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Abstract

The pairwise interactions of substitutional solute atom X = Al ; Si with interstitial carbon at stable (octahedral) and
saddle-point (tetrahedral) positions in body-centered-cubic iron (� -Fe) are computed using density-functional theory.
These pairwise interactions are used in atomistic kinetic Monte Carlo approach to simulate carbon internal friction and
tracer di�usion measurements in Fe-Si, Fe-Al, and Fe-Al-Si ferritic alloys without any adjusting parameters. The good
agreement between the simulated and experimental Snoek relaxation pro�les validates the pair interaction model for
kinetic simulations. The predicted e�ect of Al on slowing down carbon di�usion is consistent with previous studies.
We highlight a super-cell size e�ect on the Si-carbon interactions obtained from �rst principles. Using a carefully
tested database, it is shown that the introduction of Si into ferrite only decreases the carbon di�usivity below a critical
temperature.

Keywords: Internal friction, tracer di�usion, �rst principles, Monte Carlo, Fe-Al-C, Fe-Si-C, Fe-Al-Si-C

1. Introduction

Fe-Si, Fe-Al and Fe-Al-Si are ferritic systems that have
been widely studied because of their practical relevance.
They are functional materials with favorable mechanical
and magnetic properties. Carbon segregation and carbide
formation play an essential role in the ageing of these fer-
ritic systems [1, 2, 3, 4]. Therefore, the study of carbon
di�usion is of particular importance. It is known that car-
bon kinetics is much a�ected by substitutional Si and Al
atoms due to solute-carbon interactions [5, 6, 7, 8]. Mul-
tiple experimental studies attempted to investigate this
solute e�ect by measuring the internal friction pro�les in
ferritic alloys [9, 10, 11, 12, 13, 14, 15, 16, 17]. This pro-
�le corresponds to the macroscopic signal of the carbon
atomic jumps, which is sensitive to the change in activa-
tion enthalpies due to solute-carbon interactions [18, 15].
Therefore, internal friction pro�le characterizes well the
behaviors of short-range carbon di�usion. However, in
these alloys, the long-range di�usion of carbon with kinetic
correlations has been much less studied experimentally.

High-performance ab-initio calculations make it pos-
sible to compute accurately the solute-carbon interac-
tions [7, 8, 19, 20]. In the dilute limit, the exact calcula-
tion of carbon di�usivity is possible using available analyt-
ical approaches such as kinetic cluster expansions [21, 22].
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In alloys with concentrated substitutional solute atoms,
the general approach to study the short-range and long-
range carbon kinetics is the atomistic kinetic Monte Carlo
(AKMC) simulations [23, 7, 24, 19, 25]. In general, only
pairwise solute-carbon interactions are considered in the
simulation becauseab-initio calculations for more com-
plex clusters (e.g., triplet, quadruplet) requires very high
computational cost.

Our objective is to perform quantitative studies on the
short-range and long-range carbon di�usion in Fe-Si, Fe-
Al and Fe-Al-Si ferritic systems following a multi-scale
scheme, which is re
ected in the outline of this paper.
First, we will perform ab-initio calculations of pair inter-
actions between substitutional atom X = Al ; Si and car-
bon atoms at octahedral and tetrahedral (saddle-point)
positions. Second, we will perform AKMC simulations of
internal friction measurements in investigated alloys us-
ing a pair interaction model. The validation of this model
will be justi�ed by a comparison between the simulated
and experimental Snoek pro�les. Finally, using the same
numerical approach, we will compute the tracer di�usion
coe�cients of carbon atoms in the investigated alloys.

2. Di�usion model

The three sets of non-equivalent octahedral (resp. tetra-
hedral) sites are characterized by the force dipole tensor
P O

i =1 ;2;3 (resp. P T
j =1 ;2;3). Assuming that the carbon atoms

are randomly distributed in space, the resulting strain �eld
(� ) is given by a mean-�eld approach [26, 27] and is written
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as:
� = S(� + p); (1)

where S is the elastic compliance tensor,� is the stress
tensor, and p is the average dipole tensor which is given
by

p =
1
V0

3X

i =1

ci P O
i ; (2)

with V0 the atomic volume of the lattice and ci is the site
fraction de�ned as the ratio between the number of carbon
atoms sitting on the i -octahedral site and the number of
bcc lattice sites. The migration enthalpy of a carbon atom
from octahedral site i through the tetrahedral site j is
expressed as function of the strain tensor and the elastic
dipole tensors [28, 29, 30, 27]:

H m
i=j = H m

0 � (P T
j � P O

i ) : � ; (3)

where H m
0 is the migration enthalpy of the stress-free bcc

Fe crystal. This equation implies that the carbon di�usion
enthalpy depends on both the applied stress� and the
carbon distribution.

In systems with substitutional solutes, the carbon mi-
gration enthalpy depends also on the local chemical envi-
ronment. A pairwise interaction model is applied to de-
scribe the variation of the carbon migration barriers with
the local environments. The X -C (X = Al, Si) pairwise
interactions are given by the ab initio calculations. These
interactions are included in the carbon jump frequency:

! i=j = � 0 exp

"

�
H m

i=j +
P

X (E T
X -C � E O

X -C )

kB T

#

; (4)

wherekB is the Boltzmann constant, T is temperature, � 0

is the attempt frequency that is assumed to be strain- and
composition-independent, and

E T
X -C =

X

k

zk V k
X -C(T) ; E O

X -C =
X

k

zk V k
X -C(O) ; (5)

where zk is the number of atom X = Al, Si at the k-
th nearest-neighbour shell of the considered carbon atom,
and V k

X -C(T) [resp. V k
X -C(O) ] is the pairwise interaction

between an atomX on a substitutional site and a carbon
atom on a tetrahedral (resp. octahedral) site at the k-th
nearest-neighbor distance.

3. Density functional theory calculations

We followed a similar numerical scheme as our previous
work [20] to perform the density function theory (DFT)
calculations of the X -C (X = Al ; Si) pairwise interac-
tions. First-principles calculations have been performed
with VASP code [31, 32], with generalized gradient approx-
imation [33] with projector augmented wave method [34]
and Perdew-Burke-Ernzerhof exchange-correlation func-
tionals [35, 36], spin polarized approximation, 550 eV en-
ergy cut-o�, 4 � 4 � 4 bcc supercell containing 127 Fe

atoms, 1 X atom and 1 C atom (associated 6� 6 � 6
Monkhorst-Pack scheme [37] for k-points meshes construc-
tion), 10 � 8 eV energy convergence criterion for electronic
self-consistency. To reproduce carbon migration paths,
Climbing Image Nudged Elastic Band (CI-NEB) method-
ology has been used for �xed lattice volume and shape
(only internal relaxations were allowed), with 9 intermedi-
ary images, and 0.05 eV/�A ionic relaxation criterion. We
considered seven (resp. �ve) neighboring shells of octahe-
dral (resp. tetrahedral) sites [cf. Fig. 1 (left)].

In Fig. 1 (middle and right), we compare the X -C pair
interactions given by this work with those from di�erent
studies in the literature [7, 8, 38, 39]. Overall, the interac-
tions of X = Al ; Si with carbon atoms in octahedral sites
obtained from this work are in relatively good agreement
with other studies. As for the interactions of X with car-
bon atoms in tetrahedral sites, our results are in general
smaller than those from Liu et al. We will discuss in Sec-
tion 6.1 this di�erence and the resulting deviation in the
predicted carbon di�usion properties.

Elastic parameters of � -Fe used in the following kinetic
simulations are taken from our previous work [20], which
are given in Tab. 1. The attempt frequency and the stress-
free carbon migration enthalpy are obtained by �tting the
data in Ref. [40]: � 0 = 149 THz and H m

0 = 0 :872 eV.

Table 1: Elastic parameters of � -Fe that are used in the kinetic
simulations. These results were computed from �rst principles in
Ref. [20].

Lattice parameter [�A] 2.831

S11 [GPa� 1] 0.00555

S12 [GPa� 1] � 0:00191

S44 [GPa� 1] 0.00100

PO , transverse [eV] 9.1

PO , longitudinal [eV] 18.2

PT , transverse [eV] 14.3

PT , longitudinal [eV] 5.0

4. Monte Carlo simulation

The internal friction and tracer di�usion are calculated
by atomistic kinetic Monte Carlo (AKMC) simulations
based on the residence-time algorithm. These simulations
are performed on the body-centered cubic (bcc) lattice
with the octahedral sites. Details of the method can be
found in Refs. [27] and [25].

4.1. Internal friction

For the internal friction simulation, we consider a system
submitted to a sinusoidal (1�10)[110] shear stress at selected
frequency f such that � 22 = � � 11 = � 0 sin(2�f t ). The
crystal response is a sinusoidal shear strain� (t). The time
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Figure 1: Left: Neighboring shells of octahedral and tetrahedral interstitial sites surrounding a substitutional solute atom X = Al ; Si. Middle:
Si-C pairwise interaction for C in octahedral (top) and tetrahedral (bottom) sites. Right: Al-C pairwise interaction for C in octahedral (top)
and tetrahedral (bottom) sites. Positive pairwise interactions correspond to repulsive interactions.

lag between stress and strain corresponds to the energy
loss of the system, i.e., the internal friction (denoted by
Q� 1). The latter is computed as the fraction energy loss
per cycle:

Q� 1 =
1

2�
� W
Wmax

; (6)

where � W =
R

� : d� is the energy loss per cycle and
Wmax is the maximum elastically stored energy per unit
volume during a cycle. Note that if carbon atoms are
di�using in low-carbon Fe, Q� 1 follows a Debye curve [18]:

Q� 1 = �
!�

1 + ( !� )2 ; (7)

where ! = 2 �f , � is the relaxation time, and � is the
relaxation strength. It is shown in Ref. [41] that both �
and � depend on the material parameters, carbon content
and temperature. At low carbon content, the relaxation
time � has a simpli�ed expression [42, 19, 41]:

� = (6 � 0) � 1 exp
�

H m
0

kB T

�
: (8)

Q� 1 reaches its maximum when� = 1=! . According to
Eq. (8), for a given relaxation frequency (f or ! ), the tem-
perature corresponding to the maximumQ� 1 writes

Tmax =
H m

0

kB ln(6� 0=! )
: (9)

We introduce 1000 carbon atoms in the lattice. The size
of the simulation box is adjusted by the atomic fraction of
carbon atoms. The number of the substitutional solute
atoms in the bcc lattice is set to a value so that the so-
lute concentration equals the chosen one. The number of
simulation steps is adjusted such that the number of stress
cycles is larger than 50 in order to reach a good statistics.
The applied stress amplitude is set to 300 MPa. The latter
is a relatively high value compared with the experimental

usage, but technically necessary to overcome the high 
uc-
tuations present in the �nite-size simulation box [41]. The
site fractions of the carbon atoms (ci =1 ;2;3) are measured
after each atomic jump. The resulting strain evolution � (t)
is given by the mean-�eld elastic model [27].

4.2. Tracer di�usion

For the tracer di�usion measurement, about 9 carbon
atoms are inserted in the simulation box of 2� 363 bcc sites
(corresponding to a carbon concentration of 0:01 at.%).
1000 measurements of the mean squared displacement
(MSD) of the carbon atoms after 9 � 106 atomic jumps
(i.e., a total of 9 � 109 carbon jumps for each simulation)
are performed to compute the tracer di�usion coe�cients.
The standard error of the obtained carbon di�usivities is
within � 5% with these settings. The tracer di�usivity DC

is related to the MSD hR2i during a period of time � via
the Einstein-Smoluchowski equation: hR2i = 6DC � . The
MSD is given by

hR2i =

* 
NX

n =1

Rn

! 2+

= f C

* 
NX

n =1

R2
n

!+

; (10)

where N is the total number of jumps in the period of
time � and Rn is the displacement of a carbon atom due
to the n-th jumps.

D� P N
n =1 R2

n

�E
is the uncorrelated

MSD corresponding to the random di�usion path, and f C

is the correlation factor characterizing the deviation be-
tween the tracer di�usion and a random walk. Note that
the displacements of about 9 C atoms are simultaneously
measured during the simulation. Therefore, the �nal MSD
results from the average of all carbon atoms.
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Figure 2: (a){(c): Experimental and simulated carbon Snoek relaxation pro�les in bcc Fe-Si, Fe-Al and Fe-Al-Si alloys. The alloy compositions
are expressed in at.%. The experimental pro�les are reproduced from the results of Sinning et al. [17], in which all the samples were water-
quenched from 1000 K. The experimental excitation frequency of Fe-3Si and Fe-8.7Si systems is 320{410 Hz, and the one of Fe-6Al and
Fe-3Al-3Si is about 600 Hz. The excitation frequency of AKMC simulation is set to 400 Hz for Fe-3Si and Fe-9Si, and 600 Hz for Fe-6Al and
Fe-3Al-3Si. (d){(f): Distribution of carbon migration enthalpy H m in Fe-6Si, Fe-6Al and Fe-3Al-3Si alloys measured by AKMC simulation
at 400 K. The shaded area indicates the carbon migration enthalpy in substitutional solute-free bcc Fe.

5. Results of carbon kinetics

5.1. Internal friction: validation of the pairwise interac-
tion model

In Fig. 2 (a){(c), we present the simulated temperature-
dependent internal friction (TDIF) pro�les in Fe-Si, Fe-Al
and Fe-Al-Si alloys obtained by AKMC simulation. In
order to validate the simulation approach of the Snoek re-
laxation process, we present also the experimental pro�les
obtained by Sinning et al. [17] and Golovin et al. [43]. The
TDIF amplitude is mainly related to the carbon concen-
tration and the elastic properties of the material. Here,
we focus mainly on the TDIF peak temperatures, which
are directly determined by the carbon migration enthalpy
in the investigated alloys. The TDIF pro�les are normal-
ized by their maximum amplitude to avoid the in
uence of
carbon concentration and elastic parameters. It is shown
in Ref. [19] that the internal friction pro�les are closely
related to the distribution of carbon migration enthalpy
in the alloy. Therefore, such distribution is measured by
AKMC simulation and plotted in Fig. 2 (d){(e) for a better
understanding of the TDIF pro�le.

In Fig. 2 (a), we plot the simulated pro�les in Fe-3Si
and Fe-9Si, as well as the experimental ones in Fe-3Si and
Fe-8.7Si. These pro�les consist of two potential relaxation

peaks: one at about 380 K, the other at about 415 K. The
former peak temperature is almost the same as the one
reported in � -Fe (the so-called Fe-C-Fe peak) at an ex-
citation frequency of about 400 Hz [14] and thus, it cor-
responds to the carbon jumps far from solute Si atoms.
Note that by applying Eq. (9), we obtain consistent re-
sult: this peak results mainly from the jump with migra-
tion enthalpy of 0.87 eV|the ab initio value of the car-
bon migration enthalpy in � -Fe and the most frequent
value in the migration enthalpy distribution. The second
peak results from short-range interactions between C and
Si atoms|the so-called Fe-C-Si peak. Applying Eq. (9),
we can roughly estimate the migration enthalpy related to
this temperature peak, which is about 0.95 eV. However,
this value does not correspond to one of the most frequent
enthalpies in the distribution [cf. Fig. 2 (d)].

In the Fe-6Al alloy, the experimental pro�le consists of
a peak at about 435 K and a shoulder at about 390 K [cf.
Fig. 2 (b)]. The latter corresponds to the Snoek peak of
carbon jumps in � -Fe (i.e. the Fe-C-Fe peak) at 600 Hz.
According to the relation Eq. (9), the peak temperature of
435 K is consistent with the most frequent migration en-
thalpy (about 0.99 eV) of the distribution shown in Fig. 2
(e). Therefore, this peak results from carbon jumps near
Al atoms (Fe-C-Al peak). In the simulated pro�le, the
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Fe-C-Fe peak is not as visible as it is in the experimental
pro�le, though the Fe-C-Al peak position is well repro-
duced.

As for the Fe-3Al-3Si system, the experimental pro�le
is similar to the one of Fe-6Al alloy: it is composed of
a peak at about 435 K and a shoulder at about 390 K.
Once again, the latter corresponds to the Fe-C-Fe peak.
The appearance of 435 K-peak should be due to the Al-
C pair interactions because it appeared also in the pro�le
of Fe-6Al alloy. Moreover, the pro�le of Fe-3Al-3Si alloy
is wider than the one of Fe-6Al alloy because it comprises
also a peak due to the Si-C pair interaction at about 405 K
corresponding to the most frequent migration enthalpy in
the distribution [cf. Fig. 2 (f)]. Accounting for only the
pairwise interactions, AKMC simulations predict that the
major peak is at about 435 K. This value corresponds well
to the highest peak of the experimental pro�le.

Overall, the agreements between experimental and sim-
ulated pro�les respective in Fe-Si, Fe-Al and Fe-Al-Si sys-
tems are satisfactory. This validates the use of the pairwise
interaction model [i.e. Eq. (4)] to describe the dependence
of carbon kinetics on the local alloy composition. More-
over, this con�rms the Snoek nature of the experimental
pro�les, and therefore the C-Snoek peaks in Fe-Si alloys
are not masked by the so-called `P1' peak related to dis-
location motions shown in Ref. [44].

5.2. Long-range carbon di�usion
In Fig. 3, we present the long-range di�usion properties

of carbon in Fe-Si, Fe-Al and Fe-Al-Si alloys. We also
compare these properties to those in� -Fe to highlight the
substitutional solute e�ect on carbon di�usion.

In Fe-Si alloys, the tracer di�usion coe�cients of car-
bon are close to those in� -Fe. The introduction of Si in
Fe slightly increases the carbon di�usivity at 500{1000 K,
while it reduces the di�usivity below 500 K. This decrease
of carbon di�usivity results from the kinetic correlation
at low temperature (i.e. the reduce of correlation factor)
mainly due to a trapping mechanism at O5-con�guration
in which the Si-C interaction is attractive.

In Fe-Al alloys, the carbon di�usivity is much lower than
that in � -Fe. The introduction of 3 at.% Al in Fe decreases
the carbon di�usivity by about 20% at 1000 K, and by
about an order of magnitude at room temperature; the
introduction of 6 at.% Al in Fe reduces the carbon di�u-
sivity by about 40% at 1000 K, and by more than an order
of magnitude below room temperature. Compared with Si,
Al has a more signi�cant e�ect on the reduction of carbon
di�usion because it has more attractive pair con�gurations
(O3, O5, and O5'), which lead to stronger trapping e�ects
and kinetic correlations.

In Fe-3Al-3Si, carbon di�usion is also slower than that
in � -Fe mainly because of the introduction of 3 at.% Al, as
the e�ect of 3 at.% Si on slowing down carbon di�usion is
much smaller. The carbon di�usivity is reduced to 85% of
the substitutional solute-free value [D (CX = 0)] at 1000 K
and to 10% ofD(CX = 0) at room temperature.

6. Discussions

6.1. Ab-initio energy database and KRA model

Simonovic et al. [7] have performed AKMC simulations
to compute the carbon di�usivity in Fe-Si alloys. They
showed that the introduction of 2 at% Si in Fe reduced the
carbon di�usivity by about 20% at 500 K and by about 8%
at 1000 K. Liu et al. [8] have performed similar studies in
Fe-Si and Fe-Al alloys. They obtained that the introduc-
tion of 2 at% Si reduced the carbon di�usivity by about
80% at 500 K and by about 50% at 1000 K. In addition,
they showed that Si is more e�cient in slowing down car-
bon di�usion than Al. Their results are qualitatively and
quantitatively di�erent from what we predict. This di�er-
ence originates from the following two aspects.

ˆ The interactions of Si with carbon at octahedral sites
obtained from Simonovic et al. and Liu et al. are
di�erent from our results. For example, compared
with our results, they had more attractive O3, O4,
and O5' con�gurations. Thus, the trapping mecha-
nism due to Si is more signi�cant with their energy
database. However, ourab initio calculations are per-
formed with a larger simulation box, in which the ef-
fects of periodic images on the pair interactions are
much smaller. Focusing only on the energy of O3
con�guration, we can see notable variations depend-
ing on the size of the supercell used for the DFT cal-
culation. A slightly negative O3-interaction was ob-
tained by Simonovic et al. (� 0:002 eV) [7] and Liu
et al. (� 0:005 eV) [8] with a supercell of 54 atoms,
while a slightly positive O3-interaction was obtained
by Bakaev et al. (+0:01 eV) [38] and Mirzoev et al.
(+0 :04 eV) [39] with a supercell of 128 atoms as our
work (+0 :012 eV). Note that a similar size e�ect on
the sign of carbon-carbon pair interactions computed
by DFT has been revealed in [45].

ˆ The interactions of Si with carbon at tetrahedral
sites in Simonovic's work were obtained from an ap-
proximated approach|Kinetically-Resolved Activa-
tion (KRA) model [46]. However, the correspond-
ing interactions are obtained from �rst principles in
our work. We compare in Fig. 4 the pair interactions
obtained from these two approaches. KRA model
capture well the global features of these interactions,
while, quantitatively, it overestimates such interac-
tions (except T1-con�guration for Al-C pair), leading
to higher migration barriers of carbon atoms. There-
fore, carbon di�usivity deduced from KRA model is
smaller than that from ab initio database. As in Liu's
work, their interactions of Si with carbon at tetrahe-
dral sites are higher than those in our work, leading
also to higher carbon migration barriers. This di�er-
ence is due to the size e�ect mentioned in the �rst
point.
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Figure 3: (a) Arrhenius plots of tracer carbon di�usion coe�cients in bcc Fe, Fe-Si, Fe-Al and Fe-Al-Si systems. The alloy compositions are
expressed in at.%. (b) Ratio between tracer di�usion coe�cients of carbon in ferritic alloys and that of � -Fe. (c) Correlation factor of carbon
in bcc Fe, Fe-Si, Fe-Al and Fe-Al-Si systems as a function of inverse temperature.

Figure 4: Pairwise interactions of carbon on tetrahedral positions
with substitutional Al (left) and Si (right) obtained from DFT and
KRA model.

Note that the signal of the internal friction is sensitive
to the distribution of the migration enthalpy, which de-
pends on the pairwise interaction database. In Fig. 5, we
compare the simulated TDIF pro�les in Fe-3Si using the
database of this work and that of Liu et al. [8]. The ex-
perimental pro�le is also plotted as a reference result. As
presented previously in Section 5.1, the simulated pro�le
obtained from our ab initio energy database is in good
agreement with the experimental pro�le. However, us-
ing Liu's database, we obtain a much wider TDIF pro�le.
Moreover, the obtained peak position (around 420 K) does
not correspond to the experimental peak (380 K). To this
extent, our energy database has a higher reliability than
that of Liu et al.

6.2. Short-range and long-range di�usion

The signal of internal friction results from one car-
bon jump. Thus, it characterizes the short-range di�u-
sion behavior. However, in addition to the short-range
atomic jumps, tracer di�usion also provides information
on the long-range kinetic correlation. If the main di�er-
ence between internal friction and tracer di�usion mea-

Figure 5: Experimental and simulated carbon Snoek relaxation pro-
�les in bcc Fe-3Si (at.%). The experimental pro�le is reproduced
from the work of Sinning et al. [17], in which the sample was water-
quenched from 1000 K. The two simulated pro�les were respectively
obtained from the pair-interaction database of this work and the one
of Liu et al. [8]. The experimental excitation frequency is 320{410 Hz,
and the simulated one is set to 400 Hz.

surements is whether or not kinetic correlation is taken
into account, the uncorrelated carbon di�usion coe�cient
(DC=f C ) should be related to the relaxation peak of TDIF
pro�le. Note that one can extract an e�ective migra-
tion enthalpy, H m

e� , from the highest relaxation peak us-
ing Eq. (9). In Section 5.1, it is shown that H m

e� is close
to the most frequent jumps in the enthalpy distribution.
From the Arrhenius �t of DC=f C , we can also obtain an
e�ective migration enthalpy. We compare in Table 2 the
e�ective migration enthalpies obtained from (a) the relax-
ation peak of internal friction pro�le, (b) the Arrhenius
�t of the uncorrelated tracer di�usion coe�cients, and (c)
the Arrhenius �t of the correlated tracer di�usion coe�-
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cients in the investigated alloys. As expected,H m
e� from

correlated di�usion is higher than those from the other
two approaches because the solute-induced kinetic correla-
tion decreases the carbon di�usivity. The H m

e� from inter-
nal friction pro�le corresponds relatively well with the one
from uncorrelated di�usion, especially in Fe-3Si where the
TDIF pro�le is nearly single-peaked. This quantitatively
good agreement shows that one can roughly estimate the
migration enthalpy of uncorrelated tracer di�usion from
the internal friction measurement (with an error smaller
than 0.03 eV in the investigated alloys). However, for a
more complete study on the long-range di�usion behav-
iors, the tracer di�usion measurement is indispensable.

Table 2: Comparison of e�ective migration enthalpies (in eV) ob-
tained from (a) the major relaxation peak of internal friction pro�le,
(b) the Arrhenius �t of the uncorrelated tracer di�usion coe�cients,
and (c) the Arrhenius �t of the correlated tracer di�usion coe�cients
in Fe-3Si, Fe-6Al and Fe-3Si-3Al alloys.

Alloys H m
e� (a) H m

e� (b) H m
e� (c)

Fe-3Si 0.87 0.87 0.92

Fe-6Al 0.99 0.96 1.05

Fe-3Si-3Al 0.93 0.91 1.00

6.3. Solute e�ect on the elastic parameters

Table 3: Elastic parameters of Fe-12.5Al (at.%) computed from �rst
principles based on a SQS approach.

Lattice parameter [�A] 2.860

S11 [GPa� 1] 0.00836

S12 [GPa� 1] � 0:00307

S44 [GPa� 1] 0.00084

PO , transverse [eV] 6.5

PO , longitudinal [eV] 14.6

PT , transverse [eV] 11.9

PT , longitudinal [eV] 3.4

The introduction of concentrated substitutional solute
atoms in ferrite can lead to signi�cant modi�cation of the
elastic properties of the material. However, this point was
not considered in the above presented simulation results
because we mainly focus on the e�ect of short-range substi-
tutional solute-carbon pair interactions on the carbon dif-
fusion. The modi�cation of the elastic parameters should
not have remarkable e�ect on the carbon di�usion in fer-
rite because the carbon-induced strain is so small that it
has negligible impacts on the carbon di�usion. However, a
correct calculation of the elastic parameters is essential for
the simulation of carbon kinetics in martensite (or body-
centered tetragonal iron) [27, 48]. Note that the elastic
parameters in concentrated alloys can be computed from

Figure 6: Experimental and simulated carbon Snoek relaxation pro-
�les in � -Fe and bcc Fe-Al systems. The alloy compositions are
expressed in at.% in the legend. The pro�les are normalized by the
carbon concentration ( c). The excitation frequency is about 1 Hz
in experiment and simulation. The experimental pro�le in � -Fe is
reproduced from the results of Weller [42], and the one in Fe-11.7Al
is from Golovin et al. [47].

�rst principles by building a Special Quasi-random Struc-
ture (SQS) [49]. We follow the same numerical scheme as
presented in Ref. [20] to compute the elastic parameters of
the bcc Fe-12.5Al (at.%) alloy (cf. Tab. 3), using the mc-
sqsmodule [50] of ATAT code [51]. Since the peak height
of the internal friction pro�le is sensitive to the elastic pa-
rameters, the comparison between TDIF pro�les from ex-
perimental measurement and those obtained from AKMC
using the parameters in Tab. 3 provides a way to validate
these parameters. The experimental and simulated pro-
�les of � -Fe and Fe-Al systems are plotted in Fig. 6. To
avoid the e�ect of the carbon concentration on the peak
height, the TDIF pro�les are normalized by the carbon
content. We convert the simulated pro�le for a single
crystal to the one for poly-crystal via the Reuss averag-
ing method [52, 18]. According to the AKMC simulation
the introduction of Al in � -Fe lowers the relaxation peak:
the peak height in Fe-12.5Al is about one third of that
in � -Fe. This decrease is consistent with what we observe
from the experimental pro�les. However, in both � -Fe and
Fe-Al, the peaks of the simulated pro�les are higher than
those of the experimental pro�les. This error may, on one
hand, origin from the computed elastic parameters. On
the other hand, the carbon content in the solid solution of
the experimental specimens can be lower than the nominal
value because, for instance, carbon atoms can be trapped
in the Cottrell atmosphere around the dislocation. This
unexpected decrease of the carbon content contributing to
the internal friction in the experiment also leads to the
discrepancy with the simulation results.
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7. Conclusion

This work provides a multi-scale simulation of the short-
range and long-range di�usion of carbon atoms in ferritic
Fe-Si-C, Fe-Al-C and Fe-Al-Si-C alloys. First-principles
calculations provide a database of the pairwise interac-
tion of carbon atoms with neighboring substitutional so-
lute atoms. Atomic kinetic Monte Carlo simulations are
performed to calculate the internal friction pro�le and the
tracer di�usion coe�cients of carbon atoms. The most
relevant results are summarized below.

ˆ We obtain a good agreement between the simulated
internal friction pro�le and the experimental one for
an alloying solute up to 9 at.%. This consistency
validates the pairwise interaction model which has
been widely used to describe the local environment-
dependent carbon migration.

ˆ The comparison between the simulated and experi-
mental internal friction pro�les also provides a way to
verify the database of the pairwise interaction energy.

ˆ Al is much more e�cient than Si in slowing down car-
bon di�usion because Al has more attractive neigh-
boring shells, which leads to a more remarkable ki-
netic trapping of carbon atoms.

ˆ We highlight a super-cell size e�ect on the short-range
Si-C pair interactions resulting from �rst-principles
calculations. Increasing the size of super-cell changes
the sign of certain pair interactions. According to our
energy database, the introduction of 3 at% and 9 at%
Si in ferrite slightly increases the carbon di�usivity at
above 500 K, which is unexpected by previous studies.
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