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Predicting carbon diffusion in cementite from first principles

Océane Buggenhoudt,* Thomas Schuler, Chu-Chun Fu , and Jean-Luc Béchade
Université Paris-Saclay, CEA, Service de Recherches de Métallurgie Physique, F-91191 Gif-sur-Yvette, France

(Received 18 January 2021; accepted 19 May 2021; published 1 June 2021)

Combining first-principles calculations with recently developed statistical physics tools, we determine carbon
diffusion mechanisms and the resulting diffusion coefficients in pure-Fe and weakly alloyed M3C cementites.
The predicted coefficients in Fe3C are in good agreement with experimental measurements of carburization rate
in ferritic steels. In our proposed diffusion mechanisms, C migrates by jumps between interstitial sites rather
than via the C Frenkel pair mechanism, as proposed by previous studies based on semiempirical simulations. In
the alloyed cementites, the C diffusion can be slowed down due to the presence of Mn solutes up to 500 K, while
it is mostly unaffected by the addition of Mo or Cr solutes.
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I. INTRODUCTION

The presence of precipitates, such as carbides, in metal-
lic alloys has a strong impact on the mechanical properties
of these materials. They can act as obstacles to impede the
motion of dislocations. As a result, the presence of car-
bides such as M23C6 or MC can strengthen the matrix of
ferritic-martensitic steels and prevent the sliding of grain
boundaries [1]. In addition, the precipitation of carbides influ-
ences strongly the thermal conductivity of heat-treatable steels
[2]. The stability of carbides is reduced by irradiation. Exper-
imental studies report the precipitation of new carbide phases
around pre-existing carbides under ion irradiation or high tem-
perature neutron irradiation [1,3], as well as the dissolution
[1,4] and the amorphisation of pre-existing carbide phases
under ion irradiation [1]. Yet, it is difficult to provide a quanti-
tative explanation of these observations in out-of-equilibrium
conditions since the equilibrium thermodynamic and diffu-
sion properties of carbides are still poorly known. Cementite
(Fe3C) is a common carbide, often found in model iron alloys
and industrial ferritic steels, in particular in materials for the
nuclear industry such as 16MND5 pressurized water reactor
vessels steels. In order to better understand the kinetics of
cementite nucleation and growth process, or the transition
mechanism from this carbide to another one, it is essential
to understand its atomic diffusion properties. Since interstitial
diffusion generally requires a lower activation energy than the
vacancy-mediated diffusion of the metallic atoms, as a first
step, we address the carbon diffusion in cementite.

There are relatively few experimental studies on C dif-
fusion in Fe3C. All of them are carburization experiments,
in which C diffusion coefficients in Fe3C were indirectly
obtained through the dependence of cementite growth rate
on the carbon activity in the gas phase. Hillert and Sharp
[5] first studied carbon diffusion in cementite at 1138K by
imposing a low C activity (ac = 1.3) at the cementite surface.
They evaluated the carbon diffusion coefficient in Fe3C at
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DC ≈ 1.27 × 10−14 m2 s−1. Ozturk’s group [6,7] investigated
the kinetics of cementite formation by carburizing fine iron
powders at 723 K. They estimated the C diffusion coefficient
in Fe3C as a function of carbon activity (from ac = 4.3 to
ac = 20), and obtained diffusion coefficients ranging from
10−20 to 10−19 m2 s−1. More recently, Schneider and Inden
[8] carburized pure iron samples at 773 K. They increased
the carbon activity up to ac = 4580. At carbon activities
ac > 150, Hägg carbides (Fe5C2) formed on top of cementite.
They obtained DC ≈ 6.05 × 10−18 m2 s−1 in Fe3C cementite.
Additional experimental results are cited in Ref. [9], as a pri-
vate communication. They were obtained from carburization
experiments on pure iron, for temperature ranging from 843 to
983 K. The corresponding C diffusion coefficients vary from
3.5 × 10−17 to 1.3 × 10−15 m2 s−1. Ozturk et al. suggested
that the C atom migrates via interstitial or interstitialcy mech-
anism because its diffusion coefficient in Fe3C increases with
the C activity in the gas. Yet, such experimental studies cannot
provide detailed information about the migration mechanism
at the atomic scale. Moreover, the C diffusion coefficients
are measured indirectly and only at rather high temperatures
(above 723 K). In addition, the results rely on a cementite
growth model which involves several assumptions. Therefore,
accurate atomistic modeling provides useful and complemen-
tary insights into the diffusion coefficients of C in Fe3C, and
the underlying diffusion mechanisms.

Levchenko et al. performed a molecular dynamic (MD)
simulation of carbon diffusion in cementite [9], employing
empirical potentials. In their study, they distinguish C atoms
forming the cementite structure (which we will refer to as
intrinsic C atoms from now on) located on triangular prismatic
sites, from interstitial C atoms in octahedral sites. Levchenko
et al. found that, as thermally activated events, originally
intrinsic C atoms move to nearby interstitial sites, this way
creating C Frenkel pairs. Furthermore, the nearest distance
between an intrinsic C site and an interstitial octahedral site
in cementite (2.55 Å) is lower than the distance between two
intrinsic C (3.02 Å), or two interstitial octahedral sites (3.36–
3.37 Å). Therefore, they suggested that carbon diffusion in
cementite results from sequences of C intrinsic - C interstitial
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- C intrinsic jumps. They calculated C diffusion coefficients
in cementite between 1273 and 1373 K and obtained val-
ues ranging between 1.66 × 10−12 and 4.19 × 10−12 m2 s−1.
Assuming that the temperature dependence of these coeffi-
cients follows an Arrhenius law, these values are in reasonable
agreement with an extrapolation of the experimental data to
high temperatures. The formation energy found for the C
Frenkel pairs was 0.3 eV/atom, while the migration energy
was approximately 1.3 eV/atom for temperatures between
1273 and 1373 K. These MD simulations were performed
at very high temperatures (between 1273 and 1373 K), and
employed empirical potentials. The obtained concentration of
C Frenkel pairs was high: the authors predicted an equilibrium
fraction of C atoms in interstitial sites (and thus the same
fraction of intrinsic C vacancies) between 0.21 and 0.23. It is
worth checking, via first-principles calculations, the efficiency
of their proposed mechanism, and the possible occurrence
of other mechanisms, in particular at lower temperatures
(for instance, in the temperature range of the carburization
experiments).

On the other hand, previous first-principles study by C.
Jiang et al. [10] investigated in detail the thermodynamic
properties of point defects in pure-Fe cementite. They also
calculated energy barriers of the jump of an isolated C va-
cancy and a C interstitial, which are the dominant defects
and the proposed diffusing species in C-depleted and C-rich
regimes, respectively. However, diffusion coefficients involv-
ing long-range diffusion of C atoms were not computed in that
study.

In Fe alloys, metallic solutes commonly substitute certain
Fe atoms in cementite precipitates. Experimental studies on
the fabrication of bulk cementite through mechanical alloying
and spark plasma sintering have shown that Cr, Mn, Mo, and
V form alloyed cementite and stabilize it [11]. It is therefore
relevant to determine the influence of alloying elements on C
diffusion in cementite.

In this study, we present a detailed investigation of C
migration mechanisms, and determine the C diffusion coef-
ficients in Fe3C and weakly alloyed cementite (Fe1−xMx)3C,
with M = Mo, Cr, and Mn, which are common alloying
elements in ferritic steels, employed in nuclear reactors, for
example. This paper is organized as follows: in Sec. II, we
present the density functional theory (DFT) calculation setup,
the method to determine the diffusion coefficients, as well
as structural characteristics of cementite. Then, DFT results
on the energetics of the various C interstitial sites found are
detailed in Sec. III A, along with the migration barriers of
all the relevant C migration paths, that are used as input data
for the KineCluE code to compute C diffusion coefficients in
cementite (Sec. III B). Finally, the influence of a substitutional
Mo, Mn or Cr atom in the metallic sublattice on the energetics,
the migration barriers and the diffusion coefficients of C is
discussed in Sec. III C.

II. METHODS

A. DFT calculation details

First-principles calculations were performed using density
functional theory (DFT) with the projected augmented wave
(PAW) method [12,13] as implemented in the VASP (Vienna

ab initio simulation package) code [13–15]. 3d and 4s elec-
trons are considered as valence electrons for Fe, Cr, and Mn
atoms, and 4d and 5s electrons for Mo, while 2s and 2p states
are considered for C. We employed the generalized gradi-
ent approximation (GGA) with the Perdew-Burke-Eruzerhof
(PBE) scheme [16]. All the calculations were spin polarized
within the collinear approximation. The plane-wave basis
cutoff was set to 500 eV. The convergence cutoff for the
electronic self-consistency loop was set to �E = 10−6 eV.
Except when otherwise mentioned, all the results presented
below are obtained using a 2 × 2 × 2 orthorhombic super-
cell of cementite containing 128 or 128 + 1 atoms, and a
5 × 4 × 5 k-point grid, following the Monkhorst-Pack scheme
[17]. The Methfessel-Paxton broadening scheme [18] with a
0.1 eV width was used. Atomic position, cell shape and size
were fully relaxed to ensure a maximum residual force of
0.02 eV/Å and a maximum residual stress of 3 kbar.

To investigate the C interstitial migration, the energy bar-
rier between a given initial and a final configuration was
calculated using the nudged elastic band (NEB) methods
[19,20]. We use at least three images between two given
energy minima. These NEB calculations were performed at
constant volume, adopting the lattice vectors of the fully re-
laxed cementite supercell.

For all the C jumps, the attempt frequency (ν0) was ap-
proximated by that of octahedral C migration in bcc-Fe, the
saddle-point configuration being the C at a tetrahedral site.
It was calculated in the framework of the Vineyard transition
state theory [21] within the harmonic approximation. We used
a 128-atom bcc cell to determine the phonon frequencies with
a 4 × 4 × 4 k-point grid. Both the octahedral and tetrahedral
C configurations were initially relaxed to have a maximum
residual force of less than 0.005 eV/Å.

We also performed phonon calculations in order to de-
termine the free formation energy of C Frenkel pairs in
cementite. Vibrational entropies were obtained within the har-
monic approximation from the frozen phonon calculations
in 2 × 1 × 2 cementite supercells using VASP and PHONOPY

[22]. Before the phonon calculations, the cementite supercells
were first fully relaxed with a maximum residual force of
0.001 eV/Å and a maximum residual stress of 1 kbar.

B. Determination of diffusion coefficients

We want to study the kinetic properties of a C atom in
cementite. The C diffusion coefficient in cementite is given
by

D = D0 exp

( −Q

kBT

)
, (1)

with Q the activation energy, T the temperature and kB the
Boltzmann constant. Since diffusion in cementite is not ran-
dom, D0 can be expressed as

D0 = na2

6
ν0 f , (2)

with a the jump length, n a geometrical factor for the number
of equivalent jump paths and f the correlation factor. The
energy barriers appearing in the expression of D, as well as
the attempt frequency ν0 are calculated with DFT.
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We want to estimate the diffusivity of carbon in cementite.
DFT calculations provide valuable information about migra-
tion and formation energies. Yet, in most cases, this data alone
is not sufficient to evaluate mass-transport properties because
the average mobility of a species is the result of all possi-
ble kinetic trajectories with their respective statistical weight.
The integration of all possible trajectories is performed using
the open-source code KineCluE [23,24] which automates the
self-consistent mean field theory [25] to compute transport
coefficients from the knowledge of the crystal structure, the
available jump mechanisms for the C interstitial and informa-
tion about the energetic landscape of the system. Within the
KineCluE framework, the competition between various jump
mechanisms as well as the interaction between C and other
alloying elements are included [26–28].

As explained in the introduction, we also want to study the
influence of an alloying element on C diffusivity in cementite.
Under the approximation that the system is dilute in interstitial
C and substitutional solute M (M = Cr, Mo, Mn), we use the
kinetic cluster expansion [24,27] formalism to compute the
effect of cementite alloying on carbon diffusivity to first order
in alloying elements concentration:

D̄C([M̄]) = [C]DC + [MC]Dp

[C̄]
, (3)

where D̄C is the average C diffusion coefficient, [M̄] and [C̄]
are the nominal solute and interstitial carbon concentrations,
respectively, [C] is the concentration of isolated (i.e., far from
alloying elements) interstitial carbon, [MC] is the concen-
tration of solute-interstitial carbon pair, DC is the diffusion
coefficient of a single interstitial C atom in Fe3C cementite,
and Dp is the diffusion coefficient of an interstitial carbon
atom around a solute M. All concentrations are given per ce-
mentite unit formula Fe3C. These concentrations are obtained
by using an approximation of the low-temperature expressions
for dilute system [26,29], and solving the following coupled
equations for given nominal concentrations:

[C̄] = [C] + [MC] = ZCYC + ZMCYCYM,

[M̄] = [M] + [MC] = ZMYM + ZMCYCYM, (4)

where the Yα = exp(μα/kBT ) variables are the unknown of
this system of equations, and the chemical potentials are taken
as the energy required to create an interstitial carbon atom at
an octahedral site or a MII substitutional solute (the structure
of cementite is detailed in Sec. II C). With these references in
mind, the monomer partition functions read

ZC = 1 + exp (−�EC/kBT ),

ZM = 2 + exp (−�EM/kBT ), (5)

where �EC is the energy difference between a carbon atom
forming a dumbbell at a cementite carbon site and a carbon
atom being at an interstitial octahedral site. �EM is the energy
difference between configurations where M is inserted at a MII

or MI substitutional site. For ZMC in Eq. (4), we chose a pair
partition function to encompass all configurations that were
computed ab initio, which means all configurations where the
distance between the solute and the carbon atom are below
5.83 Å. This choice makes sense as long as carbon-solute

binding energies can be assumed to be zero beyond this
distance.

If we pick the same definition of the pair cluster in
KineCluE (setting the kinetic range to the same cutoff dis-
tance), we would not have converged diffusion coefficients
because kinetic correlations always extend beyond thermody-
namic interactions. But if we extend the kinetic range to a
larger value, However, we would have inconsistent definitions
between the thermodynamic and kinetic definition of the clus-
ter, and we would also include monomer contributions into
the diffusion coefficient of C around the solute. To solve this
issue, we consider that a calculation to a larger kinetic radius
(therefore a larger partition function) can be written as the sum
of a pair contribution (defined by the 5.83 Å cutoff distance)
and a monomer contribution. We can do the same calculation
while setting all interactions between carbon and solute to
zero, which will allow us to remove the monomer contribu-
tion with the same geometry. Under these considerations, we
define the carbon diffusivity around a solute as

Dp(rk ) = DC + Z (rk )

ZMC
(DC (rk ) − D̃C (rk )), (6)

where Z (rk ) is the partition function obtained by setting the
kinetic range to rk , DC (rk ) is the C diffusion coefficient around
a solute computed with kinetic range rk , and D̃C (rk ) is similar
except that all carbon-solute interactions are set to zero. The C
diffusion coefficient around a solute Dp(rk ) defined this way
converges quickly with rk and any rk value larger than 9 Å
will give the same value.

C. Cementite structure

Cementite (Fe3C) crystallises in the orthorhombic space
group Pnma (No. 62) with 4 formulas unit per unit cell [30].
Theoretical and experimental lattice parameters are given in
Table I. The unit cell contains four 4c Fe atoms (FeI) and eight
8d Fe atoms (FeII). The four intrinsic 4c C atoms are located
in triangular prismatic interstices of the Fe sub-lattice, with
six nearest Fe atoms. Both FeI and FeII are 14-coordinated
with twelve Fe and two C nearest neighbors (nn) for FeI, and
eleven Fe and three C nn for FeII. The three lattice vectors
(a, b and c) of the orthorhombic unit cell of cementite are
respectively parallel to the [111], [112], and [110] directions
in a bcc-Fe cell (Table I). Fe3C is ferromagnetic in its ground
state with an experimental Curie temperature of 460 K [31] or
483–484K [32],[33]. Older experimental studies also reported
some values between 473 and 513 K [34,35]. Please note that
carburization experiments described above were all performed
above the Curie temperature, while, as an approximation, all
our calculations are carried out at the magnetic ground state of
cementite. An accurate atomistic prediction of the impact of
magnetic transition on carbon diffusion requires a significant
amount of additional work [36], therefore, it is beyond the
scope of this study. This approximation will be discussed in
Sec.III B.

III. RESULTS

A. Properties of C interstitials in Fe3C

First of all, we searched for empty volumes in the cemen-
tite structure, in order to identify potential C interstitial sites
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TABLE I. Non exhaustive list of previous theoretical and experimental assessments of Fe3C lattice parameters.

Method [Ref] Lattice parameters Fe magnetic Formation
(a, b, c) (Å) moment (μB) energy (eV/f.u.*)

FeI, FeII

DFT:
VASP, PAW, GGA, 0 K [this work] 5.036, 6.721, 4.479 1.96, 1.88 0.204 (Fe bcc, graphite)
VASP, PAW, GGA, 0 K [37] 5.0289, 6.7262, 4.4823 2.006, 1.909 0.194 (Fe bcc, graphite)
CASTP, USSP, LDA, 0 K [38] 4.8190, 4.4774, 4.2805 1.990, 1.915
CASTP, USSP, GGA, 0 K [38] 5.0080, 6.7254, 4.4650 1.990, 1.915
WIEN2K, FP-LAPW, GGA, 0 K [39] 5.0679, 6.7137, 4.5133 1.97, 1.96
VASP, PAW, GGA, 0 K [40] 5.04, 6.72, 4.48 1.96, 1.89
VASP, PAW, GGA, 0 K [41] 5.036, 6.724, 4.480 1.87
VASP, PAW, GGA, 0 K [42] 5.035, 6.716, 4.480 1.92, 1.84 0.243 (Fe bcc, graphite)
VASP, PAW, GGA, phonon calc. 298 K [42] 5.053, 6.745, 4.4503 1.92, 1.84
VASP, PAW, GGA, 0 K [43] 5.024, 6.754, 4.478 1.82 0.18 (Fe bcc, graphite)
LMTO, LDA, 0 K [44] 5.089, 6.743, 4.523 7.92a, 13.92a

Experimental:
X-ray diffraction, 298 K [45] 5.090, 6.748, 4.523
X-ray diffraction, 298 K [46] 5.091, 6.7434, 4.526
X-ray diffraction, 298 K [47] 5.0896, 6.7443, 4.5248
Neutron diffraction, 4.2 K [48] 5.082, 6.733, 4.512
Neutron diffraction, 298 K [48] 5.081, 6.753, 4.515

aTotal on-site moment, d contribution only.
*f.u.: formula unit.

in Fe3C. To do this, we created a grid of sampling points in
the cementite unit cell, and determined the lowest distance
between each point and an Fe or C atom in the cementite. The
sampling points presenting large lowest distances are likely
low-energy C interstitials sites. As a result, we identified five
types of interstitial sites: octahedral sites, three nonequivalent
tetrahedral sites (labeled T1, T2, and T3) and square-based
pyramidal sites. T1 interstitial sites (4c) do not follow the
same symmetry as T2 and T3 sites (8d). T2 and T3 sites do
not have the same number of FeI or FeII nearest neighbors.
These interstitial sites are represented in Fig. 1. In a previous
study, Jiang et al. [40] also investigated interstitial sites in
cementite. In their study, they predicted the existence of oc-

FIG. 1. Crystal structure of Fe3C cementite. Larger atoms are Fe
atoms. FeI atoms are in orange, while FeII atoms are in grey. Smaller
atoms are C atoms. C atoms forming the ideal cementite structure (C
intrinsic atoms) are in black. Interstitial octahedral sites for C are in
red. T1, T2, and T3 sites are in green, blue, and purple, respectively.

tahedral, T1, T2, and T3 sites. To be fully comprehensive, we
also considered the formation of C dumbbells. For the study
of diffusion in cementite, relevant dumbbells are centered on
intrinsic C-atom positions and oriented along the [010] or
[101] directions. Table II summarizes energetic and geometric
information about the investigated C sites in cementite.

In order to investigate the relative stability of a C atom in
each of these interstitial sites, we relaxed each C interstitial
configuration in a 2 × 2 × 2 cementite Fe96C33 supercell. The
formation energy of Fe3C without interstitial is defined by

E f(n(Fe3C)) = E (n(Fe3C)) − 3nμFe(bcc) − nμC(graph),
(7)

where E (n(Fe3C)) is the total energy of the cementite cell.
In our case, the DFT calculations were made in a 128 atoms
cell, hence n = 8. μFe(bcc) is the chemical potential of iron
in ferromagnetic bcc iron and μC(graph) is the chemical po-
tential of carbon in graphite. At 0 K, μC(graph) is the total
energy per C atom in graphite and μFe(bcc) is the total energy
per Fe atom in bcc iron. In this study, we used μC(graph) =
EC(graph) = −9.226 eV and μFe(bcc) = EFe(bcc) = −8.238
eV, obtained through DFT calculations. The graphite refer-
ence energy does not include Van der Waals corrections. For
Fe3C cementite, we obtained a formation energy value of
0.204 eV/f.u., in good agreement with previous studies (see
Table I).

The formation energy of a C interstitial in Fe3C cementite,
E f (Cint in n(Fe3C)), is given by

E f (Cint in n(Fe3C))= E (n(Fe3C) + Cint ) − E (n(Fe3C)) − μc,

(8)
E (n(Fe3C) + Cint ) is the total energy of the cementite cell
with an additional C interstitial and μc is the chemical po-
tential of carbon in a given reference state. We calculated the
formation energy of a C interstitial in cementite with respect
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TABLE II. Formation energy with respect to cementite and geometrical characteristics of a C interstitial at various interstitial sites in Fe3C
cementite.

C site E f (Cint in Fe3C) Lowest Cint-Fe or Cint-C Cint-C distance Cint Voronoi volume in
(eV) distance before before (after) relaxation the Fe3C relaxed cell

(after) relaxation (Å) (Å) (Å3)

Octa 0.64 1.79 (1.87) 2.55 (2.73) 6.05
T1 3.20 1.51 (1.79) 1.96 (1.99) 5.55
T2 2.62 1.51 (1.77) 1.96 (2.40) 5.40
T3 2.39 1.43 (1.77) 1.97 (2.32) 5.53
A dumbbell (along the xz plane) 2.34 1.51 (1.44) 1.51 (1.44) 5.88/5.59
B dumbbell (along y) 1.98 1.30 (1.42) 1.30 (1.42) 5.42

to intrinsic C atoms in cementite. Therefore, μc = μc(Fe3C).
At T = 0 K and zero pressure, we have

E (n(Fe3C)) = 3nμFe(Fe3C) + nμc(Fe3C), (9)

Assuming that the cementite precipitate is in equilibrium
with the bcc iron matrix, (μFe(Fe3C) = μFe(bcc)), we com-
bine the equations above to get

E f (Cint in Fe3C)wrt Fe3C = E (n(Fe3C) + Cint )

− E (n(Fe3C)) − E f (Fe3C)

−μC(graph). (10)

The formation energies of the C interstitial sites calculated
with respect to Fe3C are shown Table II. Because of their very
high formation energy (6.16 eV), the square-based pyramidal
sites were not considered further in this study. The octahedral
sites were found to be the energetically most favorable, with
a formation energy of 0.64 eV with respect to cementite.
This result is in good agreement with Ref. [40], in which
Jiang et al. used DFT to compare interstitial sites formation
energies. Like us, they found that octahedral sites are energet-
ically more favorable, followed by T3, T2, and T1 interstitial
sites. In Levchenko et al. study [9], all the C interstitial sites
considered are indeed the octahedral sites. If we compare
the properties of each interstitial sites (Tables II and III),
C octahedral interstitial sites are associated with the larger
lowest-distance to another atom of the structure, the highest
Voronoi volume and the higher average magnetic moments of
the nearest Fe neighbors. It is well known that the insertion
of a C interstitial in bcc Fe decreases the magnetic moment
magnitude on the nearby Fe atoms [49,50]. Similarly, there is

also a magnetic moment reduction on the nearest-neighbor Fe
atoms of a C interstitial in cementite. The resulting values are
given in Table III.

We also considered the possible formation of C Frenkel
pairs in cementite. To this end, we investigated all the possible
pairs of a C intrinsic vacancy and a C in an octahedral site,
for distances lower then the distance between two neighboring
octahedral interstitial sites (3.36 Å). The formation energy of
a C Frenkel pair defect in cementite E f (Cint + Cv in n(Fe3C))
is given by

E f (Cint + Cv in n(Fe3C)) = E (Cint + Cv in n(Fe3C))

− E (n(Fe3C))
(11)

with E (Cint + Cv in Fe3C) the total energy of the simulation
cell containing the C Frenkel pair and E (n(Fe3C)) the total
energy of the same Fe3C cell without any defect. The lowest
distances between an intrinsic site and octahedral interstitial
site are 2.55, 2.65, and 3.09 Å, with a formation energy
of 1.01, 1.10, and 1.22 eV, respectively. While the 0.30 eV
formation energy estimated in Levchenko et al. molecular
dynamics study [9] is more than three times lower than our
DFT values.

B. C diffusion in Fe3C

The octahedral interstitial sites form a slightly tetragonal
network with 3.37 Å between nearest-neighbor octahedral
sites along the [101] and [1̄01] directions, and 3.36 Å
between nearest-neighbor octahedral sites along the y di-
rection. Diffusion of a C interstitial in Fe3C is assumed
to occur from one octahedral site to another, while the

TABLE III. C-nearest Fe distances and average nearest Fe magnetic moments for a C atom at interstitial sites in Fe3C. In Fe3C without
interstitial, FeI atoms and FeII magnetic moments are 1.96μB and 1.88μB, respectively.

Interstitial site Number of C-Fe distances Average magnetic moment
nearest Fe neighbors after relaxation of Fe nearest neighbors

FeI/FeII (Å) (μB)

Octa 2/4 between 1.87 and 1.91 1.63
T1 2/2 1.79-1.87 resp 1.13
T2 1/3 between 1.77 and 1.92 1.40
T3 2/2 between 1.77 and 1.92 1.33
A dumbbell (along the xz plane) 2/3 and 1/4 between 1.89 and 2.05 and 1.87 and 1.99 1.80/1.83
B dumbbell (along y) 2/3 and 2/3* between 1.84 and 2.03 1.79

*The 2 FeI nearest neighbors are the same for both C forming a dumbbell.
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FIG. 2. Schematic view of indirect and direct C interstitial migra-
tion mechanisms in Fe3C. Filled circles denote occupied sites, empty
circles are vacant sites. Intrinsic C sites are in black, FeI sites are in
orange and FeII sites are in grey. C octahedral interstitial sites are in
red, T3 interstitial sites are in purple and dumbbells are in cyan.

other interstitial sites are possible metastable or saddle-point
positions. We investigated two migration mechanisms: (i)
a direct-interstitial mechanism, and (ii) an indirect mech-
anism via successive exchanges between interstitial and
intrinsic C atoms. In the direct migration mechanism, a
C interstitial atom simply jumps from one octahedral site
to another. In the case of an indirect mechanism, an in-
terstitial C atom jumps to replace an intrinsic cementite
C atom, and the “kicked-out” atom jumps to a nearby in-
terstitial octahedral position. A schematic view of these two
migration mechanisms is given in Fig. 2. The resulting mi-
gration barriers, given in Table IV, lie between 2.13 and
2.54 eV. The lowest migration barrier was found for a di-
rect mechanism along the xz plane in cementite (see Fig. 3).
The lowest-energy barrier for the indirect jump mechanism
(2.16 eV) is associated with a jump along the y axis and
involves the energetically most favorable dumbbell config-
uration (B dumbbell along y). Along the indirect migration
path considered, the dumbbell configurations are intermediate
local minima. Jiang et al. [10] attempted to determine the
minimum energy path and migration barrier for C diffusion in
cementite. They considered both vacancy an interstitial mech-
anisms. For the latter, they considered the jump of a C atom
between two neighboring octahedral sites, in the y direction
and along the xz plane. Using first-principles calculations in
small 32-atom supercells, their calculated energy barriers are
2.29 and 2.27 eV, respectively. The authors did not detail the

FIG. 3. Minimum energy path for the Octa - T3 - T2 - Octa direct
jump mechanism along the xz plane in Fe3C. The C interstitial (in
red) goes from an octahedral site to another octahedral site, passing
through two tetrahedral sites.

corresponding migration paths, but these values are closed
to our 2.16 eV and 2.13 eV barriers calculated in the same
directions.

For a comparison with the MD study by Levchenko et al.
[9], please note that they did not consider the same migration
mechanisms as in this work. As mentioned in the introduction,
they found that C diffusion in cementite comes from the
formation of C Frenkel pair defects in cementite, inducing
a chain of C intrinsic-C interstitial-C intrinsic jumps. This
mechanism relies on a high concentration of C Frenkel pairs.
However, according to our DFT prediction (see Sec. III A),
their interatomic potentials greatly underestimate the for-
mation energy of C Frenkel pairs, which leads to a large
overestimation of the number of Frenkel defects in cemen-
tite. Since the 0.3 eV formation energy was obtained from
MD simulations at very high temperatures (between 1273
and 1373 K), we investigated the effect of the vibrational
entropy on the formation of C Frenkel pairs. To that end, we
performed phonons calculations via DFT. Since such calcula-
tions are very CPU expensive in these low-symmetry systems,
we focused on the case of the energetically most favorable
Frenkel pair (with the lowest C intrinsic - C octahedral in-
terstitial distance). As a result, the free energy of formation
only decreases from 1.01 eV at 0 K to 0.89 eV at 1273 K,
and 0.88 eV at 1373 K, compared to 0.3 eV from the MD
study. The formation energy of several neighboring Frenkel

TABLE IV. Summary of relevant jump mechanisms of a C interstitial and their associated energy barriers in Fe3C cementite.

Jump mechanism Path Energy barrier (eV)

Indirect Octa - B Dumbbell - Octa along y axis 2.16
Octa - A Dumbbell - Octa along the xz plane 2.38

Direct Octa - T3 - T2 - Octa along the xz plane 2.13
Octa - T3 - T3 - Octa along y axis 2.46
Octa - T3 - T1 - T3 - Octa along y axis* 2.54
Octa - T1 - Octa along y axis* 2.54

*The Octa - T3 - T1 - T3 - Octa and Octa - T1 - Octa migration path along y are ultimately the same. Moreover, they are just a less likely
variation of the Octa - T3 - T3 - Octa migration path and thus were not considered as inputs for the KineCluE code.
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FIG. 4. Arrhenius plot of diffusion coefficients of a C interstitial
in Fe3C cementite. The diffusion coefficients in all 3 cementite di-
rections are plotted and compared with experimental data [5–9] (in
blue). Empty symbols correspond to the values obtained by semiem-
pirical MD [9].

pairs could be lower than the formation energy of a single
Frenkel pair. However, the number of close Frenkel pairs con-
figurations to explore is too large to provide a comprehensive
DFT study. Nonetheless, we considered several configurations
of 2 Frenkel pairs, and calculated formation energies (per pair)
around 0.86 eV. This value is the average on three configura-
tions where the Cint - Cint distances (before relaxation) are
5.03, 3.36, and 3.36 Å; and the CV - CV distances (before
relaxation) are 3.63, 5.10, and 3.03 Å. The lowest calculated
formation energy, 0.75 eV, corresponds to the configuration
with the lowest Cint - Cint and CV - CV distances among the
configurations tested. Such diffusion mechanism is therefore
unlikely, even at high temperature. In fact, in the carburization
experiments, the carbon activity in the vapor phase was tuned
to provide interstitial carbon atoms in Fe3C. That is why, at
variance with Levchenko et al., we do not consider any C
interstitial formation energy, but just the C migration ener-
gies between octahedral interstitial sites, for the C diffusion
activation energy.

The DFT migration mechanisms and their associated en-
ergy barriers were used as inputs for the KineCluE code in
order to compute the C diffusion coefficient in each direction,
as shown in Fig. 4. We assumed the same attempt frequency
for all the C jumps to be the one of an isolated C octahedral
jump in bcc Fe for which we obtained an activation energy of
0.86 eV and an attempt frequency of 30.64 THz (correspond-
ing to a diffusion prefactor of D0 = 4.09 × 10−7 m2 s−1) in
a 128 atom bcc cell. Previous ab initio studies by Jiang et al.
[51] and Domain et al. [52] calculated attempt frequencies
of 10.79 THz and 15.69 THz (D0 = 1.44 × 10−7m2 s−1 and

D0 = 2.13 × 10−7m2 s−1) using the Einstein approximation.
Simonovic et al. [53] used both the dynamical matrix calcu-
lation and the Einstein approximation to obtain 12.44 THz
and 16.18 THz (D0 = 1.66 × 10−7m2 s−1 and D0 = 2.16 ×
10−7m2 s−1), respectively. However, Simonovic et al. used a
small cell (32 + 1 atoms). Overall, our D0 value is in good
agreement with experimental studies (D0 included between
1.67 × 10−7 and 2.0 × 10−6m2 s−1) [54–60].

The obtained diffusion coefficients are in good agreement
with the few carburization experimental data detailed in the
introduction (blue dots Fig. 4). C diffusion in cementite is
found to be slightly anisotropic, with the lowest diffusion
coefficient along the y axis. In this direction, Dc is between
approximately 2.5 and 4 times slower than in the x and z di-
rections, for temperatures included between 500 and 1000 K.
C diffusion is faster in the x direction, with DC very close
in the z direction. This slight anisotropic behavior is due to
a small difference between the lowest energy barrier along
the xz plane (2.13 eV) and the lowest energy barrier in the y
direction (2.16 eV). Even if the nearest distance between two
C octahedral interstitials is slightly smaller in the y direction
(3.36 Å instead of 3.37 Å), a C interstitial jumping in this
direction must go through the C intrinsic atoms. As a result,
the C interstitial migration in the y direction can either take
place through an indirect mechanism, or a longer Octa - T3
- T3 - Octa direct mechanism. In both cases, the required
energy is larger than for a direct migration path along the
xz plane.

Reference [9] also reported an anisotropic carbon dif-
fusion, but with the lowest diffusion coefficient in the x
direction. Overall, Levchenko et al. with C diffusion via
Frenkel pairs overestimates the diffusion coefficients of car-
bon in cementite (by a factor of 10 approximately), while with
our interstitial diffusion mechanisms, the calculated diffusion
coefficients are slightly lower than the experimental results
(also by a factor of 10 approximately). A detailed compari-
son between the activation energies and the pre-exponential
factors is given in Table V. Overall, the experimental activa-
tion energy and pre-exponential factors are included between
our values and MD values. Note that the correlation factors
that we obtain range between 0.75 and 1.00 (see Fig. 5),
which demonstrates the fact that C atoms are not performing
a random-walk on the network of interstitial sites and that
the importance of correlation effects depends on the diffusion
direction. Overall, there is no correlation effect in the y and z
directions ( f ∼= 1), whereas the correlation factor is generally
smaller along x.

As explained in Sec.II C, an atomistic study of cementite
properties across the magnetic transition is beyond the scope
of our study. Nevertheless, we estimated the impact of the
paramagnetism in cementite on the formation energies of a
C interstitial in an octahedral or a T3 site. To this end, we
performed additional calculations using the previously relaxed
ferromagnetic cementite structures (with and without a C
interstitial), but with a special quasirandom structure (SQS)
of Fe magnetic moments. Then, we replaced the total ener-
gies of the second and third terms of Eq. (10) by the total
energies of the same cell, but with the Fe atoms in the param-
agnetic state. Since the carburization experiments (with the
exception of Hillert and Sharp work [5]) were performed
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TABLE V. Activation energy (Q) and pre-exponential factors (D0) of carbon diffusion in cementite according to Arrhenius approximations
of our study, Levchenko et al.’s MD study [9] and various experimental data [5–9].

Our study MD study [9] Exp. studies ([5–9])

Direction x y z x y z average

Q (eV) 2.13 2.17 2.13 1.50 1.45 1.26 1.83
D0 (m2 s−1) 3.45 × 10−5 1.79 × 10−5 2.71 × 10−5 8.14 × 10−7 11.94 × 10−7 1.75 × 10−7 3.13 × 10−6

bellow the Curie temperature of iron, we kept the chemical
potential of iron in its ferromagnetic bcc state. We found an
average formation energy of 0.75 eV for a C interstitial in an
octahedral site and an average formation energy of 2.46 eV
for a C interstitial in a T3 site in the paramagnetic (magnetic
SQS) cementite. These formation energies are slightly above
the ferromagnetic cases (0.64 and 2.39 eV, respectively), but
the energy difference between the two interstitial sites is neg-
ligible. This energy difference is involved in various migration
barriers. These results suggest that the present results on the
C diffusion properties in the ferromagnetic cementite provide
a rather satisfactory description of these properties in the
paramagnetic cementite.

C. Effect of alloying element on C interstitial diffusion

1. Interaction between an alloying element (Mo,Cr,Mn)
and a C interstitial

Mo, Mn, and Cr transition-metal solutes are known to
favor the formation of carbides (for example, the cementite,
the M23C6, etc.) in ferritic steels. The presence of an alloying
element in Fe3C can locally affect the energetic stability of the
C octahedral interstitials and the migration energy barriers in
the vicinity of the solute. In this second part of the paper, we
investigate the impact of a substitutional Mo, Mn, or Cr in the
metallic sub-lattice of cementite. As a first step, we focus on
the rather dilute case. In practice, we replace one Fe atom by
one solute in our supercell containing 96 metallic-atom sites.

FIG. 5. Correlation factors for C diffusion on interstitial octahe-
dral sites calculated in the x, y, and z directions.

The binding energy of a carbon interstitial-solute (Cint-M)
pair in Fe3n−1M1Cn cementite is given by:

Eb(Fe3n−1M1Cn+1) = E (Fe3n−1M1Cn) + E (Fe3nCn+1)

− E (Fe3n−1M1Cn+1) − E (Fe3nCn)

(12)

with E (Fe3n−1M1Cn) and E (Fe3nCn+1) the total energies of
cementite, with a substitutional M or with a C interstitial,
respectively. E (Fe3nCn) is the total energy of low-alloyed ce-
mentite with a C interstitial and E (Fe3nCn) is the total energy
of Fe3C cementite. This formula can be seen as the total en-
ergy of each individual reactant, minus the total energy of each
product of a reaction. According to this definition, positive
binding energy means attraction. We examined all possible oc-
tahedral C sites around the solute up to a 4.20 Å distance, and
calculated the corresponding binding energies. The results are
presented Fig. 6. MoI and MoII solute configurations provide
both repulsive and attractive C interstitial sites. Mn solutes
configurations produce some attractive sites for short solute -
Cint distances. All Cr - Cint configurations have zero or nega-
tive binding energies, with the exception of a CrII - Cint close
(1.90 Å) pair. Overall, all the absolute values of the calculated
binding energies are rather small (lower than 0.14 eV).

In order to rationalize the binding behavior, we first inves-
tigated the role of the solute atomic size on its interaction with
the C interstitial. To this end, we compared the changes in the
Voronoi volumes of the substitutional sites in cementite. The
volume variation of a given site, due to the presence of a Cint

and a substitutional solute (�V ), is given by

�V = �VC + �VM, (13)

with �VC the change of volume induced by the insertion of
the C interstitial in Fe3C and �VM the change of volume
induced by the substitution of a Fe atom by solute M in
a cementite cell containing a C interstitial. The results are
shown in Fig. 7. The interaction of the Mo - Cint pairs is
mostly governed by the size effect of the Mo solute, which
has a significantly larger atomic radius than Fe. In Fig. 7,
we clearly observe that the binding energy of the Mo - Cint

pair increases with �VC . The substitution of Mo is favored in
the dilatation sites caused by the Cint insertion. Overall, the
Mo - Cint binding energy increases with �VC and �V . It is
worth comparing these results with the effects of Mo in bcc
Fe. Liu et al. [61] used DFT to systematically investigate the
effect of dilute substitutional solutes on an interstitial carbon
in α-Fe. They found that the interaction between Mo and a
C octahedral interstitial up to the 4nn distance are repulsive,
especially in the 1nn case. These results are also in agreement
with Ref. [62]. In our study, we also found that at short
distances Cint-Mo pairs in cementite are mostly repulsive, as
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FIG. 6. Binding energies of the carbon interstitial-metallic solute pairs, up to a 4.20Å Cint-M distance for M = Mo (a), Cr (b) and Mn (c).
The two metallic sub-lattices of cementite (MI and MII) are considered. According to the binding energy (Eb) defined above, positive binding
energies are associated with attractive pairs.

in bcc Fe, and we obtained some attractive C-Mo pairs for
larger distances (between 3 and 4 Å). At variance, in the case
of a Mn solute, the binding energy of the solute - interstitial
pair decreases with increasing �VC . Finally, we did not ob-
served a Voronoi volume dependence for a Cr solute. Please
note that, as Mn and Cr atoms admit a size close to that of iron
atoms and the change of volume induced by the substitution
is not significant (�V ≈ �VC), and, the interaction between
C and a Mn or Cr solute should be mostly governed by more
complicated effects, such as magnetism or electronic charge
redistribution.

The magnetic moment of a Mn solute in Fe95Mn1C32 is
parallel to the Fe moments (1.90 μB and 1.57 μB for MnI

and MnII atoms, respectively). Cr solutes in the Fe95Cr1C32

system has a −0.82 μB (CrI) and −0.98 μB (CrII) antifer-
romagnetic with respect to the Fe spins. We investigated the
change in Mn and Cr magnetic moments induced by the in-
troduction of a C octahedral interstitial. In the case of a Mn
solute, we observed a correlation between Mn-Cint binding
energy and the solute magnetic moment, as shown in Fig. 8:
small MnI and MnII magnetic moments (which are closer to
their respective moments far from the C interstitial) are associ-
ated with more significant binding energies, while higher Mn
magnetic moments are associated with nearly zero binding
energy pairs. This trend is fully consistent with the binding
energy dependency on the �VC , because of the magnetovol-
ume effect (see Fig. 8).

To further illustrate the relevant role of magnetism on the
Mn-Cint binding, we performed additional DFT calculations
for the short Mn-Cint distances (<2 Å). We imposed the Mn
solute magnetic moment to zero and relaxed the magnetic
moments of all other atoms in cementite with or without a
C interstitial. We replaced the total energies of the second and
fourth terms of Eq. 12 by the total energies of the same cell
with the zero-magnetic moment Mn. Overall, Mn magnetism
enhances the Mn-Cint attraction: if we constrain the moment
of Mn to zero, the binding energy decreases by 0.12 eV for
a MnI solute and by 0.07 eV for a MnII solute. The MnI are
more penalized by turning-off its magnetism because its fully
relaxed magnetic moment is larger, due to a smaller number
of intrinsic C nearest neighbors, and consistently, a larger
Voronoi volume.

In bulk Fe, according to theoretical studies [61–64], a Mn
solute has a weak attractive interaction with its nearest C
interstitial neighbor. This Mn-Cint attractive interaction was
also predicted by experimental studies [65,66]. In addition,
nearest Mn-Cint neighbors are associated with the largest
compression site (lowest �VC) and the lowest Mn ferromag-
netic moment. This lowest magnetic moment is close to the
metastable moment of an isolated ferromagnetic Mn in bulk
bcc Fe [63]. We find indeed some similar behavior in the
Mn-alloyed cementite: high binding energies correspond to
short Mn-Cint distances which themselves correspond to low
Mn ferromagnetic moments.

FIG. 7. [(a), (b) and (c)] Binding energies of an M (M=Mo, Cr, and Mn, respectively) metallic solute - C octahedral interstitial pair in
Fe95M1C33 vs the change in the substitutional site Voronoi volume induced by the insertion of the interstitial before the substitution (�VC).
The two metallic sublattices of cementite (MI or MII) were considered. According to the binding energy (Eb) defined above, positive binding
energies are associated with attractive pairs.
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FIG. 8. (a) Binding energy of a C interstitial-Mn pair in Fe95Mn1C33 according to the magnetic moment of the Mn solute. (b) Magnetic
moment of the Mn solute atom according to the change in the substitutional site Voronoi volume induced by the insertion of the C interstitial
before the substitution (�VC). (c) Change in the substitutional site Voronoi volume induced by the insertion of the C interstitial before
substitution (�VC) as a function of the C interstitial - Mn solute distance. The two metallic sub-lattices of cementite (MI or MII) were considered.
According to the binding energy (E b) defined above, positive binding energies are associated with attractive pairs. The red and blue dashed
lines represent the magnetic moment of the MnI and a MnII (energetically most favorable) solute in bulk cementite, respectively.

Finally, in the case of a Cr solute, Cint - Cr pairs in ce-
mentite are all slightly repulsive or zero, with the exception
of the shortest distance (Fig. 6). We did not evidence any
clear trend of binding energy versus Cr magnetic moment. Cr
solutes in the vicinity of a Cint (Cr - Cint < 2 Å) have very low
magnetic moments (between −0.22μB and 0.12μB), while for
larger distances, the Cr magnetic moment is close to the one
in bulk Fe95Cr1C32. In order to understand the attraction on
the shortest Cr - Cint distance pair, we compared the partial
density of state and differential charge density of various C-Cr
distances. The study of the partial density of states of short
(<2 Å) Cr - Cint pairs established an hybridization between
the solute 3d states and the C 2p states, as occurs for any close
Fe-C pairs. However, in the only positive binding energy case
(shortest Cr - Cint distance) we also observed an additional
4s-2p hybridization between the Cr solute and the C intersti-
tial. This difference in the solute - interstitial hybridization is
also reflected in the differential electronic charge density �ρ

induced by the C interstitial:

�ρ = ρ(Fe95M1C32 + Cint ) − ρ(Fe95M1C32) − ρ(C), (14)

with ρ(Fe95M1C32 + Cint ) the total charge density of ce-
mentite with a C interstitial and a substitutional atom M,
ρ(Fe95M1C32) the total charge density of cementite with
a substitutional M, and ρ(C) the total charge density of
the C interstitial isolated. In Fig 9, we clearly see that in
the configuration with the shortest Cr - C interstitial dis-
tance, the insertion of the interstitial induces an enhanced
accumulation of charges in the Cr solute - C interstitial - Fe
axis, in comparison with a repulsive Cr-Cint pair configura-
tion. Regarding the C interstitial - Cr solute pairs in bulk bcc
Fe, first-principles studies [61,67] all predicted repulsive Cr -
Cint interactions.

To summarize, the Mo - Cint and Mn-Cint binding energies
are dictated by the size effect and the solute magnetism, re-
spectively, while the Cr - Cint attraction is rather due to a more
subtle electronic hybridization effect.

2. C migration barrier in the vicinity of an alloying element

Although the binding energies found are not very large,
the attractive sites may still act as traps for the diffusing C

interstitials. The presence of the solutes could locally induce
a change of the C migration barriers. The most relevant C
migration barriers to investigate are (i) barriers between two
neighboring C attractive sites. If the barrier is rather low,
the C interstitial can be caught in a cage movement. Such
cage movements occur for instance during the migration of
a C interstitial in α-Fe in the vicinity of a vacancy [50]. (ii)
The dissociation barriers for C to leave an attractive site. To
determine if cage movements can appear in cementite with
a Mo, Mn or Cr solute, we calculated the energy barriers
between two neighboring attractive C octahedral sites in the
vicinity of a substitutional solute. For each set of initial and
final positions with non-negligible binding energies (Eb �
0.05 eV), we considered the lowest energy migration path
in pure Fe3C cementite, and calculated the new energy bar-
rier, impacted by the nearby substitutional solute. Results are
shown in Table VI. Overall, the migration barriers associated
with neighboring attractive sites in the alloyed cementite are
never significantly lower than the corresponding migration
barriers in pure Fe cementite. No significant cage movement
was identified. Since we found only one attractive site in
the Cr-alloyed cementite case, we did not investigate cage
movement in the vicinity of a Cr solute.

We also investigated the energetic barriers in the case of
a dissociative migration. Due to the significant number of
attractive sites induced by the presence of a Mo, Mn, or Cr
solute in cementite, as well as the numerous possible jumps
from each attractive site to a nonattractive site, we could not
compute all the migration barriers associated with a dissoci-
ation. We therefore chose to focus on dissociative migrations
between the most attractive sites and a zero (or almost zero)
binding energy sites. We prioritized the calculations of energy
barriers linked with a direct migration path along the x and
z axis (the Octa - T3 - T2 - Octa movement described previ-
ously), because those are the lowest in Fe3C. A nonexhaustive
list of some possible energy barriers associated with dissoci-
ation movements is given in Table VII. Similarly to energy
barriers associated with potential cage movement, the energy
barriers associated with dissociative jumps in the case of Mo
or Cr are approximately the same as in pure Fe cementite.
However, in the case of a Mn solute, some energy barriers are
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FIG. 9. Charge density differences induced by the insertion of a C interstitial in Fe95Cr1C32, for two close Cr solute - C interstitial pairs.
(a) is the lowest C interstitial - Cr solute distance possible in cementite, with an attractive binding energy. (b) is a repulsive configuration. The
corresponding plane of the octahedral cite is represented on the left. As in Fig. 1, FeI atoms are in orange, while FeII atoms are in grey. The Cr
solute is in blue, while the C interstitial octahedral site is in red.

slightly lower than in Fe3C. Considering the calculated bind-
ing energies and barriers, we would not expect a significant
effect of alloying elements on the C diffusion (at least in the
dilute regime), except maybe in the presence of Mn, which is
confirmed below.

3. Effects of the substitutional solutes on C diffusion in cementite

In the previous sections, we have presented the binding
energy between an interstitial C atom and a substitutional
solute (Mo, Cr, or Mn), as well as the carbon migration en-
ergies around the solutes. In this section, we use these data as
inputs for the KINECLUE code [23] to quantify the effect of the
solute addition on carbon diffusion in cementite. Assumptions
and calculation details for the determination of C diffusivity
around solutes are explained in Sec. II B.

For each of the three solutes Mn, Mo, and Cr, Fig. 10 shows
the effect of their on the diffusivity of C atoms in cementite,
as a function of temperature and the solute concentration.
The quantity δDC plotted on those graphs is the normalized
difference between the carbon diffusion coefficients with and
without the presence of the substitutional solute:

δDC = D̄C([M̄]) − DC

DC
. (15)

We considered solute concentrations up to a few at.%.
Overall, the influence of the alloying elements on C diffusivity
is small, in weakly alloyed cementites. Mn is the solute with
the most visible effect: C diffusion can be slowed down by a
factor of 10 approximately at low temperatures (<500 K) and
in the presence of 1% of Mn and beyond. This can be expected
because only the Mn solute has the most various attractive
sites in its nearest-neighbor region, where the C interstitial
can jump from one of these sites to another. This can induce
some small trapping effects. In that respect, we found that
dissociative jumps energy barriers are slightly higher in the
case of Mn solute (see Table VII).

It is worth mentioning that, according to CALPHAD
(CALculation of PHAse Diagrams) data, cementite pre-
cipitates can indeed be present in Fe-Mn-C alloys. Using
THERMO-CALC commercial software [68,69] with the TCFE
Steels/Fe-alloy version-10 database, we investigated the
phases of Fe-Mn-C systems with a nominal Mn concentra-
tion up to approximately 5 at.%. For temperatures at which
we predicted a visible influence of Mn on C diffusivity, the
predicted Mn concentration in cementite phases is between 4
at.% and 23 at.% at 450 K and between 2 at.% and 30 at.%
at 500 K, for low (<2 %) Mn nominal concentrations. Our

TABLE VI. Migration energy barriers between two neighboring attractive C octahedral interstitials in cementite with a Mo, Mn, or Cr
solute. The binding energies before (initial) and after (final) the C jump are given at constant pressure (Pct) and at constant volume (Vct) at
which the NEB calculations were performed.

Type of metallic solute Binding energies (eV) Jump mechanism Energy barrier in alloyed Fe3C
initial/final (barrier in unalloyed Fe3C) (forward/backward)
Pct (Vct) (eV)

MoI 0.04/0.04 (−0.01/−0.01) Indirect mechanism along y axis (2.16 eV) 2.25
MoII 0.12/0.07 (0.08/0.02) Direct mechanism along the xz plane (2.13 eV) 2.14/2.08
MnI 0.10/0.10 (0.09/0.09) Indirect mechanism along y axis (2.16 eV) 2.44
MnII 0.12/0.07 (0.08/0.05) Direct mechanism along the xz plane (2.13 eV) 2.31/2.28
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TABLE VII. Migration energy barriers associated with a dissociative jump in cementite around a Mo, Mn, or Cr solute. The binding
energies before (initial) and after (final) the C jump are given at constant pressure (Pct) and at constant volume (Vct) at which the NEB
calculations were performed.

Type of metallic solute Binding energies (eV) Jump mechanism Energy barrier in alloyed Fe3C (eV)
initial/final (barrier in unalloyed Fe3C) (forward/backward)
Pct (Vct)

MoII 0.12/−0.01 (0.08/−0.08) Direct mechanism along the xz plane (2.13 eV) 1.92/1.76
MoII 0.12/0.00 (0.08/-0.05) Indirect mechanism along y axis (2.16 eV) 2.28/2.16
MoII 0.12/0.00 (0.08/−0.15) Indirect mechanism along y axis (2.16 eV) 2.25/2.01
MnI 0.14/0.01 (0.09/−0.04) Direct mechanism along the xz plane (2.13 eV) 2.21/2.09
MnII 0.14/0.00 (0.08/−0.05) Direct mechanism along the xz plane (2.13 eV) 2.19/2.05
MnII 0.14/−0.01 (0.08/−0.04) Direct mechanism along the xz plane (2.13 eV) 2.12/1.99
CrII 0.08/−0.01 (0.02/−0.05) Direct mechanism along the xz plane (2.13 eV) 2.14/2.07
CrII 0.08/0.01 (0.02/−0.04) Direct mechanism along the xz plane (2.13 eV) 2.14/2.08

current results suggest a decrease of C diffusion coefficients
in these Mn-alloyed cementite. However, please note that our
method used for the determination of C diffusion coefficients
(with the KINECLUE code) is only accurate for small alloying
element concentrations (up to a few percents at most). For
higher concentrations, interactions between Mn solutes would
need to be considered, but this goes beyond the scope of the
present study.

IV. CONCLUSION

We have investigated the diffusion of carbon in pure
and weakly alloyed cementite, respectively Fe3C and
(Fe1−xMx)3C with M = Mo, Cr, or Mn. Systematic DFT cal-
culations were performed to determine the formation energy
of all identified single C interstitials, as well as the energy
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FIG. 10. Effect of substitutional solutes Mo, Mn, and Cr on the
diffusion coefficient of carbon in cementite. The normalized differ-
ence between the carbon diffusion coefficients with and without the
presence of the substitutional solute δDC [defined in Eq. (15)] is
plotted as a function of the temperature and the solute concentration.

barrier of a large variety of jumps between the lowest-energy
C interstitial configurations. Then, the KineCluE code was
used to compute carbon diffusion coefficients in cementite
using the DFT energetics as input data.

The obtained values in Fe3C are in satisfactory agreement
with experiments measuring the growth rate of cementite, for
example on top of a ferritic substrate. Indeed, in such ex-
periments, carbon diffusion was assumed as the rate-limiting
mechanism governing the growth of cementite. The present
study provides information on carbon migration mechanisms
at the atomic scale, which is not directly accessible by experi-
ments. We highlighted two elementary diffusion mechanisms:
either a direct jump of a C interstitial from one octahedral site
to another one, or an indirect jump where the C interstitial
moves and takes the place of an intrinsic C, and the latter
migrates towards an interstitial site.

It is interesting to note that although our predicted diffusion
coefficients are comparable to the values from the previous
semiempirical MD simulation, the mechanisms at their origin
are different. Indeed, the mechanism previously inferred from
MD simulations relies on a high concentration of C Frenkel
pairs. With a higher C Frenkel pair formation energy, the MD
based mechanism has a lower probability to occur. Alterna-
tively, the present study proposes C to diffuse via interstitial
mechanisms, involving jumps between octahedral interstitial
sites. Note that in those carburization experiments, the vapor
phase acts as a source to provide C interstitials leading to the
growth of cementite, the formation energy associated with the
creation of interstitial C atoms is not involved in the activation
energy of this process.

In order to investigate possible effects of the alloying ele-
ments (Mo, Cr, and Mn) on the diffusion properties of C, we
first calculated and analyzed the interaction energy between
a C interstitial and one of the three substitutional solutes.
Some energetically favorable sites are found for a C interstitial
around the solutes. The location of these sites are governed
by the solute size effect, the solute magnetism and the elec-
tronic charge redistribution, for the Mo, Mn, and Cr case,
respectively.

Regarding the influence of substitutional solutes on the C
diffusion coefficients, we found that Mn decreases C diffusion
coefficients by at most a factor of 10 at temperatures up to
500 K and solute concentrations up to a few at%. In the case of
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Mo and Cr, we predict no visible effects within the considered
weakly alloyed conditions.

Finally, this combined first-principles and the KineCluE
modeling offers an accurate and efficient atomistic approach
for the study of atomic transport in solid systems with a
relatively low symmetry.

As a first step in the investigation of diffusion in cementite,
this study considers stoichiometric cementite (M3C). How-
ever, according to both experimental and theoretical studies
[70], C vacancy concentration in cementite could reach up to
a few percent. The vacancies might play a significant role on

C diffusion, which is undeniably an interesting perspective for
a future study.
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[48] I. G. Wood, L. Vočadlo, K. S. Knight, D. P. Dobson, W. G.

Marshall, G. D. Price, and J. Brodholt, J. Appl. Crystallogr. 37,
82 (2004).

[49] S. Ahlawat, K. Srinivasu, A. Biswas, and N. Choudhury,
Comput. Mater. Sci. 170, 109167 (2019).

063401-13

https://doi.org/10.3390/met8050349
https://doi.org/10.1007/s10853-016-0338-1
https://doi.org/10.1016/0022-3115(91)90263-7
https://doi.org/10.1016/j.jnucmat.2018.02.004
https://doi.org/10.1007/BF02647845
https://doi.org/10.1016/0167-2738(84)90141-3
https://doi.org/10.1016/j.calphad.2006.07.008
https://doi.org/10.1016/j.actamat.2008.10.025
https://doi.org/10.1016/j.actamat.2008.03.012
https://doi.org/10.1016/S1359-6462(01)01016-8
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1063/1.1329672
https://doi.org/10.1016/0022-3697(57)90059-8
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1016/j.commatsci.2019.109191
https://doi.org/10.1080/01418610008212047
https://doi.org/10.1016/j.actamat.2020.03.038
https://doi.org/10.1103/PhysRevMaterials.4.020401
https://doi.org/10.1016/j.jnucmat.2020.152333
https://doi.org/10.1103/PhysRevLett.115.015501
https://doi.org/10.1016/S0039-6028(03)00352-2
https://doi.org/10.2138/am-2015-5306
https://doi.org/10.1007/BF00550805
https://doi.org/10.1016/j.jmmm.2016.05.008
https://doi.org/10.1088/1478-7814/24/1/310
https://doi.org/10.1021/ja01516a016
https://doi.org/10.1103/PhysRevLett.124.215901
https://doi.org/10.1016/j.commatsci.2015.08.006
https://doi.org/10.1016/j.commatsci.2008.05.006
https://doi.org/10.1063/1.2194118
https://doi.org/10.1063/1.2884529
https://doi.org/10.1016/j.scriptamat.2008.06.015
https://doi.org/10.1103/PhysRevB.84.125101
https://doi.org/10.1063/1.3026175
https://doi.org/10.1103/PhysRevB.44.2914
https://doi.org/10.1107/S0365110X64003346
https://doi.org/10.1007/s00269-001-0224-4
https://doi.org/10.1107/S0365110X65003602
https://doi.org/10.1107/S0021889803024695
https://doi.org/10.1016/j.commatsci.2019.109167


BUGGENHOUDT, SCHULER, FU, AND BÉCHADE PHYSICAL REVIEW MATERIALS 5, 063401 (2021)

[50] C. Barouh, T. Schuler, C.-C. Fu, and T. Jourdan, Phys. Rev. B
92, 104102 (2015).

[51] D. E. Jiang and E. A. Carter, Phys. Rev. B 67, 214103 (2003).
[52] C. Domain, C. S. Becquart, and J. Foct, Phys. Rev. B 69, 144112

(2004).
[53] D. Simonovic, C. K. Ande, A. I. Duff, F. Syahputra, and

M. H. F. Sluiter, Phys. Rev. B 81, 054116 (2010).
[54] J. da Silva and R. B. McLellan, Mater. Sci. Eng. 26, 83 (1976).
[55] W. Pascheto and G. P. Johari, Metall. Mater. Trans. A 27, 2461

(1996).
[56] Y. Iijima, J. Alloys Compd. 234, 290 (1996).
[57] Diffusion in Solid Metals and Alloys, edited by H. Mehrer

(Springer-Verlag, Berlin, 1990).
[58] A. Lord and D. Beshers, Acta Metall. 14, 1659 (1966).
[59] C. A. Wert, Phys. Rev. 79, 601 (1950).
[60] R. McLellan and M. Wasz, J. Phys. Chem. Solids 54, 583

(1993).
[61] P. Liu, W. Xing, X. Cheng, D. Li, Y. Li, and X.-Q. Chen, Phys.

Rev. B 90, 024103 (2014).

[62] A. Bakaev, D. Terentyev, G. Bonny, T. Klaver, P.
Olsson, and D. V. Neck, J. Nucl. Mater. 444, 237
(2014).

[63] A. Schneider, C.-C. Fu, and C. Barreteau, Phys. Rev. B 98,
094426 (2018).

[64] N. I. Medvedeva, D. C. V. Aken, and J. E. Medvedeva, J. Phys.:
Condens. Matter 23, 326003 (2011).

[65] H. Abe, T. Suzuki, and S. Okada, Trans. Jpn. Inst. Met. 25, 215
(1984).

[66] V. Massardier, J. Merlin, E. L. Patezour, and M. Soler, Metall.
Mater. Trans. A 36, 1745 (2005).

[67] N. Sandberg, K. O. E. Henriksson, and J. Wallenius, Phys. Rev.
B 78, 094110 (2008).

[68] J.-O. Andersson, T. Helander, L. Höglund, P. Shi, and B.
Sundman, Calphad 26, 273 (2002).

[69] Thermocalc, website 2020, https://thermocalc.com/, accessed:
2010-12-20.

[70] A. Leineweber, S. Shang, and Z. Liu, Acta Mater. 86, 374
(2015).

063401-14

https://doi.org/10.1103/PhysRevB.92.104102
https://doi.org/10.1103/PhysRevB.67.214103
https://doi.org/10.1103/PhysRevB.69.144112
https://doi.org/10.1103/PhysRevB.81.054116
https://doi.org/10.1016/0025-5416(76)90229-9
https://doi.org/10.1007/BF02652340
https://doi.org/10.1016/0925-8388(95)02104-3
https://doi.org/10.1016/0001-6160(66)90018-6
https://doi.org/10.1103/PhysRev.79.601
https://doi.org/10.1016/0022-3697(93)90236-K
https://doi.org/10.1103/PhysRevB.90.024103
https://doi.org/10.1016/j.jnucmat.2013.09.053
https://doi.org/10.1103/PhysRevB.98.094426
https://doi.org/10.1088/0953-8984/23/32/326003
https://doi.org/10.2320/matertrans1960.25.215
https://doi.org/10.1007/s11661-005-0039-x
https://doi.org/10.1103/PhysRevB.78.094110
https://doi.org/10.1016/S0364-5916(02)00037-8
https://thermocalc.com/
https://doi.org/10.1016/j.actamat.2014.11.046

