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Production of castings with spheroidal graphite iron (SGI) requires the
maintenance of metallurgical and technological principles. Oxygen plays an
important role in this production. The influence of oxygen on cast iron has
the most significant effect on oxygen bound in oxides. Under operating con-
ditions, it is necessary to monitor the chemical composition and temperature
of the melt together with other factors, which contribute to the effect of oxy-
gen activity and effective modifications. Influence of an applied modifier
(nodulizer) of oxygen activity on the production of spheroidal graphite cast
iron is established.

Bupo6GHUIITBO BiJINBOK 3 UaByHA 3 KYJACTUM rpadiTom morpedye TOTpUMaH-
HA MeTanyprifiHuX i TexHoJsoriunmx npuHnumiB. Kucens Bimirpae Ba)xJIuBY
poJsib B IbOoMYy BuUpPOOHUITBi. Haibinbiuii BOJIMB BiH 3AifiCHIOE Ha KIUCEHD,
3B’sI3aHNI B OKKCJIaX. B yMoBax BUPOOHUIITBA HEOOXiAHO CaigKyBaTH 3a Ximi-
YHUM CKJIAZOM i TeMIlepaTypolo PO3IJIaBy pa3oM 3 iHmuMu (axkTopamu, AKi
JaloTh BHECOK B aKTHUBHiCThH KUCHIO Ta epeKTUBHI Mopudikaiii. BcranoBiaeHo
BILJIUB 3aCTOCOBAHOr0 Moaudikaropa (I'paHyJATOpa) aKTHUBHOCTI KMCHIO Ha
BUPOOHUIITBO YaBYHA 3 KYJIACTUM I'pad)iTom.

IIpou3BOACTBO OTJIMBOK 13 UYT'yHA C IIAPOBUAHBLIM I'paUTOM TPedyeT co0JIio-
JeHUI MeTAJIYPruUecKrX U TeXHOJOTUYEeCKUX NpuHITUIIOB. Kucaopoa urpaet
Ba’KHYIO POJIb B 9TOM IpousBoacTBe. Hanbosblliee BINAHNE OH OKa3bIBaeT Ha
KMCJIOPOM, CBA3AHHLIN B OKHMCJaX. B yCI0BMSAX IIPOM3BOACTBA HEOOXOIUMO
CJIeOUTh 3a XMMHUYECKHM COCTABOM M TeMIIEPATYPOU pacIljiaBa BMecTe C APY-
ruMu (pakTopamMu, KOTOPbIe BHOCAT BKJAaJ B aKTUBHOCTh KHUCJI0POoAa U s (eK-
TUBHBIE MOAN(DUKAIIUHU. ¥ CTAHOBJICHO BJIUSHNE HIPUMEHAEMOT0 MOAU(GUKATO-
pa (rpaHysATOpa) aKTUBHOCTH KHCJIOPOAA Ha IIPOU3BOACTBO UYyT'yHAa C IIapo-
BUIHBIM IpauTOM.

Key words: spheroidal graphite, cast iron, nodulization, solubility, satura-
tion, melt.
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1.INTRODUCTION

Now much attention is paid to the production of castings with spheroi-
dal graphite iron (SGI), the required mechanical properties and struc-
ture, without internal defects. Cast iron production quality is closely
linked with metallurgical and technological principles (suitable type of
furnace, the correct batch method, melting furnace and patterns
among metallurgy—inoculation or modification—nodulization). In
addition to these known principles, oxygen in melt cast iron plays quite
important role in the production. First oxygen was observed in cast
iron in accordance with the emergence of a variety of defects, later
proved to have considerable importance in the creation of embryos for
the growth of graphite. The influence of oxygen on cast iron has the
most significant effect on oxygen bound in oxides. Oxygen dissolved in
the melt has not yet received so much attention in recent years. Hence,
considerable importance of the monitoring of oxygen activity in the
melt is obvious.

The value of oxygen activity can be an important criterion for check-
ing the properties of the liquid metal, especially the quality of a modi-
fication process. Under operating conditions, it is necessary to monitor
the chemical composition and temperature of the melt together with
other factors that contribute to the effect of oxygen activity and effec-
tive modifications. The Department of Engineering Technology of En-
gineering Faculty of the Technical University of Liberec (Czech Repub-
lic) is engaged in monitoring of oxygen activity in molten iron for sev-
eral years. Influence of an applied modifier (nodulizer) of oxygen ac-
tivity on the production of spheroidal graphite cast iron was estab-
lished.

2. OXYGEN IN MOLTEN GRAPHITE CAST IRONS

Oxygen is dissolved in molten iron atomically and there is a close link
between one atom of oxygen and one atom of iron. At the same time,
there may be complexes between FeO and neighbouring iron atoms of
type (FeO-nFe). Oxygen gets into the molten iron from the gas phase,
which is located above the molten iron. Occurrence of the oxygen in
contact with the surface of molten iron leads to its dissolution in the
melt iron. Physicochemical patterns of oxygen solubility in molten
iron in relation to temperature were revealed by Myslivec [1]. The sol-
ubility of oxygen in molten iron behaves according to the equation:
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where [O]y, is solubility of oxygen in molten iron.

It is customary for the solubility of oxygen in molten iron to use
[% O]instead of [O]g..

The Gibbs energy change for the equation (1) can be determined by
Lincéevského [2], according to the equation:

AGY = -71018 — 28.5T ; 2)

here, AG, is change of the Gibbs energy (J-mol™"), T [K] is temperature.

After reaching the degree of saturation of the Fe—O solution, oxy-
gen begins to form a chemical compound with the iron-iron oxide
(Fe0), which precipitates from the solution. The solubility of oxygen in
the iron is dependent on the temperature and can be expressed by
Myslivec [1] by the equation:

log[% O] =—%+2.701. (3)

Melts of graphite cast irons (mainly iron with spheroidal and com-
pacted graphite) are very complex systems. It is important to use the
laws of thermodynamics at their research to clarify physicochemical
processes that take place during the preparation of metallurgical melt.
Mutual behaviour of elements present in the melt is determined by
their weight ratio and the temperature of the melt. In this regard, we
are interested in the chemical reactions of elements present in the melt
and further elements that we bring to the melt during processing out-
side the furnace. These are, in particular, such elements as carbon, sil-
icon, magnesium, calcium, aluminium, barium, and strontium. The
decisive factors of the gases in the melt cast iron are a way of melting
and used melting device.

The oxygen content in the iron is present as free (dissolved) and that
bound in such compounds as oxides. Hummer [3] concluded that nitro-
gen acts as crystallization seeds for nucleation of graphite. With in-
crease of the oxygen content in molten iron, graphitizing effect (main-
ly, the action of SiO, as graphitizing nucleus) first was reported by
Hummer [4]. He certifies to the heterogeneous nucleation of SiO, as
nucleation grains for SiO, include oxides of elements with higher af-
finity to oxygen (Al, Ca, Ba, Ce). At higher temperatures, higher con-
tent of stable oxides SiO, reduced carbon. Carbon oxide reduction
means reducing the number of crystallization nucleuses and thus
worsening graphitizing abilities of iron, which was confirmed by
Hummer [3]. Senberger [6] has found that the reduction of carbon ox-
ides is associated with the decrease in the total oxygen content in the
iron when the temperature increases. Conversely, Kusakawa [5] em-
phasizes that further increasing of the oxygen content considerably
constitutes carbides.
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3. ACTIVITY OF OXIDE IN CAST IRONS

The total amount of oxygen in the cast iron is the sum of the oxygen
bound in chemical compounds and free oxygen. Free oxygen becomes
metallurgically active oxygen monitor of its concentration, respective-
ly, as active concentration—activity. The activity of oxygen in the iron
melt in the presence of elements with high affinity to oxygen (C, Si,
respectively Mg in SGI) is relatively low ranging in the order of tenths
of ppm units.

Oxygen activity in modified cast iron (CGI and SGI) is observed espe-
cially to verify the effectiveness of the process of modification of the
melt prior to casting. It is generally known that to achieve the required
effect of modification, sufficient amount of modifier (for us usually,
magnesium, and abroad, cerium) must be dissolved in the melt iron There
is a balance between the amount of dissolved magnesium and oxygen in
the molten iron. Accordingly, the efficiency of the modification can be
monitored by the amount of dissolved magnesium and oxygen activity.
Monitoring properties of melt iron and measurement of oxygen activity
were investigated by a team of authors [7]. For CGI at certain tempera-
tures, the following values of melt oxygen activity were obtained: for the
temperature of 1300°C, a,=0.19 ppm, for the temperature 1350°C, a, =
=0.16 ppm, for the temperature of 1400°C, a, = 0.45 ppm, for the tem-
perature of 1450°C, ay = 0.73 ppm, for the temperature of 1480°C, a, =
= 0.90 ppm. For SGI [6], the following activity values were found: at
temperature of 1300°C, a, = 0.12 ppm, at temperature of 1350°C, a, =
=0.15 ppm, at temperature of 1400°C, a, = 0.30 ppm, at temperature of
1450°C, a,=0.50 ppm, at temperature of 1480°C, a,=0.60 ppm.

To determine the oxygen activity in molten iron, the method of
measuring of electromotive voltage (EMV) on the galvanic cell is cur-
rently used, where a solid electrolyte is a refractory oxide exhibiting
ionic conductivity. Reference substance with a known value of oxygen
activity is used. Scheme of measuring probe for determining of the
electromotive voltage is shown in Fig. 1.

Oxygen activity value can be determined by reading of EMV and tem-
perature based on the equation, which is recommended by the probes
manufacturer in the Czech Republic (Thermosondy Kladno) and have
been prepared on the CSAV, workplace Ostrava (in Czech Republic):

log(a,) = 4.516 — {13272.4 — 10080(EMV +0.025)}/T , (4)

where T [K] is measured temperature of melt, EMV [V] is electromo-
tive voltage.

For foreign manufacturers CELOX probes and their contractor
Heraeus Electro-Nite Company:

log a, =1.36 +0.0059(T —1550)EMV +2-10* EMV(T - 1550). (5)
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Fig. 1. Scheme of probe and probes for measuring of temperature and oxygen
activity in the melt cast iron.

4. EXPERIMENTAL OBSERVATION OF OXYGEN ACTIVITY
IN THE PRODUCTION OF GRAPHITE IRON

The aim is to investigate the oxidation at intense change of oxygen ac-
tivity in cast iron with spheroidal graphite. Oxygen is intentionally
added to the melt in the form of dried iron scales. For this purpose, a
total of eight meltings were produced. The melting No. 8, which was
made on the ground of the results of adding scale to the charge in the
meltings of No. 1 to No. 7, did not indicate the original assumptions.
To the cast No. 8, 0.050 kg of dried flakes was added into a nodulizer
(modifier) nodulization ladle and everything was covered with iron
chips. The purpose of this was to determine the melt oxygen activity in
the melt when the melt oxidation takes place without the establish-
ment of equilibrium.

Trial meltings were carried out at our foundry section of engineer-
ing technology department of Technical University of Liberec. Medi-
um frequency induction furnace IC 40 equipped with acid lining
(SURACIT) produced by the Induction Ltd. company was used for
melting. Maximum content of the melt in the furnace is 40 kg. Special
pig iron SORELMETAL was used as the charge material. The chemical
composition of SORELMETAL is shown in Table 1. Then 20 kg of pig
iron with 0.25 kg FeSi75 were melted in induction furnace to increase
silicon content.

The melt was heated in the furnace to 1450°C (measured by pyrome-
ter). Modification (nodulizing) was carried out according to the
SANDWICH method (i.e., in special deep foundry ladle with a cover).
The ladle was also fitted with an acid lining (ACYKUP). Nodulizer
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COMPACTMAG and inoculant FeSi75 were placed on a layer of cast
iron sawdust at the bottom of the pan before pouring metal. Chemical
composition of the nodulizer is presented in Table 2. After nodulizing
(modification), SUPERSEED inoculant was melt. Then, quartz tube
sample was taken again to determine the total amount of oxygen in the
melt after the nodulizing (modification) and inoculation. Chemical
composition of inoculant is shown in Table 3 and the compositions of
the charge for all heats are shown in Table 4. Mass scales incorporated
into the individual batches are presented in Table 5.

Preparation of the melt in the furnace was performed by a standard
procedure, after heating to a temperature of 1450°C (measured optical-
ly uncorrected) the melt was recovered from the surface of molten slag
and a sample was taken for determining the chemical composition us-
ing the quantometer (sample ‘coin’ was cast into a copper mould).
Then, the oxygen activity was measured. After that, spill nodulizer
was melt in the ladle. This ladle was also used to perform inoculant
graphitizing. Again, the melt samples were used to determine the
chemical composition of the produced iron.

Measurements of oxygen activity in the melt after the nodulization
(modification) and inoculation were also performed (see Fig. 2). Chem-
ical composition of cast iron melts before and after the modification
were monitored by spectrometer. The obtained values are presented in

TABLE 1. Chemical composition of SORELMETAL iron.

Content of elements, %
Fe C si Nk | P | s | Ni
95.48  4.23 0.15 0.013 0.07 0.026  0.01

TABLE 2. Chemical composition of the nodulizer (COMPACTMAG).

Chemical composition, %
si Mg KVZ | Ca PN
44-48 5—6 5-17 1.8-2.3 max. 1

TABLE 3. Chemical composition of the used inoculants.

Chemical composition, %
Fe Si Al Sr Ca
FeSi75 75 25
SUPERSEED 75 max. 0.5 0.8 0.1
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TABLE 4. Composition of charge.

Materials Mass of materials in furnace, kg
SORELMETAL 20
FeSi75 0.25
Mass in ladle, kg
FeSi75 0.156 (1.65%)
SUPERSEED 0.03(0.15%)
COMPACTMAG 0.33(1.65%)

TABLE 5. Quantity of iron scale supplement into charge.

Number of melting Mass scales The gmount of scale
added to the charge, kg in batch, %

1 0 0

2 0.05 0.25

3 0.08 0.4

4 0.10 0.5

5 0.125 0.625

6 0.15 0.75

7 0.20 1.0

8 0.05 0.25

Tables 6 and 7. The measured values of electromotive force in the melt
prior to nodulization and after inoculation are shown in Tables 8 and 9.
Using equations (4) and (5), values of oxygen activity were calculat-

Fig. 2. Measuring of the oxygen activity: measurement of oxygen activity in
ladle (a), measuring equipment (b), monitor measuring equipment (c¢).
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TABLE 6. Chemical composition of melt cast iron before nodulization of melt.

Number of Chemical composition, %
meeting C Si P Mn S
1 4.07 0.994 0.020 0.033 0.009
2 3.86 0.952 0.019 0.031 0.008
3 3.94 0.944 0.021 0.035 0.008
4 3.95 0.928 0.018 0.027 0.008
5 3.85 0.828 0.023 0.025 0.009
6 3.82 0.887 0.022 0.030 0.008
7 3.80 0.820 0.022 0.024 0.008
8 3.97 1.040 0.019 0.040 0.009

TABLE 7. Chemical composition of melt cast iron after nodulization of melt
(SANDWICH).

Number Chemical composition, %
of meet-
ing C Si P Mn S Mg

1 4.05 2.52 0.019 0.043 0.009 0.050
2 3.82 2.61 0.020 0.050 0.009 0.043
3 3.75 2.74 0.022 0.052 0.009 0.045
4 3.79 2.72 0.020 0.048 0.009 0.043
5 3.82 2.77 0.022 0.042 0.008 0.045
6 3.74 2.73 0.022 0.048 0.009 0.045
7 3.68 2.75 0.023 0.041 0.008 0.038
8 3.67 3.00 0.019 0.057 0.014 0.040

ed, which are also listed in the relevant tables. Evaluation of the total
oxygen in the melt before the nodulization and after inoculation was
done using LECO TC-336 analyser. The total amount of oxygen in mol-
ten iron before and after modification is shown in Table 9. When com-
paring oxygen activity, oxygen activity dependence on temperature
must be considered. Values of recalculated oxygen activity in the com-
parative temperature of 1400°C are given in Table 10.

After the metallurgical treatment of the melt, i.e., after the modifi-
cation (secondary metallurgy), cast was melt into prepared bentonite
moulds that were used for production of testing castings @ 30x150 mm
and Y2 blocks.

The measured and corresponding calculated values were plotted as
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TABLE 8. Oxygen activity and temperature in molten iron before noduliza-
tion and inoculation.

Number .| Activity of oxygen, ppm | Mass of
Temperature |Electromotive

of meet- of melt, °C | voltage, mV by equation | by equation | scalings,

ng CSAV (5) | CELOX (6) kg

1 1569 -104 7.5 6.2 0

2 1616 -116 10.1 7.5 0.050
3 1594 -115 8.2 6.5 0.080
4 1560 -116 6.0 5.1 0.100
5 1559 -112 6.1 5.3 0.125
6 1597 -111 9.1 7.0 0.150
7 1530 -112 4.2 3.9 0.200
8 1650 -105 15.5 11.1 0.050

TABLE 9. Oxygen activity and temperature in molten iron after nodulization
and inoculation.

Number . Activity of oxygen, ppm
of meet- Temperature [Electromotive - - Mass of
. of melt, °C | voltage, mV by equation by equation scalings, kg
ing CSAV(5) CELOX (6)
1 1354 —283 0.06 0.14 0
2 1363 -273 0.07 0.16 0.050
3 1395 -263 0.13 0.23 0.080
4 1349 -300 0.04 0.10 0.100
5 1348 -273 0.06 0.15 0.125
6 1382 -268 0.11 0.19 0.150
7 1440 -216 0.44 0.58 0.200
8 1390 -220 0.22 0.38 0.050

temperature dependence of the oxygen activity of the melt before and
after the nodulization; see Figs. 3 and 4.

The obtained values of oxygen activity were recalculated on the
comparative activity values for comparative temperature of 1400°C by
the equation:

a,=a, — 4.0["OMAT, _ 0011414001958 (6)

s

where a, is activity of oxygen by comparative temperature, a, is calcu-
lation activity for some temperature, T, is temperature of melt for cal-
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TABLE 10. Oxygen activity calculated for temperature 1400°C.

Number of Mass of scales Active oxygen ‘ Active oxygen ‘
melting added to the recalcula?ed according recalculat.:ed according
melt, kg to equation (5), ppm to equation (6), ppm
1 0 0.17 0.27
2 0.050 0.16 0.26
3 0.080 0.16 0.25
4 0.100 0.17 0.26
5 0.125 0.18 0.29
6 0.150 0.16 0.25
7 0.200 0.29 0.44
8 0.050 0.25 0.42

culation activity.

5. METALLOGRAPHIC EVALUATION OF THE STRUCTURE AND
MECHANICAL PROPERTIES

The cast samples @ 30x15 mm were prepared for metallographic obser-
vation by machining (using metallographic grinding paper) and then
etched. For etching, Nital 3% was used. For observation of metallo-
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Fig. 3. Dependence of oxygen activity on temperature before nodulization
(modification): I—according to equation CSAV, 2—according to equation
Electro-Nite.
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Fig. 4. Dependence of oxygen activity on temperature after nodulization
(modification): 1—according to equation CSAV, 2—according to equation
Electro-Nite.

graphic structure, NEOPHOT 21 light microscope (manufactured by
Carl Zeiss Jena) was used. First, the structure was observed in the
etched state in order to determine the shape, size and distribution of
graphite at 100 times magnification. After etching, iron matrix was
monitored. In Figure 5, the structure of the cast No. 1 to No. 8 is
shown.

Microstructure of cast iron after the nodulization (modification) was
evaluated according to Czech standard CSN 420461. At the same time,
the number of nodules per mm? of cast iron structure was evaluated. The
observed microstructure is summarized in Table 11.

TABLE 11. Microstructure of cast iron samples.

Number Microstructure for CSN 420461 Number of nodules
of melt per mm?

1 60% VI6 +40% V6-P45 135

2 70%VI5+30%V6-P70 120

3 60% VI5 +40% V6-P45 100

4 60% VI5 +40% V6-P70 120

5 70%VI5+30%V6-P70 100

6 30% VI5 + 70% V6-P45 105

7 30% VI6 + 70% V6-P15-F15-C40-Cv 6000 30

8 40% VI5 + 60% V7-P45 105
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Fig. 5. Microstructure of samples, melt No. 1 to No. 8 after nodulization,
Ao1400 €tch—Nital 3% , magnification x100.

At our department of Technical University of Liberec, long-term
research on the prediction of the quality of the melt for the production
of all three basic types of cast iron was conducted. Temperature de-
pendences of the oxygen activity in melts of grey cast iron, compacted
graphite iron, and spheroidal graphite iron are presented in Fig. 6. It
was founded that grey cast iron (with flake graphite) at comparable
melt temperature has maximum value of oxygen activity. Somewhat
lower is the oxygen activity in the melt of compacted graphite iron.
The lowest oxygen activity is in the melt of the spheroidal graphite
iron. Oxygen activity values were calculated on the basis of the meas-
ured values of the EMV and calculated values with use of the CSAV
equation. The oxygen activity dependences on temperature of the
melts in the cast irons, when the oxygen activity was calculated from
the measured values of EMV using CELOX ELECTRO-NITE equation
are placed in Fig. 7.

Oxygen activity in ductile iron is significantly lower than that of
steel. This is caused by the higher concentration of elements that re-
duce the activity of oxygen (C, Si, Mn). Determination of oxygen activ-
ity can provide information about the properties associated primarily
with the content of elements dissolved in the melt. It is particularly
important for SGI to add magnesium to the melt in a surplus. It is
caused by the fact that magnesium is consumed in desulfurization and
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Fig. 6. Dependence of oxygen activity on temperature for GCI, CGI, and SGI
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Fig. 7. Dependences of oxygen activity on temperature for GCI, CG, and SGI
melts, by equation Electro-Nite was used for a, calculus [7].

deoxidation, and only the remaining magnesium, which is dissolved in
the melt, affects the secretion of graphite. There is a relationship be-
tween the activity of oxygen and magnesium dissolved in the melt, that
allows to evaluate the effectiveness of modifications by measuring ox-
ygen activity [7].

6. CONCLUSION

At the moment, the value of oxygen activity is an important metallur-
gical parameter for determining the quality of iron melt.

The presence of iron oxides in the charge (approx. 0.75%), respec-
tively, iron in the melt does not increase substantially the total amount
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or activity of oxygen. Oxygen for secondary metallurgical treatment of
the melt binds to magnesium and silicon. Other components and prod-
ucts of these reactions influence the amount of graphitizing nucleuses
for the production of spheroidal graphite.

The values of oxygen activity are dependent on temperature; they
increase with temperature increasing. Before modification at 1616°C,
the oxygen activity was 10.1 ppm regardless of the 0.25% of the dried
steel swarf added to furnace. Oxygen activity is of considerable im-
portance, especially after modification. Its values are significantly
lower than in the case of the presence of iron oxides in the melt iron.
Converting values of oxygen activity after modification at the tempera-
ture of 1400°C, low values of 0.16 to 0.29 ppm were observed. Activity
values of oxygen at 1400°C from 0.16 to 0.18 ppm were detected after
adding of 0.75% dried flakes to the melt. These values of oxygen activi-
ty correspond to ferrite—pearlite metal mass with regular granular
graphite with sizes ranging from 30 to 120 um. A higher value of oxy-
gen activity after modification by 0.29 ppm was detected by addition of
1% in the batch scale. The structure of iron is different, it consists of a
small number of spheroidal graphite with a high proportion of free ce-
mentite structures equal to 420, 461 which comprise 30% + 70% VI6
V6-P15-C40-F15-Cv 6000, with a share of 30 globules to mm?.

This paper was supported by the research project SGS 2822.
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