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Molecular dynamics study of graphite 2-D
nucleation from paramagnetic Fe-C melt
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The nucleation and growth of graphite in Fe-C alloys (cast iron) can both be related to the 2-D
nucleation of a single atomic layer of graphene. Here, we use molecular dynamics (MD) simulations to
study the nucleation of graphite from molten iron. A neural-network potential is developed for the Fe-C
system using a pragmatic approach to treat the paramagnetic nature of liquid iron, and its
thermodynamic behavior is validated against data from thermochemical software. The critical nucleus
size and free-energy barrier for nucleation are computed using MD simulations in combination with
enhanced sampling methods, and the results are compared with continuum models based on
adaptations of classical nucleation theory. 2-D nucleation is found to be a feasible mechanism for
graphite nucleation and growth at a carbon supersaturation of 5 at.% or higher. At low supersaturation
the nucleation rate declines, and other mechanisms such as interaction with substrates other than
graphite, solute elements, or defects are necessary to facilitate the formation of new layers.

Crystallization plays a fundamental role in determining the physical
properties of materials. In metallic systems, it governs phase formation and
microstructure evolution, thereby controlling key properties such as
mechanical strength and thermal conductivity'. In Fe-C alloys (cast iron),
the nucleation and growth of graphite determine both the competition
between graphite and cementite formation and the resulting graphite
morphology, each of which have profound implications for the properties of
the as-cast material™’. Despite significant progress in understanding these
phenomena™, the crystallization of Fe-C alloys remains poorly understood
due to the high temperatures and complexity of phase transitions involved,
and there is a need for fundamental understanding of the nucleation and
growth of phases at the atomistic level ™.

Although Fe-C alloys are an interesting system for studying nucleation
mechanisms due to their multiscale complexity, the scientific challenge of
understanding nucleation from high-temperature metallic melts is much
broader. Across several alloy families, heterogeneous substrates, under-
cooling conditions, and solute effects lead to markedly different nucleation
pathways. For example, in aluminum alloys, the inoculation with Al-5Ti-1B
master alloys has become the industrial paradigm: TiB, particles, often
stabilized by thin Al;Tilayers, serve as potent heterogeneous nucleation sites
for a-Al grains, with their efficiency governed not only by lattice matching
but also by growth-restriction factors and the onset of free growth'’. In-situ
synchrotron X-radiography and diffraction experiments have further
revealed how recalescence, solute segregation, and particle size distributions

influence the spread of nucleation undercoolings and ultimately determine
grain size'' ™. In steels, rare-earth oxides and oxy-sulfides, such as Ce,O;
and Ce,0,S, have been demonstrated to refine austenite grains by acting as
heterogeneous nuclei, improving both toughness and strength'*.

Beyond specific alloy systems, a broader theoretical framework has
emerged, distinguishing nucleation from grain initiation. Early-stage soli-
dification encompasses prenucleation ordering, the formation of two-
dimensional nuclei, and subsequent three-dimensional cap growth".
Undercooled metallic melts, such as Niand Cu-Nj, exhibit a universal grain
refinement transition associated with dendrite fragmentation during reca-
lescence, demonstrating that nucleation phenomena can be deterministic
and system-independent'®. Recent studies also highlight new frontiers:
nanoparticle additions (Ti-C-N based) provide powerful growth restriction
and even act as nucleants, potentially overcoming the limitations of con-
ventional inoculation strategies'. These diverse insights demonstrate that
nucleation remains an open scientific question across metallic systems and
liquid states, spanning from normal to deeply undercooled regimes, making
it a rich area of research that extends well beyond the traditional Fe-C alloy
framework"”.

Graphite nucleation in the production of Fe-C alloys is facilitated by the
addition of inoculants that form non-metallic inclusions acting as hetero-
geneous nucleation sites for graphite*'®"”. The suitability of an inclusion for
graphite nucleation is usually justified in terms of interfacial energies™, or
more traditionally crystallographic match***, although most theories lack a
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description of the atomistic mechanism for nucleation”. The morphology of
graphite can also be modified by the introduction of deoxidizing elements,
usually magnesium, causing a transformation from lamellar to spheroidal
graphite iron”*”’. This change in graphite morphology is associated with a
shift in the apparent growth direction from the prismatic a-direction to the
basal c-direction which departs from the Bravais rule stating that lower-
density crystallographic planes have higher growth rates, and thus again
raises uncertainty of the underlying mechanism.

For atomically smooth (faceted) crystals, such as the basal plane of
graphite, the interface advances through lateral growth®’. Two mechanisms
for lateral growth are recognized: 2-D nucleation where islands form and
expand laterally across the surface, and defect-controlled growth where
crystal defects act as step sources for the formation of new layers. An
illustration of graphite 2-D nucleation is shown in Fig. 1. Models for graphite
growth along the c-direction based on 2-D nucleation have been proposed
to explain radial growth in spheroidal and thickening of lamellae in lamellar
graphite irons” . More recently, similar disc-shaped nucleation models
have also been applied to quantify the heterogeneous graphite nucleation
potency of oxide and sulfide inclusions®. Several defect-controlled
mechanisms relevant for graphite growth in spheroidal graphite iron have
also been proposed in the past, including the cone-helix growth model by
Double and Hellawell, modified screw dislocation spiral growth™, helical
macro-spiral growth” and curved-circumferential growth models™. How-
ever, the large variety of observations available that support distinct
mechanisms™” and the absence of sufficiently accurate material data for
analytical validation lead to uncertainty in the application of such models.

Molecular dynamics (MD) simulations provide a convenient platform
for studying the atomic-scale mechanism for graphite nucleation and
growth™ as they enable direct investigation of nucleation kinetics and free-
energy barriers in ways that are difficult to capture experimentally. For
example, Tewary et al.”” used MD with classical force fields to study the
impact of solute elements on solid/liquid interfacial energies in the melt, and
used the difference between the basal and prismatic planes of graphite to
justify the resulting change in graphite morphology. Historically, such
studies have been constrained by the difficulty of developing force fields that
accurately capture the physics of the system™. Systems containing liquid
iron are particularly challenging even through first-principles methods
(spatially and temporally limited) due to the paramagnetic nature of iron at
high temperatures*’. Although for the Fe-C system the available Embed-
ded Atom Method (EAM) potentials and their modified (MEAM) variants
give good descriptions of the iron-rich phases®, they are developed for
metals and thus unsuitable for representing the covalent bonds of graphite
which is the main focus of this study. Recent advances in machine-learning
(ML) force fields” and the emergence of universal potentials” have sig-
nificantly reduced this limitation, facilitating the creation of more accurate
force fields with considerably less effort.

In the present work, a neural-network potential (NNP) tailored to the
Fe-C system is developed using a pragmatic approach to treat the para-
magnetic nature of molten iron. The approach involves first training spin-
aware NNP based on spin-polarized Density Functional Theory (DFT) data,
and then averaging over magnetic configurations to create a training set for a
second paramagnetic NNP. Thermodynamic data relevant for

Fig. 1 | Model for graphite 2-D nucleation. The process involves the formation of a
disc-shaped new layer of graphene with radius r and thickness t that spreads along
the a-direction, thus effectively constituting growth along the c-direction.

crystallization is computed using MD simulations in combination with
enhanced sampling methods, and the results are validated against
experimentally-derived data obtained from thermochemical software.
Graphite 2-D nucleation is then explored in the context of MD simulations
to bridge the gap between continuum models and atomistic mechanisms.
The objective of this investigation is to enhance the understanding of gra-
phite growth along the c-direction as well as to serve as a benchmark case for
elucidating the mechanism for heterogeneous nucleation of graphite on
other substrates pre-existing in the melt.

Results

The role of magnetic ordering

Before proceeding to validate the developed paramagnetic NNP, it is of
interest to assess the importance of fluctuating magnetic moments in the
modeled system. To this end, Density Functional Theory (DFT) calculations
using various magnetic configurations were performed on a single mole-
cular dynamics snapshot of a graphite (0001) / melt interface consisting of
44 atoms. The average of 101 random paramagnetic configurations, where
the spin moments of iron atoms were randomly assigned as spin up or spin
down, was considered as the true paramagnetic state, and the difference in
forces on individual iron atoms of the various magnetic configurations were
compared to the paramagnetic average. It was found that a single para-
magnetic configuration had an average error of 24.1%. In contrast, using a
single diamagnetic or ferromagnetic configuration yielded an error of 55.9
or 59.3%, respectively. This demonstrates the need for averaging over several
magnetic configurations when dealing with paramagnetic liquids. The NNP
developed in this work yielded a lower error of 7.5%.

To further demonstrate this point, the equilibrium lattice parameter of
austenite supercells with distinct magnetic ordering was calculated. The
total energy as a function of lattice parameter a is shown in Fig. 2. The
diamagnetic, ferromagnetic and antiferromagnetic energies are obtained
from single DFT calculations and have minima at 3.43, 3.59 and 3.50 A,
respectively. The paramagnetic configuration is the average of 10 DFT runs
with Fe spins randomized as spin up or down yielding an equilibrium lattice
parameter of 3.50 A equally to the antiferromagnetic curve. The NNP
prediction is added as a reference yielding a lattice parameter of 3.52 A, in
close agreement with the antiferromagnetic and paramagnetic curves. It
should be noted that while in solids an antiferromagnetic configuration may
constitute a satisfactory approximation to the paramagnetic state, in a dis-
ordered structure such as a liquid an antiferromagnetic configuration
cannot be uniquely defined and any choice of a single configuration will give
rise to random variation in the training set, thus necessitating to average
over multiple configurations.
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Fig. 2 | Influence of magnetic ordering on lattice parameter. The total DFT energy
as a function of lattice parameter of a y-Fe (austenite) supercell consisting of 32
atoms is shown at distinct magnetic configurations. The paramagnetic state is
obtained as the average of 10 DFT runs with Fe spins randomly assigned as up or
down. Distinct equilibrium lattice parameters for y-Fe are obtained depending on
the magnetic ordering.
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Fig. 3 | Distribution of errors for the spin-aware and paramagnetic NNPs. The
spin-aware model obtained a RMSE of 23 meV atom ™' in energies and 259 meV A~
in forces, while the paramagnetic model had a RMSE of 3 meV atom " in energies
and 103 meV A" in forces.

Neural-network potential validation

In this section, the quality of the developed paramagnetic NNP is validated.
The validation errors of the spin-aware and paramagnetic NNPs are shown
in Fig. 3. The root-mean-square-error (RMSE) energies are 23 meV atom ™'
in the spin-aware model (trained on DFT data) and 3 meV atom ™" in the
paramagnetic model (trained on spin-averaged results of the former model).
The RMSE forces are 259 meV atom™' and 103 meV A~', respectively.
These errors are in line with those expected for a potential targeting liquid
iron structures. For example, Byggmastar et al. found that even very
expensive GAP-SOAP potentials exhibit errors of 4 meV atom™ and
200 meV A~ for energies and forces over liquid structures™.

The performance of the NNPs in predicting lattice and elastic constants
of graphite and y-Fe is summarized in Table 1. For graphite, the spin-aware
and paramagnetic models give similar results. They both tend to under-
predict, relative to DFT and experiment, the c-lattice constant and have
some substantial errors in the elastic constants. For y-Fe, in general good
alignment of the lattice constants with greater errors on elastic constants is
observed. Importantly, it is noted that the paramagnetic model gives nearly
identical results to the spin-aware model averaged over large cells of
randomly-assigned spins, thus validating the present approach for treating
paramagnetism. These results provide a sanity check that the NNPs can
reasonably capture the physics of the Fe-C system at high temperatures.
Since the purpose of this work is to study nucleation from the melt and not
mechanical properties, it is not critical to reproduce elastic constants
accurately.

To evaluate the ability of the NNP to reproduce the solid / liquid phase
transitions of pure iron at high temperature, coexistence simulations of solid
phases with the melt were run at different temperatures and the local order
of the structure was monitored (see Supplementary Information for the
collective variable used). The melting point was determined as the tem-
perature at which the probability of the system of melting or solidifying is
50%. The melting points of Face-Centered Cubic (FCC) and Body-Centered
Cubic (BCC) iron were determined as 1816 + 5 K and 1880 + 20 K,
respectively. The corresponding values obtained from FactSage are 1801 and
1811 K, demonstrating that the NNP reproduces melting points and the
relative stability of FCC and BCC iron with reasonable accuracy. The pre-
diction for BCC iron is likely to be negatively influenced by the lack of the
structure in the DFT training set.

Table 1 | Structural properties of solid phases

Property Method
Spin- Paramag. DFT>¢ Exp.%®
aware’
Graphite
a 2.45 2.45 2.46 2.46
@ 6.40 6.43 6.82 6.71
C1q 1450 1426 1069 1060 + 16
Ci2 294 316 162 180+ 20
Cis 0.0 0.0 —4 15+ 5
Ca3 204 222 40 36.5 + 1
Cya 8.2 8.3 5 40 + 0.4
y-Fe
a 3.50 3.50 3.48™M 3.56
3.48%
G 254 252 3097 154
C 191 182 1524 122
©Cm 127 127 2014F 77

Lattice constants (A) and elastic constants (GPa) of graphite and y-Fe are shown based on spin-
aware and paramagnetic NNP versions, DFT, and experiments

%y-Fe results for the spin-aware model were taken by randomly assigning spins to a supercell of 864
atoms and then taking the average of five runs.

b Graphite DFT computed in"® using the planewave method and the dispersion-corrected atom-
centered pseudopotential”.

°y-Fe DFT paramagnetic (PM) lattice constant from®, anti-ferromagnetic (AF) lattice and elastic
constants from®.

9 Experimental graphite lattice constants from®', experimental elastic constants from®.

¢ Experimental y-Fe lattice constants from®, elastic constants from®, results extrapolated to 0 K as
stated in®.

MD simulations were performed to gain a better understanding of
the liquid structure. The structure factor (S(g)) and partial radial
distribution functions (PDF) of the melt were calculated and are shown
in Fig. 4. The structure factor of pure Fe was computed in a cell of 2076
atoms at 1873 K, as shown in Fig. 4a with available Ab Initio Molecular
Dynamics (AIMD) and experimental work in the literature. We see that the
computed structure factor with the NNP lies well within the available
reference data. We also computed high-pressure results (3.7GPa) for pure
Fe, Fe-14.4 at.%C and Fe-20 at.%C, and found that the location of the Q,
peak using the NNP was 3.09, 3.06 and 3.09 A", while in the experimental
work by Shibazaki et al.” the Q, peak locations were at 3.011, 2.984, and
2.979 A~ for the same concentrations and pressure. Importantly it shows
that both the NNP and the experimental work indicate that the Q; peak is
relatively insensitive to C concentration, shifting less than 0.03 A~"in both
cases. This provides further confirmation of the quality of the potential,
particularly when considering that it was not designed for high pressure
simulations.

The PDF results were computed for an Fe-C melt containing 20 at.%
carbon within the isothermal-isobaric (NPT) ensemble at 1500 K. The
simulation box comprised 777 iron and 194 carbon atoms. The equilibrium
density of the melt was 93.6 atoms nm ™ which corresponds to a specific
mass of 7.32 g cm ™. In Fig. 4b we compare our results with those in the
literature, specifically AIMD by Pan et al.* as well an EAM potential created
by Hepburn etal.”” and run by Jiang et al.*". For all elements, the location and
the magnitude of the g(r) peak is much closer with the NNP than with the
EAM. For Fe-C the EAM potential has numerous spurious peaks that are
likely artifacts. The C-C PDF for AIMD has a small peak at ~1.4 A that
neither the NNP nor the EAM potential display. Overall the NNP shows
strong agreement with the AIMD results, and significantly outperforms the
EAM potential in reproducing the melt structure.

The diffusion constant for Fe and C was estimated by fitting a linear
function to the mean square displacement as a function of time, and was
found to be Dp.=1.33x 10 °cm?s ' and D¢ = 2.71 x 10° cm?s ™ for Fe
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Fig. 4 | Structure of the molten phase. a Structure factor of pure Fe melt AIMD data
taken from Marqués et al.”’, neutron diffraction (ND) data from Schenk et al.** and
X-ray diffraction (XD) data from Inui et al.”, Shibazaki et al.**, and Waseda et al.*.
With the exception of the high pressure Shibazaki data, all results are at atmospheric
pressure. b Partial radial distribution functions of Fe-20 at.%C from AIMD by Pan
et al.*’, the EAM potential of Hepburn et al.”” as computed by Jiang et al.”,
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Fig. 5 | Phonon dispersion curve for y-Fe. Data from experiment”, DFT within an
AFM approximation” and from the paramagnetic NNP. All results are based on the
experimental lattice constant at 1573K (3.672 A).

and C, respectively. Neutron scattering has given an experimental value of
Dge=134%10"" cm’s™" for a 16.9% C melt" in good agreement with the
simulated values. An EAM potential predicted a significantly higher diffu-
sion constant for Fe than our work or experiments D, = 2.60 x 107> cm’s™"
for a 4% C liquid at 1873 K, but agreed that C diffusion should be higher
Dc=3.19%x10cm?s ' .

In order to further validate the spin-averaged potential, we examine the
phonon dispersion curve of y-Fe as shown in Fig. 5. We find that the curves
show excellent agreement with experimental data, surpassing even previous
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Fig. 6 | Free energy of crystallization. Free energies of the (a) graphite/melt and (b)
austenite/melt slab systems (Fig. 12) are shown as a function of melt composition at
constant total number of atoms. The melt composition is varied by moving C atoms
between the melt and graphite phases. The MD simulation results are represented by
solid lines and best-fit models by dashed lines. Minima of the curves correspond to
the graphite and austenite liquidus compositions at the given temperatures.

DFT results in accuracy. Notably, our results align closely with prior DFT
work using the spin-space averaging approach, and importantly this
potential shows none of the imaginary phonon frequencies, indicative of
lattice instability, that have been seen with ferromagnetic and non-magnetic
models*. The excellent agreement with experiment lends further con-
fidence in downstream thermodynamics being correct for this phase in
terms of vibrational contributions to the entropy.

Overall, the NNPs have RMSE for energies and forces in line with or
below other state-of-the-art force fields focusing on liquids. They provide
reasonable predictions of lattice constants, very good prediction of the iron
phonon dispersion curve, though somewhat poor predictions of elastic
constants, and excellent predictions of liquid radial distances and structure
factor. They also demonstrate close agreement with experiment for Fe self-
diffusion, while C self-diffusion does not have a clear prior value in
experiment or simulations. Thus, the potential seems well-poised for studies
of graphite nucleation from the Fe-C melt.

Fe-C phase equilibria

The free-energy profiles of the graphite/melt coexistence system are shown
in Fig. 6a as a function of the melt composition at three different tem-
peratures. Each curve is reconstructed from several simulations biased
toward distinct values of the collective variable (the number of solid C atoms
1) using umbrella sampling and the Weighted Histogram Analysis Method
(WHAM). The number of solid atoms is converted into a composition using
Eq. (12). Best-fit curves are shown as dashed lines. The minima of the curves
correspond to the carbon content of the melt in equilibrium with graphite,
and thus to points on the graphite liquidus line. The free-energy curve at
1400 K is wider and has more variation than the higher temperature curves
due to less efficient sampling (limited time scale) of the umbrella windows at
temperatures close to the eutectic temperature.
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Fig. 7 | Phase diagram of the Fe-C eutectic system. The solid black lines correspond
to the experimentally known phase diagram calculated using the thermochemical
software FactSage”. The gray and orange points correspond to the equilibrium
points estimated from MD simulations.

Similar free-energy profiles are shown for the austenite / melt co-
existence system in Fig. 6b. In this case, the collective variable used was the
number of solid Fe atoms 7,. However, due to the significant solubility of
carbon in austenite, the number of dissolved C atoms nyc must also be
considered in the conversion of , to a composition. This was estimated in a
post-processing step, and the melt composition was calculated analogously
to Eq. (12) as x¢ = (ng — nk)/(ng, — n,+ng — n%.). The minima of the
curves correspond to the carbon content of the melt in equilibrium with
austenite, and thus to points on the austenite liquidus line. At 1600 K in the
low x¢ limit the curve deviates from the parabolic behavior, indicating that
solid austenite is approaching the limit of its stability.

The equilibrium compositions are plotted in Fig. 7 as a function of
temperature along with the experimentally known phase diagram calculated
using FactSage. Good agreement is demonstrated between the simulation
results and the phase diagram for the austenite liquidus line, while a sys-
tematic offset of about 2 at.% toward higher carbon contents is observed for
the graphite liquidus line. This may be due to errors in the underlying DFT,
for example assumptions in the exchange-correlation energy may cause
subtle shifts in the free-energy curves of these phases.” In recent work on the
Cu-Al system switching from an ACE to a GAP potential reduced errors in
the phase diagram, but at 10x the computational cost.® This relatively
modest error, relative to what is common in the literature for atomically-
derived phase diagrams™, places this potential at a good accuracy/cost ratio.
Other potential sources contributing to this error include the NNP training
methodology and MD sampling method.

In addition to identifying equilibrium compositions, it is of interest to
estimate the driving force toward equilibrium at deviations from it. This
driving force (difference in chemical potential) is defined as the pro-
portionality constant g, = AG,,/Axc. In the context of MD simulations g, is
computed by fitting a parabola to the free-energy profile as a function of the
number of solid atoms and using Eq. (2) described in Section “Thermo-
dynamic modeling”. At 1500 K, the value g, = —2.69 eV atom ™ is obtained
for the graphite / melt system. To extract this information from the
experimentally derived free-energy data obtained from FactSage, Eq. (6) is
used resulting in g, = —2.89 eV atom ™. The close agreement between the
experimental and simulated values demonstrates the validity of the chosen
approach.

Graphite 2-D nucleation

The free energy of graphite 2-D nucleation is shown in Fig. 8 as a function of
the size of the nucleus for different supersaturations of carbon. Each curve
represents the free energy required to form a 2-D nucleus of given size on a
clean basal plane of graphite. The maxima of the curves represent the critical
nucleus size and the associated free-energy barrier at a given super-
saturation. At high supersaturation above ~10 at.% the critical nucleus size
is small (3-10 atoms) and the nucleation barrier is negligible ( <5kzT). At

Free energy AG (kgT)

0 10 20 30 40 50 60
Nucleus size n (atoms)

Fig. 8 | Free energy of graphite 2-D nucleation. Solid lines show the free energy asa
function of nucleus size obtained from MD simulations with umbrella sampling and
WHAM at various supersaturations of carbon in the melt. The maxima of the curves
correspond to the critical nucleus size and free-energy barrier for nucleation. Dashed
best-fit curves are calculated using Eq. (13) with parameters fitted to the data.

Table 2 | Graphite-melt interfacial energies

Method T Y1010 Y120 ¥(0001)

MD 1400 K 168 +4 139+3 172+ 9
1500 K 1713 142 +2 191 +4
1600 K 172 £1 145+6 196 +2

DFT 0K 171.2 160.5 153.9

Computed using molecular dynamics simulations at a carbon content of 18.8% in the melt. Shown
in units of meV A2, DFT values are obtained from ref. 20.

lower supersaturation the critical nucleus size and the free-energy barrier of
nucleation increase. Many of the curves share common characteristics at
given values of n due to certain cluster sizes being energetically (geome-
trically) more favorable than others, the most notable example being the dip
at n = 6 due to the formation of a Cg ring.

For comparison of the curves in Fig. 8 with the models developed in
Section “Free energy of nucleation”, the interfacial free energies between
graphite and the melt must be known. A common approach to estimate
solid/liquid interfacial energies is the capillary fluctuation method (CFM)™.
However, this method requires a large simulation box which in combination
with the computationally expensive (paramagnetic) NNP utilized in this
work quickly becomes infeasible. An alternative approach is the critical
nucleation method, which has been shown to yield similar results™ and is
directly accessible from the present nucleation simulations using the
equations developed in Section “Free energy of nucleation”. For compar-
ison, this work also uses a simpler approach by only considering the
enthalpic component of interfacial energies which are directly accessible
from MD simulations. The enthalpic component is calculated as the dif-
ference between the total energies of simulations of a graphite / melt
interface slab system and bulk components divided by the contact area
(twice the lateral area). The computed interfacial energies are shown in
Table 2. Static DFT interfacial energies from ref. 20 are included as a
reference, showing reasonable agreement between the two approaches.

The best agreement between Eq. (13) and the free-energy data (Fig. 8) is
obtained by fitting the parameters of the equation to the data. The four
optimized parameters and their best-fit values are g, = —3.46 eV atom™’,
Xeq = 18.2%, yp = 138 meV A2and ry = 1.45 A. The first three of these are in
reasonable agreement with their independently computed values of
g1 =—2.69 €V atom ', X¢q = 20.0% and y,; = 142 meV A7, while r, cannot
be computed independently. The resulting model curves are plotted as
dashed lines in Fig. 8.

The atomic configurations of critical nuclei with # = 26 and n = 50
along with their local atomic environment from MD simulations are
visualized in Fig. 9. The nuclei fluctuate in size through the attachment/
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Fig. 9 | Graphite 2-D nucleation at the transition state. Snapshots of critical nuclei
with 7 = 26 and n = 50 are shown at carbon supersaturations of 8.1% and 4.9% respectively.
Only atoms in a thin slab around the 2-D nucleus and the underlying graphene sheet is
shown. Carbon atoms constituting the 2-D nucleus are highlighted in magenta.
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Fig. 10 | Critical nucleus size and free-energy barrier. Scatter points show infor-
mation about critical nuclei as a function of supersaturation and nucleus size from
MD simulations. Black lines are calculated using the 2-D nucleation models
developed in the Section “Free energy of nucleation”. The solid line is calculated in
the NPT ensemble (relevant to MD) and the dashed line in the 4PT ensemble
(appropriate assuming fast diffusion of carbon). Error bars represent the standard
deviation of free-energy differences obtained using only the first or the second half of
the equilibrated MD trajectories.

detachment of single carbon atoms. Configurations that minimize the
number of dangling bonds are preferred, although considerable variation in
the shape of the nuclei can be observed. The interaction with the underlying
layer of graphite is weak and the nucleus thus moves and rotates relative to
the substrate throughout the simulation. Some out-of-plane undulation of
the nucleus is also observed, with diffusion of Fe atoms between the sub-
strate and the nucleus. The average distance between the nucleus and the
substrate is slightly higher than the equilibrium distance between pristine
layers of graphite.

Information about the critical 2-D nuclei is presented in Fig. 10. Scatter
points show results from MD simulations, each marker corresponding to
the maximum of a free-energy curve shown in Fig. 8. The uncertainties are
estimated as the standard deviation of free-energy differences obtained from
two 150 ps segments (the first and second halves of the final 300 ps) of each
umbrella sampling trajectory used in the WHAM analysis. The dashed and
solid lines in Fig. 10 show the model curves in the yPT and NPT ensembles,
ie, assuming a constant melt composition or number of particles using
equations (7) and (13) respectively. Although the NPT model is more
representative in the context of MD simulations where the total number of
particles is fixed, the yPT model is more representative during real solidi-
fication conditions where the system is free to exchange particles with a large
reservoir.

In general, there is good correspondence between the analytical models
and the MD simulation results. In Fig. 104, the critical nucleus size is plotted
as a function of supersaturation. As carbon supersaturation decreases, the
size of the critical 2-D nucleus increases sharply. At supersaturations below
approximately 6 at.%, the NPT curve vanishes due to the small system size
(around 1300 atoms in the melt) as growing a sufficiently large 2-D nucleus
will excessively deplete the melt from C atoms, never reaching the transition
point™. This effect prohibits the calculation of nucleation barriers at lower
supersaturations with the chosen system size.

In Fig. 10b, the corresponding free-energy barriers are plotted as a
function of supersaturation. Similar features are observed as above; how-
ever, the yPT and NPT models diverge at lower supersaturations. In Fig. 10c,
the free-energy barrier is plotted against the critical nucleus size demon-
strating that although the MD simulation results exhibit some variability,
they follow the NPT model more closely than the 4PT model. The limiting
values of carbon supersaturation for which the free energy of 2-D nucleation
was computed are 4.9 and 13.7%. In the former case, a large critical nucleus
comprising 50 C atoms must be reached before free growth can take place,
which constitutes a substantial nucleation barrier of 30.1 kzT. At a very high
supersaturation of 13.7% the barrier for nucleation vanishes, which implies
that new layers of graphite can grow freely without nucleation.

Discussion

A paramagnetic NNP was developed for the Fe-C system, and it was verified
against various structural and thermodynamic properties of the graphite-
austenite-melt system. The NNP has demonstrated success in reproducing
several experimentally verifiable properties of the system, and constitutes a
valuable model for studying the kinetics of graphite nucleation.

The 2-D nucleation tendency of graphite from the Fe-C melt was
computed at various supersaturations of carbon using a combination of MD
simulations with free-energy methods. The results were compared to con-
tinuum models with parameters obtained from independent simulations
and experimental databases, and good agreement was found between the
simulations and the continuum models. With the system size chosen for the
MD simulations, the lowest supersaturation of carbon for which the
nucleation barrier could be computed was 4.9%, corresponding to a carbon
content of 23.1%. At this concentration, the critical nucleus consisted of 50
atoms and had a free-energy barrier of 30.1 kzT.

Using the available data, the graphite 2-D nucleation rate can be
evaluated. Assuming that nucleation may occur in a slab of thickness 3.41 A
above the substrate, the bulk carbon content translates to a monomer sur-
face density of 7.37 nm™>. The attachment rate of C atoms to the critical
nucleus estimated from fluctuations of the nucleus size is 0.14 ps™', and
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based on the second derivative of the free-energy profiles in Fig. 8 the
Zeldovich factor is 0.92. Plugging this information into Eq. (10) yields
approximately one nucleation event every 10 microseconds on a cubic-
micrometer sized substrate. This rate suggests that successive graphite layers
can nucleate frequently enough via the 2-D mechanism to sustain growth
along the c-direction within realistic solidification time scales.

Based on the continuation of the metastable liquidus lines for graphite
and austenite (dashed lines in Fig. 7) a 5% supersaturation should only
occur at high undercooling. At a moderate undercooling the super-
saturation of carbon is around 2% at which the nucleation rates through
this mechanism are expected to be too low to account for graphite
nucleation or growth. While it is plausible that locally a higher super-
saturation can be achieved in a melt due to non-equilibrium conditions
induced by, e.g., austenite precipitation, this possibility would require more
substantiation.

At low supersaturation, alternative mechanisms for nucleation and
growth must be considered. Graphite heterogeneous nucleation may still be
supported by an additional chemical affinity between the substrate and
graphite, i.e. the middle term in Eq. (7). Another hypothesis is that 2-D
nucleation is promoted by solute elements in the melt such as silicon, sulfur,
or oxygen. For example, there is evidence suggesting that dissolved surface-
active elements such as sulfur can significantly alter the interfacial solid /
liquid energies between graphite and the melt”””. This could consequently
reduce the barrier for 2-D nucleation sufficiently to make it a feasible
mechanism at lower supersaturation.

A likely alternative is that defects are indeed necessary to initiate the
formation of new layers of graphite at a low supersaturation of carbon. In the
context of heterogeneous nucleation these defects can, for example, be step-
boundaries of the typically observed substrates for graphite such as man-
ganese sulfides in lamellar graphite iron™”, or (Mg,Ca)-sulfides and
(Mg,AlLSi)-nitrides in spheroidal graphite iron***’. Such defects may provide
both a chemical driving force for the initial carbon adsorption and a geo-
metrical benefit of minimizing interfaces with the melt. For graphite growth
in the c-direction, several defect-controlled mechanisms have already been
proposed in the past, as described in the introduction. More research is
required to validate these hypotheses, and the methodologies explored in
this work, both NNP generation and analytical models, will provide useful
tools for understanding the underlying mechanisms of graphite nucleation
and growth.

Conclusions

A pragmatic approach starting from first-principles methods for dealing
with paramagnetic liquids has been developed and applied to the Fe-C
system. A neural-network potential (NNP) was developed for the graphite-
austenite-melt system and validated against various structural, elastic, and
thermodynamic properties relevant for graphite nucleation. The presented
approach for training a paramagnetic NNP relies on performing first spin-
polarized DFT simulations for magnetic configurations of liquid snapshots
(training set #1) to generate a spin-aware NNP which itself is used to average
over a large set of magnetic configurations (training set #2) to train the
paramagnetic (spin-averaged) NNP in an iterative fashion. We expect that
this approach is readily applicable for extensions to additional elements in
the Fe-C system and other paramagnetic liquids.

The equilibrium phase diagram and thermodynamic driving forces
were derived from the trained paramagnetic NNP using molecular
dynamics simulations combined with free-energy methods. The results
were validated against experimentally derived data obtained from the
thermochemical software FactSage, and reasonable agreement between the
simulation and experimental data was found for the Fe-C system.

Graphite 2-D nucleation was studied as a possible mechanism for
graphite growth and as a benchmark case of heterogeneous nucleation. The
critical nucleus size and free-energy barrier for nucleation were calculated
using MD simulations with umbrella sampling and WHAM, and the results
were compared to continuum models based on classical nucleation theory.
Good agreement was found between simulation results and the continuum

Table 3 | Summary of the DFT data set used for NNP
development

Structure type No. Configs Tot. Fe Tot.C
Fe-C melt 574 14,624 3065
Solid graphite 257 - 8032
Solid austenite 56 1792 -
Graphite (1010) / melt 279 3668 6384
Graphite (1120)/ melt ~ 326 3896 7154
Graphite (0001) / melt 514 5825 10,967
Austenite (111) / melt 26 1222 156

All input configurations were snapshots from MD simulations using lower accuracy force fields, and
the forces and energies were evaluated using CP2K.

models, and the relevant parameters were calibrated by several independent
methods relying on both experimental and simulation data.

The feasibility of 2-D nucleation to account for graphite heterogeneous
nucleation and growth in the solidification of Fe-C alloys was explored. It
was found that at 5% or higher supersaturation of carbon new layers of
graphene can nucleate on the basal plane of graphite with a sufficient rate to
account for these phenomena. At lower supersaturation the nucleation rates
decline, and alternative mechanisms must be considered. Heterogeneous
nucleation may still occur via 2-D nucleation if the substrate exhibits strong
chemical affinity with graphite. Solute elements in the melt may also lower
nucleation barriers, facilitating both heterogeneous nucleation and sub-
sequent growth. The alternatives to 2-D nucleation are defect-controlled
mechanisms which proceed along more complex, lower-barrier paths that
do not rely on the nucleation of new graphene layers. The combination of
NNPs and MD simulations is recognized as a valuable tool for further
research along these lines.

Methods

Neural-network potential development

Initial atomistic configurations relevant for the Fe-C system were generated
using the ASE® and pymatgen®™ tools. The configurations consisted of a
combination of bulk solid structures, bulk Fe-C melt and solid/melt interface
slab structures. The relevant solid structures included graphite and austenite
(p-Fe). The structures were perturbed by means of short MD simulations to
generate inputs for training data. The simulations were initially run using
already available classical and universal potentials™”, and later using the
NNP under development as it began to produce stable trajectories. Arbitrary
snapshot configurations were selected from the MD trajectories to iteratively
generate more training data and improve the quality of the NNP. The
perturbed configurations were used as inputs to electronic structure calcu-
lations (DFT) to compute the total energies and forces on atoms. A sum-
mary of the training data set used for the development of the NNP is shown
in Table 3. Structures containing graphite were prioritized over austenite and
the emphasis was placed on interface slab structures, as the main objective of
this work was to study graphite nucleation at an interface. The AiiDA
workflow and provenance management system®’ was used to manage cal-
culations and automate workflows throughout this work.

Electronic structure calculations were performed within the frame-
work of density functional theory using the CP2K software package™. A
hybrid Gaussian and plane waves (GPW) approach was employed to solve
the Kohn-Sham equations. Double-zeta valence plus polarization (DZVP)
basis set”” was used for the Kohn-Sham orbitals and the plane waves for
electron density were truncated using a kinetic energy cutoff of 600 Ry. The
gradient-corrected PBE exchange-correlation functional® was utilized and
the Goedecker-Teter-Hutter (GTH) pseudo-potentials” were employed to
approximate core electron interactions. An electronic temperature of 1500
K was applied via Fermi-Dirac smearing to account for thermal occupation
of electronic states. Spin-polarized calculations were performed for all
configurations, and to address the paramagnetic nature of iron at the
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Fig. 11 | Paramagnetic neural-network potential development. The methodology
involves using spin-polarized DFT data to train a spin-aware model, and averaging
over magnetic states to create a dataset for paramagnetic model training.

temperatures relevant for this work, all iron atoms were randomly assigned
an initial excess of spin-up or spin-down electrons of 2.3. While the mag-
netic moments were allowed to relax during the self-consistent field cycles,
they invariably converged to local minima near their initial configurations.
The Brillouin zone was sampled using the Monkhorst-Pack scheme
ensuring a maximum spacing of 0.25 A~'. The D3-correction method by
Grimme et al.”® was used to address dispersion interactions between gra-
phite layers.

The DFT data set was divided into training and validation sets with an
80-20% split via random sampling. Structures exhibiting maximum forces
exceeding 20 eV A~ were deemed unphysical and excluded from the
dataset. A neural-network potential was developed using the DeePMD-kit
software package®. The local atomic environment was described using the
smooth-edition of the Deep Potential descriptor®, with cutoff radius of 6 A
for neighbor searching and smoothing cutoff of 0.5 A. The sizes of the
hidden layers in the descriptor network were set to 25, 50 and 100. The
fitting network had three hidden layers of 240 neurons each. Training
utilized an exponentially decaying learning rate, starting at 0.001 and
decaying over 100 steps to a minimum of 3.5x 10~*. The loss function
prioritized forces with a starting weight of 1000, decaying to 1, while energy
contributions started at 0.02 and increased to 1 over time. The training was
performed using a batch size of 1200 over 200,000 steps.

A schematic of the training workflow is shown in Fig. 11. To deal with the
varying spin moments of iron atoms a spin-aware NNP was first trained by
treating spin-up and spin-down iron as distinct types. Spin-inversion symmetry
was ensured by duplicating the training data with reversed spin moments. The
spin-aware model was then used to sample over different magnetic config-
urations in the dataset, ensuring that the total spin moment of the system is
always close to zero. A spin-averaged data set was created by averaging forces
and energies over 1000 magnetic configurations for each atomic configuration,
and the final spin-averaged (paramagnetic) NNP was trained on this dataset
implicitly accounting for the paramagnetic nature of the system.

The resulting spin-averaged potential has no explicit magnetic degrees
of freedom and is therefore not capable of dynamically modeling magnetic
excitations, but it is trained on a dataset that statistically represents the
paramagnetic state. This approach is conceptually similar to the spin-space
averaging (SSA) method™, which has been shown to effectively approximate
paramagnetic disorder in DFT calculations. While developing accurate
paramagnetic models for iron remains challenging even at the DFT level,
such ensemble-averaged potentials have been found to be reasonably
accurate for modeling high-temperature properties of iron alloys™. Since the
model only accounts for paramagnetism implicitly, it does not include
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Fig. 12 | Slab models for studying crystallization. The panels show snapshot
configurations of graphite (a) and austenite (b) in contact with Fe-C melt, used in co-
existence simulations to determine liquidus lines in the phase diagram and driving
forces away from equilibrium.

magnetic entropy contributions to the free energy. These contributions can
be significant at elevated temperatures, affecting defect formation energies,
mixing enthalpies, and diffusion behavior, but capturing them requires
more advanced treatments of magnetism and thermodynamics, such as spin
dynamics or quantum-statistical models”.

Molecular dynamics simulations

Molecular dynamics simulations were performed using the LAMMPS”
simulation package applying the previously described paramagnetic NNP
for the Fe-C system. All simulations were conducted in the NPT ensemble,
with temperature and pressure controlled by a Nosé-Hoover thermostat and
barostat allowing variations in the simulation box along all three dimensions
independently. In calculations of interfacial energies only variation along the
z-axis was allowed. The temperature was varied between 1400 and 1600 K
and the pressure was set at 1 bar. A time step of 0.5 fs was chosen to ensure
stability in the dynamics of the system.

Free-energy calculations were performed using umbrella sampling
implemented via the PLUMED’” plugin within LAMMPS. Collective vari-
ables (CVs) were defined to capture the number of solid carbon (graphite)
and iron (y-Fe) atoms in the system. The former is based on a local average
of the self-coordination number of carbon atoms, while the latter was based
on the sixth-order Steinhardt parameter”. Details regarding the collective
variables used are provided in the Supplementary Information. The
umbrella windows were spaced at intervals of one solid carbon atom or five
solid iron atoms along the CV. Each simulation was run for a total of 600 ps
(graphite) or 300 ps (austenite), with the first half used for equilibration and
the second half for production sampling to ensure sufficient coverage of the
biased distributions. A harmonic restraint with a force constant of 0.5 eV
atom™" was applied for graphite and 0.1 eV atom™ for austenite in each
window to maintain the CV near the desired value. Subsequently, free-
energy profiles were constructed by integrating biased histograms across
windows using the weighted histogram analysis method™.

Thermodynamic modeling

For determining the location of phase equilibria, interfaces between pairs of
materials were constructed by stacking slabs in the z-direction. Two systems
were considered are shown in Fig. 12: equilibrium of the melt with either
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solid graphite or austenite, corresponding to the graphite and austenite
liquidus lines. The graphite-melt system was constructed with the (3140)
plane of graphite facing the melt to minimize the energy barrier for forming
partially filled layers of graphite at the interface. The lateral dimension of the
system was 13.7 by 17.8 A consisting of 4 sheets of graphene and 14 slightly
tilted rows of carbon atoms, respectively. The austenite-melt system was
constructed with the (111) plane of FCC austenite facing the melt and lateral
dimensions of 13.4 by 15.5 A corresponding to 3 and 6 rows of iron atoms in
the [112] and [110] directions, respectively. The heights of the slabs varied
depending on the specific conditions of the phase diagram sampled, how-
ever at 1500 K the equilibrium thicknesses of the solid and liquid slabs were
10.9 and 30.1 A in the graphite-melt system and 19.5 and 30.8 A in the
austenite-melt system, respectively. The graphite-melt system comprised
560 Fe and 412 C atoms, while the corresponding numbers for the austenite-
melt system were 810 Fe and 95 C atoms.

The thermodynamics of the systems were explored as a function of the
number of solid atoms. Carbon and iron atoms were transferred between the
solid and liquid phases in the graphite-melt and austenite-melt systems, and
the free-energy profiles were computed by means of umbrella sampling and
WHAM. The locations of phase equilibria were identified as minima of the
free-energy profile.

To quantify the driving force AG, that acts to restore the system at
a deviation from equilibrium, also known as the difference in chemical
potential of the moving species between the two phases (free energy per
atom), an expression for the Gibb’s free energy with a varying number of
solid atoms 7, in the NPT ensemble is required. Assuming that at small
deviations the driving force is linearly dependent on the offset from the
equilibrium melt composition AG,, = g,Ax the free energy of the system can be
expressed as

Gln,) = / " g, Ax(n, ), ()

where —An,is the number of atoms that need to be transferred between two
phases to reach equilibrium, Ax is the deviation from equilibrium melt
composition and g, is a proportionality constant. Since the main interest is
the precipitation of graphite from a supersaturated melt, the driving force
should be expressed in terms of the carbon content in the melt Axc which at
small An, can be approximated as Ax ~ An—':‘, where #,is the total number of
atoms in the liquid phase. Substituting into (1) one obtains

An, 2
s An g,An
G(n,) = Sdn, == 2
(n) /0 &n n, s 2n, 2

Hence, g, can be obtained by fitting a parabola to the free-energy profile
from the co-existence calculations G(n;). At higher departures from the
equilibrium composition, its more exact form can be used by substitut-
ing Axe = Ang/(ng, — nc — ny).

To benchmark simulation results against data derived from experi-
ments, the simulations were complemented by thermodynamic calculations
using the FactSage database and modeling software”. The FSstel database™
was utilized to calculate the free energies of graphite and melt as a function of
its carbon content. The Gibb’s free energy of a system consisting of graphite
in molten iron is given by

G = n,G; + n,G(x¢) (3)

where 7, and n; are the number of particles in the solid and liquid phases, G;
and Gy(xc) are the Gibb’s free energies per mole of the phases and x¢ is the
carbon content of the melt. To obtain the Gibb’s free energy per moles of
graphite formed Eq. (3) is differentiated with respect to #; giving

G
AG, =5 "

S

0
=G+ . mGi(xc). ©)

Since the total number of particles must be constant, expressed as
(8n; = — &n,), using the product rule yields

G)(xc)

AG, = G, ~ Gi) +m—

: ©)

S

To enforce that the number of carbon atoms is also constant, we can write
ns+ npic = const. Differentiating with respect to #; yields 0xc/on, = (xc — 1)/
n;. Using the chain rule Eq. (5) can then be written as

AG, = G, = Gx) + (v — N E ©
C

9G(x¢c)
put
The first and second terms describe the difference between the free energies
of graphite and the melt, while the final term accounts for the free energy of
changing the composition of the melt. At supersaturations below 15%, AG,,
is approximately linear as a function of carbon content and g, can thus be
obtained by fitting a linear function to AG,,(xc).

Free energy of nucleation

The 2-D nucleation model considered in this work consists of the formation
of a disc-shaped single atomic layer of graphene on the basal plane of the
bulk graphite as shown in Fig. 1. The model has already been presented and
applied for graphite growth in the past™®”, and is a special case of the
heterogeneous nucleation models proposed in our previous article™.

In the context of MD simulations, this is modeled by initializing a
nucleus consisting of a circular sheet of graphene on a double-layer of
graphite surrounded by melt in the z-direction. A snapshot of a simulation is
presented in Fig. 13 showing only solid C atoms. The size of the nucleus was
varied by moving carbon atoms between the nucleus and the melt, and the
free energy of nucleation was estimated by means of umbrella sampling and
WHAM. Note that since the total number of each species remains fixed
within an umbrella sampling series, variations in nucleus size lead to slight
changes in the melt composition.

All simulations were run at 1500 K but the melt was initialized with
different carbon contents, thus estimating nucleation barriers at various
supersaturations of carbon. The simulation box measured 25.4 by 24.4 A in
the lateral direction and varied around 32 A in the z-direction. The lowest
(highest) carbon -containing system consisted of 810 (909) C and 929 (908)
Fe atoms. Of these 480 carbon atoms always constituted the double-layer of
graphite, while the 2-D nucleus size varied from zero to about 70 car-
bon atoms.

The simulation results are compared with analytical models based on
bulk driving forces and interfacial energies. Following the model introduced
in ref. 20, the free-energy change due to the formation of the disc of radius r
and thickness f at a constant melt composition (constant y) is given by

AG = r*atAGy + 1y, + yy,, — yj,) + 2rmty, )

Fig. 13 | Snapshot of a simulation of graphite 2D-nucleation. Iron and carbon
atoms in the liquid state are not shown.
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where Gy is the volumetric change in free energy due to formation of the
solid and y denotes the interfacial energies between the graphite basal (b)
and prismatic (p) planes, the liquid (I) and the nucleant substrate (n). Since
the nucleant substrate is here also the basal plane of graphite y;; = y;, and
Ybn = 0, and the middle term vanishes. Solving 0G(r)/dr = 0 for r the critical
radius r. = — y,/AGy is obtained at the maximum of free energy. The
corresponding free-energy barrier for nucleation is

2
”tO yPl

AG, ®)

AG" =

Following in the lines of classical nucleation theory”, if p is the surface
density of monomers at the liquid-nucleant interface, the density of clusters
of critical size is given by

p. = peii\%. ©)
The nucleation rate J is then computed by multiplying p. by the rate of
attachment of the atoms to a critical nucleus f;. and the Zeldovich factor

Z = +/|AG"(n,)|/27kyT" yielding

J= pf}Zeiﬁz% (10)

In finite systems with a fixed number of atoms (constant N) relevant in
the context of MD simulations, the composition of the melt can not be
assumed as constant. In the more appropriate NPT ensemble, the free
energy of nucleation is given by

n:’
AG = / 8nAxcdng + 2rmty, (11)
0
where x¢ is the carbon content of the melt given by
ne—n
Xo = #7 (12)

Nge + Ne — Ny

its deviation from equilibrium is given by Axc = x¢ — Xeg #1re and nc are the
numbers of Fe and C atoms in the melt before 2-D nucleation and ng is the
number of C atoms in the 2-D nucleus. Inserting in Eq. (11) and evaluating
the integral leads to

Npe + e —

n
AG = g,ng log P =+ guny(1 — xe) + 2rmty,.
Fe C

(13)

Although Eq. (13) cannot be solved analytically for the critical nucleus size,
its numerical solution is trivial.

There is a limitation in the direct applicability of equations (7) and
(13) in the limit of forming small nuclei. Consider the formation of a nucleus
with radius 0.76 A which is the covalent radius of carbon. Since this
corresponds to a single carbon atom, it is equivalent to carbon in solution
with the melt, and its free energy of formation should thus be zero.
Nevertheless, using Eq. (7) with g,=-032eV A, Axc = 5%,
Yp1=140meV A~ and t,=341A yields a very significant free-energy
cost equal to 17kzT at 1500 K. To compensate for this, the free-energy profile
can be offset by subtracting the term —2rynty, from equations (7)
and (13) where ry is a value comparable to the covalent radius of a
carbon atom.

Data availability
The datasets generated and analyzed within the current study are available
in the Zenodo repository, https://doi.org/10.5281/zenodo.17431047.
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