formation by introducing
nucleation sites for graphite. In addition to introducing nucleation sites the inoculation also
transform the MgO and MgS inclusions formed during the nodularisation treatment into
nucleation sites by adding a layer (with Ca, Ba or Sr) on the inclusions.

[0043] In accordance with the present invention, the particulate FeSi base alloys should
comprise from 40 to 80 % by weight Si. Pure FeSi alloys are a week inoculant, but is a
common alloy carrier for active elements, allowing good dispersion in the melt. Thus, there
exist a variety of known FeSi alloy compositions for inoculants. Conventional alloying elements
in a FeSi alloy inoculant include Ca, Ba, Sr, Al, Mg, Zr, Mn, Ti and RE (especially Ce and La).
The amount of the alloying elements may vary. Normally inoculants are designed to serve
different requirements in grey, compacted and ductile iron production. The inoculant according
to the present invention may comprise a FeSi base alloy with a silicon content of about 40-80
% by weight. The alloying elements may comprise about 0.02-8 % by weight of Ca; about 0-5
% by weight of Sr; about 0-12 % by weight of Ba; about 0-15 % by weight of rare earth metal;
about 0-5 % by weight of Mg; about 0.05-5 % by weight of Al, about 0-10 % by weight of Mn;
about 0-10 % by weight of Ti; about 0-10 % by weight of Zr; and the balance being Fe and
incidental impurities in the ordinary amount.

[0044] The FeSi base alloy may be a high silicon alloy containing 60 to 80% silicon or a low
silicon alloy containing 45 to 60 % silicon. Silicon is normally present in cast iron alloys, and is a
graphite stabilizing element in the cast iron, which forces carbon out of the solution and
promotes the formation of graphite. The FeSi base alloy should have a particle size lying within
the conventional range for inoculants, e.g. between 0.2 to 6 mm. It should be noted that
smaller particle sizes, such as fines, of the FeSi alloy may also be applied in the present
invention, to manufacture the inoculant. When using very small particles of the FeSi base alloy
the inoculant may be in the form of agglomerates (e.g. granules) or briquettes. In order to
prepare agglomerates and/or briquettes of the present inoculant, the Bi>S3 particles, and any
additional particulate Bi»O3 and/or Sb>O3, and/or one or more of Fe3Oy4, FexO3, FeO, or a
mixture thereof, and/or one or more of FeS, FeS,, Fe3S4, or a mixture thereof, are mixed with
the particulate ferrosilicon alloy by mechanical mixing or blending, in the presence of a binder,
followed by agglomeration of the powder mixture according to the known methods. The binder
may e.g. be a sodium silicate solution. The agglomerates may be granules with suitable
product sizes, or may be crushed and screened to the required final product sizing.

[0045] A variety of different inclusions (sulphides, oxides, nitrides and silicates) can form in the
liquid state. The sulphides and oxides of the group llIA-elements (Mg, Ca, Sr and Ba) have very
similar crystalline phases and high melting points. The group llA-elements are known to form
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stable oxides in liquid iron; therefore inoculants, and nodularisers, based on these elements
are known to be effective deoxidizers. Calcium is the most common trace element in
ferrosilicon inoculants. In accordance with the invention, the particulate FeSi based alloy
comprises between about 0.02 to about 8 % by weight of calcium. In some applications it is
desired to have low content of Ca in the FeSi base alloy, e.g. from 0.02 to 0.5 % by weigh.
Compared to conventional inoculant ferrosilicon alloys containing alloyed bismuth, where
calcium is regarded as a necessary element to improve the bismuth (and antimony) yield,
there is no need for calcium for solubility purposes in the inoculants according to the present
invention. In other applications the Ca content could be higher, e.g. from 0.5 to 8 % by weight.
A high level of Ca may increase slag formation, which is normally not desired. A plurality of
inoculants comprise about 0.5 to 3 % by weight of Ca in the FeSi alloy.

[0046] The FeSi base alloy should comprise up to about 5 % by weight of strontium. A Sr
amount of 0.2-3 % by weight is typically suitable.

[0047] Barium may be present in an amount up to about 12 % by weight in the FeSi inoculant
alloy. Ba is known to give better resistance to fading of the inoculating effect during prolonged
holding time of the molten iron after inoculation, and gives better efficiencies over a wider
temperature range. Many FeSi alloy inoculants comprise about 0.1-5 % by weight of Ba. If
barium is used in conjunction with calcium the two may act together to give a greater reduction
in chill than an equivalent amount of calcium.

[0048] Magnesium may be present in an amount up to about 5 % by weight in the FeSi
inoculant alloy. However, as Mg normally is added in the nodularisation treatment for the
production of ductile iron, the amount of Mg in the inoculant may be low, e.g. up to about 0.1 %
by weight. Compared to conventional inoculant ferrosilicon alloys containing alloyed bismuth,
where magnesium is regarded as a necessary element to stabilise the bismuth containing
phases, there is no need for magnesium for stabilisation purposes in the inoculants according
to the present invention.

[0049] The FeSi base alloy may comprise up to 15 % by weight of rare earths metals (RE). RE
includes at least Ce, La, Y and/or mischmetal. Mischmetal is an alloy of rare-earth elements,
typically comprising approx. 50 % Ce and 25 % La, with small amounts of Nd and Pr. Additions
of RE are frequently used to restore the graphite nodule count and nodularity in ductile iron
containing subversive elements, such as Sb, Pb, Bi, Ti etc. In some inoculants the amount of
RE is up to 10 % by weight. Excessive RE may in some instances lead to chunky graphite
formations. Thus, in some applications the amount of RE should be lower, e.g. between 0.1-3
% by weight. Preferably the RE is Ce and/or La.

[0050] Aluminium has been reported to have a strong effect as a chill reducer. Al is often
combined with Ca in a FeSi alloy inoculants for the production of ductile iron. In the present

invention the Al content should be up to about 5 % by weight, e.g. from 0.1-5 %.

[0051] Zirconium, manganese and/or titanium are also often present in inoculants. Similar as
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for the above mentioned elements, the Zr, Mn and Ti play an important role in the nucleation
process of the graphite, which is assumed to be formed as a result of heterogeneous
nucleation events during solidification. The amount of Zr in the FeSi base alloy may be up to
about 10 % by weight, e.g. up to 6 % by weight. The amount of Mn in the FeSi base alloy may
be up to about 10 % by weight, e.g. up to 6 % by weight. The amount of Ti in the FeSi base
alloy may also be up to about 10 % by weight, e.g. up to 6 % by weight.

[0052] Bismuth and antimony are known to have high inoculating power and to provide an
increase in the number of nuclei.However, the presence of small amounts of elements like Bi
and/or Sb in the melt (also called subversive elements) might reduce nodularity. This negative
effect can be neutralized by using Ce or other RE metal. According to the present invention,
the amount of particulate Bi,S; should be from 0.1 to 15 % by weight based on the total

amount of the inoculant. In some embodiments the amount of BiyS3 is 0.2-10 % by weight. A

high nodule count is also observed when the inoculant contains 0.5 to 8 % by weight, based on
the total weight of inoculant, of particulate Bi>Ss.

[0053] Introducing Bi»>S3 (and optionally Bi,O3) together with the FeSi based alloy inoculant is

adding a reactant to an already existing system with Mg inclusions floating around in the melt
and "free” Mg. The addition of inoculant is not a violent reaction and the Bi yield (Bi/ Bi»S3 (and

BioO3) remaining in the melt) is expected to be high. The Bi»S3 particles should have a small

particle size, i.e. micron size (e.g. 1-10 ym), resulting in very quick melting or dissolution of the
Bi»S3 particles when introduced into the cast iron melt. Advantageously, the Bi»S3 particles are

mixed with the particulate FeSi base alloy, and if present, the particulate BizO3, SbyO3, SboS3,
one or more of Fe3zOy4, Fex04, FeO, or a mixture thereof and/or one or more of FeS, FeS,,

Fe3S4, or a mixture thereof, prior to adding the inoculant into the cast iron melt.

[0054] The amount of particulate Bi;Os, if present, should be from 0.1 to 15 % by weight based
on the total amount of the inoculant. In some embodiments the amount of Bi;O3 can be 0.1-10
% by weight. The amount of Bi,O3 can also be from about 0.5 to about 3.5 % by weight, based
on the total weight of inoculant. The particle size of the Bi,O3 should be similar to the BiyS;

particles, i.e. micron size, e.g. 1-10 ym.

[0055] Adding Bi in the form of Bi»S3 particles and Bi>Os, if present, instead of alloying Bi with

the FeSi alloy has several advantages. Bi has poor solubility in ferrosilicon alloys, therefore, the
yield of added Bi metal to the molten ferrosilicon is low and thereby the cost of a Bi-containing
FeSi alloy inoculant increases. Further, due to the high density of elemental Bi it may be
difficult to obtain a homogeneous alloy during casting and solidification. Another difficulty is the
volatile nature of Bi metal due to the low melting temperature compared to the other elements
in the FeSi based inoculant. Adding Bi as a sulphide and oxide, if present, together with the
FeSi base alloy provides an inoculant which is easy to produce with probably lower production
costs compared to the traditional alloying process, wherein the amount of Bi is easily controlled
and reproducible. Further, as the Bi is added as sulphide, and oxide if present, instead of
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alloying in the FeSi alloy, it is easy to vary the composition of the inoculant, e.g. for smaller
production series. Further, although Bi is known to have a high inoculating power, both the
oxygen and the sulphur are also of importance for the performance of the present inoculant,
hence, providing another advantage of adding Bi as a sulphide and a oxide.

[0056] The amount of particulate Sb,O4, if present, should be from 0.1 to 15 % by weight
based on the total amount of the inoculant. In some embodiments the amount of Sb,04 can be
0.1-8 % by weight. The amount of Sb,O4 can also be from about 0.5 to about 3.5 % by weight,
based on the total weight of inoculant. The amount of particulate Sb,S3, if present, should be

from 0.1 to 15 % by weight based on the total amount of the inoculant. In some embodiments
the amount of Sb,S3 can be 0.1-8 % by weight. The amount of Sb,S3 can also be from about

0.5 to about 3.5 % by weight, based on the total weight of inoculant.

[0057] The SbyO5 particles and Sb,;S; particles should have a small particle size, i.e. micron
size, e.g. 10-150 pm, resulting in very quick melting and/or dissolution of the Sb,O5 and/or

Sb,S; particles when introduced in the cast iron melt.

[0058] Adding Sb in the form of Sb>O3 particles and/or Sb,S3, instead of alloying Sb with the

FeSi alloy, provide several advantages. Although Sb is a powerful inoculant, the oxygen and
sulphur are also of importance for the performance of the inoculant. Another advantage is the
good reproducibility, and flexibility, of the inoculant composition since the amount and the
homogeneity of particulate Sb,O3 and/or Sb,S3 in the inoculant are easily controlled. The

importance of controlling the amount of inoculants and having a homogenous composition of
the inoculant is evident given the fact that antimony is normally added at a ppm level. Adding
an inhomogeneous inoculant may result in wrong amounts of inoculating elements in the cast
iron. Still another advantage is the more cost effective production of the inoculant compared to
methods involving alloying antimony in a FeSi based alloy.

[0059] The total amount of one or more of particulate Fe3O4, FexO3, FeO, or a mixture

thereof, if present, should be from 0.1 to 5 % by weight based on the total amount of the
inoculant. In some embodiments the amount of one or more of FezOy4, Fes03, FeO, or a
mixture thereof can be 0.5-3 % by weight. The amount of one or more of Fe30y4, Fe;03, FeO,
or a mixture thereof can also be from about 0.8 to about 2.5 % by weight, based on the total
weight of inoculant. Commercial iron oxide products for industrial applications, such as in the
metallurgy field, might have a composition comprising different types of iron oxide compounds
and phases. The main types of iron oxide being Fe3zO4, Fe20O3, and/or FeO (including other

mixed oxide phases of Fe!l and Fe!': iron(ll,lll)oxides), all which can be used in the inoculant
according to the present invention. Commercial iron oxide products for industrial applications
might comprise minor (insignificant) amounts of other metal oxides as impurities.

[0060] The total amount of one or more of particulate FeS, FeS,, Fe3Sy, or a mixture thereof,

if present, should be from 0.1 to 5 % by weight based on the total amount of the inoculant. In
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some embodiments the amount of one or more of FeS, FeS,, Fe3Sy, or a mixture thereof can
be 0.5-3 % by weight. The amount of one or more of FeS, FeS,, Fe3Sy, or a mixture thereof

can also be from about 0.8 to about 2.5 % by weight, based on the total weight of inoculant.
Commercial iron sulphide products for industrial applications, such as in the metallurgy field,
might have a composition comprising different types of iron sulphide compounds and phases.
The main types of iron sulphides being FeS, FeS, and/or FesS,4 (iron(ll, Ill)sulphide;

FeS-FeS3), including non-stoichiometric phases of FeS; Feq.,S (x> 0 to 0.1) and Fe4.yS (y >
0 to 0.2), all which can be used in the inoculant according to the present invention. A

commercial iron sulphide product for industrial applications might comprise minor (insignificant)
amounts of other metal sulphides as impurities.

[0061] One of the purposes of adding one or more of Fe3zOy4, Fe503, FeO, or a mixture thereof
and/or one or more of FeS, FeSy, FesS4, or a mixture thereof into the cast iron melt is to

deliberately add oxygen and sulphur into the melt, which may contribute to increase the nodule
count.

[0062] It should be understood that the total amount of the Bi»S3 particles, and any of the said

particulate Bi oxide, Sb oxide/sulphide and/or Fe oxide/sulphide, if present, should be up to
about 20 % by weight, based on the total weight of the inoculant. It should also be understood
that the composition of the FeSi base alloy may vary within the defined ranges, and the skilled
person will know that the amounts of the alloying elements add up to 100 %. There exists a
plurality of conventional FeSi based inoculant alloys, and the skilled person would know how to
vary the FeSi base composition based on these. The addition rate of the inoculant according to
the present invention to a cast iron melt is typically from about 0.1 to 0.8 % by weight. The
skilled person would adjust the addition rate depending on the levels of the elements, e.g. an
inoculant with high Bi and/or Sb will typically need a lower addition rate.

[0063] The present inoculant is produced by providing a particulate FeSi base alloy having the
composition as defined herein, and adding to the said particulate base the particulate Bi>Ss,
and any particulate BioO3, and/or particulate Sbo,O3, and/or particulate SboS4 and/or one or
more of particulate Fe3O4, Fex03, FeO, or a mixture thereof, and/or one or more of particulate
FeS, FeSy, FeaSy, or a mixture thereof, if present, to produce the present inoculant. The BixS3
particles, and any of the said particulate Bi oxide, Sb oxide/sulphide and/or Fe oxide/sulphide,
if present, may be mechanically/physically mixed with the FeSi base alloy particles. Any
suitable mixer for mixing/blending particulate and/or powder materials may be used. The
mixing may be performed in the presence of a suitable binder, however it should be noted that
the presence of a binder is not required. The Bi»S; particles, and any of the said particulate Bi
oxide, Sb oxide/sulphide and/or Fe oxide/sulphide, if present, may also be blended with the
FeSi base alloy particles, providing a homogenously mixed inoculant. Blending the BixSj
particles, and said additional sulphide/oxide powders, with the FeSi base alloy particles, may
form a stable coating on the FeSi base alloy particles. It should however be noted that mixing
and/or blending the Bi,S3 particles, and any other of the said particulate oxides/sulphides, with
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the particulate FeSi base alloy is not mandatory for achieving the inoculating effect. The
particulate FeSi base alloy and Bi»S3 particles, and any of the said particulate oxides/sulphides,
may be added separately but simultaneously to the liquid cast iron. The inoculant may also be
added as an in-mould inoculant or simultaneously to casting. The inoculant particles of FeSi
alloy, Bi,S3 particles, and any of the said particulate Bi oxide, Sb oxide/sulphide and/or Fe
oxide/sulphide, if present, may also be formed to agglomerates or briquettes according to
generally known methods.

[0064] The following Examples show that the addition of Bi;S3 particles together with FeSi
base alloy particles results in an increased nodule number density when the inoculant is added
to cast iron, compared to an inoculant according to the prior art in WO 99/29911. A higher
nodule count allows reducing the amount of inoculant necessary to achieve the desired
inoculating effect.

Examples

[0065] All test samples were analysed with respect to the microstructure to determine the
nodule density. The microstructure was examined in one tensile bar from each trial according
to ASTM E2567-2016. Particle limit was set to >10 ym. The tensile samples were @28 mm cast
in standard moulds according to ISO1083 - 2004, and were cut and prepared according to
standard practice for microstructure analysis before evaluating by use of automatic image
analysis software. The nodule density (also denoted nodule number density) is the number of

nodules (also denoted nodule count) per mm?2, abbreviated N/mm2.

[0066] The iron oxide used in the following examples, was a commercial magnetite (Fe3Oy)
with the specification (supplied by the producer); Fe3zO4 > 97.0 %; SiOy < 1.0 %. The
commercial magnetite product probably included other iron oxide forms, such as Fe>O3 and

FeO. The main impurity in the commercial magnetite was SiO», as indicated above.

[0067] The iron sulphide used in the following examples, was a commercial FeS product. An
analysis of the commercial product indicated presence of other iron sulphide
compounds/phases in addition to FeS, and normal impurities in insignificant amounts.

Example 1

[0068] Two cast iron melts, each of 220 kg, were melted and treated with 1.05 wt-% MgFeSi
nodularising alloy based on the weight of the cast irons in a tundish cover treatment ladle. (The
composition of the MgFeSi nodularising alloy was 46.2 % Si, 5.85 % Mg, 1.02 % Ca, 0.92 %
RE, 0.74 % Al, balance Fe and incidental impurities in the ordinary amount, where RE (Rare
Earth metals) contains approximately 65% Ce and 35% La). 0.9 % by weight of steel chips
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were used as cover. Addition rates for all inoculants were 0.2 wt-% added to each pouring
ladle. The MgFeSi treatment temperature was 1500 °C and pouring temperatures were 1396 -
1330 °C for melt E and 1392 - 1337°C for melt F. (Temperatures measured in the treatment
ladle before pouring the first pouring ladle and after pouring the last pouring ladle). Holding
time from filling the pouring ladles to pouring was 1 minute for all trials.

[0069] In some of the tests the inoculant had a base FeSi alloy composition of 74.2 wt% Si,
0.97 wt% Al, 0.78 wt% Ca, 1.55 wt% Ce, the remaining being iron and incidental impurities in
the ordinary amount, herein denoted Inoculant A. The Mg treated cast iron melts E and F were
inoculated with an inoculant according to the present invention where bismuth sulfide (Bi>S3)

were added to Inoculant A, and mechanically mixed to obtain a homogenous mixture. Different
amounts of particulate Bi»S3 and one of more of bismuth oxide (Bi>O3) in particulate form, iron

sulphide (FeS) in particulate form and/or iron oxide (Fe3Oy4) in particulate form were added to

Inoculant A, and mechanically mixed to obtain homogenous mixtures of the different inoculant
components, according to the present invention.

[0070] Melt F was also treated with a lower RE inoculant having a base FeSi alloy composition
of 70.1 wt% Si, 0.96 wt% Al, 1.45 wt% Ca, 0.34 wit% Ce and 0.22 % La, the remaining being
iron and incidental impurities in the ordinary amount (herein denoted Inoculant B), where
particulate bismuth sulfide (Bi,S3) were added to the Inoculant B, and mechanically mixed to

obtain a homogenous mixture. Melt F was also treated with an inoculant according to the
present invention, which was prepared by mixing particulate Inoculant B with particulate Bi>S3

and particulate Bi>O3, see Table 1.

[0071] For comparison purposes the same cast iron melts, Melt E and F, were inoculated with
Inoculant A to which were added only iron oxide and iron sulphides according to the prior art in
WO 99/29911.

[0072] Chemical composition for all treatments were within 3.5-3.7 % C, 2.3-2.5 % Si, 0.29-
0.31 % Mn, 0.009-0.011 % S, 0.04-0.05 % Mg.

[0073] The added amounts of particulate BixSs, and one of more of particulate BiyOs,
particulate FeS and/or particulate Fe3O4 to the FeSi base alloy (Inoculant A or Inoculant B) are
shown in Table 1, together with the inoculants according to the prior art. The amounts of Bi>S,,
BioO3, FeS and Fe30O4 are the percentage of compounds, based on the total weight of the

inoculants in all tests.
Table 1. Inoculant compositions.

Base inoculant Additions, wt-% Reference
FeS Fe3O4 Bi283 Bi203
Inoculant A 1 2 - - Prior art
Melt E Inoculant A - - 1.2 - Inoc A+Bi2S3
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Base inoculant Additions, wt-% Reference
FeS | Fez04 { BinS3 | BirOg3
Inoculant A 1 2 |12 | - | hosaFesFes0
Inoculant A 1 2 - - Prior art
Inoculant A - - 0.6 0.55 {Inoc A+Bi2S3/Bi203
Melt & Inoculant B - - 1.2 - Inoc B+Bi2S3
Inoculant B - - 0.60 { 0.55 {Inoc B+Bi2S3/Bi203

[0074] Figure 1 shows the nodule density in the cast irons from the inoculation trials in Melt E.
The results show a very significant trend that BioS3 containing inoculants have a higher nodule

density compared to the prior art inoculant.

[0075] Figure 2 shows the nodule density in the cast irons from the inoculation trials in Melt F.
The results show a very significant trend that Bi,S3, and Bi;S3 + Bi»O3, containing inoculants,

have a higher nodule density compared to the prior art inoculant. The performance of the
inoculants was high for both Inoculant A and Inoculant B base inoculants, thus the lower RE
inoculant, Inoculant B, did not significantly change the microstructure compared to the higher
RE base alloy inoculant; Inoculant A.

Example 2

[0076] Two cast iron melts, Melt H and I, each of 275 kg were melted and treated by 1.05 wt-%
MgFeSi nodulariser alloy divided on 50% of a MgFeSi alloy having a composition 46.6 % Si,.
5.82 % Mg, 1.09 % Ca, 0.53 % RE, 0.6 % Al, balance Fe and incidental impurities in the
ordinary amount, and 50% of a MgFeSi alloy having a composition 46.3% Si, 6.03 % Mg, 0.45
% Ca, 0.0 % RE, 0.59 % Al, balance Fe and incidental impurities in the ordinary amount, in a
tundish cover ladle. 0.7 % by weight steel chips were used as cover. Addition rate for all
inoculants were 0.2 % by weight added to each pouring ladle. The MgFeSi treatment
temperature was 1500 °C and pouring temperatures were 1375 - 1357 °C for Melt H and 1366
- 1323 °C for Melt |. Holding time from filling the pouring ladles to pouring was 1 minute for all
trials.

[0077] In both Melt H and Melt | tests the inoculant had a base FeSi alloy composition the
same as Inoculant A, as described in Example 1. The base FeSi alloy particles (Inoculant A)
were coated by particulate Bi>S; (Melt H), and by particulate Bi»S; and particulate Sb,O4 (Melt

I) by mechanically mixing to obtain a homogenous mixture. Chemical composition for all
treatments were within 3.5-3.7 % C, 2.3-2.5 % Si, 0.29-0.31 % Mn, 0.009-0.011 % S, 0.04-0.05
% Mg.
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[0078] The added amounts of particulate Bi»S3, and particulate SbyO3, to the FeSi base alloy
(Inoculant A) are shown in Table 2, together with the inoculants according to the prior art. The
amounts of BixS3, SbyO4, FeS and Fe3Oy4 are the percentage of compounds, based on the
total weight of the inoculants in all tests.

Table 2. Inoculant compositions.

Base inoculant Additions, wt-% Reference
FeS | Fe3O4 { BinS3 | Sby0Og3

Inoculant A 1.00 2.00 - - Prior art

Inoculant A - - 0.74 - Inoc A+0.74Bi2S3

Inoculant A - - 1.23 - Inoc A+1.23Bi2S3
Melt H Inoculant A - - 1.72 - Inoc A+1.72Bi2S3

Inoculant A - - 5.57 - Inoc A+5.57Bi2S3

Inoculant A - - 12.30 - Inoc A+12.3Bi2S3
Melt | Inoculant A 1 2 - - Prior art

Inoculant A - - 0.62 0.6 jlnoc A+Bi2S3/Sb203

[0079] Figure 3 shows the nodule density in the cast irons from the inoculation trials in Melt H.
The results show a very significant trend that Bi;S3 containing inoculants have a much higher

nodule density compared to the prior art inoculant. The trial with varying amounts of Bi
sulphide shows a significant increased nodule density over the whole range of different
amounts of particulate Bi»S3 coated on the Inoculant A.

[0080] Figure 4 shows the nodule density in the cast irons from the inoculation trials in Melt I.
The results show a very significant trend that Bi»S3 + Sb>O4 containing inoculant have a higher

nodule density compared to the prior art inoculant.

Example 3

[0081] A 275 kg melt was produced and treated by 1.0% RE free MgFeSi nodulariser alloy or
the composition, in wt-%; Si: 47, Mg: 6.12, Ca: 1.86, RE: 0.0, Al: 0.54, balance Fe and
incidental impurities. 0.7 % by weight steel chips was used as cover.

[0082] The Bi»S; coated inoculants was based on Inoculant C with composition (in wt-%); Si:

77.3, Al: 1.07, Ca: 0.92, La: 2.2, balance Fe and incidental impurities. Inoculant A had the
same composition as in Example 1.

[0083] The inoculants were made by adding particulate Bi;S3, Fe304 and FeS to the base

alloys in the amount shown in Table 3 below, and mechanically mixed to obtain a homogenous
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mixture. Addition rate for inoculants were 0.2% added to each pouring ladle. The MgFeSi
treatment temperature was 1500 °C and pouring temperatures were between 1388 and 1370
°C. Holding time from filling the pouring ladle to pouring was 1 minute.

[0084] Chemical composition for the treatments were within 3.5-3.7 % C, 2.4-2.5 % Si, 0.29-
0.30 % Mn, 0.007-0.011 % S, 0.040-0.043 % Mg.

[0085] The added amounts of particulate Bi»S3 to the FeSi base alloy (Inoculant C) is shown in
Table 3, together with the inoculants according to the prior art. The amounts of Bi>S3, FeS and

Fe3zO4 are the percentage of compounds, based on the total weight of the inoculants in all

tests.
Table 3. Inoculant compaosition
Base inoculant Additions, wt-% Reference
FeS Fe3O4 Bi283
Inoculant C - - 1.80 {Inoc C+Bi2S3
Melt Y .
Inoculant A 1.00 2.00 - Prior art

[0086] The nodule density in the cast irons from the inoculation trials in Melt Y are shown in
Figure 5. Analysis of the microstructure showed that the inoculant according to the present
invention (Inoc C+Bi2S3) had significantly higher nodule density, compared to the prior art
inoculant.

Example 4

[0087] Two cast iron melts, Melt X and Y, each of 275 kg were melted and treated by 1.20-1.25
wt-% MgFeSi nodulariser in a tundish cover ladle. The MgFeSi nodularizing alloy had the
following composition by weight: 4.33 wt% Mg, 0.69 wt% Ca, 0.44 wt% RE, 0.44 wit% Al, 46.
wt% Si, the balance being iron and incidental impurities in the ordinary amount. 0.7 % by
weight steel chips were used as cover. Addition rate for all inoculants were 0.2 % by weight
added to each pouring ladle. The nodulariser treatment temperature was 1500 °C and the
pouring temperatures were 1398 - 1379 °C for melt X and 1389 - 1386 °C for melt Y. Holding
time from filling the pouring ladles to pouring was 1 minute for all trials.

[0088] In Melt X test, the inoculant had a base FeSi alloy composition of 68.2wt% Si; 0.95wt%
Ca; 0.94 wt% Ba; 0.93wt% Al (herein denoted Inoculant D). The base FeSi alloy particles
(Inoculant D) were coated by particulate Bi»S3. In Melt Y tests the inoculant had a base FeSi

alloy composition the same as Inoculant A, as described in Example 1. The base FeSi alloy
particles (Inoculant A) were coated with particulate Bi>S; and particulate Sb;S3 by mechanically

mixing to obtain a homogenous mixture.
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[0089] Chemical compaosition for all treatments were within 3.55-3.61% C, 2.3-2.5% Si, 0.29-
0.31% Mn, 0.009-0.012 S, 0.04-0.05% Mg.

[0090] The added amounts of particulate BiyS3, and particulate Sb,S3, to the FeSi base alloy
Inoculant A and of particulate Bi;S3 to the FeSi base alloy Inoculant D are shown in Table 4,
together with the inoculants according to the prior art. The amounts of Bi>S3, Sb,S3, FeS and
Fe304 are based on the total weight of the inoculants in all tests.

Table 4. Inoculant compositions.

Base inoculant §Additions, wt-% Reference
FeS {Fe304 {BixS3 {SboSj3
Inoculant A 1 2 - - Prior art
Melt X Inoculant D - - 2.46 - Inoculant D + Bi2S3
Inoculant A 1 2 - - Prior art
Melt Y Inoculant
Inoculant A - - 1.23 1.39 jA+Bi2S3/Sb2S3

[0091] Figure 6 shows the nodule density in the cast irons from the inoculation trials in Melt X.
The results show a very significant trend that Bi;S3 containing inoculants have a much higher

nodule density compared to the prior art inoculant.

[0092] Figure 7 shows the nodule density in the cast irons from the inoculation trials in Melt Y.
The results show a very significant trend that BioS3 + Sb,S3 containing inoculant have a higher

nodule density compared to the prior art inoculant.

Example §

[0093] A 275 kg melt was produced and treated by 1.20-1.25 wt-% MgFeSi nodulariser in a
tundish cover ladle. The MgFeSi nodularizing alloy had the following composition by weight:
4.33 wt% Mg, 0.69 wt% Ca, 0.44 wt% RE, 0.44 wt% Al, 46 wt% Si, the balance being iron and
incidental impurities in the ordinary amount. 0.7 % by weight steel chips were used as cover.
Addition rate for all inoculants were 0.2 % by weight added to each pouring ladle. The
nodulariser treatment temperature was 1500 °C and the pouring temperatures were 1373 -
1368 °C. Holding time from filling the pouring ladles to pouring was 1 minute for all trials. The
tensile samples were @28 mm cast in standard moulds and were cut and prepared according
to standard practice before evaluating by use of automatic image analysis software.

[0094] The inoculant had a base FeSi alloy composition 74.2 wt% Si, 0.97 wt% Al, 0.78 wt%
Ca, 1.55 wt% Ce, the remaining being iron and incidental impurities in the ordinary amount,
herein denoted Inoculant A. A mix of particulate bismuth oxide, bismuth sulphide, antimony
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oxide and antimony sulphide of the composition indicated in Table 5 was added to the base
FeSi alloy particles (Inoculant A) and by mechanically mixing, a homogeneous mixture was
obtained.

[0095] The final iron had a chemical composition of 3.74 wt% C, 2.37 wt% Si, 0.20 wt% Mn,
0.011 wt% S, 0.037 wt% Mg. All analyses were within the limits set before the trial.

[0096] The added amounts of particulate BiySs, particulate BioOs, particulate Sb,O3z and
particulate Sb,S3, to the FeSi base alloy Inoculant A are shown in Table 5, together with the
inoculant according to the prior art. The amounts of Bi»S3, BizO3, SboS3, SbyOs, FeS and
Fe304 are based on the total weight of the inoculants in all tests.

Table 5. Inoculant compositions.

Base Additions, wt-% Reference

inoculant FeS | FesOy | BinSs | Sb,S3 | BinOs | SbyOs

Inoculant A 1 2 - - - - Prior art
Inoculant A +

Inoculant A - - 0.5 0.5 0.5 0.5 {comb 1
Inoculant A +

Inoculant A - - 4 4 4 4 comb 2

[0097] Figure 8 shows the nodule density in the cast irons from the inoculation trials according
to Table 5. The results show a very significant trend that the inoculants according to the
present invention; FeSi base alloy containing particulate BiyS3, BizO3, Sb,S3 and Sb,04, have
a much higher nodule density compared to the prior art inoculant. The thermal analysis (not
shown herein) showed a clear trend that TElow is significantly higher in samples inoculated
with BixS3, BixO3,SbyS3, Sbo0O3 containing FeSi base alloy inoculants compared to the prior art

inoculant.

[0098] Having described different embodiments of the invention it will be apparent to those
skilled in the art that other embodiments incorporating the concepts may be used. These and
other examples of the invention illustrated above and in the accompanying drawings are
intended by way of example only and the actual scope of the invention is to be determined
from the following claims.
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Patentkrav

1. Podemiddel til fremstilling af st@bejern med sfeerisk grafit, hvilket podemid-
del omfatter en partikuleer ferrosilicium-legering bestaende af

mellem 40 og 80 vaegt-% Si;

0,02-8 veaegt-% Ca;

0-5 veegt-% Sr;

0-12 veegt-% Ba;

0-15 veegt-% sjaeldent jordmetal;

0-5 vaegt-% Mgq;

0,05-5 vaegt-% Al

0-10 veegt-% Mn;

0-10 vaegt-% Ti;

0-10 veegt-% Zr,

hvor resten er Fe og tilfeeldige urenheder i den almindelige masngde,

hvor podemidlet yderligere indeholder, efter veegt, baseret pa den samlede
vaegt af podemidlet:

0,1 til 15 % partikuleert Bi2S3 og

eventuelt mellem 0,1 og 15 % partikuleert BizOs og/eller mellem 0,1 og 15 %
partikulaert Sb203 og/eller mellem 0,1 og 15 % partikuleert Sb2Ss og/eller mel-
lem 0,1 og 5 % af et eller flere af partikulaert FesO4, Fe203, FeO eller en blan-
ding deraf, og/eller mellem 0,1 og 5 % af et eller flere af partikuleert FeS, FeS2,
FesSa4 eller en blanding deraf.

2. Podemiddel ifslge krav 1, hvor ferrosilicium-legeringen omfatter mellem 45
og 60 veegt-% Si.

3. Podemiddel ifslge krav 1, hvor ferrosilicium-legeringen omfatter mellem 60
og 80 veegt-% Si.

4. Podemiddel ifglge et hvilket som helst af de foregédende krav, hvor de
sjeeldne jordmetaller indbefatter Ce, La, Y og/eller mischmetal.
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5. Podemiddel ifglge et hvilket som helst af de foregaende krav, hvor pode-
midlet omfatter mellem 0,5 og 10 vaegt-% partikuleert Bi2Ss.

6. Podemiddel ifalge et hvilket som helst af de foregaende krav, hvor pode-
midlet omfatter mellem 0,1 og 10 % partikuleert Bi2Os.

7. Podemiddel ifalge et hvilket som helst af de foregaende krav, hvor pode-
midlet omfatter mellem 0,1 og 8 % partikuleert Sb20s.

8. Podemiddel ifalge et hvilket som helst af de foregaende krav, hvor pode-
midlet omfatter mellem 0,1 og 8 % partikuleert Sb2Ss.

9. Podemiddel ifalge et hvilket som helst af de foregaende krav, hvor pode-
midlet omfatter mellem 0,5 og 3 % af et eller flere af partikulaert FesO4, Fe20s,
FeO eller en blanding deraf, og/eller mellem 0,5 og 3 % af et eller flere af
partikulaert FeS, FeSz, FesSa eller en blanding deraf.

10. Podemiddel ifalge et hvilket som helst af de foregdende krav, hvor den
samlede maengde af det partikulaere Bi2Ss og det eventuelle partikulaere Bi20s,
og/eller partikulaert Sb203 og/eller partikuleert Sb2Ss og/eller et eller flere af
partikulaert FesO4, Fe203, FeO eller en blanding deraf, og/eller et eller flere af
partikulaert FeS, FeS2, FesSa eller en blanding deraf, er op til 20 vaegt-%, ba-
seret pa den samlede vaegt af podemidiet.

11. Podemiddel ifglge et hvilket som helst af de foregéende krav, hvor pode-
midlet er i form af en sammenblanding eller en fysisk blanding af den partiku-
leere ferrosilicium-legering og det partikuleere Bi2S3 og det eventuelle partiku-
leere Bi20O3 og/eller partikulaert Sb203 og/eller partikulaert Sb2Ss og/eller et eller
flere af partikulaert FesOs4, Fe203, FeO eller en blanding deraf, og/eller et eller
flere af partikulaert FeS, FeSz, FesSa eller en blanding deraf.

12. Podemiddel ifglge et hvilket som helst af de foregaende krav, hvor det par-
tikulaere Bi2Ss og det eventuelle partikulaere Bi2O3 og/eller partikuleert Sb203
og/eller partikulaert Sb2Ss og/eller et eller flere af partikulaert FesOas, Fe20s,
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FeO eller en blanding deraf, og/eller et eller flere af partikuleert FeS, FeSa,
FesS4 eller en blanding deraf, er til stede som coating-forbindelser pa den par-
tikulzere ferrosilicium-baserede legering.

13. Podemiddel ifglge et hvilket som helst af de foregaende krav, hvor pode-
midlet er i form af agglomerater fremstillet af en blanding af den partikuleere
ferrosilicium-legering og det partikuleere Bi2Ss og det eventuelle partikuleere
Bi2Os3 og/eller partikulaert Sb203 og/eller partikuleert Sb2S3 og/eller et eller flere
af partikuleert FesOs, Fe20s3, FeO eller en blanding deraf, og/eller et eller flere
af partikuleert FeS, FeSz2, FesS4 eller en blanding deraf.

14. Podemiddel ifglge et hvilket som helst af de foregaende krav, hvor pode-
midlet er i form af briketter fremstillet af en blanding af den partikulaere ferrosi-
licium-legering og det partikuleere Bi2Ss og det eventuelle partikulaere Biz2Os
og/eller partikulaert Sb203 og/eller partikuleert Sb2Ss og/eller et eller flere af
partikulaert FesO4, Fe203, FeO eller en blanding deraf, og/eller et eller flere af
partikulaert FeS, FeSz, FesSa eller en blanding deraf.

15. Podemiddel ifalge et hvilket som helst af de foregdende krav, hvor den
partikulaere ferrosilicium-baserede legering og det partikulaere Bi2Ss og det
eventuelle partikulaere Bi2Os, og/eller partikulaert Sb20Os og/eller partikuleert
Sb2Ss ogl/eller et eller flere af partikuleert FesOas, Fe20s, FeO eller en blanding
deraf, og/eller et eller flere af partikuleert FeS, FeSz, FesS4 eller en blanding
deraf, tilseettes separat, men samtidigt, til flydende stabejern.

16. Fremgangsmade til fremstilling af et podemiddel ifalge krav 1-15, hvilken
fremgangsmade omfatter:

tilvejebringelse af en partikulaer basislegering omfattende

mellem 40 og 80 vaegt-% Si,

0,02-8 veaegt-% Ca;

0-5 veegt-% Sr;

0-12 veegt-% Ba;

0-15 veegt-% sjaeldent jordmetal;

0-5 vaegt-% Mgq;
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0,05-5 vaegt-% Al

0-10 veegt-% Mn;

0-10 vaegt-% Ti;

0-10 veegt-% Zr,

hvor resten er Fe og tilfeeldige urenheder i den almindelige masngde, og
tilsaetning til den partikuleere basis af, efter vaegt, baseret pa den samlede vaegt
af podemidlet:

0,1 til 15 % partikuleert Bi2Ss,

og eventuelt mellem 0,1 og 15 % partikuleert Bi2Os og/eller mellem 0,1 og 15
% partikulaert Sb203 og/eller mellem 0,1 og 15 % partikuleert Sb2Ss og/eller
mellem 0,1 og 5 % af et eller flere af partikulaert FesOs, Fe203, FeO eller en
blanding deraf, og/eller mellem 0,1 og 5 % af et eller flere af partikulaert FeS,
FeS:z, FesS4 eller en blanding deraf, til fremstilling af podemidlet.

17. Fremgangsmade ifalge krav 16, hvor det partikuleere Bi2Ss og det eventu-
elle partikuleere Bi2Os og/eller partikuleert Sb20s og/eller partikulaert Sb2S3
og/eller et eller flere af partikuleert FesOas, Fe203, FeO eller en blanding deraf,
og/eller et eller flere af partikulaert FeS, FeS2, FesSs eller en blanding deraf,
hvis til stede, blandes eller sammenblandes med den partikulaere basislege-
ring.

18. Fremgangsmade ifalge krav 17, hvor det partikuleere Bi2Ss og det eventu-
elle partikuleere Bi2Os og/eller partikuleert Sb20s og/eller partikulaert Sb2S3
og/eller et eller flere af partikuleert FesOas, Fe203, FeO eller en blanding deraf,
og/eller et eller flere af partikulaert FeS, FeS2, FesSs eller en blanding deraf,
hvis til stede, blandes f@r blanding med den partikuleere basislegering.

19. Anvendelse af podemidlet ifglge krav 1-15 i fremstillingen af stsbejern med
sfaerisk grafit, ved tilseetning af podemidlet til stabejern-smeltemassen far
stgbning eller som et in-mould-podemiddel.

20. Anvendelse ifalge krav 19, hvor den partikulaere ferrosilicium-baserede le-
gering og det partikuleere Bi2Ss og det eventuelle partikulaere Bi2Os og/eller
partikulaert Sb203 og/eller partikulaert Sb2Ss og/eller et eller flere af partikuleert
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FesOs, Fe20s3, FeO eller en blanding deraf, og/eller et eller flere af partikulaert
FeS, FeS2, FesSs eller en blanding deraf, tilsaettes som en mekanisk blanding
eller en sammenblanding til stebejern-smeltemassen.

21. Anvendelse ifalge krav 19, hvor den partikulaere ferrosilicium-baserede le-
gering og det partikuleere Bi2Ss og det eventuelle partikulaere Bi2Os og/eller
partikulaert Sb203 og/eller partikulaert Sb2Ss og/eller et eller flere af partikuleert
Fes0s4, Fe203, FeO eller en blanding deraf, og/eller et eller flere af partikulaert
FeS, FeS:, FesS4 eller en blanding deraf, tilsaettes separat, men samtidigt, til
stgbejern-smeltemassen.
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