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Full Length Article 

Formation and growth of transition metal carbides in ferrite 
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A B S T R A C T   

Carbide nano-precipitates are commonly used to improve mechanical properties of steel. It has been experi
mentally observed that TiC, NbC, and VC carbide precipitates initially form as ‘plate-like’ particles oriented in 
the {100} planes of the ferrite lattice. These platelets share similarities with Guinier-Preston zones in Al-Cu 
alloys. 

The clustering of group IV and V transition metal atoms (M = Ti, Zr, Hf, V, Nb, Ta) in ferrite is studied using 
density functional theory. It is deduced that the transition metal carbides all form in a similar way. Furthermore, 
the transition from an initial M–C cluster to a NaCl-structured platelet to a NaCl-structured precipitate is 
examined through atomistic simulations using Modified Embedded Atom Method potentials. A route is estab
lished along which transition metal carbides form and transform into precipitates that possess the Baker-Nutting 
orientation relation with the ferrite matrix.   

1. Introduction 

Nano-precipitates perform a key role to increase the mechanical 
hardness of micro-alloyed steels. The number and size-distribution of 
precipitates are commonly modelled using classical nucleation and 
growth theory (CNGT) [1–4]. These CNGT models provide a good 
insight in average precipitation behavior. Conventional CNGT treats the 
formation of precipitates as compact particles with regular shapes, such 
as spheres, ellipsoids, cubes, etc. Furthermore, CNGT does not account 
for the variation of properties, such as composition, among precipitates 
of different sizes. However, transmission electron microscopy (TEM) 
reveals that various carbides in the bcc-Fe (α) matrix are not compact 
particles, rather they grow initially as platelets in {100} planes [5–8] 
that evolve to spheroids as they grow larger. Moreover, the stoichiom
etry of metal carbides ‘MC’ (where M = Ti, V, or Nb) is found to be size 
dependent [6,8–10]. Previous simulations for NbC and TiC [11] have 
demonstrated that the formation of MC precipitates involves a precursor 
state. Both simulations and experiments suggest that this precursor state 
is akin to a ‘Guinier-Preston’ (GP)-like zone [8,11], which eventually 
transforms into the final NaCl-structured MC precipitate. 

In the same study [11] the precursor stage for Nb and Ti carbides is 
found to have an ordered FeMC3 structure, stable up to the 1100 K 
range. Relations between the binding energies of M–M and M–C pairs 
embedded in ferrite and the nature of the cluster, where Fe and M atoms 

initially form a checkerboard pattern, were identified from simulations 
using Modified Embedded Atom Method (MEAM) [12,13] potentials 
and from Density Functional Theory (DFT) calculations. In this work the 
study of these pairs is expanded for multiple group IV and group V 
transition metals. Similarities are identified between Ti, Zr, Hf, V, Nb, 
and Ta behavior in ferrite. As for most transition metals there is no 
available MEAM potential (where M = Ti, Zr, Hf, V, Nb, Ta) we perform 
DFT calculations on multiple M–M and M–C pairs. Additionally some 
M–M–M triplets are calculated. From these DFT calculations we find that 
all the corresponding MC carbides seem to form via the same mecha
nism, where the MC carbides form a precursor stage with its M atoms in 
a single (100)α plane of the ferrite matrix. 

Our previous study [11] also shows that the precursor stage FeMC3 
clusters do not have the NaCl-structure that is observed for larger pre
cipitates, and which is known to be the most stable bulk structure [14]. 
The FeMC3 clusters rather display a checkerboard pattern for the Fe and 
M atoms in a single (100) α plane. The transformation of a FeMC3 cluster 
to a NaCl-structured platelet is studied here using MEAM [12,13] po
tentials in LAMMPS [15]. Various steps in the transformation are iden
tified, where the FeMC3 cluster displays similarities in behavior to the 
GP zone in aluminum alloys. The attraction of vacancies to the cluster 
occurs in the same manner as the GP zone in aluminum alloys [16], 
where vacancies aid transport of precipitate forming atoms toward the 
GP zone as vacancies are bound to the M atoms. In the simulations the 
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role of vacancies and their interaction with the FeMC3 clusters are also 
studied. Using atomistic simulations the main driving force behind the 
transformation from the initial cluster to the NaCl-structured platelet 
has been investigated. It is established that the main driving force is the 
strain in the planes perpendicular to the habit plane of the initial cluster. 

First the methodology is presented in Section 2, then in Section 3 the 
results of the DFT calculations are presented and discussed. In Section 4 
the transformation mechanism is studied and discussed. 

2. Methodology 

2.1. Introduction 

In this work both DFT calculations and MEAM LAMMPS simulations 
are performed. The DFT calculations are used for small systems in which 
a pair of M atoms, or a pair consisting of a M atom and a C atom is 
embedded in ferrite. This shows whether the formation of a specific pair 
is energetically favorable compared to fully dissolved atoms, i.e., in the 
infinitely diluted limit. These calculations show how initial clusters can 
form from the solid solution. As DFT calculations are computationally 
demanding only small supercells are constructed. 

For larger systems LAMMPS is used to perform atomistic simulations 
on FeMC3 clusters. The atomistic simulations are specifically used to 
establish how a FeMC3 cluster can transform to a NaCl-structured 
platelet and eventually a multilayered NaCl-structured precipitate. 

2.2. DFT calculations 

The DFT calculations are performed using projector-augmented 
wave (PAW) pseudo potentials as implemented in the Vienna Ab initio 
Simulation Package (VASP 5.3.5) [17–21]. 

For both M–M and M–C pairs the binding energy Ebind. at 0 K is 
investigated where a positive value indicates attraction and a negative 
energy indicates repulsion. The binding energy is defined as: 

Ebind. = iE(Fe) + jΔE(M) + kΔE(C) − E
(
FeiMjCk

)
, (1)  

where ΔE(X), with (X = M,C), is the solute excess energy given by: 

ΔE(X) = E(FeiX) − iE(Fe). (2)  

Here E(Y) is the total energy of a supercell containing Y (where Y =

FepMqCr). Each supercell contains a bcc lattice, the lattice parameter is 
fixed at 2.833 Å which is the equilibrium lattice parameter for pure bcc 
Fe, hereby also fixing the supercell volume. 

For different M–M, and M–C pairs embedded in bcc Fe a simulation is 
performed in a 3 × 3 × 3 unit bcc and a 4 × 4 × 4 bcc unit supercell, 
containing 54 and 128 substitutional atom sites respectively. For the 3 ×

3 × 3 supercell we use 6k-points along all axes, the k-points are arranged 
following a regular Γ-centered mesh. The electronic wave functions are 
expanded in terms of plane waves, for all supercells a cutoff kinetic 
energy set at 400 eV was used. For the 4 × 4 × 4 supercell we use 4k- 
points along all axes, again using the regular Γ-centered mesh. For 
both the 3 × 3 × 3 bcc unit and 4 × 4 × 4 bcc unit supercell the precision 
is set to medium. The structural relaxation convergence criterium for 
energy is that the total energy change between subsequent ionic itera
tions is smaller than 0.1 meV, and for forces that the norms of each force 
is smaller than 100 meV/nm. 

Additionally some pairs are also simulated in a 5 × 5 × 5 bcc unit 
supercell, containing 250 substitutional atom sites. Apart from the 
supercell size the same settings as for the 4 × 4 × 4 bcc unit supercell are 
used. Again 4k-points were used following a regular Γ-centered mesh. 

2.3. LAMMPS simulations for the transformation mechanism 

The transformation from initial M–C clusters to a NaCl-structure is 
studied using Modified Embedded Atom Method (MEAM) potentials in 

LAMMPS (v 3mar20) [15]. In these simulations the MEAM potentials for 
the Fe-Nb-C [13] and Fe-Ti-C [12] ternary systems are used. 

First the solute excess energy for a C atom at an octahedral interstitial 
site is established using Eq. (2), as well as the solute excess energy for 
replacing an Fe atom with a M (=Nb,Ti) atom. Using these solute excess 
energies the binding energies can be calculated for the various clusters 
using Eq. (1). Here it is explicitly assumed that C atoms only occupy 
octahedral interstitial sites, and M atoms only occupy substitutional sites 
on the bcc lattice. The initial clusters are of a FeMC3 type, as presented in 
[11]. Note that the (total) binding energy contains both a chemical 
energy and an elastic energy component. 

Clusters are simulated in a 20 × 20 × 20 or a 40 × 40 × 20 bcc unit 
cell supercell, where the supercell-size effects are negligible as the re
sults for a cluster between the two supercells differ less than 0.01 eV/ 
atom for the M and C atoms within the cluster. A constant volume is used 
where we use the equilibrium lattice parameter, a = 2.8636 Å, for bcc Fe 
from the MEAM potentials [12,13]. The relaxations are performed at 0 
K, where the stopping criteria are set such that the energy change be
tween iterations is 1 • 10− 8 eV, for forces the 2-norm of the global force 
vector must be less than 100 meV/nm, i.e., no force component on any 
atom is larger than 100 meV/nm. To illustrate the transformation from 
an FeMC3 cluster to a NaCl-structured precipitate clearly, clusters with a 
square shape are used. However, the effects presented in Section 4 also 
hold true for simulations performed with both rectangular and more 
circular clusters. 

3. DFT calculations for the formation of transition metal clusters 
in ferrite 

To investigate the general trends in metal-carbide formation DFT 
calculations are performed for group IV and V transition metals 
embedded in a bcc iron lattice. Various M–M, M–C pair configurations 
are simulated: Fig. 1 gives a schematic overview of the pair configura
tions. The simulated pairs are chosen to include several close pairs that 
would exist in the NaCl-structure or the FeMC3 clusters found in [11]. 

The M–M pair configurations are labelled by their occupied sites 
indicated by roman numerals in Fig. 1, where all other bcc lattice sites 
are occupied by Fe atoms. For the M–C pair configurations a M atom is 
located at the site indicated by a roman numeral, and a C atom at the 
integer numbered site. Note that the I-VII M–M pair in the 3 × 3 × 3 bcc 
unit supercell also contains the I-II pair for periodic boundaries, so it is 
not included in the results. The calculated binding energies for group IV 
metals are presented in Table 1, and for the group V metals in Table 2. 

For the pairs given in Tables 1 and 2 the same trend is seen for the 
binding energy, again a positive value indicates attraction and a nega
tive energy indicates repulsion. We remark that the change from a 3 ×

3 × 3 unit cell to a 4 × 4 × 4 unit cell supercell largely preserves the 
order of favorability of the pairs. Additionally the change in M–M pair 
binding energies is less than 0.05 eV in most cases, for M–C pairs the 
change is less than 0.25 eV with one exception, namely the I-5 pair for 
vanadium. Given that the magnitude of the changes is largely similar 
within each species we do not expect significant changes in the order of 
favorability when using a larger supercell. 

It must be noted that the binding energies of the least unfavorable 
pairs in the group V transition metals are only slightly negative. 
Therefore the I-IV and I-V M–M pairs are simulated again in a 5 × 5 × 5 
bcc unit cell sized supercell to see if the pairs are really repulsive or in 
fact attractive. As in a larger supercell the supercell-size effect caused by 
the boundaries is reduced for the relaxation, the relaxations are per
formed at constant volume from an initially ‘perfect’ bcc lattice. 

In Tables 1-3 it is shown that generally the I-IV pair is the most 
favorable for M–M pairs, however for Ti and V the I-V pair is slightly 
more favorable than the I-IV pair. The most favorable M–C pair is the I-2 
pair for all metals except vanadium for the 4 × 4 × 4 supercell. There are 
some differences between the two groups of transition metals. Within 
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the group IV metals attractive interactions are stronger, both for M–M 
pairs and M–C pairs, than in the group V metals. 

Ti and V atoms behave different from the other metals, this is most 
likely a result of the size difference. The Ti and V atoms are both 
considerably smaller than the other M atoms in the same group when 
embedded in the ferrite matrix, so they have a better fit with the ferrite 
matrix [22]. This is also reflected by their comparatively low repulsion 
in the I-III M–M pair and the I-0 M-C pair. The size effect is also visible 
when comparing the lattice parameters of the various MC carbides, 
where the TiC and VC lattice parameter is smaller than for the other 
carbides which are relatively comparable [23]. 

In short, from the pair interactions we see two main contributions, 
elastic interaction contribution which derives from the atomic size dif
ferences with other substitutional atoms [22], and a chemical interac
tion contribution. The chemical contribution is observed from the 
differences between group IV and V transition metals, as there are 
noticeable differences between the calculated trends for both groups. 

For the M–M and M–C pairs all metals display a roughly similar 
behavior for their pair interactions embedded in ferrite. This is true for 
M–C pairs in particular. In [11] the pair interactions for Ti and Nb atoms 

have been linked to the formation of a checkerboard pattern consisting 
of Fe and M atoms within a {100} plane, where the M and Fe atoms form 
an ordered cluster together with C atoms. As all the studied metals 
display the same (un)favored interactions for studied pairs and triplets it 
is plausible that all their carbides form via a similar path, like the path 
found in [11]. However, it cannot be ruled out that different, more 

Fig. 1. Positions of atom pairs, each pair is labelled by the sites the M or C atoms occupy. Corresponding binding energies are given in Tables 1 and 2. M atoms are 
placed at the sites with Roman numerals, and C atoms are placed at the integer numbered sites. 

Table 1 
Binding energies for various M–M and M–C pairs for group IV transition metals. 
The pairs indicated are illustrated in Fig. 1, all binding energies are given in eV. 
The binding energy for the most favorable (or least unfavorable) M–M pair, and 
the most favorable M–C pair is printed bold.   

Ti Zr Hf 

Supercell 
size 

3× 3×

3 
4× 4×

4 
3× 3×

3 
4× 4×

4 
3× 3×

3 
4× 4×

4 

M–M pair Ebind. [eV] 
I-II − 0.143  − 0.136 − 0.216  − 0.126 − 0.128  − 0.128 
I-III − 0.237  − 0.249 − 0.449  − 0.365 − 0.453  − 0.448 
I-IV 0.007  − 0.009 ¡0.043  0.025 0.025  0.018 
I-V 0.019  0.011 − 0.126  − 0.049 − 0.054  − 0.051 
I-VI − 0.047  − 0.024 − 0.114  − 0.033 − 0.108  − 0.032 
I-VII − − 0.017 − − 0.015 − − 0.009 
M–C pair Ebind. [eV] 
I-0 − 0.817  − 0.728 − 1.578  − 1.365 − 1.484  − 1.309 
I-1 0.012  0.038 0.011  0.094 0.057  0.101 
I-2 − 0.022  0.103 − 0.041  0.179 − 0.004  0.174 
I-3 − 0.150  − 0.027 − 0.325  − 0.092 − 0.278  − 0.094 
I-4 − 0.090  0.033 − 0.186  0.023 − 0.133  0.031 
I-5 − 0.080  0.041 − 0.135  0.052 − 0.091  0.057  

Table 2 
Binding energies for various M–M and M–C pairs for group V transition metals. 
The pairs indicated are illustrated in Fig. 1, all binding energies are given in eV. 
The binding energy for the most favorable (or least unfavorable) M–M pair and 
the most favorable M–C pair is printed bold.   

V Nb Ta 

Supercell 
size 

3× 3×

3 
4× 4×

4 
3× 3×

3 
4× 4×

4 
3× 3×

3 
4× 4×

4 

M–M pair Ebind. [eV] 
I-II − 0.145  − 0.125 − 0.216  − 0.170 − 0.210  − 0.164 
I-III − 0.259  − 0.239 − 0.402  − 0.393 − 0.470  − 0.449 
I-IV ¡0.012  − 0.023 ¡0.016  ¡0.006 ¡0.019  ¡0.008 
I-V − 0.019  ¡0.012 − 0.053  − 0.053 − 0.059  − 0.049 
I-VI − 0.062  − 0.033 − 0.080  − 0.040 − 0.098  − 0.044 
I-VII − − 0.036 − − 0.034 − − 0.028 
M–C pair Ebind. [eV] 
I-0 − 0.528  − 0.479 − 1.366  − 1.209 − 1.353  − 1.195 
I-1 − 0.162  − 0.139 − 0.108  − 0.059 − 0.125  − 0.074 
I-2 − 0.114  − 0.001 ¡0.103  0.070 ¡0.115  0.054 
I-3 − 0.122  − 0.014 − 0.271  − 0.097 − 0.272  − 0.094 
I-4 ¡0.096  0.010 − 0.142  0.018 − 0.138  0.025 
I-5 − 0.393  0.015 − 0.123  0.023 − 0.127  0.031  

Table 3 
Binding energies for the most favorable (or least unfavorable) M–M and M–C 
pairs in Tables 1 and 2. Here a 5 × 5 × 5 bcc unit cell sized supercell is used to 
allow for better relaxation and less influence from the supercell boundaries. The 
most favorable pairs are printed in bold.   

Ti Zr Hf V Nb Ta 

M–M pair Ebind. [eV] 
I-II − 0.160  − 0.089  − 0.095  − 0.169  − 0.148  − 0.138 
I-IV − 0.016  0.069  0.065  − 0.039  0.026  0.024 
I-V 0.010  0.029  0.004  ¡0.038  − 0.004  − 0.001 
M–C pair Ebind. [eV] 
I-1 0.093  0.168  0.178  − 0.092  0.018  0.005 
I-2 0.128  0.208  0.207  0.007  0.102  0.091  
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favorable, paths for Zr, Hf, V, and Ta carbides exist. 
For further examination two M-C–C triplets are also of particular 

interest, as they had highly favorable binding energies in the simulations 
performed in [11]. Besides the M-C–C triplet several M–M–M triplets are 
studied to see which orientation is preferred, or least unfavorable. Re
sults are given in Table 4. The results show that the M–M–M triplets in a 
single {100} plane are least unfavorable for all metals except for Ti and 
V. Furthermore the binding energies of the pairs that make up I-IV-VII 
and I-V-VII are roughly equal to the binding energy of the triplet, from 
this we deduce that the pair interactions provide a good first approxi
mation for the binding energy of the M clusters. Hence the clusters 
formed by the substitutional atoms, without C atoms, can be predicted 
by looking at the pair interactions. 

For the M-C–C triplets the binding energy of the triplet differs from 
the sum of binding energy for the pairs that make up the triplet as is 
displayed in Table 4, here the binding energies for the C–C pairs are 
taken from [11]. Note that the triplets where the C atoms are closer to 
the M atom are favored. It is observed that the triplets display the same 
preferential ordering. For the studied metals distinct trends are 
observed, hinting that the formation of M–C clusters may follow similar 
steps for all metals. The III-0–2 triplet contains a 0–2C–C pair, and two I- 
1 M-C pairs. The III’-0–3 triplet contains a 0–3C–C pair, a I-1 M-C pair, 
and I-2 M-C pair. Note that the site III’ is the III site mirrored in the 
{100} plane containing the I, II, IV, and VII sites. In simulations using 
the MEAM potentials it has been shown that the formation of a Fe-M–C 
cluster is preceded by the clustering of C atoms [11], as the binding of M 
atoms to a pre-existing Fe-C cluster is more favorable than the clustering 
of M atoms in ferrite. At this scale the same preference for all investi
gated M atoms to attach to a C atom ‘cluster’ is observed. Nevertheless 
the interaction between M and C atoms is less predictable, so the exact 
energies cannot be inferred by summing pair interactions. 

The DFT calculations show that the various transition metals display 
similar trends for their pair interactions within the bcc iron lattice, 
hinting that their carbides form in a similar manner, which is experi
mentally observed for TiC, VC, and NbC precipitates [5–8]. Additionally, 
simulations have previously shown that TiC and NbC carbides form 
following a similar path [11], where both the M–M and M–C pair in
teractions for both metals displayed similar trends. 

4. Transformation mechanism 

4.1. Transformation to NaCl-structure 

Several M–C clusters are simulated using LAMMPS (v 3mar20) [15], 

with two separate MEAM potentials for the Fe-Nb-C [13] and Fe-Ti-C 
ternary systems [12] to simulate the transition path. The initial (Fe, 
M)-C cluster has a structure where the C atoms lie in the {200} plane 
adjacent to the {100} plane containing the M and Fe atoms. We will 
refer to the {100} plane containing the M atoms as the habit plane. The 
M and Fe atoms form a checkerboard-pattern in the habit plane. The 
structure of these clusters is presented in Fig. 2, the generalized chemical 
formula is FeMC3 where additional C atoms can be located at the outer 
edge of the cluster, for brevity we will write FeMC3. As there is a high Fe 
fraction present in the FeMC3 clusters the interface between the cluster 
and the surrounding ferrite matrix is nearly perfectly coherent, it is 
observed that all simulated clusters (with a diameter up to 4.5 nm) 
retain a coherent interface. There are some specific features for the 
FeMC3 cluster, also described in [11]:  

• There are two types of C atoms; i) C atoms which lie in ‘rows’ where 
there are two C atoms (near an Fe site) on one side of the cluster, and 
ii) C atoms that lie ‘between-rows’. These rows, ideally, lie alter
nating on both sides of the habit plane, which is displayed in Fig. 2c 
and 2d.  

• Fe atoms in the cluster have three close C neighbors. Two of these lie 
within a ‘row’, the other C atom lies ‘between-rows’. The Fe-C dis
tance is roughly 1.85 Å for all three C atoms, hence the C atoms form 
a triangle as mentioned above. The Fe-C bonds are shown in Fig. 2e.  

• The M atoms have 8 nearest Fe neighbors. These fall into two groups, 
the Fe atoms on the side of the in-row C atoms are pushed away from 
the M atom, whereas the other Fe atoms are pushed closer to the M 
atom. The Nb-Fe connections are shown in Fig. 2f. 

The transition from the FeMC3 cluster, as given in Fig. 2, to a MC 
precipitate with a NaCl-structure depends on the cluster size and does 
not occur for small clusters, as observed experimentally [6,8]. Notice 
that a single {100} plane in the bcc lattice is a {100} plane rotated by 
45◦ in a fcc lattice. The NaCl-structure consists of two superposed fcc 
lattices, one being a M lattice and the other a C lattice. As mentioned, the 
FeMC3 cluster has its M atoms in a single {100} plane, i.e., the habit 
plane, but the C atoms lie in the first adjacent {200} planes. The tran
sition to a NaCl structure thus requires the movement of the C atoms, 
and the movement of M atoms. The M atoms can come from the solid 
solution, or move within the cluster itself. In Fig. 3 a schematic overview 
of the transformation is presented. 

The C atoms move into the ‘NaCl-sites’, i.e., into the octahedral in
terstitials in the habit plane. The rearrangement of C atoms occurs 
around some of the Fe atoms in the habit plane, and may be preceded by 
the substitution of the Fe atom by a vacancy as the substitution of Fe 
atoms by vacancies is also energetically favorable, e.g., in Fig. 3 (step 2) 
for FeNbC3 (in the 8 × 8 cluster) the movement of the C atoms increases 
the binding energy by 4 eV, only removing the Fe atom gains 1.5 eV, and 
both removing the Fe atom and moving the C atoms gains 5.7 eV, so the 
combination is most favorable (Table 5). We note that the increase in 
binding energy is very large for the 8 × 8 cluster, in practice these 
relatively large clusters would not retain their FeNbC3 structure. The 
transformation is likely to occur in smaller clusters, as the increase in 
binding energy associated with the transformations is significant as 
shown in Table 5. The preference for both relocating C atoms, and 
replacing Fe atoms with vacancies indicates that vacancies can enhance 
the transformation speed as they incentivize the relocation of C atoms in 
the habit plane. Additionally, it is remarked that the clusters, for all 
sizes, act as strong vacancy attractors, cf. [11]. 

Additionally several of the C atoms in neighboring sites are pushed 
outward from the habit plane. These C atoms are still close to the FeMC3 
cluster and are still attracted to the cluster, however their binding en
ergy is lowered making it easier for the C atoms to dissolve back into the 
matrix. These excess C atoms can then attach to other clusters, or re- 
attach to the cluster at more favorable sites. We note a strong bond 

Table 4 
Binding energies for metal triplets embedded in the ferrite matrix, the triplets 
are based on the most favorable M− M pairs from Tables 1 and 2. In all cases a 
4 × 4 × 4 bcc unit cell supercell is used. The various configurations can be found 
in Fig. 1, except for III’ which is the site where III is mirrored with respect to the 
{100} plane in which sites I, II, IV lie. The binding energy for the most favorable 
(or least unfavorable) triplet is printed bold. In the last two rows the difference in 
energy between the triplets and the pairs that can be found in the triplet are 
given, this shows that some triplets are favored over the pairs. Particularly for 
the group V metals there is a strong preference for the III-0–2 triplets over the 
various pair energies.   

Ti Zr Hf V Nb Ta 

M–M–M Ebind. [eV] 
I-IV-VII − 0.030  0.025 0.015  − 0.076  ¡0.059  ¡0.054 
I-IV-VIII 0.000  − 0.065 − 0.063  ¡0.042  − 0.080  − 0.074 
I-V-VII 0.008  − 0.123 − − 0.053  − 0.140  − 0.124 
M-C–C Ebind. [eV] 
III-0–2 0.177  0.304 0.313  ¡0.163  ¡0.008  ¡0.034 
III’-0–3 0.035  0.128 0.130  − 0.165  − 0.050  − 0.071 
Ebind. triplet −

∑
(Ebind.pairs in triplet) [eV] 

III-0–2 0.071  0.086 0.081  0.085  0.080  0.084 
III’-0–3 − 0.111  − 0.150 − 0.150  − 0.030  − 0.066  − 0.066  
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between C atoms and vacancies in the matrix, where for a vacancy and a 
C atom at a 1NN octahedral site the binding energy is found to be 0.89 
eV using [12,13]. We also notice that some of the C atoms are bound less 
strong to the cluster, as some sites show a binding energy of just 0.57 eV. 
So C atoms can form a complex with a vacancy, the C-vacancy complex 
can then move away from a cluster. 

The Fe atom (or vacancy) around which the C atoms are moved can 
be replaced by a M atom as in step 3a Fig. 3, this is not always ener
getically favorable, particularly for large M atoms like Nb. Alternatively 
the Fe atom in the cluster can be replaced by a vacancy. Hence the 
cluster acts as a ‘vacancy sink’. Vacancies can then move through the 
cluster displacing M atoms to form a NaCl-structure locally, as depicted 
in Fig. 3 step 3b. Note that this immediately results in a Baker-Nutting 
orientation relation (BN-OR) [25–28]. The movement of C atoms, and 
the substitution of vacancies or M atoms can occur at the same time for 
different sites. In steps 4 and 5 of Fig. 3 snapshots are shown of the 
transforming cluster in which multiple sites are changed. 

For smaller FeMC3 clusters the substitution of Fe atoms with M atoms 
has an energetically unfavorable effect, the Fe atoms are rather replaced 

by vacancies. For larger clusters (larger than 7 × 7 Nb atoms, 5 × 5 Ti 
atoms) part of the Fe atoms can be substituted with M atoms. In the case 
of the 7 × 7 Nb cluster the gain in binding energy is 1.8 eV when 
substituting the center Fe atom, however the substitution of a second M 
atom is unfavorable as is the substitution of Nb atoms at other sites. 
Hence there is a dependence on the cluster size for the transformation, 
but also a dependence on the M atom size as for Ti this effect is weaker 
(see Table 6). This seems to be a size effect as Ti atoms are much smaller 
than Nb atoms, so the strain caused by Ti atoms is smaller than for Nb 
atoms. Hence Ti atoms have a better fit in the cluster. 

The energetic favorability for the presence of vacancies in the FeMC3 
clusters and the role that they seemingly play in the movement of M 
atoms shows a parallel to the behavior of the Guinier-Preston zone in 
aluminum alloys [29,30], e.g., Al-Cu, and Al-Ag. In aluminum alloys the 
GP zone acts as a ‘vacancy pump’ [31,32], as the GP zone attracts va
cancies (and vacancy-Cu complexes) there is a local accumulation of 
vacancies driving back vacancies into the matrix which in turn allows 
for the attraction of new M atoms as vacancies bind to the M atoms. 

An attractive binding between first nearest-neighbor (1NN) 

Fig. 2. The Initial FeMC3 cluster illustrated for M = Nb, however for M = Ti the same cluster is found [11]. The small (brown) atoms are the Fe atoms, the large 
(green) atoms are the Nb atoms, and the mid-sized (gray) atoms are the C atoms. In a) a top-view of a 3 × 3 cluster lying in a (001) plane is presented, with the black 
dotted line the outline of a bcc unit cell is shown. For further clarity the C atoms that lie on top of the (001) habit plane are slightly larger than those below. 
Figures b) to d) show a side-view of a part of the cluster; all figures show bonds between C atoms in the relaxed system shorter than 3 Å, atoms further from the 
observer are faded. In b) a part of the cluster is shown from the [100] direction, where the triangles formed by C atoms are visualized. In c) a part of the cluster is 
shown from the [010] direction, where the triangles are not visible. In d) a view from the [110] direction of a part of the cluster is given, where the triangles are 
visible. In e) a top-view of a part of the cluster is shown, where the Fe-C bonds with a length between 1.8 Å and 2 Å are shown in gray and yellow. A set of coordinates 
for 3D examination of an example cluster is provided in the supplemental data [24]. 
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vacancies and M atoms in the ferrite matrix was observed in this study. 
For the used MEAM potentials we find 0.05 eV for Nb atoms and 1NN 
vacancies, and 0.13 eV for Ti atoms and 1NN vacancies [12,13]. A strong 
bond of 0.89 eV forms between a vacancy and a C atom at a 1NN 

octahedral site. DFT results show a stronger binding of 0.36 eV and 0.24 
eV for with 1NN vacancies for Nb and Ti atoms respectively [32]. This 
confirms that the FeMC3 cluster attracts vacancies and acts as a vacancy- 
sink. 

To fully resemble the vacancy-pump described by Girifalco and 
Herman [31] the bond between M atoms and vacancies needs to be 
small, to be precise the binding of a complex needs to be weak near a 
FeMC3 cluster, additionally the interaction between the FeMC3 cluster 

Fig. 3. A schematic overview of the transformation of a FeMC3 cluster, for all steps a snapshot of an idealized representation of the cluster where the change is visible 
is provided. In step 1 an ideal FeMC3 cluster is shown. In step 2 the C atoms around a single Fe site have moved into the ‘NaCl-sites’. In step 3 multiple C atoms have 
moved into the ‘NaCl-sites’. In steps 3a and 3b the two follow-up options are presented. In 3a a M atom has replaced the Fe atom at one of the sites, an alternative 
path is illustrated in 3b where the Fe atom is replaced by a vacancy. In 3b we also show that a neighboring M atom then moves into a (local) NaCl-structure where the 
vacancy migrates through the FeMC3 cluster, note that the M atoms generally need to overcome a significant activation energy to migrate through the FeMC3 cluster 
[11]. This process can be repeated where C atoms are moved into the habit plane, and vacancies or M atoms attach to the cluster to form a structure that locally has a 
NaCl-structure as shown in steps 4 and 5. Steps 4 and 5 show snapshots of the transformation of the cluster. 

Table 5 
Change in binding energy following transformation/relocation at the center 
atom of a N × N FeNbC3 cluster (the site in Step 2. of Fig. 3). Various changes are 
checked and combined, such as the relocation of C atoms, the substitution of the 
Fe atom by a vacancy or a M atom, and finally the substitution with a vacancy 
and movement of a neighboring M atom with relocated C atoms. As the size of 
the cluster increases the favorability of the transformation is greater. Given the 
large change in binding energy for the relocation of C atoms, over 3 eV for a 6 ×

6 cluster, the original FeNbC3 structure is not expected to be maintained when 
the cluster reaches a size larger than 6× 6.  

Cluster size 2× 2 4× 4 6×

6 
8× 8 

Change  ΔEbind. [eV] 
Relocate C atoms  − 0.64  − 0.52  3.13  3.97 
Replace Fe atom with vacancy  1.12  0.69  2.00  1.52 
Relocate C atoms + replace Fe atom with 

vacancy  
1.32  2.81  3.28  5.69 

Replace Fe atom with Nb atom  − 2.30  − 0.33  1.20  − 0.27 
Relocate C atoms + replace Fe atom with Nb 

atom  
− 1.23  − 1.65  0.99  2.71 

Relocate C atom + substitute vacancy + move 
neighbor Nb atom  

− 0.65  − 1.14  2.23  5.09  

Table 6 
Change in binding energy following transformation/relocation at the center 
atom of a N × N FeTiC3 cluster (the site in Step 2. of Fig. 3). Various changes are 
checked and combined, such as the relocation of C atoms, the substitution of the 
Fe atom by a vacancy or a M atom, and finally the substitution with a vacancy 
and movement of a neighboring M atom with relocated C atoms. As the size of 
the cluster increases the favorability of the transformation is greater.  

Cluster size 2× 2 4× 4 6× 6 8× 8 

Change  ΔEbind. [eV] 
Relocate C atoms  − 0.64  0.07  − 2.08  2.74 
Replace Fe atom with vacancy  − 0.39  − 0.54  − 0.57  − 0.30 
Relocate C atoms + replace Fe atom with 

vacancy  
− 1.26  − 0.43  0.57  3.42 

Replace Fe atom with Ti atom  1.04  1.51  1.73  1.91 
Relocate C atoms + replace Fe atom with Ti 

atom  
1.28  0.65  1.34  5.56 

Relocate C atom + substitute vacancy +
move neighbor Ti atom  

− 1.66  − 1.72  − 2.82  2.80  
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and the vacancy and between the FeMC3 cluster and the complex needs 
to be small. The cluster has quite strong bonds with vacancies, so several 
vacancies will remain ‘attached’ to the cluster. However for vacancy 
complexes with C atoms there is a possibility that vacancies allow for 
transportation of excess C atoms away from a transformed cluster back 
into the matrix. So the cluster displays a partial resemblance of the GP 
zone, where we find a vacancy pump behavior, but instead the ‘pump
ing’ relies on the trade of M atoms for C atoms in vacancy complexes. 

The relocation of the C atoms is favored near the center of the cluster, 
however the M atoms (particularly for Nb) are more easily added in 
‘NaCl-sites’ near the edge. In the example of Fig. 3 substituting a Nb at 
the center site is unfavorable, as the total binding energy is lowered by 1 
eV. Whereas substituting a Nb atom at the edge site (step 3a Fig. 3) is 
favorable, as the total binding energy increases by 0.6 eV. Secondly, the 
relocation of the C atoms around Fe sites (as in step 2 Fig. 3) favors the 
direction parallel to the ‘rows’ of C atoms, as displayed in step 3 of Fig. 3. 
As the cluster grows larger (in the habit plane) the number of M atoms 
that can be added in the planar cluster increases, both by substitution of 
Fe by M atoms in the cluster and by growth of the cluster at its edges. For 
example in a 5 × 5 FeNbC3 cluster only the C atoms for a single Fe atom 
can be moved in an energetically favorable manner, but a Nb atom 
cannot be entered in a favorable way. For a 7 × 7 FeNbC3 cluster the 
number of atoms that can be moved in a favorable manner is increased 
as can be seen in Fig. 3 step 4, where multiple Nb atoms (and vacancies) 
have been added whilst increasing the binding energy of the cluster by 
over 2 eV. 

4.2. Matrix misfit and strain 

Several factors may contribute to the change in cluster structure, but 
most notably the strain in the matrix, as the misfit between bcc Fe and 

NbC in the BN-OR is large and therefore causing an increase in total 
energy. For the MEAM potential there is an approximate 12 % misfit 
between the surface of the precipitate and the ferrite matrix, i.e., in the 
〈100〉 directions parallel to the {100}α plane in which the precipitate is 
situated, for the NbC [13] and approximately 9 % for TiC [18]. This 
impacts the coherency of the precipitate-matrix interface as observed by 
Sawada et al. [34]. For the NaCl-structure it has been found that NbC 
precipitates (multi layered cuboids) become semi-coherent at sizes 
above roughly 1.8 nm, for TiC this occurs at 3.6 nm [33]. Precipitates 
retain coherency longer, the more plate-like [35], as also observed in the 
current work where none of the studied clusters, of which the largest is a 
11 × 11 M atom cluster ( 4.5 nm) consisting of a single layer, lost its 
coherency when fully relaxed. 

The FeMC3 cluster and the partially transformed clusters have a 
better fit with the bcc lattice than the NaCl-structured MC. FeMC3 
clusters display anisotropy in their lattice parameter. We relax the 
{100} plane, and the {200} planes containing the M and C atoms to find 
approximate lattice parameters, for FeNbC3 the lattice parameter par
allel to the C atom rows is 2.98 Å and 3.08 Å perpendicular to the rows, 
and for FeTiC3 the lattice parameter parallel to the C rows is 2.93 Å and 
3.03 Å perpendicular. There are much smaller misfits than for the NbC 
and TiC carbides at just 4 % parallel and 7 % perpendicular (to the C 
rows) for FeNbC3, and 2 % parallel and 6 % perpendicular for FeTiC3. It 
has been suggested that the strain in the direction perpendicular to the 
habit plane of the precipitate is the root cause for the transformation to 
NaCl-structured carbides [8]. In this work it is observed that in the 
{100} planes parallel to the cluster the Fe atoms are displaced outward 
perpendicular to the habit plane of the cluster (tensile strain), this strain 
is lowered with the transition to MC for larger clusters, which is dis
played in Fig. 4. 

In Fig. 4c and 4d C atoms are moved into the ‘NaCl-sites’ to 

Fig. 4. Displacement of Fe atoms in the matrix from their bcc equilibrium positions. The green (largest) atoms are the M atoms, and the grey (mid-sized) atoms are C 
atoms, and the smallest atoms are the Fe atoms. Idealized (Fe,M)C3 cluster a) top-view, b) side view. The platelet with relocated (and some removed) C atoms still 
containing high a fraction of Fe c) top-view, d) side view. Fe atoms for the FeMC3 cluster, a) and b), are displaced in the 〈110〉 directions out of the habit plane. For 
the platelet with relocated C atoms, c) and d), Fe atoms are displaced in the 〈100〉 direction perpendicular to the habit plane. 
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demonstrate the effect on the displacement in the matrix without 
interference with other effects, e.g., vacancies, substitution of Fe atoms 
by M atoms etc. Note that besides moving C atoms several C atoms are 
also removed in Fig. 4c and 4d. The real transformation occurs in steps 
and only for parts of the cluster as presented in Fig. 3, which is discussed 
above. 

The displacement in the surrounding ferrite matrix caused by the 
original FeMC3 cluster is in large parts directed in 〈110〉 directions, 
whereas the displacement by a NaCl-structured {100} platelet is pri
marily directed in the 〈001〉 directions. The driving force behind the 
transformation from FeMC3 to MC can be understood from the strain 
energy density in the matrix associated with these two directions, fhkl

strain, 
as adapted from [35]. 

fhkl
strain = 2ε2Y(hkl). (3)  

Where hkl indicates the direction of the strain, ε is the magnitude of the 
strain given by ε = (a − a0)/a0 where a0 is the equilibrium lattice 
parameter, and a the strained lattice parameter. Finally Y(hkl) is the 
associated elastic constant. To get an energy (per atom) rather than an 
energy density Eq. (3) is integrated over the atomic volume of the 
equilibrium state: 

Ehkl
strain = 2ε2Y(hkl)Vat . (4)  

Where Vat is the atomic volume in the equilibrium state. From [36] the 
elastic constants can be found for different directions: 

Y(100) = (C11 + 2C12)(C11 − C12)

C11
, andY(110)

=
3(C11 + 2 • C12)(C11 − C12 + 4C44)

5C11 − 4C12 + 8C44
. (5) 

Here Cij are the elastic parameters in Voigt notation. For iron, as used 
in the MEAM potential [12,13], Y(100) = 224 GPa and Y(110) = 337 
GPa. The main strain contribution comes from the ferrite matrix, as it is 
observed in simulations performed in this study that clusters consisting 
of a single layer conform to the matrix lattice to form a highly coherent 
interface. The M atoms are displaced out of the habit plane to form a 
wave-like pattern (Fig. 5) whilst still forming a single atom layer. This is 
quite similar to the rippling observed in Fe/MC interfaces seen by Jung 
et al. [37] except that there are no bulk MC layers in the simulations 
performed in this work. 

In simulations, of the two clusters depicted in Fig. 4, for Fe-Nb-C it is 
established that the strain varies greatly along the surface of the formed 
FeMC3 and MC cluster. The largest strain occurs toward the edges of the 
cluster. Using the displacement in the direct neighboring {100} planes 
parallel to the habit plane the strain energy is calculated using Eq. (4), 

the clusters depicted in Fig. 4 are used. For the FeMC3 cluster the strain 
energy density is roughly 1.6 eV per Fe (in the first adjacent {100} 
plane) atom based on an average displacement of 0.4 Å in the 〈100〉
direction and 0.4 Å in the 〈110〉 direction, for the MC cluster the strain 
energy density is 1.0 eV per Fe atom based on the average displacement 
of 0.5 Å in the 〈100〉 direction. A similar trend is seen for the Fe-Ti-C 
system. Here it is noted that these strain energies are very high, so in 
real clusters we expect the transformation, as described above, to start in 
much smaller precipitates. 

4.3. Results from LAMMPS simulations 

In Fig. 3 the transformation of a FeMC3 cluster is shown, where 
various steps in the transformation are highlighted. Static relaxations of 
these steps in FeMC3 clusters using LAMMPS for FeNbC3 and FeTiC3 
show that the transformation occurs in steps, in these steps the binding 
energy of the cluster is increased. Initially the C atoms migrate to the 
octahedral interstitial sites in the habit plane, in the same step the Fe 
atoms can be replaced by vacancies. This movement of C atoms and the 
introduction of vacancies may occur for various sites in the {100} habit 
plane of the FeMC3 cluster. At the sites where the C atoms have rear
ranged into the habit plane, i.e., the ‘NaCl-sites’, a M atom can substitute 
an Fe atom or a vacancy. All these steps occur in an energetically 
favorable manner. The FeMC3 cluster contains a high C atom fraction, it 
must be noted that these C atoms may (re-)attach to a M–C cluster or 
dissolve back into the matrix after the transformation. Generally C 
atoms are still (weakly) bound to the NaCl-structured platelet, however 
we note that some of the weakly bound C atoms form strong bonds with 
vacancies and can move away from a cluster via a C-vacancy complex. 

We note that the FeNbC3 cluster allows many vacancies within the 
cluster, for FeTiC3 the number of vacancies is much lower. The main 
reason behind this seems to be the size difference between Nb and Ti 
atoms in ferrite [22], Nb atoms are much larger and cause more strain in 
their neighborhood. Note that this coincides with the DFT results in 
Section 3, where large M atoms also display much less favorable (or even 
unfavorable) pair interactions with other M atoms or C atoms. 

Thus the transformation occurs in steps, moreover the extent of the 
transformation depends on the cluster size. Small clusters cannot 
transform in an energetically favorable manner, but for larger clusters 
the transformation does increase the binding energy of the cluster. 

The main driving force for the transformation is determined to be the 
matrix strain caused by the FeMC3 cluster, in directions perpendicular to 
the habit plane of the cluster. A FeMC3 cluster on the {100} habit plane 
causes a strain in the [110] and [1–10] directions in the ferrite matrix, 
whereas the MC platelet primarily causes a strain in the [100] direction. 
The strain in 〈100〉 directions causes a lower strain energy than the 
strain in the 〈110〉 directions. 

Fig. 5. A single atomic layer of NbC where the Nb atoms are pushed out of the (100) habit plane of the platelet. The Nb atoms form a wave-like pattern where one 
half is pushed up, and the other half is pushed down. 
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The transformation, as described in Section 4.1 and illustrated in 
Fig. 3, is energetically favorable, hence the replacement and relocations 
of atoms in the transformation may occur simultaneously. The LAMMPS 
simulations further suggest that the FeMC3 clusters act in a similar 
manner as GP zones in aluminum alloys [31,32], where the GP zone 
attracts vacancies and the precipitate forming elements are bound to 
vacancies, which is also the case for the Nb and Ti atoms as verified in 
this study. As the precipitate forming atoms are attracted to vacancies, 
and the vacancies are attracted by the GP zone more precipitate forming 
atoms are attracted to the GP zone, where the GP zone acts as a weak 
‘vacancy pump’ [31]. But in the case of these carbides the excess C atoms 
are necessary in the return of vacancies to the matrix. 

The cluster size at which the transformation occurs is found to be 3 
nm for FeNbC3 and 2 nm for FeTiC3. Courtois et al. [5] find platelets of 
Nb(C,N) precipitates with an average size 3 nm using TEM, and 8 nm 
using High-Resolution TEM. Breen et al. [6] find Nb(C,N) platelets as 
small as 3 nm. Wang et al. [8] find (Ti,Mo)C platelets of sizes 1.5 nm, 
which they call embryo clusters, as these small cluster have not fully 
taken to NaCl-structure, which occurs at sizes of 6 nm and larger. So the 
simulation results are in agreement with the experimental results. 

Experimental clusters however show a lower carbon concentration 
for the Carbide clusters, in part this is due to the presence of N atoms. 
Additionally we note that C atoms have a higher mobility than the M 
atoms and can therefore move away from the FeMC3 cluster during the 
transformation. 

The current study does not provide a time-scale at which the trans
formation takes place. Experimental studies [5–8] indicate that platelets 
can form in 101 to 102 seconds, the timescale depends strongly on 
temperature, e.g., [6]. Therefore it may be difficult to observe a FeMC3 
cluster, as they transform already at small sizes ( 3 nm for FeNbC3, 2 nm 
for FeTiC3) to MC platelets. Furthermore we have found that FeMC3 
clusters are highly coherent with the ferrite matrix making detection 
harder. 

5. Conclusion 

The pair interactions of M atoms, where M = Ti, Zr, Hf, V, Nb, Ta, in 
M–M pairs and M–C pairs embedded in ferrite display a same pattern for 
all studied metals. Indicating that the transition metal carbides all form 
in a similar manner. M atoms attach to a C atom cluster in ferrite in 
which an ordered FeMC3 cluster forms in a {100} oriented lattice plane 
of the ferrite matrix. Here the M atoms form a checkerboard pattern with 
Fe atoms in a single {100} plane, this Fe-M structure is surrounded by C 
atoms. 

The clusters that form initially do not have the NaCl-structure, but 
rather a FeMC3 stoichiometry containing a large Fe fraction. The results 
from our simulations show that the transformation occurs through 
several energetically favorable steps in which vacancies seem to play a 
significant role. The role of vacancies and the FeMC3 clusters appears 
similar to that of GP zones in aluminum alloys. 

Furthermore the in-plane transformation to NaCl-structured platelets 
is found to be driven by the strain directed in the directions perpen
dicular to the habit plane of the cluster/precipitate, i.e., in the (100) 
planes neighboring the habit plane. 

The formation and transformation of FeMC3 clusters presented here 
provide the theoretical basis that clarifies experimentally observed 
carbide platelet nucleation and (early) growth. 
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