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Abstract

Since the discovery that magnesium and cerium (and more generally rare earths) added at
low level to cast iron melts lead to spherodized graphite, it is known that some other
elements are detrimental even when present as traces. In all practicality, it has soon been
recognized that adding rare earths to the melt helps counteracting the effect of these
detrimental elements. Accordingly, only few works have been devoted to studying the effect
of trace elements in melts without any rare earths. This is the first aim of the present work
to review those studies as they contain the material to understand the mechanism for

spheroidal graphite degeneracy.

From this review, three type of degeneracies have been defined which show up when the
critical level of any particular element is exceeded. These results are then discussed to show
that all degeneracies certainly proceed in the same way. To substantiate this discussion, the
growth of compacted graphite as obtained by low level treatment of cast iron melt with
magnesium is also presented. Finally, a mechanism is suggested for describing the action of
trace elements on spheroidal graphite degeneracy. This mechanism is partly substantiated
by first-principles calculations which showed that all elements can strongly adsorb on the
prismatic planes which are the planes on which carbon atoms add on during graphite

growth.
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Introduction

Understanding growth of spheroidal graphite remains a challenge for both geologists [1] and
metallurgists [2]. As a matter of fact, graphite spheroids present structural characteristics
which are unique and are definitely not tackled by simulation at meso-scale such as phase
field approach, see e.g. the extensive work on spherulite growth performed by Granazy et al.
[3]. For metallurgists, an even more fascinating curiosity is the capability of low-level and
trace elements to affect spheroidal growth and to lead to various shape changes, being them

expected or unwanted.

In the world of metallurgy, spheroidal graphite irons is a relatively new foundry material
dating back to the patent by Millis et al. in 1949 [4], though various previous historical
records have been reported [5]. The negative effect of trace elements on graphite nodularity
was already mentioned in the patent but it was very soon realized that adding rare earths
(RE) would offset the problem in most cases [6]. In practice, the classical magnesium
treatment for spheroidizing cast iron melts is thus reinforced by addition of RE. Accordingly,
many works have been devoted at optimizing the amount of RE to be added to counteract
the presence of impurities, and much less have been concerned with the description of the
impurity effect without RE addition, i.e. concerned with describing and understanding this

effect.

The impurities listed in the patent [4] are As, Bi, Pb, Sb, Se, Sn and Te, and it is worth
stressing that most of them are also harmful to non-spheroidized lamellar graphite iron
melts as reviewed by Reynaud [7]. In an extensive study aimed at controlling the charges for
melt preparation, Thielemann [8] proposed the following quality index S, for spheroidal

graphite cast irons where Al and Ti appear but not Se and Te which were not considered:

S, =1.6[W 5 +2.0[W ,, +370[W g +290[W o +5.0[Wg +2.3[Wg, +4.4[W, (1)

in which w; is the weight fraction of i element in the charge used for preparing the melt. This
guality index has been obtained with spheroidal graphite cast irons containing 0.04 to 0.08
wt.% Mg that were cast with wall thickness in between 8 and 45 mm. When S;, is lower than
1 no action is necessary while if it is higher RE should be added to avoid spheroidal graphite

degeneracy.



What is seen in the Thielemann’s factor and which reflects foundry practice is that bismuth
and lead have a much higher coefficient than the other poisoning elements. This would not
change if their content was expressed in mole fraction and this difference suggests that the
mechanism of their action may differ in some way from that of the other elements. It was
the aim of the present work to rationalize experimental observations and characterizations
to suggest a mechanism for spheroidal graphite degeneracy appearing during solidification.
It was thought of interest to first consider the various "standard" forms of graphite in
lamellar, spheroidal and compacted graphite cast irons, including works on synthetic Fe-C-
(Si) and Ni-C alloys. Then, a review of metallographic observations of graphite degeneracy
induced by impurities and low-level additions in RE-free spheroidal graphite irons is
presented. Finally, a number of deductions are made and discussed, and an attempt to
rationalize the role of these elements with the help of first principles calculations is carried

out.

Lamellar, spheroidal and compacted graphite

Without any special attention, a reasonably clean charge to prepare a cast iron melt consists
of a Fe-C-Si alloy with possibly some alloying metallic elements (Cr, Cu, Mn, ..) and low-level
amounts of oxygen and sulphur. Upon solidification in the stable system, this will give rise to
flake graphite at low cooling rate and to undercooled graphite at high cooling rate. The
transition is related to increased branching of the flakes in undercooled graphite as

compared to lamellar graphite which can be accomplished by twinning [9, 10].

When studied by directional solidification experiments, the transition has been sometimes
reported to be abrupt in terms of characteristic inter-lamellar distance [9], while for others
both morphologies can coexist in a range of growth conditions [11]. From cooling curves and
microstructure recorded on castings of various sizes, Thorgrimsson [12] found that the
transition occurs at an eutectic undercooling AT of about 10°C, a value in agreement with
later estimate by Park and Verhoeven [10]. In figure 1, the two lower curves illustrate
schematically that the eutectic undercooling of these two eutectics increases with growth
rate (e.g., as imposed by directional solidification). It is there assumed that the evolving

microstructure at given growth rate is the one having the lowest undercooling, or



equivalently the highest growth temperature [11]. The micrographs along these curves
illustrate that the spacing between graphite flakes is much smaller in undercooled graphite

than in lamellar graphite.

Growth rate

Fe-C-(Si)-0
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—

Fe-C-(Si)-S

Figure 1 — Change of eutectic undercooling AT versus growth rate for the four types of
lamellar graphite coupled eutectics. Micrographs are from Ruth and Turpin [13] for plate
graphite (a), Lux et al. [14] for coral graphite (b), and Day [15] for flake (c) and undercooled

(d) graphite.

If the melt is purified, i.e. that oxygen and sulphur are decreased to very low levels, flake
graphite is changed to plate-like at low growth rates in Fe-C-(Si) alloys [13, 16, 17] and in Ni-
C alloys as well [18, 19, 20]. This graphite shape differs from lamellar graphite by showing little
branching, having straight outer boundaries and even thickness see figures 1 and 2. With increased
growth rate, the plate-like graphite changes to coral graphite which differs from

undercooled graphite, compare micrographs b and d in figure 1. At a time when alternative



forms of graphite in cast irons were looked for, Campomanes and Groller [21] found that
addition of Zr which is a strong deoxidiser changed lamellar graphite to coral graphite in
castings made from cast irons with very low level of sulphur (less than 20 ppm). At a slightly
higher level of S of 60 ppm, Liu and Loper [22] observed a more complex series of transitions
with decreasing cooling rate in a wedge casting: from spheroidal to compacted, then to coral
and then to undercooled graphite. This suggests that the maximum level of S for having coral

graphite instead of undercooled graphite increases with increase in the cooling rate.

Coral graphite has sometimes been described as fibre-like [17]; it resembles a rod-like
eutectic but is highly branched and thus appears irregularly distributed [10]. Considering
pure enough melts, there must be a critical growth rate at which plate-like graphite is
replaced by coral graphite as suggested by the two upper curves in figure 1. In this figure,
the relative positioning of the curves for plate-like and flake graphite in terms of
undercooling relies on the result by Lux and Kurz [17] who showed sulphur decreases the
growth temperature of the austenite-graphite eutectic. This may be due to both or either: i)
sulphur being rejected by austenite at the two-phase solidification front decreases the local
reference eutectic temperature [23, 24]; ii) an intrinsic effect of sulphur on the growth

mechanism of graphite or of the eutectic cells [25].

What finally suggests figure 1 is that sulphur and oxygen do not affect graphite growth in the
same way. This goes in line with the observation by secondary ion mass spectroscopy (SIMS)
[26] and Auger spectroscopy [10] that sulphur adsorbs on basal planes and oxygen on

prismatic planes of graphite.

All four structures described above result from coupled austenite/graphite eutectic growth.
In the case of synthetic hypereutectic Fe-C, Fe-C-Si or Ni-C alloys, primary solidification of
graphite gives also rise to plate-like lamellae [20, 27]. Increasing the cooling rate leads to
simultaneous growth of primary plate-like lamellae and spheroids as illustrated in figure 2.
Increasing further the cooling rate may eliminate the lamellae leaving only spheroids [18,
20]. This simple schematic of the effect of cooling rate on graphite shape in pure alloys is
generally accepted. In one investigation using directional solidification, growth of coral
graphite has been reported and a transition from coral to spheroidal growth has been
observed [28]. Even more significant, Dhindaw and Verhoeven [28] noticed the suppression

of spheroidal graphite in outgassed melts made from highly pure materials. The authors



suspected this suppression to be due to the disappearance of any graphite nucleation
substrates. This means that coupled growth of graphite and austenite would be preferred
even at high eutectic undercooling in pure iron melts, unless spheroidal graphite may
nucleate ahead of the coupled solidification front. Finally, it should be mentioned that
Muhammad and Fredriksson [29] have recently reported primary precipitation of rod-like

graphite with more or less circular section as coral graphite’.
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Figure 2 — Graphite plates and spheroids in a rapidly solidified pure Fe-C-Si alloy [30]. Alloy

with 2.81 wt.% carbon and 9.91 wt.% silicon.

In all practicality, adding an inoculant to a cast iron melt eases solidification in the stable
system, while a proper spheroidizing treatment (with magnesium or magnesium and RE)
triggers spheroidal growth instead of lamellar growth. It is worth mentioning here that
compacted graphite is obtained most commonly with low level addition of magnesium,
though other methods exist [31, 32, 33]. If the first effect of magnesium is to tight oxygen
and sulphur as generally accepted, then considering again figure 1 is of interest. Indeed,
Nieswaag and Zuithoff [9] have shown that decreasing the sulphur level in Fe-C-(Si)-S alloys
does increase the critical growth rate for the transition between lamellar and undercooled
graphite (their figure 3), see the lower vertical interrupted arrow in figure 1. Similarly, Park

and Verhoeven [10] have noticed that decreasing the oxygen level in the melt increases the

'Ina private discussion during the conference EUROMAT-2019, Muhammad clarified that the wording
"primary precipitation" in ref. [29] means growth ahead of a austenite/graphite coupled eutectic front.



critical velocity for plate-like to coral graphite transition, see the upper vertical interrupted
arrow. Hence, by removing oxygen and sulphur, low level addition of magnesium made to a
cast iron melt decreases the branching capability of graphite. This is in fact what is observed
in figure 3 where are compared the microstructures of a compacted graphite and of a
lamellar graphite cast irons that have been solidified in the same conditions (thermal cup)
[34]. It is seen that the graphite lamella are much coarser and much less branched in
compacted graphite than in lamellar graphite material. This peculiar shape has been

compared to worms but it has been demonstrated that these are 2D sections of

interconnected wavy and irregular lamellas [35, 36, 37, 38].

Figure 3 — Comparison of the microstructure of lamellar (a) and compacted (b) graphite cast

irons solidified in a thermal cup. Courtesy of IK4-Azterlan.

It is well accepted that plate-like, flake and undercooled graphite do grow along the
prismatic direction. The structure of coral graphite has been investigated by Lux et al. [14,
39] and by Park and Verhoeven [10]. By transmission electron microscopy, Lux et al. [14]
established that graphite layers in coral graphite have the [0002] direction perpendicular to
the surface of the branches, meaning coral graphite grows also in the prismatic direction.
However, both studies reported that coral graphite contains much more defects and
orientation changes than any of the other graphite forms. There is unfortunately not much
detailed work reported on the mechanism of graphite branching. In pure Ni-C alloy, Double

and Hellawell [19] demonstrated that plates of graphite grow with a preferred <1120 >



direction and branch in the plane of the graphite sheets as schematically illustrated with
Figure 4-a. These plates are made of a stack of perfect crystals typically 100 nm in thickness

each that may be rotated between each other following so-called coincident stacking with
angles of about 13, 22 and 28 deg. They also present twinning across [11?1] reflexion plane

which leads to bending of the basal plane through 20°45’ with a <1100 > rotation axis.
However, these twins do not appear to develop out of the sheet plane in plate-like graphite
while they do in flake and undercooled graphite [10], see figure 4-b. These observations
suggest that different branching mechanisms operate during plate-like and flake-like or
undercooled graphite growth, i.e. depending on the fact that sulphur is present or not. Coral
graphite shows both an enhanced branching mechanism [14, 39] and a modification of the
growth shape [10, 19, 29] as in the case of silicon in Al-Si eutectic [40, 41] after so-called

modification with strontium.

As will be seen in the following, the above description of usual graphite shapes in cast irons
is instrumental for understanding spheroidal graphite degeneracy. Indeed, compacted

graphite may be seen as one such degenerate form of spheroidal graphite.

Figure 4 — The branching mechanisms of graphite [9]: in-plane branching (a), branching by

twisting (b), and combination of both (c).



Effect of selected impurities on spheroidal growth of graphite

As seen in the previous sections, spheroidal cast irons are Fe-C-Si alloys with addition of a
spheroidizer such as magnesium or a mix of magnesium and RE. They also contain low levels
of oxygen and sulphur, as well as some gases (hydrogen and nitrogen) dissolved in the liquid,
and impurities most often coming from recycling. Because RE are prone to tight most of the
elements as compounds, the present review was limited to observations on RE-free cast
irons with the hope that some clear trends would show up. Although recent reviews are
available [7, 42], this is quite old and scarce literature. Further, only additions within the
ranges found in practice have been considered because higher additions may lead to other
kinds of graphite degeneracy [43]. Some detailed information has been found regarding Al,
Bi, Pb, Sb and Ti, to which it was considered adequate to add Mg. Moreover, only single
additions were considered though their possible interactions are of a definite practical

importance.

In many of the reports, emphasis is put on the effect of cooling rate on the type of graphite
degeneracy observed. This has been accounted for here by differentiating, whenever
appropriate, small- and heavy-section castings corresponding to high and low cooling rates,
respectively. Figure 5 illustrates this cooling-rate effect in the case of a cast iron doped with
titanium [44]. In a rod 25 mm in diameter, titanium leads to worm-like graphite (figure 5-a)
while in a plate of 72 mm in thickness an extended network of mesh graphite is observed
(figure 5-b). Note also the presence of degenerate spheroids and of spiky graphite at the
bottom of figure 5-b. A similar effect of cooling rate has been reported for titanium also by
Gilbert [45]. It has been stressed by Hecht [44], and this is clearly seen in figure 5, that the

degeneracies are physically connected to spheroids.

In Mg-treated melt, aluminium gives rise first to the formation of spheroids and then, with
the progress of solidification, to worms as in compacted graphite iron [46]. The observation
of the micrographs in the work by Fargues and Margerie [47] on a 2 wt.% Al and 2 wt.% Si
spheroidal graphite cast iron shows that the worms start from the nodules, i.e. they are not

nucleated in the liquid.
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Figure 5 — Optical micrographs of a spheroidal graphite cast iron doped with titanium: a)
with 0.16 wt.% Ti, cast as a 25 mm in diameter rod; and b) with 0.10-0.11 wt.% Ti cast as a 72

mm thick plate (b) [44].

With 0.02 wt.% of antimony added to a cast iron melt, Gilbert [45] reports the formation of
spiky or lamellar protuberances until all spheroids have disappeared at 0.09 wt.% Sb in 45
mm keel-blocks. The graphite aggregates however maintain a quite compact shape, see
figure 6-a, hence the crab-like denomination. Similar aggregates have been reported by
Bates and Wallace [48] and Tybulczuck et al. [49] as a result of Sb addition. Interestingly
enough, very low level additions of antimony and arsenic give highly spheroidal graphite
particles [49, 50] which may still be present when crab-like graphite starts appearing [45]. It
is totally unknown if this action is a direct one, i.e. very low level of these elements favours
spheroidal shape, or an indirect one where these elements tight other detrimental trace
elements. Finally, as for the case of antimony and arsenic, excess of tin leads to crab-like

graphite degeneracy according to Thielemann [8].

Appropriate magnesium treatment relates to 0.04-0.08 wt.% residual magnesium, with 0.02-
0.03 wt.% free magnesium left dissolved in the melt [49, 52]. In case of over-treatment,
namely for 0.10 wt.% Mg and over, spheroidal graphite degeneracy is observed [8, 51] that is
much alike that obtained with antimony, see figure 6-b. Sometimes, degenerate graphite
due to magnesium appears only in intercellular areas where it takes a spiky or lacy shape

[49, 51]. However, the connection of these intercellular precipitates with graphite spheroids
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may be again observed [51]. It is worth mentioning that other spheroidizers, namely rare
earth elements including yttrium, lead also to crab-like graphite when added above a critical

level [53].

Figure 6 — Optical micrograph of spheroidal graphite cast irons: (a) doped with 0.11 wt.%

antimony [45], etched with Picral; (b) over-treated with magnesium [51].

Lead and bismuth lead to the same kind of mesh graphite which is illustrated in figure 7.
Gilbert [45] classified it as coarse lamellar graphite, thus differentiating this shape from the
more compact crab-like aggregates generated by antimony addition (see figure 6-a). In a
recent work, Tonn et al. [54] have demonstrated the physical connection between spheroids
and intercellular graphite in a cast iron doped with lead. In one case, a crab-like structure
has been reported in a cast iron containing 50-60 ppm of bismuth and cast as a 30 mm rod
[55]. Thielemann [8] has observed similarly that lead leads to crab-like graphite at less than
20 ppm which changes to mesh graphite at higher level. This strongly suggests a continuum
exists between all degenerate forms considered in the present work, namely worms, crab-
like and mesh graphite. Further, and though it would be of interest to substantiate this with
appropriate observations, the shape of these degeneracies leads thinking they mainly grow

along the prismatic direction of graphite as does flake graphite.
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Figure 7 — Micrographs showing: (a) the effect of 26 ppm of bismuth [42, 49], slow cooling

rate; (b) the effect of lead on spheroidal graphite iron with 70 ppm of lead [7, 42],
intermediate cooling rate (the scale was not reported but the diameter of the nodules is

thought to be 30-40 pum).

Discussion

When magnesium is added to cast iron melts, it first tights oxygen and sulphur, and the
remaining which is called free-magnesium may adsorb freely on graphite [25, 52]. While the
overall or apparent growth direction of spheroidal graphite is along the basal plane
direction, the growth mechanism involves carbon atoms attaching to the prismatic planes as
previously discussed [56]. It has been suggested that spheroidizers adsorb on these prismatic
planes [8, 43, 57], and this has been accepted on the basis of laboratory studies on Fe-C-Ce
alloys [27]. However, when magnesium is added in excess, typically above 0.08 wt.%,
protuberances start growing out of nodules which are much alike those seen with antimony
(figure 6). This strongly suggests that magnesium atoms are now blocking the advance of the

growth steps along the surface of the spheroids and trigger growth of protuberances.

Note that the above description does not give a definite explanation to spheroidal growth.
The question here is rather to clarify if this schematic is of any help to understand the role of

impurities on degeneracy of spheroidal growth. From the previous section, addition of so-
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called poisoning elements above a critical level leads to the appearance of spikes at the
surface of the spheroids which then develop as worms. The resulting microstructure is
reminiscent from that of compacted graphite. In case of slow cooling, this crab-like or worm-
like morphology evolves in mesh graphite as is illustrated in figure 5-b for the case of
titanium. It is thus seen that there is a continuous evolution from crab-like to worms and

then from worms to mesh graphite.

In the past, a number of theoretical attempts to rationalize the effect of low level elements
on spheroidal graphite degeneracies were carried out. In his outstanding review, Lux [25]
mentioned attempts done considering electronic distribution of the elements and metal—
non-metal binding energies. These approaches showed however quite limited application
and this suggested resorting to first principle calculations. Before discussing such
calculations, it is however of interest to note that the elements mentioned in the present
work show an interesting sorting when considering their difference in electronegativity with
carbon, AEy, using Pauling's scale. This is done in figure 8 where the greyed area denotes the
range of values where non-polar bonds are expected. In this area are found the two
elements that are known to adsorb on basal planes, sulphur [10] and tellurium [58]. Oxygen
has a strong (negative) value and is known to adsorb on prismatic planes [26]. Figure 8 thus
suggests that all elements but sulphur and tellurium will preferentially adsorb to the
prismatic planes as does oxygen, with the exception of antimony which is just at the limit
and may well go equally on both sites. Note that for elements with high atomic weight, Bi,
Pb and Sb, the effect of van der Waals forces should have to be considered in addition to

covalent bonds.
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Figure 8 — Difference in electronegativity between carbon and various elements having an

effect on graphite growth in cast irons.

There have been numerous density functional theory (DFT) calculations on the interaction
between foreign atoms and graphite layers, but only a few dealing explicitly with cast irons
[29, 59]. In the annex are presented new DFT calculations reporting values of adsorption
energy and of the stable distance between a foreign atom and graphite. These calculations
have been performed for adsorption on basal and prismatic planes. In this later case,
calculations were carried out for two configurations, the so-called arm-chair and zig-zag
configurations. The elements considered are C itself, and Al, Ca, Fe, Mg, O, S, Sb, Sn, Te and
Ti.

These calculations show that the adsorption energy of all these elements is strongly negative
on the zig-zag position. For the arm-chair configuration, this adsorption energy is still
significantly negative but with values often half those for the zig-zag position. For the basal

planes, the calculated adsorption energy is only slightly negative, being even slightly positive

for Sb. It could thus be concluded that any element could adsorb on the basal planes - apart
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for Sb - but the calculations predict this will much more likely happen on the prismatic

planes.

These calculations thus support the suggestion made above that foreign elements add up on
the prismatic planes. S and Te appear however to be exception in that DFT calculations do
not predict their preferential adsorption on the basal planes. As a matter of fact, DFT
calculations are conducted for graphite in vacuum, not considering the metallic matrix with
which graphite is in contact in cast irons. S and Te are in fact particular elements — located in
the same column in the Mendeleyev table - which are known to easily form associates with
Fe, namely FeS and FeTe respectively. Such associates were already considered by
Kozakevitch et al. [60] to explain the role of sulphur in cast iron melts. They have been also
seen to be necessary for appropriate thermodynamic description of the Fe-S [61, 62] and Fe-
Te [63] systems. This suggests that the existence of these associates is the fundamental
reason for S and Te to preferentially adsorb on basal planes. Molecular dynamics could
certainly overtake the limits of DFT calculations and one attempt has been reported recently

[64] dealing with the effect of O on iron/graphite interfacial behaviour.

The effect of any added atom on the prismatic planes should be proportional to the area it
occupies and to the number of electrons on its outermost shells. Further, it was thought that

the effectiveness of an added element would decrease when the difference in adsorption

2 -
r ne |
energy with that of carbon increases. Accordingly, the quantity A = [—'J % ( )'

was evaluated, where r;is the ionic radius of i atom, (ne‘)i is the number of electrons on the
outer shells of i atom and E.q4(i) is the adsorption energy of i atom. This quantity is plotted
versus the Thielemenann’s factor S, (eq. 1) in figure 9, where the adsorption energy of Bi
and Pb has been set to that of Te (Table Al). Owing to the fact that Mg and Ca are
spheroidizers, they could be attributed a low value of 1 and 2 respectively in the expression
of Sp. It is seen in figure 9 a good correlation between A and S, which stresses the
importance of the size effect and the correlated number of outer electrons on the poisoning

effectiveness of an element.
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Figure 9 — Relation between Thielemann’s factor S, and the quantity A which characterizes

adsorption of i atoms on graphite.

Finally, a schematic for spheroidal graphite degeneracy may be suggested on the basis of the
growth model previously developed [56]. This model assumes that growth of graphite
spheroids proceeds by nucleation of new growth blocks at the outer surface of the spheroids
which then grow along that surface, see Figure 10-a. This process works well as long as there
is just enough Mg for limiting the lateral extension to the surface of the spheroid by
adsorbing on the prismatic planes. In case there is not enough Mg, graphite protuberances
may develop in a direction tangential to the surface, see figure 10-b. This is thought to be
the process by which compacted graphite develops out from spheroidal graphite. In the case
foreign elements adsorb on the prismatic planes together with Mg, the growth may
eventually be blocked in the prismatic direction, forcing graphite to protrude away from the

spheroid surface, see figure 10-c, as do spikes described in the previous section.
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Figure 10 — Schematic of spheroidal growth of graphite following a 2D nucleation and growth

model (a) where Mg atoms adsorb preferentially on the prismatic planes [56]. Formation of

protuberances in case of too low Mg content (b) or of foreign element (red dots) adsorbing

together with Mg on the prismatic planes (c).
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Conclusion

Analysis of the literature on the effects of trace elements on spheroidal graphite degeneracy
suggests that a continuum exists between worms, crab-like and mesh graphite. These
degeneracies certainly mainly grow along the prismatic direction of graphite as does flake
graphite, though this claim should be substantiated by dedicated studies. Also, these
degenerate graphite forms show little branching as does compacted graphite, in which case
this has been correlated with the very low levels of S and O remaining in the melt. A
schematic for graphite degeneracy has been proposed that relies on adsorption of foreign

atoms at the graphite surface.

Most of the impurities which are known to lead to degenerate forms of graphite during
solidification of spheroidal graphite cast irons are also known to promote pearlite during the
eutectoid transformation. As a matter of fact, the most usual reason for a pearlite promoter
effect is the blocking of ferrite growth by hindrance of carbon transfer from the parent
austenite to graphite. This suggests that the elements poisoning spheroidal graphite growth
during solidification keep this capability at lower temperature when the iron-rich matrix has

become solid.

In the future, molecular dynamic calculations should be preferred to DFT calculations which
have been shown not to predict the preferential adsorption of S and Te on the basal planes
of graphite. Further, it should be of first interest to investigate the interactions of foreign
elements between each other during graphite growth within an iron-rich matrix. Owing to
the prominent role of S and O, their interactions with the trace elements considered in this

work are certainly worth of investigation.

Acknowledgments

DFT calculations were performed using HPC resources from CALMIP (Grant 2019-p0912).

18



Annex — Ab initio calculations

Calculations were performed using the VASP package [65]. The plane-wave basis projector
augmented wave (PAW) method [66, 67] and the Perdew-Burke-Ernzerhof generalized
gradient approximation of the exchange and correlation functional (PBE) [68] were
employed in the framework of the density functional theory (DFT). To take into account Van-
der-Waals interactions, the Tkatchenko-Scheffler method [69] with iterative Hirshfeld
partitioning [70] was employed. Calculations were performed with spin effects and the

plane-wave energy cut-off was set to 1000 eV.

Fine Monkhorst-Pack meshes [71] were used to sample the first Brillouin zone of the super-
cells. To describe basal surfaces 72 carbon atoms were considered, i.e. 3x3 super-cells in the
basal plane, and 2 cells in the perpendicular direction, z, meaning 10x10x1 k-meshes. To
deal with so-called prismatic planes, two configurations were considered in the basal plane,
the armchair and zigzag surfaces. For the armchair surface 80 carbon atoms were used to
build 5x1x2 super-cells — with the vacuum along y axis -, meaning 10x1x20 k-meshes. The
zigzag structure was composed of 2 graphene sheets and was 5 atomic planes thick (72 C
atoms), meaning as well 10x1x20 k-meshes. A large vacuum was introduced in the super-

cells, about 14 A, to minimize interactions between surfaces.

The system was first optimized for the carbon atom positions and shape of the super-cells.
Theoretical lattice parameters of graphite were thus found equal to 2.46 A and 6.74 A, which
agree well with experimental values at 2.46 A and 6.71 A. First principles calculations were
then carried out to study the possibility of adsorption on graphite of the following elements:
C, Al, Ca, Fe, Mg, O, S, Sb, Sn, Te and Ti. This was done by adding one of these atoms to the
system. On both basal and prismatic planes, different possible locations for adding this atom
were considered as described below. To finally analyse the interaction of the added atom

and graphite, we defined the adsorption energies, E,q, by:
E.q = Eo[graphite+X] - Eg[graphite] - Eq[Xat] (A-1)

where E, corresponds to the DFT energies, with Ey[X;:] the energy of the isolated X atom,
Eo[graphite] and E,[graphite+X] being the energy of the system before and after addition of
X, respectively. For all calculations, the distance dy between the added atom and the top

of the graphite surface was calculated.
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For the basal plane, four possible initial configurations of the added atom were considered
which are shown with the two circles and two discs in Fig. Al. In most of the cases, the
bridge (B) and hexagonal (H) positions indicated with discs were found most stable after
relaxation. The only exception was Sn which was predicted most stable in top position, i.e.
above one C atom. E,q and dy.g, values are reported in table Al. All elements except the Sb
atom show a negative energy indicating the possibility for their adsorption. The calculated
distance to the graphite plane in the case of Mg and Te is high in regard to other species
which shows adsorption of these two elements would be very unlikely. Considering the
distance to the graphite plane calculated for the elements that could adsorb, it is seen that
the O atom is closer to the graphite than all other species. Most of the species are located
near the surface, at a distance in the range 1.4 to 2.1 A. Nevertheless, a simple discussion of
adsorption energies and distances is not sufficient to explain why some species prefer to be
adsorbed on basal plane. The results show that Fe is in strong competition with all species
that can adsorb on the basal plane. Since Fe is the main component in the actual system, it
should form Fe layers that prevent the adsorption of other species. Indeed, there is a strong
affinity between Fe and C atoms. For instance, the S atom adsorbs further away and less
strongly than the Fe atom. The present results would thus suggest that oxygen can adsorb
easily on the basal plane while it would be more difficult to sulphur, which is however just

opposite to experimental evidence.

Figure A1 — Added atom was initially located above the basal plane in four possible
positions indicated with the two circles and two discs. The positions B and H refer to the
most stable positions after relaxation. The hexagonal network of carbon atoms is depicted

by the bonds represented with bold solid lines.
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As depicted in Fig. A2, two possible positions A and B were considered for both the chair

(Fig. A2-a) and zig-zag (Fig. A2-b) configurations in the case of the prismatic planes.

1.18A

Figure A2 — Schematic of possible adsorption sites in the prismatic planes. The added atom
(solid circles) was initially located in either of the two possible positions (A and B) ahead of

the chair configuration (a) and of the zig-zag configuration (b).

The results of the calculations for the chair configuration are also reported in Table Al,
which include the values of E,q and dy.g, for both A and B positions, with the most stable
being shown in bold. In contrast to all other elements, calculation for oxygen led to a most
stable position located near a C atom and denoted C in table A1, as displayed in Figure A3.
These values of the energy are always more negative than those for the basal plane,
indicating a possible preference for adsorption on the prismatic planes. This may be
explained by the presence of pending bonds (sp orbitals) which favour the hybridization with
foreign atoms. Here, oxygen and sulphur show the most negative adsorption energies and
the shortest distances to the graphite plane, though the distance for oxygen is smaller than

for sulphur.
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Figure A3 — Position of the most stable added oxygen atom onto the chair configuration.

Calculations for the zig-zag configurations generally gave even higher adsorption energy than
for the chair configurations as seen in Table Al. Again, the energies and distances for oxygen
and sulphur appear highly favourable for adsorption of these elements on the prismatic
plane. It can be noted that the position B, which involves a C-X double bond, is favoured in
all cases except oxygen. This suggests that apart for the O atom, this position makes it
possible to optimize interactions and thus to increase charge transfer. With regard to
oxygen, the possibility of forming a O-C double bond as in the CO molecule seems to be at
the origin of the high stability of the A configuration. The do.g, value was found at 1.23 A

which is only slightly higher than the C-O distance at 1.1 A in the CO molecule.

For both armchair and zig-zag configurations, it was found that the distance of the most
stable location of the added atom is slightly larger than the ideal distance in the graphite
network. This difference has to do with the size of the added atoms. The B position in
armchair configuration leads to quite large bond length which may be further increased by
the size effect. This certainly explains that the E,4 values are significantly lower for the
armchair configurations than for the zig-zag ones. For this armchair configuration, the Eq
values are less negative for added elements than for carbon. On the contrary, it is worth
noting that the E.,q values are more negative for O and Ti than for C in the zig-zag

configuration, indicating that these elements may adsorb preferentially to carbon.

In the literature, there seems to be only one work which considered similarly all possible
sites for adsorption on graphite. This is the work by Incze et al. [72] who studied the case of

O adsorption. In this study, use was made of a slightly different functional (GGA-PW91) with
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a very low value for convergence at 270 eV. However, the authors did not take into account
magnetism and Van-der-Waals forces. To recover, the interlayer graphite spacing, they
instead artificially modified the inter-plane distance of the graphite. However, their results
are qualitatively equivalent to ours. On the basal plane, the stable site is the bridge site B as
in this study, with an energy of -1.73 eV and a distance of 1.41 A while we obtain an energy
of -1.46 eV and a slightly shorter distance of 1.30 A. As for the prismatic plane, they found
that the configuration A for ZZ and B for armchair configurations are the most stable which is
consistent with our results. The energies are nevertheless a little different, probably due to
the functional approach used on the one hand and the low values of the convergence

criterion they had used on the other.
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Table A1 — Results of the DFT calculations. For prismatic sites, the values corresponding to the most stable state are shown in bold. The star for
O in arm-chair position indicates a particular position for this element, see text.

Basal plane Prismatic planes — armchair Prismatic planes — Zig-zag

element | Position | Eaq (eV) | dyx.r (A) | Position | Eaq (eV) dx.ar (A) Position | E.q (V) dx.ar (A)

C B -1.46 1.30 A/B -6.30/-6.08 1.45/0.81 A/B -10.27/-10.86 | 1.34/0.99
Al H -1.26 2.08 A/B -3.34/-3.64 1.76/1.39 A/B -8.17/-9.58 1.96/1.58
Ca H -1.11 2.30 A/B -3.25/-3.27 2.08/1.60 A/B -8.28/-9.20 2.19/1.90
0 B -2.07 1.29 A/B/C |-3.85/-5.19/-5.37 | 1.32/1.18*/0.85 | A/B -11.48/-9.71 | 1.23/1.13
Fe H -1.25 1.55 A/B -3.50/-3.54 1.69/1.35 A/B -7.87/-8.74 1.85/1.33
Mg H -0.29 3.54 A/B -2.05/-1.28 1.87/1.46 A/B -6.71/-7.96 2.03/1.65
S B -0.77 1.77 A/B -5.22/-3.91 1.65/1.23 A/B -9.47/-10.06 | 1.66/1.46
Sb B 0.46 2.44 A/B -3.17/-3.69 2.03/1.66 A/B -7.96/-9.10 1.89/1.86
Sn Top -0.64 2.74 A/B -3.80/-3.96 2.05/1.73 A/B -8.39/-9.64 2.10/1.89
Te H -0.29 3.60 A/B -3.97/-3.02 2.04/1.59 A/B -8.35/-9.28 2.03/1.81
Ti H -2.11 1.85 A/B -4.82/-4.50 1.82/1.52 A/B -9.15/-11.17 | 1.90/1.44
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