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The paper describes the graphite nuclei constitution for spheroidal graphite cast iron melted in a cupola furnace, which is treated
by the addition of magnesium and inoculated with a barium-based inoculant. Two samples of spheroidal cast iron were ana-
lysed, differing only in tin content. Field-emission scanning electron microscopy (FE -SEM) with energy-dispersive X-ray spec-
troscopy (EDS) was used to analyse the nuclei. The thermodynamic calculation of the phase equilibria and the associated free
formation energies of the alloys were calculated and compared with metallographic observations. It was found that the nuclei in
the spheroidal graphite are different in shape and composition. Spherical and rectangular ones were found, and in many cases
the porosity was present at the nuclei. The nuclei consisted of different compounds such as (Mg.Ca)S, MgO, (Mg, ALSi)N. The
amount of Sn only affected the pearlite content, and there were no Ba and rare earths present in the nuclei.
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V raziskavi smo ugotavljali sestavo kali v grafitnih kroglah sive litine s kroglastim grafitom, ki je bila proizvedena v kupolni
peci in je bila po nodulaciji z dodatkom magnezija (Mg) cepljena z cepivom na osnovi barija (Ba). Za raziskavo smo pripravili
dva vzorca, ki sla se razlikovala v dodatku kositra. Za analizo kali je bil uporabljen vrsticni elektronski mikroskop na poljsko
emisijo (FE-SEM), opremljen z energijsko disperzijsko rentgensko spektroskopijo (EDS). Termodinami¢ni izraun faznih
ravnoteZij omenjenih zlitin je bil izraCunan in primerjan z metalografskimi opazovanji. Ugolovljeno je bilo, da so kali v
grafitnih kroglah razli¢ne po obliki in sestavi. Najdeni so bili sferi¢ni in pravokotni vkljucki, v veliko primerih pa je bila ob
kaleh prisotna poroznost. Jedra grafitnih krogel so sestavljale razli¢ne spojine, kot so (Mg, Ca)S, MgO, (Mg, ALSi)N. Koli¢ina
kositra je vplivala le na vsebnost perlita, v kaleh pa ni bilo barija in redkih zemelj (RE).
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1 INTRODUCTION

Graphite in cast irons can occur in various shapes.
The most desired shapes are lamellar, spheroidal and
vermicular shapes, which give different mechanical and
other useful properties to the alloys.! The shape, size and
distribution of the graphite result from the chemical
composition of the melt and from the cooling conditions
during solidification. The spheroidal shape of graphite is
usually achieved by deoxidation and desulphurization of
the melt, which in most cases is achieved by additions of
magnesium (Mg), which enables the growth not only in
the a-direction but also in the c-direction.'> The distribu-
tion and size of the nodules in spheroidal graphite cast
iron are always desired as homogeneous and fine, which
is achieved by inoculation. The inoculation process en-
sures the formation of particles or inclusions that can act
as nuclei for graphite growth. Usually, the inoculation
agents or so-called inoculants are based on FeSi master
alloys with added elements such as barium (Ba), calcium
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(Ca), strontium (Sr), zirconium (Zr) or elements of the
rare earths (REs).'"

There are many graphite nucleation theories that have
been presented over the decades and collected in pa
pers.®” There are theories such as the gas bubble theory
of Nieuwland and Karsay, the carbide theory of Boyles,
the salt-like carbide theory of Lux, the silicon carbide
theory of Wang and Fredriksson, the sulphide/oxide the-
ory and later the silicate theory of Skaland.

However, it has been found that the nuclei consist of
oxides, sulphides, nitrides, carbides, etc.®* In many cases
they were found to be complex phases. Y. Igarashi’ and
H. Nakae'® reported on MgO and/or MgS as the nuclei
for graphite, and occasionally the nitrides ((Mg,Si,Al)N)
are attached too. They suggest that rounded MgS acts as
a nucleus for graphite. T. Skaland et al.>!' showed that
the nuclei consist of primary and secondary products of
magnesium treatment. In this case, MgS and CaS repre-
sent the core of a nuclei surrounded by a layer of MgO x
Si0; or 2MgO x Si0,. When inoculated with ferrosilicon
based on Ca, Sr, Ba and Al-based ferrosilicon the hexag-
onal silicate phases XO x Al,0; x 2S5i0, can be formed
on the surface of the oxide core.
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D. M. Stefanescu et al.!” and G. Alonso et al.” used
cast-iron melts with different Ti contents and reported
about Ti-carbides (TiC) and Ti-carbonitrides (TiCN)
found in the centres of the graphite nodules, besides the
above-listed phases. They also report on RE oxides and
sulphides present in the centres of the nodules. When us-
ing Ba-based inoculants, they do not report Ba-based ox-
ides and sulphides in the cores of the nodules.

The aim of the present work is to compare and under-
stand the nature of the graphite nuclei in commercial
cast-iron melt samples solidified under normal industrial
conditions.

2 EXPERIMENTAL

2.1 Sample preparation

We have produced two samples of spheroidal graph-
ite cast iron in an industrial environment. The melt was
produced in a coke-fired cold blast cupola furnace by
melting spheroidal graphite cast iron returns and steel
scrap. The melt was desulphurised with calcium carbide
and transported into the channel-type induction holding
furnace. The melt for the samples was Mg-treated and
inoculated in a ladle using the sandwich process,
whereby the magnesium master alloy (1 w/%) as a
nodulariser was covered with steel scrap and poured over
by the melt. A Ba-based inoculant (0.2 w/%) was added
to the melt during the overpouring process. The chemical
compositions of nodularising agent and inoculant are
given in Table 1. The REs are mainly represented by ce-
rium (Ce) and lanthanum (La). Before casting the sam-
ples, the two different amounts of tin (Sn) were added to
the melts to obtain different amounts of pearlite in sphe-
roidal graphite cast irons with different tensile strength
and to investigate whether Sn has some influence on the
mechanism of graphite nucleation. The chemical compo-
sition of the melt prior to treatment (base) and of two
cast samples are given in Table 2.

The samples were poured into a measuring cell pro-
duced by a Croning process and had the shape of a rod
with a square cross-section of 320 mm? and a length of
210 mm. The measuring cell is described in detail in ear-

lier publications.'*'* The estimated cooling rate was
10 K/s, which gives a solidification time of about 100 s.

2.2 Characterization

Metallographic samples were taken from the casting
next to the sprue. First, the samples were metallo-
graphically prepared by grinding and polishing and ob-
served with an Olympus BX61 optical microscope.
Graphite analysis and the portions of ferrite and pearlite
were determined with an image-analysis system with an
integrated EN ISO 945 standard. A scanning electron mi-
croscope (SEM) JEOL JSM 5610, equipped with an en-
ergy-dispersive X-ray spectroscopy detector (EDS) was
also used. It was found that classic grinding and polish-
ing damaged the samples too much for good SEM im-
ages, while some graphite nodules were extracted from
the sample, so that the EDS analyses also yielded incor-
rect results. In addition, the metallographic samples were
again prepared by cross-section polishing with the JEOL
cross-section polisher, whereby the surface is cut by Ar*
ions, so that the observed surface is undamaged and un-
contaminated. The prepared samples were then observed
and analysed with a field-emission scanning electron mi-
croscope (FE -SEM) JEOL JSM-6500F, which was also
equipped with an EDS detector. To determine the main
elements, present in the inclusions, spectra, mapping and
line scans were performed and presented.

2.3 Thermodynamic calculation of equilibrium

According to the chemical composition of the cast
samples, a thermodynamic equilibrium of the phases and
the free Gibbs energies of formation for the present
phases were calculated with the Thermo-Calc 2020a
software using the TCFES8 database. Since it is known
that nuclei also consist of elements that are not specified
in the composition of the melt (Table 2), nitrogen
(0.007 w/%), calcium (0.001 w/%) and oxygen
(0.005 w/%) were included in the calculation according
to literature sources that give approximate quantities of
the listed elements.'>'® Elements such as Cr, V and Ni
were not included in the calculation because they are not
known to be potential elements to form nuclei. Barium

Table 1: Chemical compositions of nodularising agent and inoculation agent

Chemical composition (w/%)
Fe Si Ca Al Ba Mg RE
Nodulariser Rest 44— 48 0.8-1.2 0.4-1.0 - 5.5-6.2 0.8-1.2
Inoculant Rest 64-70 1.0-2.0 0.8-1.5 2.0-3.0 - -
Table 2: Chemical compositions of investigated samples
Chemical composition (w/%)
Sample ¢ Si_ | Mn | S Ccr | Cu P | Mg | Ni Ti sn | al | °F
Base 3.95 1.82 | 0.259 | 0.048 | 0.04 | 0.026 | 0.031 0.05 | 0.017 | 0.009 | 0.021 0.00 4,59
1 3.73 2.56 | 0.294 | 0.009 | 0.039 | 0.028 | 0.025 | 0.038 | 0.019 | 0.008 | 0.031 | 0.003 | 4.55
2 3.70 254 | 0324 | 0.008 | 0.039 | 0.029 | 0.026 | 0.036 | 0.019 | 0.008 | 0.053 | 0.006 | 4.58
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as an inoculation agent was not considered because it
was not supported by the software databases. Even a
combination of the TCFE8 and SSOLS5 database was
considered, but no promising results were achieved. The
results obtained give us an insight into the stability of the
different phases in temperature ranges above the liquidus
temperature and in the solid.

3 RESULTS
3.1 Metallographic investigation

In the first step of the metallographic investigation,
the samples were prepared with classic metallographic
preparation by grinding and polishing. The samples pre-
pared in this way were examined with optical and SEM
microscopes. Figure 1 is an optical micrograph of the
examined sample. It can be seen that the microstructure
is very similar in terms of graphite. The graphite size in
both cases is from class 6, the shape is from class VI, the
amount of graphite is 9.8 area percent and the nodularity
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is 0.64 in sample 1 and 0.72 in sample 2. There is an ob-
vious difference between the ferrite and pearlite
fractions, with 62 area percent pearlite in sample 1 and
73 area percent pearlite in sample 2, which is the result
of a higher amount of Sn in the chemical composition.
With improved sample preparation and using the
FE-SEM microscope, the results were more promising
because the particles located in the centres of the graph-
ite spheres were not extracted during the preparation. In
both samples approximately 50 particles were examined.
We did not find any differences in the two samples ex-
amined, where the type of particles found as nuclei was
the same. From this it was concluded that Sn has no in-
fluence on nucleation. The following the illustrations
show representative particles from both samples.
Figure 2 shows a graphite nodule with a particle in
the middle. It appears as if the particle consists of two
spheres connected to each other, but the analysis shows
that it is one phase. EDS analysis and mapping show that
it consists of Mg, Ca and S. Fe and C are most likely the
influence of the EDS analysis, where the background of

Figure 1: Optical micrograph of investigated samples: a) sample 1, b) sample 2

(Mg,Ca)S

\ .

Figure 2: a) Graphite nodule with a (Mg.C

Materiali in tehnologije / Materials and technology 55 (2021) 4, 533-539

Ca)S particle in the centre, b) enlarged particle with corresponding mapping EDS analysis (sample 2)
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x/% C 0 Mg S Ca | Fe

Spectr. 1 [ 40.80 | 29.32 | 22.83 | 3.14 [0.00| 3.91
@ Spectr. 2 [ 59.59 | 0.00 | 14.66 | 21.04 | 1.68 | 3.04

Figure 3: a) Particle in the graphite centre with mapping EDS analysis; b) EDS analyses of two noted spectra (sample 2)

x/% C N Mg Al
Spectr.1 | 47.97 | 26.48 | 9.54 | 2.43
Spectr. 2 | 70.34 | 0.00 | 11.42 | 0.00

x/% Si S Ca Fe
Spectr. 1 9.97 0.00 0.00 3.61
Spectr. 2 0.00 14.74 1.12 0.00

(Mg,Si, AN
ik x l

Figure 4: Analysis of graphite nucleus: a) graphite nodule with particle in the centre:; b) corresponding analyses of particle; ¢) EDS analyses of
two marked spots (sample 2)
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the sample is analysed and confirmed by mapping, as
there is no increased amount of Fe and C in the particle.
The amount of Mg is about ten times greater than the
amount of Ca.

In this case and in many cases that are also described
below, porosity is present next to the nucleus. The graph-
ite growth seems to be conical or columnar, with iron be-
tween the columns or cones, as shown in Figure 3 with
white spots and lines in the graphite nodule.

Figure 3 shows another particle in the graphite nod-
ule. The difference to the particle shown in Figure 2 is
that it consists of two different phases. The upper one is
white and partially embedded by a greyish particle. Both
are rounded or spherical. The EDS analysis is shown in
Figure 3b, where the white part is MgO, where a small
amount of S is present, and the greyish part is similar to
the particles shown in Figure 2.

Particles that have the potential to act as nuclei were
not always spherical, but some rectangular particles were
found next to (Ca,Mg)S. In contrast to others, these rect-
angular ones were complex nitrides with Mg, Si and to a
lesser extent with Al((Mg,Si,Al)N). Usually they were
not found alone in the centres of graphite spheres, but in
contrast to other reports®!” these were not in direct con-
tact with other particles — in this case (Mg,Ca)S. Fig-
ure 4 shows that the two particles are not connected,
which means that the particles were present in the melt
before graphite formation. It cannot be stated which par-
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ticle is more suitable for graphite nucleation. SEM mi-
crographs and EDS analyses of the particles mentioned
are shown in Figure 4.

In a case shown in Figure 5, the structure of the com-
plex particle is slightly different from the structure de-
scribed above and reported by other authors. A particle
contains Mg, O, a small amount of Ca and a rather high
amount of S. It is not clear whether it is a single phase or
a complex multiphase. From the mapping analysis and
the line EDS analysis it can be determined that oxygen
and sulphur are present in the same area, which is
brighter on the SEM micrograph given in Figure 5a, and
from this it cannot be concluded whether it is one phase,
or several phases bound together. In the latter case, the
particle could consist of MgO, next to which the phase
composed of Mg, O and S is present (EDS analysis of
spot 2 in Figure 5b). Both phases mentioned above are
then embedded by (Mg.Ca)S, which is then partly sur-
rounded by iron and the rest by graphite.

3.2 Free Gibbs energies

The free Gibbs energies of possible equilibrium
phases were calculated for the alloys under investigation
in the temperature ranges from liquid to solid. Figure 6
shows the free Gibbs energies, and it can be seen that the
most stable possible phase in a system is MgO, followed
by complex sulphides ((Mg,Ca)S) and titanium and mag-

x/% C
Spectrum 1 22.68 1.23 28.88 0.00
Spectrum 2 | 14.63 | 20.25 | 32.32 | 0.34
Spectrum 3 | 42.51 0.00 0.35 1.38
x/% S Ca Fe
Spectrum 1 | 40.80 2.65 3.75
Spectrum 2 | 27.76 1.58 3.13
Spectrum 3 0.28 0.00 55.48

Figure 5: a) Analysis of complex particle; b) line EDS analysis with marked spots of analysis: ¢) EDS analyses of three marked spots (sample 1)

Materiali in tehnologije / Materials and technology 55 (2021) 4, 533-539
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Figure 6: Free Gibs energy of formation for phases in investigated al-
loys

nesium carbonitrides ((Ti.Mg)CN). Aluminium nitride
(AIN) and magnesium carbonitride (MgCN) as well as
magnesium carbide (MgC,) are also calculated as possi-
ble phases present. The free formation energies differ
from those given in the literature,”” probably because of
the different calculation approach. In our case, a whole
chemical composition of the melt was considered, where
the activities of the individual elements are changed in
the presence of other elements that influence the free en-
ergy of formation. No significant differences were ob-
served in two samples analysed, which differ in Sn con-
tent which means that the Sn contents used in industrial
alloys have little effect on the formed phases and the cor-
responding free formation energies.

According to the calculation of the thermodynamic
equilibrium and the EDS analysis of the particles shown
in Figure 2, it should be magnesium-calcium sulphide
((Mg.Ca)S), where the amount of S is 50 x/%. The ther-
modynamic equilibrium calculation shows that the
amount of Mg in (Mg,Ca)S is about 45 x/% and the
amount of Ca is about 5 x/%. These results are in good
agreement with the EDS analysis, which shows that the
amount of Mg is ten times greater than that of Ca. In
most cases, the sulphides were found in the centres of
the nodules, so from this point of view the sulphides are
the main nuclei for graphite nucleation.

As can be seen from Figure 6, MgO has the lowest
free energy of formation, i.e., it is most stable, and one
could expect that MgO is initially formed in the melt. As
shown in Figure 3, the MgO is embedded by (Ca,Mg)S,
which is the next most stable phase from a thermody-
namic point of view. The mechanism could be that MgO
is a substrate for sulphide, which can then act as a nu-
cleus for graphite.

From Figure 4 it can be seen that complex nitrides
are also present in the centres of the nodules. The results
from the thermodynamic calculations also show an alu-
minium nitride (AIN) with a free formation energy just
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above (Ca,Mg)S. The reason for the discrepancy be-
tween the complex nitride (Mg,Si,Al)N and the AIN
could be found in the equilibrium conditions for the cal-
culation and non-equilibrium conditions for the experi-
mental result, where it seems that complex nitrides can
be formed. From the presented results we confirmed that
the nitrides are present in the graphite nodules, and based
on previous reports®!? the nitrides are also possible nu-
clei for graphite nucleation.

4 DISCUSSION

From all the results presented it can be seen that in
most cases the sulphides are present in the nucleus in the
form of (Mg.Ca)S. MgS was not found and was not pre-
dicted by calculating the free formation energies. To a
lesser extent, MgO and nitrides were detected. Similar
observations were made by Igarashi and Alonso.”® They
claim that the nucleation mechanism is such that MgO is
first formed in combination with MgS and nitrides. Ac-
cording to our findings we have confirmed that the MgO
is first formed and then surrounded by (Mg,Ca)S, which
is also supported by the calculation of the free formation
energies. However, nitrides were not in contact with the
sulphide, so it is not clear which of them is formed first,
but after the calculating the free energy of formation it
should be later. Also, the frequency of appearance of the
nitrides was the lowest from all the analysed particles. In
Igarashi’s work” it is also stated that the MgS could be
liquid at the beginning of the graphite crystallisation, but
in our case the thermodynamic equilibrium calculation
showed that the solid (Mg,Ca)S and MgO are already
formed in the melt at temperatures above 1700 °C.

In this work we could not confirm the nucleation
mechanism of Skaland®!'' because no such complex par-
ticles were found in our specimens. We also found no ev-
idence of elements such as Ba and REs contained in the
nodulariser and inoculant (Table 1). Other authors claim
that they are not found because they are added in small
amounts, but the content of these elements is similar to
the Ca content in this example. The Ca enters the process
through desulphurization and inoculation, and we can
detect it. The Ba and RE have entered the system
through the same processes, and the quantities should
also be in the detectable range, but this is not the case. It
is therefore not clear whether these elements are dis-
solved in a solid solution or whether they burn out during
the process or produce other complex particles that have
not been detected.

The theory of the nucleation mechanism of spheroi-
dal graphite is not yet fully understood. Different authors
report on the presence of different phases, and it seems
that the process of melt treatment and the use of different
nodularisers and inoculants can produce different results
and therefore different mechanisms.
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5 CONCLUSIONS

The aim of this study was to understand the nature of
the particles that can act as nuclei for spheroidal graphite
in cast iron under industrial solidification conditions.
Two alloys with similar chemical compositions, except
for tin, were analysed and no significant difference in the
nuclei was found. From this it is concluded that tin only
affects the perlite content and has no influence on the
formation of the graphite nuclei.

Various nucleation theories assume that the nuclei
consist of single-phase particles or that the particles are
complex phases of sulphides., which in some cases are
surrounded by complex oxides or nitrides. The thermo-
dynamic calculation of the equilibrium phases and the
associated free formation energies have been calculated
and presented in this work and show that MgO is formed
first according to the Gibbs free energy followed by
(Mg.Ca)S and carbonitrides and nitrides. SEM micros-
copy with EDS analysis confirmed the above-mentioned
phases, in which it was discovered that MgO is present
in nuclei, mostly embedded by sulphides. Nitrides were
also found that contain Al, Mg and Si. MgO and the
sulphides had a round shape, nitrides on the other hand
had a rectangular shape. All the listed phases found in
nuclei are solid after thermodynamic calculation before
solidification.

From observations of the shapes and positions of
phases in multiphase particles it can be concluded that
MgO as a product of the Mg treatment process is a sub-
strate for the growth of (Mg.Ca)S, we cannot state this
for nitrides, because they were not in contact with other
phases. From the presence of the above-mentioned
phases and the absence of phases reported by other au-
thors, it can be concluded that a nucleation mechanism is
very complex and depends on the chemical composition
of the melt, the melt treatment as Mg treatment and the
inoculation process with different elements. The solidifi-
cation process in terms of cooling rates also has an influ-
ence on the nucleation mechanism, which needs further
investigation.
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