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(57) Abrégée/Abstract:
The present invention relates to a process for the production of ductile iron comprising the sequential steps of:- (1) treating liquid

iron with an initialiser comprising an effective amount of a group Ha metal other than Mg, (ii) at a predetermined time after step (i),
treating the liquid iron with a magnesium containing nodulariser, (i) treating the liquid iron with a eutectic graphite nucleation-
iInducing Inoculant, and (iv) casting the iron. The Iinvention allows for the variability of oxygen content in the base iron to be
processed such that the mechanical properties of components cast from the processed iron are independent of the original oxygen

content of the base iron.
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o (87) Abstract: The present invention relates to a process for the production of ductile iron comprising the sequential steps of:- (i)
& treating liquid iron with an initialiser comprising an effective amount of a group Ha metal other than Mg, (ii) at a predetermined time
& after step (1), treating the liquid iron with a magnesium containing nodulariser, (iii) treating the liquid iron with a eutectic graphite
nucleation-inducing inoculant, and (iv) casting the iron. The invention allows for the variability of oxygen content in the base iron to
be processed such that the mechanical properties of components cast from the processed iron are independent of the original oxygen
3 content of the base iron.
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IMPROVED METHOD OF PRODUCING DUCTILE IRON
The present invention resides in a method of producing ductile iron.

In order to achieve the desired mechanical properties in iron castings, the
liquid iron must have the correct composition and it must also contain
suitable nuclei to induce the correct graphite morphology on solidification.
The liquid iron must have a suitable ‘graphitisation potential’. This 1s
determined mainly by its “carbon equivalent value”. It is normal practice to
adjust the graphitisation potential by nucleation, e.g. by the controlled
addition of so-called inoculants. Inoculants are mostly based on graphite,

ferrosilicon or calcium silicide, with the ferrosilicon being the most

commonly used.

Ductile iron, also known as spheroidal graphite (SG) iron or nodular 1ron
differs from grey cast iron in that in the former, precipitation of graphite is in
the form of discrete nodules instead of interconnected flakes. Promotion of
precipitation of graphite into nodules is achieved by treating the liquid tron
with a so-called nodulariser, commonly magnesium, prior to casting (and
prior to inoculation). The magnesium may be added as pure metal, or more
commonly as an alloy such as magnesium-ferrosilicon or nickel-magnesium.
Other materials include briquettes such as “NODULANT” (TM), formed
from granular mixtures of iron and magnesium, and hollow mild steel wire
filled with magnesium and other materials. In general, the magnesium
treatment should result in about 0.04 % of residual magnesium in the liquid

iron. There are however, a number of difficulties with this magnesium
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addition. Magnesium boils at a relatively low temperature compared to the
liquid 1ron so there is a violent reaction due to the high vapour pressure of
magnesium at the treatment temperature causing violent agitation of the liquid
iron and considerable loss of magnesium in vapour form. In addition, during
the treatment, oxide and sulphides are formed in the iron resulting in dross
formation on the metal surface. This dross must be removed as completely
as possible before césting. Also, residual magnesium in the liquid iron after
treatment oxidises continuously at the metal surface where exposed to air,
causing loss of magnesium which may affect the structure of the graphite
spheroids, and the dross formed may result in harmful inclusions in the
castings. The loss of magnesium to the atmosphere and in the formation of
sulphides and oxides is variable and makes it difficult to predict the
appropriate level of addition for a particular batch and also requires that the
iron 1s ‘overdosed’ by as much as 100% or even more (50% or more of the
magnesium may be lost). These factors are clearly disadvantageous in terms

of cost, ease of handling and predictability in the mechanical properties and

overall quality of the final castings.

Furthermore, magnesium is in fact a carbide promoter, so the level of
inoculants required after magnesium treatment is relatively high. Since any
scrap 1s generally returned to the beginning of the process for economic
reasons, there 1s a tendency for the silicon content in the iron (derived from
the moculant and nodulariser additions) to rise over a period of time, limiting
the proportion of scrap that can be used (the level of silicon required at the

end of the process is predetermined by the specification for the casting).
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Attempts have been made to mitigate the issues involved with magnesium
addition. For example, Foseco have combined the addition of magnesium
nodulariser with an addition of a barium alloy (e.g. that sold under the
tradename “INOCULIN 390” and having the following composition (by
weight%) 60-67Si, 7-11Ba, 0.8-1.5Al1, 0.4-1.7Ca, the balance being Fe). All
compositions presented hereinafter are presented as weight% unless indicated

otherwise. The use of such alloys can mitigate some of the issues outlined

above but not in a reliable and predictable manner.

It is an objective of the present mnvention to provide an improved method of
producing ductile 1iron which obviates or mitigates one or more of the

problems associated with the prior art processes.

According to a first aspect of the present invention there 1s provided a
process for the production of ductile iron comprising the sequential steps of:-

(1) treating liquid iron with an initialiser comprising an effective amount

of a group Ila metal other than Mg,

(1)  at a predetermined time after step (1), treating the liquid iron with a
magnesium containing nodulariser,

(1) treating the liquid iron with a eutectic graphite nucleation-inducing
inoculant, and

(1v)  casting the 1ron.

The present imnvention 18 based on the discovery that pre-treating the 1ron with

an Initialiser prior to nodulariser addition results in a number of significant

and surprising advantages.
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Preferably, the Group IIa metal of the initialiser used in step (i) is Ba, Sr or

Ca, and most preferably Ba.

Preferably, the initialiser of step (i) is a ferrosilicon alloy. More preferably,
the ferrosilicon alloy is by weight percent
40-5581, 5-15M,
even more preferred is
46-50S1, 7-11M
where M is the Group Ila metal (most preferably Ba), the balance being Fe

and any unavoidable impurities which may be present.

The alloy may contain minor amounts of other alloying elements selected

from one or more of the following: Al, Ca, Mn and Zr, for example

independently, 0-2.5Al, preferably 0-1.5Al, 0-2Ca, 0-3Mn and 0-1.5Zr.

When present, the minimum levels of such elements are preferably: 0.5Al,

1Ca, 2Mn and 0.5Zr.

A highly preferred alloy is 33.7-41.3Fe, 46-5081, 7-11Ba, 0.01-1Al, 1.2-
1.8Ca, 0.01-2.5Mn, 0.01-1Zr.

The Mg-containing inoculant used in step (i1) may be Mg metal (e.g. Ingot or
cored wire), MgFeSi alloy (preferably 3-20% Mg), Ni-Mg alloy (preferably
5-15% Mg), or Mg-Fe briquettes (preferably 5-15% Mg).

The treatment of step (ii) will conveniently be carried out between about 1

and 10 minutes after step (i). For practical reasons, 30 seconds 1s an absolute
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minimum, with at least 2 minutes after step (i) being particularly convenient.

Most conveniently, step (11) 1s conducted about 4 minutes after step (i).

Preferably, the amount of initialiser added in step (i) is calculated to deliver
at least 0.035 % of the Group Ila metal (by weight of the liquid iron). There
1s no particular problem with overdosing, but 0.04% (e.g. 0.4% of a 10% Ba

containing initialiser) should be sufficient for most applications.

Normally, the level of Si in ductile iron is optimised to about 2.2-2.8%. At
levels lower than this the proportion of ferrite is reduced and unacceptable
levels of carbide are formed. The present process allows a reduction in the
level of silicon by about 10 to 15%. Not only does this reduce the use and
cost of adding silicon alloys to the iron, but advantageously, the impact

resistance of the iron is increased as are the machining properties of the

casting.

Preterably, the amount of Mg-containing nodulariser is calculated to result in
about 0.03% (1.e. 0.025 to 0.035%) residual Mg in the liquid iron, i.e. a

reduction of about 25 % compared with a traditional process.

The specific nature of the inoculant of step (iii) is not significant and any
known inoculant suitable for ductile iron may be used, for example inoculants

based on, ferrosilicon (preferred) or calcium silicide.

According to a second aspect of the invention there is provided an initialiser
for use in the production of ductile iron, said initialiser being a ferrosilicon

alloy having the following composition in weight percent:-
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40-55S81, 5-15M
where M is a Group IIa metal other than Mg, preferably Ba,
the balance being predominantly iron with optionally minor amounts (no

more than 10wt% total of Al, Ca, Mn and/or Zr and any unavoidable

impurities.

The skilled person will be aware that the oxygen content of a base liquid iron
0will be related to its temperature (gas absorption rate), holding time, box
weight and pace of the moulding line. Generally speaking, a slow running
foundry process contains a low level of oxygen (eg. less than 40ppm) and a
fast running foundry process contains a high level of oxygen (e.g. greater
than 80ppm). The oxygen content has a direct bearing on the amount of
magnesium that is required for nodularisation, since magnesium will combine
with any oxygen present to form MgO, and only the free residual magnesium
promotes nodularisation of graphite spheroids. Since the amount of oxygen
1s variable (and essentially unknown) it is impossible to dose the iron with the
correct amount of magnesium. In those cases where the oxygen level is low,
there will be an excessive amount of free magnesium. This results in
promotion of carbide (hard phase) and increased gas defects and shrinkages.
On the other hand where the oxygen level is high, there will be an excessive
amount of MgO which results in un-rounded graphite spheroids, slag

inclusions and surface defects.

The purpose of the initialiser is therefore to compensate for the variable
oxygen levels by “resetting” or inactivating the oxygen activity. Since no
magnesium 1s consumed in the formation of MgO on the subsequent

magnesium addition, the required level of Mg addition can be much more
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accurately calculated. Since the required amount of Mg will inevitably be
less than would have been used previously, the violence of the reaction 1s
also reduced, further minimising the requirement to overdose. In any event a
major advantage of the present invention is that the remaining parameters

determining the level of Mg addition are either constant, can be predicted or

be measured.

The sequential use of a Group Ila initialiser and magnesium nodulariser 1s
particularly effective. Experience has shown that magnesium 1s by far the
best material for inducing the graphite nodules to grow in the required
spheroid shape. However, Mg is far from ideal in its other properties: it
reacts more violently than the other members of the Group, its oxide 1s less
stable, it has a high fading tendency, it forms large amounts of “sticky”
silicate slags which promote defects in the final castings and it 1s not
particularly good at nucleating the initial formation of the graphite nodules.
Moving down the Group from Ca to Sr and Ba, the reaction violence 1s
reduced, the stability of the oxides increases, fading tendency reduces and
nucleation power increases. In addition, the slags tend to be oxides rather

than silicates and are easier to separate from the 1ron.

It will be appreciated that whether the oxygen in the iron is consumed by Mg
or by the initialiser (preferably Ba), it’s level is still unknown, so overdosing
is still required. However, the consequences of overdosing with the
initialiser are not nearly as disadvantageous as overdosing with Mg, since the
Group IIa metal of the initialiser is less carbide promoting than Mg and

produces easier to handle slag.
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Although all of the Group Ila metals will be beneficial in terms of
deoxidising the melt, the use of Ba is particularly advantageous. Where
excess 1nitialiser 1s used, the relatively small nuclei will gather together,
thereby increasing their surface area and the flotation mechanism takes over,
so that the excess 1s removed as slag (in other words, unlike Mg where the
amount of free Mg in the residual Mg may vary, this is not a variable in the
as cast component). In other words, the invention can be seen as a way of
converting a metallurgical variable (oxygen level) that manifests itself as
variability in the as-cast component to a process variable (oxygen-based slag)
that 1s a parameter of the process and completely separate from the as-cast
component. Elements above barium in the periodic table will have a
tendency to fade more quickly since they are lighter and will float out more
rapidly. Elements below Ba (i.e. Ce) will tend to sink to the bottom of
furnaces/ladles. On the other hand BaO has about the same density as liquid
iron, so the opportunity to maximise and obtain homogeneity in the

nucleation process is only realised with Ba.

Embodiments of the invention will now be described with reference to the
accompanying drawings in which :-
Figure 1 is a schematic representation of a foundry set up for practising the

method of the present invention,

Figure 2 shows optical micrographs of iron samples prepared in accordance
with the present invention in comparison to a prior art sample, and

Figures 3 to 9 are plots of nodule count, % ferrite, hardness, residual Mg %,
70 pinhole promoters, % sulphur and % silicon respectively for cast samples
from a foundry trial comparing a prior art Mg treatment with processes in

accordance with the present invention.
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Referring to figure 1, a schematic arrangement for carrying out the process
of the present invention is shown. The base iron is melted in a furnace 2 and
transterred to a holder 4 (route A). The molten iron is then poured into a
first (initialising) ladle 6, which has been predosed with the initialiser. It is
Important to maintain a suitable temperature for favouring the formation of
barium oxides and, depending on the exact set up, this can be achieved by
“overheating” the holding furnace 4 where there is no temperature control of
the first ladle 6 (to account for the holding time in the first ladle 6) or by
using a heated first ladle 6. The initialised iron is then poured 1nto a second
ladle 8 which is predosed with the nodulariser (alternatively, the nodulariser
may be added to the initialised iron, e.g. by plunger method or as cored

wire). The metal can then be treated in a conventional fashion in terms of

Inoculation, pouring etc.

In route B, essentially the same process is carried out in a single vessel, such
as a GF converter ladle 10. A GF converter ladle is essentially a large vessel
lined with refractory which is tiltable by 90°. When the converter 10 is
arranged to receive the charge of molten iron, the initialiser 12 is dosed on
the floor of the converter and the nodulariser 14 is retained in a pocket
formed between a sidewall and roof of the converter ladle 10 by a so-called
Salamander plate 16, so that in this position, the nodulariser remains above
the iron charge. Once initialisation has taken place, the converter is tilted by
90° so that the nodulariser 1s now between the floor and the sidewall of the

converter ladle in its tilted position. Liquid iron penetrates the pocket and

nodularisation is effected.
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Foundry Trial 1: Ductile Iron Pipe Manufacture Case Study

A signiﬁcant amount of ductile iron production is devoted to the manufacture
of pipes, eg. for mains water or waste water systems. Ductile iron pipes
offer all the benefits of cast (grey) iron but are stronger, more durable and

flexible. For a given internal bore, a ductile iron pipe can be made thinner,

lighter and consequently more cheaply than a cast iron equivalent.

Existing Process

The foundry has a blast furnace producing 700t/day of base iron of which
50% is sold as pig-iron and 50% used in the pipe plant. The pig iron used
for the pipe making is supplemented with 10% scrap steel (5% CRCA low
Mn steel and 5% Mn steel). The pipe plant operates using a standard
rotating permanent pipé mould. The silicon content of the iron 1s adjusted
using FeSi175 (0.15%) in a holding furnace prior to tapping into a GF
converter. The nodulariser treatment 1s conducted using pure Mg, at an
addition rate of 0.12% by weight of Mg. Late stream inoculation is carried
out using ZIRCOBAR-F(TM) whose composition (excluding Fe) 1s S160-63,
Cal-1.5, All-1.6, Mn3-5, Zr2.5-4.5, Ba2.5-4.5 (0.15%)and 0.35% mould
powder (INOPIPE E04/16(TM), whose composition (excluding Fe) 1s S157-
63, Cal3-16, Al0.5-1.2, Ba0.1-0.5, Mg0.1-0.4) is also used during pipe

formation.

Modified Process in accordance with the invention

The above process was modified to include an initialisation stage of treatment
with INOCULIN 390 (60-67S1, 7-11Ba, 0.8-1.5Al, 0.4-1.7Ca, the balance
being Fe and trace impurities), applied at a rate of 0.4% by weight, 4

minutes prior to the Mg treatment. Metallographic studies were made on
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sections through the pipes produced to investigate the graphite precipitation In
the iron. Further modifications of the process were conducted by stepwise
reduction in the level of magnesium treatment after initialisation. The results
are shown in Figure 2 which shows sections through various 9 mm pipes
from the outside surface of the pipe (OD) through the centre to the inside
surface of the pipe (ID). The Mn content of the iron was 0.45% and the

significance of the Mn content will be discussed below.

The first column of Figure 2 (“Reference”) shows the results of carrying out
the standard process. The graphite nodules (grey spots) are clearly visible
and were present in the centre section at a frequency of 170 /mm*. The
initialisation treatment (column 2 “S1”) resulted in a significant increase in
graphite nodules (550 /mm?). The next four panels show the effect of
reducing the Mg relative to “Reference” by 10% (“S57), 20% (“S7”) 30%
(“S9”) and 35% (“S10”). As the level of magnesium is reduced, so does the
number of nodules (S5 - 500 /mm?, S7 - 470 /mm?, S9 - 400 /mm* and S10
- 260 /mm?). All of these values are higher than the reference treatment.
Only in the S10 sample (Mg reduction 35 %) is the graphite beginning to

precipitate as flakes rather than nodules towards the inner surface of the pipe.

The end panel in Figure 2 (“S11”) shows the effect of the initialisation
treatment at 30% reduced Mg addition on an iron having a relatively high Mn
content (0.72%). Mn is a carbide promoter and previous experience had
shown that the maximum Mn content that the pipe plant could handle using
the standard processing was 0.5%. The S11 sample shows excellent graphite
nodularisation and indicates that higher Mn content is now processable 1n the

pipe plant. This allows the foundry to use the cheaper Mn steel scrap. In
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addition, although not directly relevant to the pipe making process, the higher

Mn content of the iron increases the value of the pig iron produced by this

foundry.

A further advantage of the present process is that it allows a significant
reduction in the use of inoculant, since there is less Mg present (strong
carbide promoter). Not only does this reduce costs, but it reduces the
amount of silicon added to the iron. This in turn allows a higher proportion
of scrap to be returned to the furnace. It is also anticipated that the FeSi

addition into the holding furnace can be omitted completely - since there 1s

less carbide promoting Mg present, a lower compensatory level of Si1 can be

tolerated in the 1ron.

On the basis of the above trial, it is anticipated that a reduction 1n the level of
Mg by 28% from the reference will be well tolerated and that both late

stream inoculant and mould powder usage can be reduced by 20%.

Mg, and Al and Ti impurities in the Mg alloys used, react with water to
produce oxides and hydrogen gas which is responsible for pinhole formation.
The entrainment of Mg slag in the iron mtroduces areés of weakness in the
pipe which can lead to leakages under pressure. The reduction 1n the Mg
loading reduces the amount of Mg slag produced and this in turn reduces the
amount of slag entrained in the iron. It 1s reasonably anticipated that
adoption of the above process will reduce the rate of pinhole formation and
leakages by 50%. Calculations have indicated that this foundry could
increase its profit margin on pipe production by about 50% by adopting the

inventive process.
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The process of the present invention allows the more efficient production of
thinner pipes. It will be understood that thinner pipes will not only cool
more rapidly which affects the morphology of the iron, but any defects in the

iron are more likely to result in leakages.
Foundry Trial 2: Ductile iron castings

Existing process (“Reference”)

Iron was melted in an arc furnace and subsequently transferred to a holding
furnace. FeSi75 was added prior to Mg treatment (FeS144-48Mg6) (0.9%) 1n
a GF converter). A cerium tablet (0.1%) was also added to deoxidise the
melt. For each ladle a series of moulds were poured, in the Figures “A”
representing the first mould poured and “Z” representing the last mould

poured. Each mould produced two identical castings (medium-thick section
automotive part) labelled “1” and “2”. Late stream inoculation was
conducted using INOLATE 40(TM) (70-75S1, 1.0-2.0Ca, 0.7-1.4Al, 0.8-
1.3Bi, 0.4-0.7 Rare Earths, the balance being Fe and trace impurities)
(0.03%).

Modified process in accordance with the present invention

A series of tests were conducted based on the reference process. In test 1,
initialisation was carried out 4 minutes prior to Mg treatment (certum tablet
omitted) using INOCULIN 390 (60-67Si, 7-11Ba, 0.8-1.5Al, 0.4-1.7Ca, the
balance being Fe and trace impurities). In test 2 to 5, the Mg nodulariser
was reduced stepwise by approximately 11% (Test 2), 15% (Test 3), 19%
(Test 4) and 26% (Test 5).
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The relevant parameters for the process are shown in Table 1 below.

Table 1: process parameters for Foundry Trial 2

B Ladle Inm - “Iilitialisation _[_—Mg Treatn;nt -
Sample | Charge FeSi75 | INOCULIN 390 FeSiMg o

| Wt(ke) | Wekg) | We(kg) | % addition | Wt (kg) Wn! % Saving

Reference| 650 2 0 0.00 6.0 ' 0.92 0.0
Testl | 660 0 2.6 039 | 6. 0.91 0.0

| Test2 | 670 | 0 26 | 039 5.4 0.81 +—_-11.3 |
Test 3 660 0 |26 _]_Tw—_s.l I 0.77 150 |

| Test4 | 650 0 2.6 040 | 4.8 | (_)Zj | __-18.8 |
Test5 | 670 | O_TT'—O—.—E 4.5 l 0.67 | 261 |

The results are shown graphically 1in Figures 3 to 9. Metallurgical properties
were measured on casting sections and metallurgical compositions were

measured on chill samples taken from each ladle after pouring the last mould.

Referring to Figure 3, it can be seen that the reduction in the level of Mg
does not have a negative impact on the nodule count. At the same time there
is a noticeable increase in the percentage of ferrite in the castings (Fig 4) with
a corresponding reduction 1n hardness (Fig 5). This is not in itself
necessarily desirable, particularly if the same mechanical properties as the
reference are required. However, the inherent increase in ferrite allows the
use of more alloying elements (eg. Mn) in the initial charge which tend to
promote carbide formation (such alloying elements can be ones specifically
chosen for enhanced characteristics or ones merely present as impurities in
the charge). As would be expected, the level of residual Mg is lowered (Fig
6) and the number of pinhole promoters (Al+Ti+Mg) is also reduced (Fig
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7). Figure 8 shows an increase in the level of S in the castings as the Mg
level 1s reduced. This is because, like oxygen, sulphur combines with
barium in the initialisation treatment and is unavailable to combine with
magnesium during the nodularisation treatment. Unlike MgS, BaS is not
taken out of the melt as slag, but remains in the iron. A higher level of
sulphur 1improves machining properties. From Figure 9 it can be seen that all

the ’advantages previously described are obtained despite the level of Si being

reduced.

It 1s anticipated that further optimisation would include the reduction of in-
mould mnoculant required and allow the production of castings with at least

comparable mechanical properties to the reference process more cheaply and

more consistently.

Foundry Trial 3: Large ductile iron castings

Existing process (“Reference”)

An induction furnace was charged as follows:
Steel 45%

Pig iron 15%

Returns 40 %

S1C 6Kg/t

C 3.5Kg/t

Cu 2Kg/t
and the charge melted. The first three ladles (1100Kg) were used for the

reference (representative data given for a single ladle only) and the fourth

ladle for the inventive process. FeSi75 (0.4%) was added prior to Mg
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treatment (FeSi44-48Mg6) (1.5%) in ladle. Late stream inoculation was
conducted using INOLATE 190 (TM) (62-69Si, 0.6-1.9Ca, 0.5-1.3Al, 2.8-
4.5Mn, 3-5Zr, <0.6 Rare Earths, the balance being Fe and trace impurities)
(0.08%). In mould inoculation used GERMALLOY insert (supplied by
SKW, approximate composition Si65, Cal.5, Al4, balance Fe) (0.1%).

Metallurgical and mechanical properties of the resulting castings were

determined.

Modified process in accordance with the present invention

Prior to pouring, 0.45% INOSET (TM) 4881, 9.4Ba, 2.4Al, 1.4Ca, 1.6Mn,
2.4Zr (balance Fe and trace impurities) was added to the furnace. The pre-
treated charge (1400Kg) was poured into the ladle containing FeS144-48Mg6
(1.2 %) with no FeSi175 addition 4 minutes after the INOSET dosing. Late
stream inoculation was conducted using INOLATE190 (0.13 %) with no

GERMALLOY insert in the mould.

There was no material difference in the metallurgical or mechanical
properties (tensile strength, tensile yield, elongation at break %) between the
two methods. However, the use of less Mg in the inventive process permits

‘a reduction in the final Si content (for reasons described earlier) which

improves machining properties.

The efficiency of the processes can be compared by determining Mg recovery
(defined as the proportion of residual Mg in the casting to the total Mg
added). The reference process has an Mg recovery of 46.6% and the

inventive process 61.1%.
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The inventive process allows the production of castings having a comparable

metallic matrix and mechanical properties with a much more consistent and

efficient Mg treatment.
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CLAIMS

1. A process for the production of ductile iron comprising the sequential
steps of -

(1)  treating liquid iron with an initialiser which is a ferrosilicon alloy
comprising an effective amount of barium, said effective amount being

sufficient to inactivate the oxygen activity of the liquid iron,

(1)  ata time of 2 to 10 minutes after step (i), treating the liquid iron with a
magnesium containing nodulariser,

(i) treating the liquid iron with a eutectic graphite nucleation-inducing
Inoculant, and

(1v) casting the iron.

2. A process as claimed in claim 1, wherein the ferrosilicon alloy is by
weight percent
46-5081, 7-11Ba

the balance being Fe and any unavoidable impurities which may be present.

3. A process as claimed in claim 1 or 2, wherein the Mg-containing
nodulaniser used in step (ii) 1s Mg metal, MgFeSi alloy, Ni1-Mg alloy, or Mg-

Fe briquettes.

4, A process as claimed in any one of claims 1 to 3, wherein step (11) 1s

carried out between about 1 and 10 minutes after step (1).
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5. A process as claimed in any one of claims 1 to 4, wherein, the amount
of initialiser added in step (i) is calculated to deliver at least 0.035% barium

by weight of the liquid iron.

6. A process as claimed in any one of claims 1 to 5, wherein the amount

of Mg-containing nodulariser is calculated to result in from 0.025 to 0.035%

residual Mg in the liquid iron.
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Mg treatment stage

Initialising stage
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Figure 5 - Hardness (HB)

CA 02653172 2008-11-24

abay

Y4
\Z

oY

. ’ . - ks 7 . -
S A D A rrpeveiisdessis X

i ‘ ¢ Y,
Ve, Fian e L STy ; s-\\:.-“\\...s\\\\.\ .\.\-.ﬁ:\\\.\.“&\ﬂ\\\\\;\\\. ’ \“\\;C\“\ S
el e : S e T T I S I b C A AN T
—meeratt . - .\\:.v::.\\\\\\.s.:-w\\\\: I A AR S A P P T T i ..q.-\\...\\\\h.vV\\\\\.\\\ "/,
VY.

AP P Pl g st 2

.r\ .\1.- \\\. .
e L ILrAN 2, e rrrrlite Fruys
Ceatisg AR AP, e g La 4" e LIGRETLLL en it gonis 2ol par e S .\\..\\
L) -rs
Z
2,
:

Test 5

b -~ ~
TIEATEY aadadienneed S0t aosese it e

a

v N > N ha;a«/;:'o‘.. /Ua/H. '://'n.z;f.u"._. ;N/ r;p/. SO SITANERY S N0 Ay
fr:.'dv'c/////./n.l./ﬁh// /f/a/' 1/»- nf.y/U.U 17.-./-/u'/ﬂ: NN ///aoﬂﬂﬂ/“////‘./”’ RN ://:JIA /////Joﬁ/lr‘”/A//(r
ANE RS I ,vz,/.//u:,,s Z X /////, A R
RN NN S RS T 1 T AT A TR A SRR “ 3

AT AR .,.,/,,,?.,//ﬁ,f,,ﬂwn//,/ ﬂ//m, A R

s A e s NS

Testh

ad LV
abay abny

s . 3!32}“! 0 3
o % ..."C...’C’."\V.”I .'.’!'I & 2 > . D - o - * A AT . g
® . . ”".’ ‘"-” ."’..-.".’. - -4 a ! 3 s .. d N "f’.’, ‘"’" a'"b.. > »

Y ' ‘LN 000.0-(-&..00”( L

s ser & -
v . H Serwvse s vese,

b
= . y
PP PR PR oA A A R N A

~ PR L

ccsap AT T A - -
A\s\a\\::s\ - -\n\\s

s\

s 2 st e VAl s P T n 7l
= e e dess Zas s O e e YA 207 A LY
P iy s Vsl " -\.\\-\\\\\\\5\\\\0.:.\ - \\\\\\\-.w. >l \..Ns.\ AAS AR h\\\ \V\\\w\“\ 7, \\\ A
o0 R o i
S A

LZ

LRI T R e A tt s sa AT :
(IR A PR T A e REL RS SPe IT IR A ” d ',
’ T PR R AR (K \\v\..\\......\\-\\\:\.\\\\\\\ el v --\.~\..\\..\\\.v\\\\....

e

7
G

Rt

Test 4

LN
3 - MMttt y -

.- Wty N v AN, * N IRCUUN . by LT A AT A A AN AN
AN .ﬂ;,ﬂ,/ NS vVR A e R ANTRANS N\ SRR MRS SR LT R LN ~ N
et R e e LR ) AR AN N A,,Z,.u,.,/}“z:./w,wxpmﬂ,/m..um//M,v.f%.//,,.w%,,./z/ N

VNN LY e Sy e b SRR NP Py T T T A N L P AN A
e Ve NS TSI AN AN AN S ./,,:.4?,///:,/.:.:/.,///ﬁ. SRR S /L//...,,v/ T T A
W Lo M SNV NN BRI SN, N TS SN e Y AT T ,/n..n.f,uﬁ./.mum/ﬂzy{/éw?////////

Test 4

abay abay

o NI IR B X " : - " - -

K R TA g . % LA TR R g R R e I O A e
4 ¢Z T R e e
> S XA ot = e e R 8

e vty .su:s\\.s\.m\. ..vowo.h\s. R A AR e T L2 20S SN \N\.\\.\.\ D .\\
L e T S I 7
A var rig '~ il . e v AP ICAAAE A \\ () v,
YR LI 2Ll w..\«\.‘m“\\\w\\aso....u\u..ﬂ\ un.vm.u\s\\..s ..\..\..\..\u\\ LA & T Y t .\..\. .\\\\
- ) ’ Zrr R \\\ Z

£ Y % 4
AL =i we=s8Ee \‘\\\s\.s.ssqx \\\\\\\\\.\w\%ﬁ\\“\“\suﬂ\ xm.u\.s.m‘\

Test 3
%

eV

,.
......:;,://://c , , .\:>;:/6./..:........ : frf ..o.:,::/a//(. ;, . ..-.;, o.
T e S TN ] AR T e e e e L R e R
A R il SRR S UL N i L L T I ST SRS L RO R A A R N N
PN AL W A A i, T S A T R S I R T AN e TR SR NN N
- - TR e R TR M EERRRCR RIS AN T
AR ~ . e ARSIISSCANENN T e A RRRA AN

. -
o R N Y

LY

S

Test 3

dual Mg

abAy

‘e i cee XX

- ’
o o R R A Y2 - S S s e PIpraniti, S B0 ad o e e
. s e LA e ’
rrier to ok ororae “ps .....q\\\\\..\.\\Q\;\\\\JQ\\.V\ A s\\\\-\\.ﬂ\.&s\\

A
.t o . oo okt R T
. o bt AT el e TR SN a el A iy \\.\.u..&\\.@.\\\%\\w.\s“\k\\\ u\.&&@\\\..%\
7 Z

-5
AL Ladd e Plrye A 7
-~ - -
LR h Ta T YRR AR ARTINANN L AN LA

ramie=s S ’ Loy srom Lrote 4 LA XA EAA 514 \\\\.\u\s\.\-\\d&- [T uh-“s\s\ \\\“V&\\\\
X .
Syaatiuarsahaatun Ly s v T R NIV TN TS 3 R L L L IS SO L L CEN N S, W eI Ph =t “
R e R s R e s e R R T RN
o ~ A AN ~ - ) AR SN o Ay
T AL A AR .uu,,//.,.://mm.%u.. NN v A %,/.///Wu o
N

LZ

Test 2
Figure 6 - Resi

-~ -
1Y

N amam vy N,

Test 2

AN LN R R T Y RN RN N z//ﬂ/,v/#./,?é/

, :/,.f..,//.,..pnnoa/.h//v
A 2 .
vty St : . :
e ot . . G Z

. crelrscasoce — ssmtep we sr MRS ppy i

\\ \ \.xx....~.s\\. ... . \- -.\\ .
\s..}.l.\?\\....\\:.\322\ ..\x.\wﬂ.\\\\\s:o\n.\:......:.2..:I\.?‘l\.:“\!.\\\\\.“\\.w
‘.\ . :L .. s\\ \\ \ .\\.\\«.‘.\:.;6\ \ -V\..\
-..\\.:. .. ...,IZ . ...-\..x::.:\\.:.. T TI DION CASAARY Ay R Ry ) SR (L 5 v»
ir T e A s L AL A L A N LAl sl LA AAR Y L
. TX) S SR ACET I AT 0 oy \.\.\\\\....I...\.o.:... N s a2 g ) 0 M S
’ o -, £ e v r i ras e P - s \\\s\\.\vﬁh 0
' ey

v
. L L R ’
-ty y

.

Test 1

an o .
Vo . Syasaeama NAN N e SANALE AL alaaavaaadiy N e -

AYIINNNAANNNNAN] R ] :.rr N :.../ SRR RCC Y . Nf LY ;,. = . - NN PN TR Y ..//r \ 5
SEUITLND T SRRANMAS UL NRARS A T T A A TV N D AN R Nkl SYAT NG
D o - R S SN S SR s A B x,uu/,%//;//ﬁ//////f//////,//”/ﬂ/.// N P(
SR 3

' N Y RN . SR S >3 R
ot s SRR T AN T R P SRR R I
A - .\

e o -~

Test 1

obny |

s..\s\... .... . .. -m.-\ ...ss
.:.\\\..\\.. \ ..2\\:?.22. .t-1\.\\\.\.
.&b\:...\.u:.: ?...\\r..\\:\%\t\,.\.m\ﬁ\\\}\:.m«\\.&k
. . e ST e vp frraa cmr g ;ﬂ}n\\\ \uﬂ\\\‘. ‘ PR \a\\&n\\rsv\.\.\\\s\ \~.\\\ﬂ\\ %
meles 0E RIS L, Y Y - SOt 8 s G2, “\\\\\-\ ALy s
o e g,V , . (g rad A \\\.\“sV\M .s\.\\.\\\-\\\\

’, . G

Y4

o

Retference

N X,

LR “-aan 8 “aas = s h . .
- e vio . . s _~
-~ . >, . RS A R . . St L ~ LR e M L y T
o T S el aaane, v v A, v TN ﬁ/,u,u/.;/., TR AL LRI //////,
- BEEIAAAY TS Nraes 1 an Aty AN N IR R ey s e R AR AR /7/#// A
vEemvaa s b N - At “he ~ - hl A S A AP ~ AL AN
- . ' AR v N - oo N

Reference

S o .‘u% /.... AT Y SRS

A TR RAAARANN AR

WO 2008/012492

0.05
0.04
0.03
0.02 -
0.01 -




CA 02653172 2008-11-24

PCT/GB2007/002342

WO 2008/012492

- 4/5 -

Figure 7 - Pinhole Promoters % (Al + Ti + Residual Mg)
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Figure 8 - Sulphur %
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Figure 9 - Silicon %
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