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A B S T R A C T   

The ubiquitous (Al,Si,Mg)-nitride has been the focus of recent investigations of spheroidal graphite irons. In particular, because they have been systematically found 
in the nucleus of graphite spheroids. Despite having a similar crystal structure as graphite, their lattice parameter is vastly different. Since the crystallographic match 
is mainly used to justify the potential of nucleation sites, challenges have been encountered to explain the mechanism of graphite nucleation in this type of inclusion 
(microparticle). The present work reports the structure, composition, and interactions of these (Al,Si,Mg)-nitrides with graphite and other compounds, such as (Zr,Ti, 
Nb)-carbonitrides. The latter were the only inclusions with Zr that could be found, while the former inclusion could also be found in the core of graphite. The results 
confirm that the graphite layers close to the surface of the (Al,Si,Mg)-nitrides have a turbostratic structure. Organized graphite layers are only observed far away from 
the nitride nucleus. Density functional theory simulations of this interface showed that the interaction between the first graphene layers and the (Al,Si,Mg)-nitrides 
has a covalent nature, which could explain the turbostratic structure of the inner part of the graphite nodule. Therefore, nucleation of graphite on nuclei with a large 
lattice mismatch (low planar misfit) may be facilitated by the covalent bonding of carbon atoms on this substrate. These results explain the observed disorder at the 
interface as well as the deformation of the graphene layers.   

1. Introduction 

Carbon and its compounds are one of the main components of 
spheroidal graphite irons (SGI), which are Fe–Si–C alloys. Hence, 
studying carbon formation, interactions, and structure in these alloys is 
essential for their development [1]. The nucleation and growth of 
graphite occur on non-metallic inclusions dispersed in the melt that act 
as nucleation sites. The inclusions themselves are a reaction product 
between an X-ferrosilicon alloy (where X is Ca, Ba, Sr, Al, Ce, Zr, or a 
combination of them) added in the melt with oxygen, sulfur, nitrogen, 
and carbon [2–4]. 

It is known that carbon will nucleate on the inclusions formed by the 
addition of these X-ferrosilicon alloys during the solidification process. 
However, the nature of these nucleation events and the subsequent 
graphite growth is still controversial in the literature. Within graphite 
nodules, it has been found Mg-sulfides and Mg-oxides [5], (Al,Mg,Si) – 
nitrides [6,7], and others [8]. Although recent publications show that 
the nuclei are multiphase particles [3,9,10], theories proposed in the 90s 

and before are still being used to explain the nature of the inclusions and 
the nucleation event. Some of the most famous are Ca/Ti-carbide [11] 
and the silicate theory [2]. The former states that the active elements 
will form salt-like carbides when introduced to the melt, while the latter 
proposes that Ca, Sr, and Ba will form silicates that coat the Mg-bearing 
inclusions, reducing the lattice disregistry (planar misfit) between the 
nucleus and graphite. The relationship between lattice misfit and 
undercooling is well described by Bramfitt and others [9,10], and it is 
still used to explain the nucleation power of inclusions in liquid metal. 
Studying the interaction between these inclusions and carbon has been 
the focus of attention in the field [3,12–15]. 

Nitrides, in particular, have been systematically reported as one of 
the main inclusions in SGI. Their structure was investigated by Solberg 
et al., who identified them as (Al,Si,Mg)-nitrides that have a trigonal 
superlattice crystal structure derived from a hexagonal AlN type 
fundamental cell [6]. According to Nakae and Igarashi [16], these ni
trides are the main nuclei for graphite when the sulfur content of the 
melt is less than 0.0022 wt%. For sulfur above 0.005 wt%, there is only 
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sulfides and a blend for sulfur levels between these values. In order to 
justify the presence of this nitride in the core of graphite spheroids, 
Stefanescu et al. [7] decomposed the (Al,Si,Mg)-nitride into their binary 
forms (AlN)6(Mg3N2)5(Si3N4)5, and claimed that Mg3N2 has a low planar 
misfit with graphite, and argued that this is why it must be a potent 
nucleus. Laffont et al. [8] showed a multiphase nucleus that contains a 
nitride inclusion and argued that it was the main nucleation site for the 
graphite nodule. Interestingly, the authors show the difference between 
the composition of their nitride with the one characterized by Solberg 
et al. [6]. Later, Qing et al. [17] reported a multiphase inclusion coex
isting with a band of unidentified nanocrystals that are a product of 
transition reactions during nodularization and inoculation processes. 
They proposed that this band of nanocrystals is a CaC2 (calcium car
bide), which could have nucleated graphite. However, they showed a 
large lattice misfit between the nitride and graphite, ~28 %. Further
more, using thermodynamics, the authors demonstrated that the nitride 
part of the multiphased inclusion nucleated during the solidification of 
the alloy. A result previously reported by Lekakh in Ref. [18]. A recent 
work by Alonso et al. showed these nitrides can be multigrain and can 
have a (MgSi)N2 structure with an orthorhombic lattice [19]. Although 
the authors reaffirm the lattice misfit calculated in Ref. [7], this time, a 
region with turbostratic graphite is reported near the nucleus. Car
bonitride inclusions could only be found in graphite nodules on special 
occasions, i.e., low S, and they were reported as Ti(CN) [20]. 

In the present study, the interaction of nitrides with carbon is 
investigated. For this purpose, SGI materials were made by adding a (Zr, 
Al,Ca)-ferrosilicon to promote the formation of more (Al,Si,Mg)-nitrides, 
which in turn had acted as substrates for both graphite and Zr–C com
pounds. Details of these particles and interfaces were measured using 
transmission electron microscopy (TEM). A turbostratic graphite was 
identified at the interface between the graphite spheroid and the (Al,Si, 
Mg)-nitride. The obtained results led to a mechanism proposal to explain 
the nucleation and growth of graphite. Nucleation begins with the 
spreading of damaged and disordered graphene layers. The subsequent 
structural ordering of disordered graphene layers leads to distorted 
columns, followed by corrugated and straight layers. Ultimately, the 
structure becomes more organized as the distance from the nucleus (and 
solidification time) increases. In order to further study the mechanism of 
the interaction between graphite and the nitride, atomistic simulations 
are employed. The results indicate the presence of covalent bonds be
tween the first carbon atoms and the nitride core, which can explain the 
features observed in the interface by TEM. Combined, all the observa
tions show that the nucleation of graphite on substrates with a low 
crystallographic match (lattice misfit) may be facilitated by the forma
tion of covalent bonds. 

2. Materials and methods 

2.1. Sample preparation 

SGI samples, with an average carbon content of 3.5 wt% in this 
study, have been pre-inoculated (also known as preconditioned) with a 
(Zr,Al,Ca)-ferrosilicon (Si 66 wt%, Ca 1.2 wt%, Al 4 wt%, Zr 4 wt%), and 
nodularized with a Mg–FeSi (Si 46 wt%, Ca 1.1 wt%, Al 0.7 wt%, Mg 6.0 
wt%, La 0.5 wt%, Ce 0.1 wt%). 

Two experimental melts were produced in an induction furnace 
using a blend of cast iron returns (40 wt%), steel scraps (32 wt%), and 
pig iron, which is Fe–C–Si multicomponent alloy. Alloying element 
corrections were made using high-purity graphite (99.9 wt% C) and 
ferrosilicon-75 (mainly 75 wt% Si, 1.5 wt% Al, and the rest is Fe). In 
both melts, the furnace tapped 800 kg of liquid iron at 1500 ◦C to a ladle 
containing 1.2 wt% of Mg–FeSi alloy (called Mg-treatment). After the 
Mg-treatment, the melt is poured into a small square crucible (36 × 36 
× 40 mm), also known as thermal analysis cups [21]. One of the melts 
was pre-inoculated (or preconditioned) with 0.15 wt% of Zr,Al,Ca–FeSi 
alloy, which was added to the liquid iron stream just before the 

Mg-treatment. The samples are hereinafter referred to as reference 
ductile iron (DI) and Zr,Al-DI, respectively. All samples were uninocu
lated in order to verify the effect of (Zr,Al,Ca)-ferrosilicon in the in
clusions. The compositions of the samples (chill coins, which are small, 
fast-cooled metal pieces collected from the liquid melt) were determined 
by an arc spark optical emission spectrometer (ARL ispark 8860) and 
combustion techniques (Leco ON836 for wt.% O, and wt.% N and Leco 
ON844 for wt.% C and wt.% S). The compositions of the samples are 
shown in Table 1. 

The samples’ microstructure was evaluated using a Zeiss Axioplan 2 
optical microscope equipped with a Märzhäuser automatic stage 
controller at a magnification of 100 times. In total 25 images are used to 
quantify nodule count density (size cut off < 5 μm) and nodularity. This 
procedure is made based on ASTM E2567-16a. 

2.2. Automated mineral identification and characterization 

Standard metallographic techniques (i.e., grinding and polishing 
down to ����μm) were utilized to prepare samples for scanning electron 
microscopy (SEM). The morphology, size, and chemical composition of 
the non-metallic inclusions (microparticles) in the samples were exam
ined in the Zeiss Merlin Compact SEM equipped with the AMICS soft
ware and the Bruker XFlash 6130 EDX spectrometer. The minimum 
particle area measured was 0.5 μm2. Below this value, the particle size 
and composition uncertainty were large and, therefore, not reported. 
The total evaluated area was 6.27 mm2 for both samples. For quantifying 
inclusions, the number densities were converted from mm� 2 to mm� 3. A 
summary of this method is given below and in Refs. [4,15]. 

2.3. Transmission electron microscopy 

For transmission electron microscopy (TEM) observations, the same 
samples used in section 2.2 were prepared by Focused Ion Beam (FIB) 
technique using the SEM/Ga-FIB Helios NanoLab™ 600i microscope 
(FEI). Before cutting the lamellas, the material was covered with a 
platinum protective layer. TEM investigations were performed using the 
FEI S/TEM Titan 80–300 transmission electron microscope equipped 
with a Cetcor Cs probe corrector (CEOS, Heidelberg, Germany). For the 
analysis of the chemical composition, the energy dispersion spectrom
eter of the characteristic X-ray radiation (EDS) and the energy filter – 
Gatan Imaging filter (Gatan Tridiem 863) were used. Crystal Maker 
(version 10.4.1) and Single Crystal software (CrystalMaker Software 
Limited, Oxfordshire, UK) and the pymatgen library [22] were used to 
simulate the crystal structure and diffraction patterns. 

2.4. Atomistic modelling 

As a requirement for further simulations, the potential occupations of 
Al, Mg and Si atoms in the wurtzite crystal lattice of the (Al,Mg,Si)- 
nitride were first investigated by means of electronic structure simula
tions based on the density functional theory (DFT). Unit cells of 
Al2Mg5Si5N12 were constructed for all configurations of the Al, Mg and 
Si atoms, and the DFT total energies were calculated by the program 
GPAW [23]. It was found that in the lowest energy configurations Mg 
and Si atoms form alternating sheets in the (1010) plane with Al-atoms 
substituting equal amounts of Mg and Si atoms. Analysis of adjacency 
between the atoms shows that this configuration minimizes Mg–Mg and 
Si–Si interactions and maximizes Mg–Si interactions. Interfaces between 
the (Al,Si,Mg)-nitride (0001) and graphite (0001) were screened based 
on the method developed by Zur and McGill [24] to build coherent in
terfaces with minimal strain between the crystal planes as implemented 
in the pymatgen [22] library. 

Electronic structure simulations were used to study the interaction of 
graphite with the (Al,Si,Mg)-nitride substrate as implemented in the 
CP2K program package [25]. A gradient-corrected exchange-correlation 
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functional by Perdew, Becke and Ernzerhof (PBE) [26] was employed in 
the DFT simulations, and the electronic density and Kohn-Sham orbitals 
were expanded in a dual Gaussian plane wave (GPW) basis set. The 
plane wave part of the basis set had a kinetic energy cut-off of 600 Ry for 
operations involving electron density. For Kohn-Sham orbitals, a 
molecularly-optimized double-zeta valence plus polarization (DZVP) 
basis was used for expanding the Gaussian functions [27]. The valence 
electron-ion interaction was described by the analytical pseudopoten
tials developed by Goedecker, Teter, and Hutter [28], and the corre
sponding valence states were 3s23p1, 3s23p2, 2s22p63s2, 2s22p3, and 
2s22p2 for Al, Si, Mg, N, and C, respectively. Weak van der Waals (vdW) 
interactions are important for the description of 2D materials such as 
graphite and interfaces in general, and they are typically missing from 
standard DFT functionals. Here, the vdW-interactions were included by 
applying the D3 dispersion correction by Grimme et al. [29]. The ge
ometry optimization to minimize the total energy of the modeled sys
tems with respect to the atomic coordinates was performed by applying 
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, where the 
convergence criterion for the forces on atoms was set at 0.023 eV/Å (4.5 
× 10� 4 Hartree Bohr� 1). Periodic-boundary conditions were enforced in 
all directions. 

3. Results 

3.1. Analysis of graphite particles 

The microstructure of the samples can be seen in Fig. 1. A clear 
difference can be seen between the two samples. The Zr,Al-DI alloy has a 
more regular-shaped graphite spheroid. This is due to adding a (Zr,Al, 
Ca)–FeSi, which deoxidizes the melt before the MgFeSi reaction [14]. 
Microstructure quantification shows that sample DI has 126 ± 10 nod
ules per mm2 and 70 ± 2.8% nodularity, while sample Zr,Al-DI has 115 
± 6 nodules per mm2 and an 87 ± 2.8% nodularity. 

In order to quantify the inclusions in each sample, an SEM/EDX with 
AMICS was employed. The classification is similar to what was pre
sented in other works [4,15], and the results show that the number of 
nitrides doubles in the Zr,Al-DI. This allows the mapping and classifi
cation of all non-metallic features in the samples, such as graphite 
particles and inclusions. Fig. 2 shows all graphite particles and nodules 
from the sampled area were sorted by size. 

In Fig. 2, the difference in graphite morphology is clear. The graphite 
particles in Zr,Al-DI are rounder and less degenerated. From Figs. 1 and 
2, one can see that adding Zr,Al–FeSi alloy caused the Zr,Al-DI sample to 

contain fewer graphite particles than DI. This difference could be 
explained by DI having a higher undercooling since the graphite peak in 
Fig. 2 occurs in a graphite diameter lower than the first peak of the Zr,Al- 
DI sample. The size of particles can be an indirect measure of under
cooling [30], i.e., larger nodules nucleated first (low undercooling) and 
had more time to grow. A higher undercooling means more nuclei can be 
activated, and more graphite particles can nucleate. However, as evi
denced by their morphology, these graphite particles have a degen
erated shape, which is detrimental to SGI properties [31–33]. According 
to ref. [34], smaller graphite particles that nucleate towards the end of 
the solidification can reduce the formation of shrinkage porosities. 

3.2. Structural characterization of inclusions 

The nitrides were the main category of particles affected by (Zr,Al, 
Ca)–FeSi addition. When looking for a Zr-containing particle, the only 
types found in this work are those in carbides. None of these carbides 
were found in the core of graphite nodules. These particles often contain 
two parts - an inner (core) and an outer (shell). The parts differ in their 
chemical composition, as seen in the STEM-HAADF images showing the 
chemical contrast related to the value of the atomic number Z in Fig. 3a, 
and on the distribution maps of elements made using EDS and EELS 
spectrometry in Fig. 3b. The core contains Al, Mg, Si, and N, while the 
shell is Zr, Ti, C, and N with some Nb. 

The inner particle was identified as an (Al,Si,Mg)-nitride (Fig. 4). The 
phase identification was confirmed by the SAED electron diffraction 
(Fig. 4a–c) and by chemical composition analysis using EDS (Fig. 4e). 
The differences visible between the SAED electron diffraction patterns 
obtained in [301] zone axis (Fig. 4a) and its computer simulations 
(Fig. 4b) in the form of the extra-spots and linear features (streaks) are 
diffraction artifacts from stacking faults (visible in Figs. 4a and 5b). Cu 
visible in the spectrum can be neglected (since the holder and other parts 
of the microscope - mainly the pole pieces of the lenses are made of this 
element). It is important to note that a quantitative EDS analysis would 
not be reliable. However, based on the obtained result, it can be 
concluded that the analyzed phase contains Al, Mg, and Si, with the 
contents of Mg and Si being similar to each other and approximately 2–3 
times higher than Al. From diffraction and compositional analyses, it has 
been suggested that the inner particle has a trigonal superstructure 
belonging to the hexagonal family derived from a hexagonal AlN type 
unit cell. The AlN superstructure lattice parameters are a = 0.544 nm 
and c = 0.482 nm, and the suggested atomic distribution belongs to the 
space group P31 m. The unit cell we observe has space group P63mc, and 

Table 1 
Chemical composition of the samples. The elements with (*) were obtained using combustion techniques. Since the melt comes from the same treatment ladle, the 
overall composition is Mn 0.15 %, P 0.030 %, Ti 0.012 %, V 0.003 %, Nb 0.002 % and La 0.007 %.  

Sample Si Mg Ce La Al Zr Nb C* S* N* O* 

DI 2.52 0.043 0.006 0.007 0.011 0.0007 0.002 3.68 0.009 0.0036 0.0011 
Zr,Al-DI 2.65 0.055 0.005 0.007 0.016 0.0061 0.002 3.55 0.010 0.0063 0.0009  

Fig. 1. Backscattering electron (BSE) images of (a) DI (nodularity ~70 %) and (b) Zr,Al-DI (nodularity ~87 %). (A colour version of this figure can be viewed online.)  
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its lattice parameters are a ≈ 0.314 nm and c ≈ 0.482 nm, deviating only 
1–3 % from the parameters of hexagonal AlN. Based mainly on electron 
diffraction and compositional analysis, which is shown in Fig. 4, the 
particles are suggested to have the chemical formula AlMg2.5Si2.5N6, 
confirmed by computer simulations (Fig. 4b–d) for that phase. Since 
most of the particles in this category have similar EDS spectra, they are 
expected to be similar structures. 

Various magnifications of the interface between the (Al,Si,Mg)- 
nitride and (Zr,Ti,Nb)-carbonitride are present in Fig. 5, showing a good 
crystallographic relationship between two phases, close to the interface: 
(Elysium)-nitride [120] is parallel to the (Zr,Ti,Nb)-carbonitride in 
[011]. SAED electron diffraction was used to show that the structure of 
the (Al,Si,Mg)-nitride particle is not homogenous Fig. 6. The (Al,Si,Mg)- 
nitride particle is crystalline near the phase boundary but becomes more 
amorphous in the central part. The electron diffraction obtained for the 
region marked 2 in Fig. 6a shows clear reflections confirming the crystal 
structure (Fig. 6c), but it is almost completely amorphous in the region 
marked as 3 (Fig. 6d). This area is likely to have been damaged during 
sample preparation of the TEM specimen, a similar observation was 
observed in Ref. [35]. 

The nitride particles are often surrounded by a carbide (or, more 
precisely, carbonitride) phase. The carbonitride phase contains Ti, Zr, 
and Nb. Nb is mainly observed on the outer region of the particle, while 
Zr and Ti are found in the entire bulk (Fig. 3b). Fig. 7 shows the 
measured Fig. 7a,c and the simulated Fig. 7b,d diffraction patterns of the 
(Zr,Ti,Nb)-carbonitride in different zone axes, [001] and [120]. The 

crystal structure is FCC with the space group Fm-3m, and the lattice 
parameters are a = 4.42 Å. The original Ti2CN has a lattice parameter of 
a = 4.31 Å [36], and the observed expansion of the lattice parameter can 
be caused by the substitution of Ti by Zr and Nb. This (Zr,Ti,Nb)-car
bonitride has been reported as potential nuclei for low sulfur SGI [19]. 

Between the (Al,Si,Mg)-nitride and (Zr,Ti,Nb)-carbonitride, small 
nanoparticles containing La were detected (Fig. 8a). They are of an 
irregular, elongated shape. Chemical composition analysis Fig. 8b in
dicates the presence of S, As, and P. The latter two seem to be part of 
these La-phases. The crystalline structure of these phases is visible in 
HRTEM images (Fig. 8c), confirmed by FFT (Fig. 8d). The phase has been 
identified as a cubic LaS phase with a space group Fm-3m (similar to the 
Zr-carbide phase) with the lattice parameter a = 5.854 Å. 

This lattice parameter is larger than the ones found by Marchenko 
et al. [37], who reported a lattice parameter with a = 5.788 Å. This 
difference could be due to the presence of As and P in the crystal 
structure. These elements are commonly found with rare earths (Ce, La) 
at grain boundary regions [2]. 

It is possible that the nitride core of Fig. 3 was growing upwards in 
the liquid, rejecting elements such as La. In the EELS map of N, one can 
notice that it goes beyond the nitride particle well into the Zr, Ti phase. 
Thermodynamically, it is possible that Zr and Ti were consuming the N 
from the core (see section 4.1), which could explain the missing parts of 
the top of the nitride. 

Fig. 2. The graphite morphology for each sample. (a) For DI and (b) Zr,Al-DI samples, (c) size distribution of the graphite spheroids. (A colour version of this figure 
can be viewed online.) 

Fig. 3. (a) The structure of the particle containing Zr in Zr,Al-DI. STEM-HAADF image (a). (b) Element distribution maps determined by EDS (Al, Mg, Si, Ti, Nb, Zr) 
and EELS spectrometry (C, N). (A colour version of this figure can be viewed online.) 
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3.3. Evaluation of the graphite nodule structure 

In this section, the characteristics of graphite precipitates (nodules) 
are to be evaluated. Nodules are spheroids and usually contain a nucleus 
in the central part. An example fragment of such a nodule is shown in 
Fig. 9a. A nucleus (designated N) contains Mg, Si, Al, and N and has been 
identified as AlMg2.5Si2.5N6. The same phase occurred inside core-shell 
particles, which constitute the main category of particles with the 
addition of Zr, Al–FeSi (section 3.2). Fig. 9b and Fig. 9c compare 
experimental results and computer simulations of electron diffraction 
for this phase in the [001] zone axis. 

In the next step, the interface between the nucleus and the sur
rounding carbon materials (graphite) was analyzed (Fig. 10a). Both 

phases adhere closely to each other, and there are no visible pores be
tween them. The electron diffraction pattern obtained for the boundary 
region (approx. 170 nm in diameter) shows the superposition of electron 
diffractions for both phases (Fig. 10b). Since the aperture selects the area 
containing both the nucleus and the adjacent carbon material, the 
diffraction pattern shows regularly arranged diffraction spots from the 
single crystal of the nucleus and diffraction rings from the graphite. It is 
worth emphasizing, however, that not all diffraction rings characteristic 
of graphite is visible in the image, which will be discussed later. 

The structure of the carbon material inside the nodule is not homo
geneous and gradually changes with the distance from the nucleus. This 
is confirmed by comparing TEM-BF, HR STEM-BF, and SAED images 
obtained close to the nucleus and in areas increasingly distant from it, as 

Fig. 4. Phase identification of the (Al,Si,Mg)-nitride. SAED electron diffraction patterns (a, c) with computer simulations of the AlMg2.5Si2.5N6 phase in [301] and 
[120] zone axis (b, d). EDS analysis result: Al – 5 at.%, Mg – 20 at.%, N – 62 at.% and Si – 13 at.%. (Al – 7 wt%, Mg – 27 wt%, N – 47 wt%, Si – 19 wt%) (e) Model of 
the AlMg2.5Si2.5N6 unit cell (f). (A colour version of this figure can be viewed online.) 
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seen in Fig. 11. In Fig. 9a, they are marked with numbers 1 to 4, 
respectively. The carbon material is poorly ordered near the nucleus 
(Fig. 11a and b). Therefore, carbon layers are not visible in TEM images. 
As the distance increases, the carbon layers become more visible. Near 
the nucleus, carbon layers are small (1–3 nm) and highly defective 
(Fig. 11d and e), gradually becoming longer and more parallel (Fig. 11g, 
h, j, k). In formed packages, called basic structural units (BSU) [38,39], 
with an increasing degree of structure order (with increasing distance 
from the nucleus), the distances between the layers decrease and grad
ually approach the value characteristic of graphite. Therefore, empty 
areas must appear between them, as seen in Fig. 11j. These empty areas 
are often observed in SGI [40,41]. The presence, shape, and distribution 
of empty areas also confirm that the degree of order in the structure 
improves with increasing distance from the nucleus. As the distance 
from the nucleus increases, SAED images also change. Electron diffrac
tion obtained for the region close to the nucleus shows clear and sharp 
diffraction rings (Fig. 11c), which means that the analyzed material has 
a crystalline (nanocrystalline) structure. For areas further from the nu
cleus (Fig. 11f–i), the rings are replaced by increasingly elongated el
lipses and then by straight lines with points of higher intensity. 
Additionally, reflections (002), (004), (006), …. become visible. In the 
outermost part of the nodule, the graphite structure is the best ordered 

(close to the structure of graphite in [010] zone axis), although still 
turbostratic - as evidenced by the presence of lines (not isolated points) 
in the diffraction pattern (Fig. 11l). 

3.4. DFT simulations of the graphite interface 

For simulating the interface between (Al,Si,Mg)-nitride (0001) and 
graphite (0001), we have constructed hexagonal slab systems that 
comprise 8 layers of nitride (thickness of 4-unit cells) and 4 layers of 
graphite (ABAB stacking). The two bottom layers of nitride were fixed to 
bulk positions, and the lowermost N atoms were covalently saturated by 
additional H atoms. The periodic slab system is separated by 10 Å of 
vacuum in the perpendicular direction. Two twisting angles (6.6 and 
3.7◦) between nitride and graphite were used to generate systems with 
99.9 and 320.7 Å2 matching area and 0.8 and 1.4 % strain, respectively. 
The latter twisting angle resulted in a system of 1100-atoms, and its 
optimized structure is shown in Fig. 12a. We also consider that the 
exposed layer of nitride can have different chemical compositions 
(identified in the crystal structure) and optimized the interface with 
both Al/Mg/Si and Mg/Si top layer compositions. 

Chemical dangling bonds arising from silicon are an intrinsic feature 
of the (Al,Si,Mg)-nitride (0001) surface, which are likely sites for bond 

Fig. 5. The interface structure between (Al,Si,Mg)-nitride and (Zr,Ti,Nb)-carbonitride in the particle-containing Zr in Zr,Al-DI. TEM-BF (a). HRTEM image of the area 
indicated in previous image by a red arrow with FFTs calculated for both phases: (Al,Si,Mg)-nitride in [120] zone axis and (Zr,Ti,Nb)-carbonitride in [011] zone axis 
(b). HR STEM-HAADF image. Magnifications of both parts are present as an inset (c). (A colour version of this figure can be viewed online.) 

Fig. 6. Analysis of the (Al,Si,Mg)-nitride structure. TEM image with marked positions of selected aperture (please note that sample is oriented differently than in 
Fig. 7a) (a). SAED pattern of the (Zr,Ti,Nb)-carbonitride (location of the selection aperture marked by a red circle with the number 1 (b). SAED from the crystal region 
of the (Al,Si,Mg)-nitride (location of the selection aperture marked by a red circle with the number 2). (c) SAED from the amorphous region of the (Al,Si,Mg)-nitride 
(location of the selection slit marked with a red circle with the number 3) (d). Computer simulations of Ti2CN in [121] zone axis (f). Computer simulations of the 
AlMg2.5Si2.5N6 phase in [110] zone axis (g). (A colour version of this figure can be viewed online.) 
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formation across the interface. Already, the smaller model structure 
(6.6◦, 356 atoms, 99.9 Å2) displays this feature as a single C–Si bond 
(2.09 Å) forms, changing one graphene carbon to a tetrahedral sp3-co
ordination. However, this covalent bond formation occurs at the 
expense of forcing the other C atoms in the lowermost layer artificially 
close (2.9–3.1 Å) to the nitride surface, resulting in a substantial 
repulsive interaction for non-bonded atoms. This shows up in the total 
work of adhesion, Ea = 1.08 eV, which is a small value for 38 facing C 
atoms. 

The larger model structure (3.7◦, 320.7 Å2) enables more freedom for 
local structural relaxations, as shown in Fig. 12a,b for the Al/Mg/Si 
terminating topmost layer. Four C–Si (1.97–2.03 Å) and three C–Al 
bonds (2.06, 2.08, and 2.30 Å) form across the interface in geometrically 
matching locations while the other C atoms can optimize further away 
from the surface, causing graphene undulation (2 Å height variation). 
Correspondingly, the vertical separation of the bulged region reaches up 
to 3.9 Å above the nitride surface, and it results in a moiré pattern when 

seen above. Interestingly, the Si/Mg interface does not cause consider
able bulging despite the formation of four C–Si bonds. The total work of 
adhesion is 15.8 and 11.1 eV for the Al/Mg/Si and Mg/Si terminations, 
respectively. Normalization of the former value by area (122 C facing 
atoms) reveals that the work of adhesion is 4.6 × stronger in comparison 
with the smaller model system (6.6◦ twisting angle). There are two 
factors related to this energy difference: (a) geometrical (on-top) overlap 
of interfacial atoms, which is linked to bond formation, and (b) 
increased lateral size of the model structure, which enables a moiré 
pattern where the repulsive interaction of non-bonded C atoms is 
reduced. 

In practice, carbon nucleates on the (Al,Si,Mg)-nitride substrate, and 
our previous assumption of intact graphene sheets may be over- 
simplified. It is possible that C atoms form more complicated interfa
cial structures with the nitride, especially in the presence of Si dangling 
bonds. To investigate this possibility, we modified the 1100-atom sam
ple (3.7◦ twisting angle, Al/Mg/Si interface) and generated a disordered 

Fig. 7. Phase identification of the (Zr,Ti,Nb)-carbonitride. SAED electron diffraction patterns (a, c) with computer simulations of the Ti2CN phase in [001] and [110] 
zone axis (b, d). EDS analysis result: Ti - 30 at.%, Zr - 11 at.%, Nb - 6 at.%, C – 6 at.%, N – 47 at.% (Ti – 40 wt%, Zr – 27 wt%, Nb – 14 wt%, C – 2 wt%, N – 18 wt%) 
(e). Model of the Ti2CN unit cell (f). (A colour version of this figure can be viewed online.) 
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Fig. 8. Phase identification of the LaS precipitate. STEM-HAADF image. Red arrows indicate LaS precipitates (a). EDS analysis result: P – 23 % at., S – 20 % at., As – 
18 % at. and La – 39 % at. (P – 9 wt%, S – 8 wt%, As – 17 wt%, La – 66 wt%) (b). HRTEM image (c). FFT calculated for the central part of the previous image (d). 
Computer simulations of the LaS phase in [001] zone axis (e). Model of the LaS unit cell (f). (A colour version of this figure can be viewed online.) 

Fig. 9. Structure of the graphite nodules with (Al,Si,Mg)-nitride nucleus. TEM image with marked positions of selected aperture (a). SAED was obtained for the 
nucleus indicated as N (green circle) (b). Simulation of electron diffraction of AlMg2.5Si 2.5N6 in [001] zone axis (c). (A colour version of this figure can be 
viewed online.) 

L. Michels et al.                                                                                                                                                                                                                                 



�&�D�U�E�R�Q ������ ������������ ������������

��

layer of carbon by giving atoms randomized positions within the inter
facial volume while keeping the substrate and three upper graphene 
layers intact in original positions. The structure was fully optimized, and 
its interfacial area is shown from the side in Fig. 12c. The resulting 
structure displays a greatly increased number of interfacial bonds where 
almost every Al/Si atom is bonded with carbon, and the average dis
tance from the substrate has decreased. There is one C–C bond between 
carbon layers, and the height variations in the first layer are reflected as 
undulation in the upper graphene layers, similar to Fig. 11a. 

Fig. 12d-e shows a top view of the first carbon layer on (Al,Si,Mg)- 
nitride (0001) for pristine and amorphous graphite, respectively. Pris
tine graphene comprises 6-fold rings, and, due to inherent symmetry, C 
atoms are only occasionally on top of Si or Al. Similarly, the amorphous 
interface leads to a planar structure but with a considerable amount of 5- 
fold and 7-fold rings, and there are some sp3-carbons also. The variation 
in ring sizes and the associated local buckling of the graphene layer 
occur because of the initial bond formation with the substrate. While this 
is energetically favorable, the formation of intrinsic defects in graphene 
costs more, and the total energy of the amorphous model is 0.18 eV/ 
interfacial C less favorable than for the pristine graphene layer. We 
remark that these simulations have been performed in vacuum while the 
nucleation process occurs in the iron melt, where the driving force is 
kinetics. Therefore, one cannot draw solid conclusions related to the 
competition between pristine vs. amorphous graphene interfaces based 
solely on the total energy differences. However, these results seem to 
agree with the measured diffuse interface in TEM. This demonstrates 
that the interaction mechanism of the first layer of graphene with the 
nucleus has a chemical nature, and a crystallographic match may not be 
required for graphite nucleation in SGI. Similar observations were made 
by Celis et al. [35]. 

In order to simulate the diffraction patterns of the structures 
computed with DFT, they have to be infinitely stacked. Although this 
assumption is very strong given the nature of the graphite morphology 
in SGI, the simulated diffraction patterns can give more information. In 
Fig. 13a,b, the bulk graphite structure resembles the one seen in 
Fig. 11k,l, demonstrating the effect of the ordering of the layers on the 
diffraction patterns. Note the absence of the lines in the simulated 
diffraction pattern of Fig. 13b, which is due to a single stacking crys
tallite, when compared with Fig. 11l, where the lines are clear. These 
lines are associated with stacking faults or other irregular stacking 
structures (like in Fig. 4a). While in Fig. 13c,d, the diffraction patterns 
resemble the ones measured in Fig. 13f,i. This last case shows the 
contribution of the graphene undulations, bending in the formation of 
the ellipses. 

4. Discussions 

4.1. Nitrides and carbonitrides inclusions 

In SGI alloys, inclusions are essential to modify its microstructure. 
Therefore, understanding what inclusions are affected by alloy addition 
is a required mandatory step, and several works in this direction are 
currently being reported [4,14,15,42]. 

In this context, adding a (Zr,Al,Ca)–FeSi alloy into liquid iron before 
the nodularization process seems to increase the number density of ni
trides and carbides while increasing the area fraction of oxides (but 
decreases the number density). This extra addition is the reason for the 
significant increase in the nodularity of the graphite crystals and created 
two populations of sizes Fig. 2c. The former is not unexpected as Zr, Al 
(and Ca) are known to be strong deoxidizers, as observed by their effect 
in the oxide population. Also, alloys such as Zr bind nitrogen from other 
sources such as sand moulds [32]. 

A further study on the type of particles promoted showed that the 
(Zr,Ti)–CN nucleates on an existing (Al,Si,Mg)–N. Structural character
ization of these compounds showed that the (Al,Si,Mg)-nitride has a 
trigonal structure derived from the hexagonal AlN. The measured nitride 
particle here differs from Alonso et al. [19] and is similar to the one 
reported in Refs. [14,17,40]. 

4.2. Structure of the graphite nodule 

Until recently, studies of graphite nodule structure in SGI were 
limited due to the difficulty of producing TEM specimens of appropriate 
quality due to the difference in the hardness of the components (iron, 
graphite). This became possible only after the FIB technique was 
improved and more available. In this context, Hara et al. [43] were the 
first to document SAED patterns obtained from different areas of a 
graphite nodule. They reported systematic changes in the shape of 
diffraction patterns with increasing distance from the nucleus and 
showed the presence of oval diffraction rings. The authors stated that 
diffraction patterns are too difficult to index accurately, especially in the 
regions close to the nucleus, and that their patterns resemble those ob
tained for Carbon Black, which is a material with a turbostratic struc
ture. The work of Laffont et al. [40] presented only two diffraction 
patterns in the inner and outer zones of a graphite nodule. The authors 
stated that SAED patterns in the inner zone were oblong, which caused 
them to conclude that this was due to graphite getting deformed due to 
mechanical forces and stress exerted on the center of the graphite 
spheroids. Following up this result, the electron diffraction published by 
Bourdie et al. [44], also presented oval patterns in the inner zone. This 
time, the authors’ interpretation indicated that graphite layers have 
been rotating around their c–axis. Although the term “turbostratic” does 

Fig. 10. The interface structure between graphite and (Al,Si,Mg)-nitride. HRTEM image (a). Indexed SAED pattern (b). (A colour version of this figure can be 
viewed online.) 
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not appear in the article, they cited Rouzaud et al. [45]. The latest work 
by Alonso et al. [19] presents a series of diffraction images recorded 
directly at the nucleus. The paper shows that the nucleation of the 
graphite nucleus begins with the spread of defective graphene layers, 
which can create areas of turbostratic graphite. Then, with increasing 
distance from the core, the structural ordering of turbostratic graphite 
leads to the formation of distorted columns, followed by wrinkled and 
straight layers, consistent with the annealing graphitization model 
described by Rouzaud and Oberlin [45]. Based on recorded diffraction 
patterns, they could assume that turbostratic carbon is present directly 
next to the nucleus. Their conclusion is based on the results of previous 
macroscopic graphite studies in SGI iron by Pencea et al. [46] and 
Ohbuchi et al. [47]. 

The SAED results in this work also show systematic changes in the 
shape of electron diffraction patterns, such as the elongated oval rings. 

Therefore, it is crucial to describe the reason for this shape. Numerous 
TEM studies of other materials indicate that oval diffraction patterns are 
characteristics of a turbostratic structure, i.e., one in which the structure 
is not ordered in three dimensions. For turbostratic carbon materials, 
individual carbon layers are stacked with random rotation and/or 
translation to each other (along the c-axis). Elongated oval rings were 
first described for turbostratic graphite by Schiffmacher et al. [48] in 
1980. However, since this reference is difficult to access, the work by 
Rozaud et al. [45] is usually cited. In the case of indexing the structure of 
turbostratic materials, the use of two-index notation is justified [49]. 
Reflections marked as (002l) are related to interlayer correlations, (hk) 
to in-plane correlations, while reflections of the type (hkl) result from 
correlations between atoms across layers (3D ordering). A characteristic 
feature of turbostratic materials is the lack of reflections (hkl). The 
reciprocal lattice points of turbostratic structure are significantly 

Fig. 11. TEM-BF images (left column), HRTEM images (middle column), and SAED (right column) taken from areas indicated as 1 to 4 in Fig. 9a. (A colour version of 
this figure can be viewed online.) 
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broadened along the stacking direction to form concentric 
cylinders-like. The oval diffraction ring patterns can be considered the 
consequence of the intersection of the cylinders and the Ewald sphere 
(approximated as a plane). 

It is worth emphasizing that oval diffraction patterns have been 
repeatedly documented for many different types of turbostratic carbon 
materials, including pitch-based graphite fibers [50], shungite rocks 
[51], anthracene [52], PBO-Derived Carbon Fibers [53], and few-layers 
graphite-like carbon nanostructure [54]. Oval diffraction rings with 
turbostratically stacked nanosheets are also found in other non-carbon 
two-dimensional systems. Examples of turbostratic materials are 

layered Manganese Dioxide [55], TiO2 nanosheets [56], and layered 
clay minerals [57]. 

The present work confirmed that the graphite nodule is made of 
turbostratic carbon material. Turbostratic carbon is found directly next 
to the nucleus (Figs. 10b, and Fig. 11c) and at a distance of over 3 μm 
from it (Fig. 11l). Narrow and clear reflections obtained for the areas 
directly next to the nucleus confirm the presence of crystalline carbon 
layers, but they are not arranged in a way that allows their electron 
microscopic observation. Furthermore, they are very limited in size and 
severely deformed, as shown in the DFT results. They are probably ar
ranged approximately parallel to each other but not necessarily perfectly 

Fig. 12. Visualizations of graphene (0001) and AlMgSi nitride (0001) interface. (a) The 1100 -atom system with 4 layers of pristine graphite showing undulation 
(moiré pattern). (b–c) Zoom-in of two systems with a pristine and amorphous first layer of graphite (only two layers visible). Colour code: C, grey; Al, magenta; Si, 
beige; Mg, green; N, blue; and H, white. (d–e) Top view of the first layer of carbon (orange) for the pristine and amorphous cases. Structural differences can be 
evidenced as 5- and 7-fold rings as well as sp3-carbons in the latter system. (A colour version of this figure can be viewed online.) 

Fig. 13. The structure (a) bulk graphite and its (b) simulated diffraction pattern along the [100] zone axis. (c) Graphite structure simulated from the DFT and its (d) 
diffraction pattern resembling ellipses. (A colour version of this figure can be viewed online.) 
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parallel to the surface of the nucleus and not sufficiently parallel to the 
electron beam to satisfy the Bragg condition for electron diffraction. 

Further away from the nucleus, the size of the layers increases, layers 
become flatter, and their orientation approaches [010]. As the size of the 
stacked domains increases and the distance between layers decreases, 
gaps (empty spaces) appear between the packets of carbon layers. The 
presented change in the shape of the electron diffraction of the turbos
tratic material - from circular (Fig. 11c) to slightly elongated (Fig. 11f), 
to very elongated (Fig. 11i), and even to one in which lines replace el
lipses (Fig. 11l), is related to the increase in the crystalline structure and 
the accompanying texture. A potential contributing effect for the inner 
graphite disorder towards the center of the nodule is the shaper 
curvature. 

At the vicinity of the nucleus surface, the structure calculations in 
Fig. 12 reveal that graphene – which is chemically rather inert – spon
taneously forms covalent C–Si bonds, even in the laterally confined 
model structure (6.6◦, 99.9 Å2) once C is on top of Si/Al and properly 
positioned for the lone pair orbital. Placing the system in a laterally 
larger supercell (3.7◦, 320.7 Å2) enables alternation between covalently 
bonded and repulsive regions, which leads to a moiré pattern. Further, 
the amorphous interface layer simulations reveal a growth pattern for 
carbon, which maximizes the number of covalent bonds with the nitride. 
Considering the experimental findings in this work, the simulation re
sults hint at potential contributions for the observed diffuse interface in 
the TEM images: (i) Since graphene forms via carbon nucleation, it is 
feasible to assume that C atoms bind with the (Al,Si,Mg)-nitride (0001) 
lone pair orbitals first and form amorphous interfacial structures and 
networks that are more compatible with the substrate. (ii) Any corru
gations (steps, vacancies, and atoms) in the nitride surface will be 
readily reflected in the carbon interface thanks to the abundant lone pair 
orbitals. (iii) Even the pristine interface shows graphene layer un
dulations (~2 Å) that can result in a considerable scatter in C atom 
positions, and it is likely that this effect will get enhanced for laterally 
extended model structures. Here, the observed moiré pattern may turn 

into more complicated oscillations if we allow more random occupations 
of the Al, Mg, and Si sites than in our periodic model structures of the 
substrate. 

Therefore, a proposed model for the graphite in the present work is 
given in Fig. 14. 

5. Conclusions 

In the present work, the addition of a (Zr,Al,Ca)–FeSi alloy before 
nodularization showed that the graphite morphology changes, causing 
the graphite crystals to be significantly more spherical. This addition 
also causes the formation of more nitride inclusions dispersed in the 
material. However, Zr could only be found in the (Zr,Ti)-carbonitrides. 
These carbonitrides were found outside graphite at the grain bound
aries. Further characterization of these inclusions showed that a (Zr,Ti) 
CN has an FCC structure and can nucleate on trigonal AlMg2.5Si2.5N6. 

These AlMg2.5Si2.5N6 can also act as bulk substrates for the nucle
ation of graphite. The interaction between the first graphene layers and 
the nucleus is chemical. DFT simulations of the interface showed that the 
first carbon layers are covalently bonded to nitride surface atoms and 
likely contain defects, which may explain the interface’s structure 
measured. This chemical interaction between graphite and the nucleus’s 
surface causes the graphene layers to become deformed with un
dulations. A simulated diffraction pattern of this graphene structure 
resembles the ellipses obtained by TEM. The graphite structure close to 
the nucleus shows the presence of crystalline carbon layers. These layers 
are not arranged in a way that allows their electron microscopic 
observation. This inner disordered graphite could also be caused by the 
sharper curvature closer to the nucleus and deformation of the graphene 
layers due to the covalent bonding with the (Al,Si,Mg)-nitride. As the 
distance from the nucleus increases, the size of the domains also in
creases, which means that the carbon layers become larger. As the size of 
the layers increases, they become flat, the distance between them de
creases, and gaps (empty spaces) appear between the carbon layers. 

Fig. 14. Graphite structure model based on the DFT simulations and diffraction patterns. (A colour version of this figure can be viewed online.)  
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