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First-principles density-functional theory calculations for C solution enthalpies, Hsol, and diffusion activation
enthalpies, Hdiff, in body-centered-cubic Fe and Cr are presented. The results for C in Fe compare well with
experiments, provided that the effect of magnetic disordering is accounted for. Likewise, in Cr, the calculated
Hsol and Hdiff agree well with available experiments. In both materials, the deviation between calculated
enthalpies and critically assessed experimental enthalpies are less than 0.05 eV. Further, first-principles calcu-
lations for the interaction energies between a solute �e.g., a Cr atom in bcc Fe� and an interstitial C atom are
presented. The results are in conflict with those inferred from internal friction �IF� experiments in disordered
Fe-Cr-C alloys. A simple model of C relaxation in disordered Fe-Cr is used to compare theoretical and
experimental IF curves directly. The results suggest that a more extensive study of the energetic, thermody-
namic, and kinetic aspects of C migration in Fe-Cr is needed.
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I. INTRODUCTION

Body-centered-cubic �bcc� �or ferritic� Fe-Cr based steels
find applications in high-temperature corrosive environments
such as chemical plants and heat exchangers. They have also
attracted extensive interest because of their good resistance
against neutron irradiation.1 Thus, both in future energy pro-
ducing fusion plants and in advanced fission reactors, Fe-Cr
based steels are prime candidate materials to be used in
structural parts of the reactors that will be subject to extreme
neutron irradiation.

Carbon plays a central role in steels, e.g., by stabilizing
the face-centered-cubic phase at high temperature, by exert-
ing drag on dislocations and grain boundaries, and by form-
ing carbides.2 A good understanding of the physics of inter-
stitial C solution and diffusion in Fe, Cr, and in Fe-Cr alloys
is of basic importance in order to model the much more
complicated metallurgy of Fe-Cr based steels. For instance,
parameters such as C solution energies and diffusion activa-
tion energies directly influence the kinetics of various phase
transformations. In addition, a series of carbides form in the
Fe-Cr-C alloys, and the solubility of C depends on which
carbides are present in the material.

The Fe-C phase diagram has been studied for more than
100 years.3 Still, such a basic property as the C solubility in
�-Fe �bcc� is uncertain at low temperatures due to the tran-
sition to �-Fe at 996 K, which makes the determination of a
solution activation energy and prefactor difficult. In addition,
the transition from ferromagnetic �FM� to paramagnetic or-
dering in Fe gives a nonlinear contribution to the solubility
when viewed in an Arrhenius plot.4 In contrast, carbon dif-
fusivity in the � phase has been extremely accurately mea-
sured �see Ref. 5 for a compilation of experimental data�.
First-principles density-functional theory �DFT� calculations
have provided a detailed atomic level picture of C impurity
formation and migration in Fe. Jiang and Carter6 obtained C
solution energies and diffusion activation energies in good
agreement with experiments for bcc Fe. However, their
analysis did not discuss the effect of magnetism at elevated
temperatures.

In the case of bcc Cr, the experimental data on carbon
solubility are expected to be more accurate because of the
wider temperature range accessible, and because the mag-
netic transitions occur at lower temperatures compared to
Fe.7 We have found one report8 giving the solubility of C in
Cr. Carbon migration in bcc Cr has been measured by inter-
nal friction �IF� �see Ref. 9 and references therein�.

The high accuracy of IF methods in measuring migration
rates makes it natural to also look at C migration in Fe-Cr
alloys. Golovin et al.9 used IF measurements to study the
solution and migration of C in disordered Fe-Cr. Their results
indicate a nontrivial composition dependence of the effective
C migration activation energy in Fe-Cr-C.

The aim of this paper is twofold. First, accurate electronic
structure calculations of the solution and diffusion activation
energies in bcc Fe and Cr are presented, and critically com-
pared with available experimental data. Second, the interac-
tions between C and host atoms in Fe-Cr alloys are investi-
gated in the framework of the DFT. IF measurements provide
an accurate “fingerprint” of the thermodynamics and kinetics
of C diffusion in Fe-Cr, therefore also indirectly measuring
the carbon-host atom interactions. Our calculated interac-
tions are of similar size, but of opposite sign, to those de-
rived by Golovin et al.,9 based on their IF measurements.
Application of a simple model of C relaxation in the alloy,
given the interactions derived here, results in IF peaks that
are qualitatively different from the experimental ones. Pos-
sible reasons for this disagreement are discussed in Sec. IV.

II. METHOD

A. First-principles calculations

The current calculations are based on the DFT method as
implemented in the VIENNA Ab Initio SIMULATION PACKAGE

�VASP�.10 The projector augmented wave �PAW� potentials11

were used, and a generalized gradient approximation �GGA�
�Ref. 12� was chosen as exchange-correlation functional.
DFT calculations for defect systems, typically targeting de-
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fect energies, require strict settings in order to reach suffi-
cient accuracy. We therefore describe these calculations in
more detail below while the specifics of the other calcula-
tions, when different, are given later.

A plane-wave cut-off energy of 480 eV was chosen be-
cause of the presence of C. The k-point mesh was 3�3�3
for systems of 128 lattice points. When relaxing the atomic
positions, we kept the total volume constant �corresponding
to the bulk lattice constant� in order to simplify the calcula-
tions. For systems with cubic symmetry, the energy lowering
upon relaxing the volume can be estimated by use of elastic
theory as �E=V0p2 / �2B�, where V0 is the volume, p is the
pressure, and B is the bulk modulus. The octahedral and
tetrahedral positions in a bcc crystal have tetragonal symme-
try, and the corresponding energy lowering can be expressed
as13 �E=V0�c−1� /2, where � is the internal stress tensor
and c is the elastic constant matrix. The internal stress was
obtained in the DFT calculations, and the single-crystal elas-
tic constant were taken from Ref. 14. All carbon solution and
migration activation energies presented in this paper were
corrected in this way. However, because the supercell in
these calculations is large �128 lattice points�, the corrections
are reasonably small �within 0.15 eV�.

For an impurity sitting in a substitutional or interstitial
site, the defect formation energy is calculated from

Edef = Edef
tot �Mn,C� −

n

N
Ebulk�MN� − Egraph, �1�

where Edef
tot �Mn ,C� denotes a supercell with n host atoms and

one C impurity, and Ebulk�MN� is the energy of the defect-
free host lattice with N atoms. For interstitial C structures,
n=N, and for C sitting in a substitutional site, n=N−1. The
energy Egraph is the C energy per atom in the graphite struc-
ture. It is a well-known deficiency of the DFT that it does not
describe accurately the binding between the graphite planes,
which is due to van der Waals forces. We followed Jiang and
Carter,6 and calculated the C energy by simply constraining
the cell parameters for the graphite structure to the experi-
mentally determined ones. The corresponding energy �9.24
eV/atom� agrees reasonably well with a previous plane-wave
GGA calculation,15 in which the relaxed c /a ratio is however
shown to be overestimated.

In Sec. III D, we present results on a study of carbon-
solute �C-s� interaction. It is defined as the energy of a C-s
pair at a certain distance, relative to the energies of noninter-
acting C and solute �s�,

EC−s
f = Etot�MN−1,s,C� − Edef

tot �MN,C�

− Es
tot�MN−1,s� + Ebulk�MN� . �2�

Thus, EC−s
f is the negative of the binding energy between the

carbon and the solute atoms.
With C in the octahedral site being the stable interstitial

defect, the solution energy relative to a specific carbide is

Esol = Eoct − Ecarb, �3�

where the carbide formation energy per carbon atom is

Ecarb =
1

nC
�Ecarb

tot �Mn,CnC
� − nEbulk�M� − ncEgraph� . �4�

Here, nC is the number of carbon atoms in the carbide.

B. Thermodynamic and kinetic relations

At elevated temperature, the solution free energy Gsol

=Hsol−TSsol will contain the static solution energy, Esol,
which at ambient pressure can be written as an enthalpy,
Hharm

sol . In addition, Gsol will contain a number of terms of
vibrational, electronic, and magnetic origins, Gsol=Hharm

sol

−TSharm
sol +Ganharm

sol +Gelec
sol +Gmagn

sol . In the present calculations,
we assume that the excess anharmonic and electronic free
energies are small compared to the static free energy. The
term Gmagn

sol is important in Fe due to the magnetic transition
at the Curie temperature. We have followed the treatment in
Ref. 4 in order to take this contribution into account �see Sec.
III C 1�.

For C at low concentrations, Gsol is related to the solubil-
ity, cC, as

cC = 3 exp�Ssol/kB − Hsol/kBT� . �5�

Here, kBT is the Boltzmann constant multiplied by absolute
temperature and the factor of three arises because there are
three octahedral sites per host atom in the bcc lattice.

The carbon diffusion activation energy in �-Fe is tradi-
tionally assumed to be associated with jumps between octa-
hedral sites via tetrahedral positions �transition states�, and it
was shown by Jiang and Carter6 that this picture is consistent
with first-principles modeling. In the current paper we have
assumed that this applies also for Cr. Then, the activation
enthalpy for C diffusion is given by

Hdiff = Htetr − Hoct, �6�

which may again be split into static, vibrational, electronic,
and magnetic terms. We will only pay attention to the static
enthalpies with the exception of the magnetic contribution to
the diffusion activation enthalpy in Fe.

C. Model of C relaxation

The tetragonal symmetry of the octahedral site in bcc
metals gives rise to anelastic effects when interstitial C mi-
grates under an applied tensile stress.16 This leads to the
so-called Snoek effect, which allows for very accurate deter-
mination of the migration activation energy via measure-
ments of the internal friction, Q−1, as a function of the angu-
lar frequency, �, of the applied load. In an alloy, we have9

Q−1 =
�

T
�

i
� �	i

1 + ��	i�2� , �7�

where � is the relaxation strength �taken here as equal to
unity�. The index i runs over all C atoms, and their respective
relaxation times are given by

	i = 	0 exp�Ei
m,eff/kBT� , �8�

where Ei
m,eff is an effective migration barrier and 	0 is a

prefactor for migration jumps taken here as equal for all
jumps.
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If all C-C, C-Cr, and C-Fe interactions are known, the
internal friction can be calculated by means of Monte Carlo
simulations. We used a simpler model, in which the relax-
ation times of noninteracting C atoms in a random Fe-Cr
lattice are calculated. Then, only the C-Fe and C-Cr interac-
tions need to be specified. Furthermore, we assumed that the
C atoms are thermalized at each temperature. Then, statisti-
cal sampling can be achieved by generating random struc-
tures with a C atom surrounded by Fe and Cr atoms, and
calculate their statistical weight according to the Maxwell-
Boltzmann statistics;

pi =
1

Z
exp�− Ei/kBT� , �9�

where Z is the partition sum, Z=�ipi. For each local configu-
ration i with energy Ei, the carbon atom will see four pos-
sible jumps directions, j, with activation energies

Ej
migr = Ej

barrier − Ei, �10�

where Ej
barrier is the energy at the barrier dividing the initial

and final states of the jump. The expectation time for the
escape jump via any of these directions is

	i� =
	0

� j=1

4
exp�− Ej

migr/kBT�
. �11�

Finally, by summing up the contribution from all sites, one
finds

Q−1 =
�

T
�

i

pi� �	i�

1 + ��	i��
2� . �12�

III. RESULTS

A. Bulk properties of Fe and Cr

One of the successes with the GGA:s compared to the
local-density approximation is the reproduction of the correct
ground state for Fe �bcc� and the corresponding magnetic
moment. The case of Cr is more difficult because of its pe-
culiar magnetic ground state, which is an incommensurate
spin-density wave.17 However, at low temperatures, it shifts
to an antiferromagnetic �AFM� state and, then at 300 K, to a
paramagnetic state.7 The detailed theoretical situation is re-
viewed in Ref. 17. In the following, we present some calcu-
lations for bulk Fe and Cr as a means of checking our cal-
culative methods.

In Fig. 1 we have plotted the calculated total energy and
magnetic moment for AF Cr as a function of lattice param-
eter. It is seen that the equilibrium lattice parameter is less
than 1% below the experimental value, and that the equilib-
rium atomic spin moment is 0.95
B, to be compared to the
experimental value 0.63
B. The results in Fig. 1 are essen-
tially in agreement with similar calculations presented in
Ref. 17.

Table I summarizes the calculated equilibrium lattice con-
stants, cohesive energies, bulk moduli, and magnetic mo-
ments for Fe and Cr, respectively. These quantities were cal-

culated from a Birch-Murnaghan fit18 to the total energy as a
function of the lattice parameter. In these bulk calculations,
we used a 20�20�20 k-point mesh for a conventional unit
cell and a cut-off energy of 450 eV. We used both the stan-
dard PAW pseudopotentials, which treat the 3p electrons as
part of the core, and pseudopotentials, which treat the 3p
electrons as valence.

The cohesive energies were calculated by comparing with
isolated spin-polarized atoms with the same cut-off energy.
The overestimation of Ecoh for Fe is a well-known problem
in DFT/GGA.19 For Cr, the agreement between the calcu-
lated and experimental Ecoh is better.

B. Carbides

At low temperatures, the stable phases in the case of the
Fe-C alloy is �-Fe and graphite. However, for practical pur-
poses, the metastable Fe3C cementite structure20 is usually
taken as reference. Pure graphite only forms very slowly at
elevated temperatures. The Cr-C low-temperature phases are
Cr and Cr23C6 carbide.21 Thus, the formation enthalpies of
cementite and Cr23C6 will determine the reference energies
for the solubility of C in Fe and Cr, respectively.

FIG. 1. Total energy and AFM moment as a function of the
lattice constant for Cr.

TABLE I. Calculated lattice constants, a0, cohesive energies,
Ecoh, bulk moduli, B, and magnetic moments, 
, of FM Fe and
AFM/FM Cr. Experimental values are given in parenthesis. Results
with and without core electrons explicitly included in the DFT cal-
culations are presented.

a0 �Å� Ecoh �eV/atom� B �GPa� 
 �
B�

pv potentials

Fe 2.84�2.86a� 5.04�4.28b� 196�173c� 2.20�2.22b�
Cr �AFM� 2.86�2.88a� 4.02�4.10b� 206�190d� 0.95�0.62e�
Cr �FM� 2.85 4.01 258 0.00

standard potentials

Fe 2.83 188 2.20

Cr �AFM� 2.85 192 0.91

aReference 29.
bReference 30.
cReference 31.

dReference 32.
eReference 17.
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Calculated enthalpies of formation of M23C6 and M3C
carbides based on Fe and Cr are given in Table II, and com-
pared to values in the literature. In these calculations, we
started from the known crystal structure of cementite and
Cr23C6, and relaxed atomic positions and cell shapes. Results
for the hypothetical cementite structure Cr3C and Fe23C6 are
included for reference, and compared with enthalpies derived
by Guillermet and Grimvall22 based on thermodynamic mod-
eling.

C. Carbon dissolution and diffusion in Fe and Cr

Table III shows calculated defect formation energies, ac-
cording to Eq. �1�, for C sitting in the substitutional, octahe-
dral, and tetrahedral sites in bcc Fe and Cr. As expected, the
energetically most stable interstitial site in both bcc Fe and
Cr is the octahedral one. Substitutional C in Fe and presum-
ably in Cr sits “off-center” while the present calculations
were done with the C in the center of the vacancy. The en-
ergy, therefore, does not give information on the vacancy-
interstitial binding energy. We include it here because it pro-
vides information on the relative binding between C, and Fe
and Cr atoms, respectively, in a form that is useful, e.g., in
model potential fitting.

Calculated carbon solution enthalpies and diffusion acti-
vation enthalpies are given in Table IV. In the following we
discuss how these energies are derived from the values in
Table III, and how they compare with experiments.

1. Carbon in Fe

In connecting the octahedral defect energy, Eoct, to the
experimentally measured solution energy in Fe, Hsol, one
needs to compensate for two factors. The first is the forma-
tion energy of the reference carbide �cementite� and the sec-
ond is the effect of magnetism. In �-Fe, C solubilities have
been measured in the temperature interval 700–1000 K. This
is a region in which Hsol has a significant temperature depen-

dence due to the fact that one is approaching the Curie tem-
perature, TC. This magnetic part of the Gibbs energy was
divided by Hasebe et al.4 into two parts, stemming from the
effect of alloying Fe with C and from the dissolution of
cementite. These terms can be estimated based on knowledge
of the magnetic Gibbs energy in pure �-Fe, Gmagn, where we
use the expression in Ref. 23, and from knowledge of the
change �TC in TC upon alloying with C. We used �TC=
−500 K.4 The combined effect of these two factors can be
expressed as a magnetic contribution to the C dissolution
free energy, Gmagn

sol , relative to the ferromagnetic state. Ex-
perimentally, when one reads off an activation energy in an
Arrhenius plot, Gmagn

sol will make a contribution Heff
���Gmagn

sol /kB� /��1 /kBT�. This quantity can be read off in
Fig. 2, where Gmagn

sol is plotted in the inset.
In order to compare experimental and theoretical C solu-

bilities, we treated Ssol as a fitting parameter and fitted to the
experimental solubility near the � to � transition �see Fig. 3�.
The resulting Ssol=1.1kB seems reasonable. In Fig. 3 we have
plotted the resulting theoretical solubility limit along with
experimental data. The theoretical result for the purely FM
case, i.e., when Gmagn

sol is ignored, is also shown. An effective
high-temperature solution enthalpy is obtained by taking
Heff=0.15 eV from Fig. 2 as representative for a temperature
range between 800 and 1000 K. We then arrive at Eoct
+Ecarb+Heff=0.81 eV, to be compared with the experimen-
tal value 0.84 eV.4

TABLE II. Formation enthalpies for carbides in units of electron
volts per carbon atom. The reference energies are pure bcc Fe/Cr
and graphite structure C at zero pressure.

Fe3C Fe23C6 Cr3C Cr23C6

Calc. 0.18 0.22 −0.33 −0.41

Exp. 0.23a 0.60b −0.50b −0.55c

aReference 33.
bReference 22.
cReference 34.

TABLE III. Defect enthalpies for C impurities in bcc Fe and Cr
in units of electron volts. The reference states are pure bcc Fe/Cr
and graphite structure C at zero pressure.

Octahedral Tetrahedral Substitutional

Fe 0.84 1.64 3.24

Cr �AFM� 1.56 2.66 3.23

TABLE IV. Solution enthalpy, Hsol, and diffusion activation en-
thalpy Hdiff for C in bcc Fe and Cr, in units of electron volts. The
reference states are Fe3C and Cr23C6, and pure bcc Fe/Cr. Experi-
mental values are given in parenthesis.

Hsol Hdiff

Fe 0.81�0.84a� 0.80�0.84b�
Cr �AFM� 1.96�1.98c� 1.10�1.11d�

aReference 4.
bReference 5.

cReference 8.
dReference 9.

FIG. 2. Magnetic contribution to Hsol in Fe. The plot is based on
the results in Ref. 4. However, we define Gmagn

sol relative to the FM
ground state.
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The experimental activation energy for C diffusion in
�-Fe is associated with a transition from the octahedral site
to a tetrahedral transition state. Jiang and Carter obtained
0.86 eV, in excellent agreement with the experimental acti-
vation energy 0.87 eV given by Wert.24 Our calculations give
Hdiff=0.80 eV, i.e., a small underestimation. It should be
taken into account that the diffusivity of C in bcc Fe is
affected by magnetic disordering, leading to a nonlinear
Arrhenius dependence. McLellan and Wasz5 analyzed this in
detail and arrived at Hdiff=0.84 eV for the low-temperature
�purely ferromagnetic� part of the Arrhenius plot of available
diffusion data.

2. Carbon in Cr

Table III shows that the Cr interstitial energies are system-
atically higher compared to Fe, which is in line with experi-
ments that give a very low solubility of C in Cr.8

It is, in principle, possible that C sitting in the tetragonal
site in Cr does not represent the true saddle point for
octahedral-to-octahedral migration. We simply assume that it
does, giving Hdiff=1.10 eV. This is in excellent agreement
with the measurements by Golovin et al.,9 which gave Hdiff

=1.11 eV.

D. Carbon-solute binding in Fe/Cr

We now turn to the C solution and migration in Fe-Cr
alloys. From the carbide formation energies in Table II, one
would expect the C-s interaction to be more attractive in the
case of Cr compared to Fe. This is also used in the modeling
of IF data on C relaxation in Ref. 9. Based on the defect
energies in Table III, on the other hand, one would expect the
Cr-C interaction in bcc Fe to be strongly repulsive since the
defect energy for C in Cr is roughly 1 eV higher than in Fe.

In Table V, we summarize the results of a study of the C-s
interaction in a 54 atom cell. Figure 4 shows the first, sec-
ond, and third nearest-neighbor octahedral sites from a sol-
ute. In these calculations, we used a cut-off energy of 300 eV
and 2�2�2 k points. Thus, the settings were a bit less
accurate compared to the 128 lattice-point calculations but,
for the present purpose, fully sufficient. In bcc Fe, we find
that the Cr-C interaction is repulsive in all C positions
around a solute Cr atom. In bcc Cr, the trend is the opposite,
i.e., attraction between C and a solute Fe atom.

E. Internal friction due to C relaxation in Fe-Cr-C alloys

Several experiments show a nontrivial dependence of the
effective migration activation energy on the composition in
Fe-Cr alloys, as shown in the paper by Golovin et al.9 The
effective C migration activation energy increases by 0.4 eV
at a Cr concentration of less than 10%, compared to the
activation energy in pure Fe. A maximum increase �0.7 eV�
is found at 40% Cr, after which the activation energy goes
down to the value found in pure Cr. In an attempt to under-
stand how these experimental findings fit with our calculated
C-s interactions, we carried out a series of simple calcula-
tions of the internal friction as a function of temperature and
composition, as described in Sec. II C.

In order to model the effect of alloying Fe with Cr, we use
a static-lattice model of the host atoms surrounding a C
atom, and write the extra pair energy of exchanging an Fe
atom with a Cr atom as

VC-Cr = VC-Cr,0 exp�− rC-Cr/�� , �13�

where VC-Cr,0=0.45 eV and �=0.83a0 were fitted to the en-
ergies in Table V. The barrier energy Ebarrier in Eq. �10� is
identified with the energy of one of the four neighboring
tetrahedral positions. We use a cutoff between the second and
third coordination shell for both the octahedral and tetrahe-
dral sites in the bcc lattice. The calculated �Hoct�Hoct,Cr

FIG. 3. Solubility limit of C in bcc Fe, calculated according to
an Arrhenius form with c=3 exp�Ssol /kB−Hsol /kBT�, with Hsol

taken from the present calculations, and Ssol=1.1kB �solid line�. The
dotted line shows the solubility when the term Gmagn

sol is ignored, i.e.,
a hypothetical purely FM solubility limit. Experimental data points
from Ref. 25 �diamonds�, Ref. 26 �squares� �taken from Ref. 3�, and
Ref. 4 �circles�.

TABLE V. Carbon-solute formation energies �negative binding
energies� for C sitting as first, second, and third nearest neighbor to
a solute. The interaction with the carbon situated at the maximum
distance allowed in the 54 atom supercell is also provided �n-nn�.
All energies are in units of eV.

Host �solute� nn nnn 3rd nn n-nn

Fe�Cr� 0.28 0.22 0.08 0.05

Cr�Fe� −0.28 −0.05

FIG. 4. Octahedral sites in the first, second, and third coordina-
tion shells around a substitutional impurity �gray�.

CARBON IMPURITY DISSOLUTION AND MIGRATION IN… PHYSICAL REVIEW B 78, 094110 �2008�

094110-5



−Hoct,Fe=1.26 eV, and the corresponding �Htetr�Htetr,Cr
−Htetr,Fe=1.53 eV, correspond reasonably well with the de-
fect energies in Table III. Thus, Eq. �13� only describes the
excess energy of C solution and migration associated with
alloying bcc Fe with Cr. However, this is enough to define a
model for C relaxation in the alloy. In Fig. 5, we show the
calculated internal friction, Q−1, as a function of temperature
and for different Cr compositions varying from zero to one.
The calculations were done for �=1 Hz, and we used 	0
=5.77�10−15 s.9 For temperatures in steps of 2 K, we
sampled between 4�104 and 4�105 random local environ-
ments. The calculated �Hoct is shown in Fig. 6 with
�Hoct�0�=0 and �Hoct�1�=1.26 eV.

IV. DISCUSSION

The results for C impurity solution and migration in bcc
Fe presented in this paper are in good agreement with ex-
perimental activation enthalpies. As already mentioned, the
accuracy of the experimental migration activation energy
data is very good due to the high accuracy of IF measure-
ments. To measure the equilibrium concentration of C in bcc
Fe is clearly more difficult. In many of the older measure-
ments, the samples seem not to have been thermalized for
long enough times, as discussed in Ref. 3.

Jiang and Carter6 reported a calculated value of Hmigr
=0.86 eV, in good agreement with experiments, and Hsol
=0.74 eV. The latter value is with reference to graphite and
did not take the magnetic contribution into account. This
value should rather be compared with our calculated Hoct
=0.84 eV, i.e., their value is 0.10 eV lower. In a large su-
percell calculation, such differences may be due to, e.g.,
choice of cut-off energy.

The results for dissolved C in AFM bcc Cr agree with
several experiments; the activation energy for dissolving C in
Cr was calculated to 1.96 eV, to be compared with the ex-
perimental value 1.98 eV, and the diffusion activation energy,
given by the octahedral-to-tetrahedral transition energy, was
calculated to 1.10 eV, compared to 1.11 eV from the experi-
ment. Thus, both results agree very well with experiments.

Thus, our calculated carbon solution and diffusion migra-
tion enthalpies agree to within 0.05 eV with experiments.

Such good agreement between calculated and measured de-
fect enthalpies can be contrasted with the case of vacancy
assisted diffusion. There, calculations and experiments often
disagree by 0.5 eV or more �see, e.g., Ref. 27�. An important
difference between the formation and migration of interstitial
defects, compared with the formation and migration of va-
cancies, is that the former are not associated with variations
in “exposed electronic surface” �see Ref. 28�. The good
agreement between theory and experiments in the case of C
dissolution and migration in bcc Fe and Cr could therefore
be expected for interstitial defects in metals in general.

Our calculated internal friction parameters as a function
of temperature and for different Fe-Cr compositions show a
systematic behavior. There is a gradual shift of the Snoek
peak in Fig. 5 from the Fe peak to the Cr peak via a double
peak curve. For the 25% Cr alloy, this may be interpreted as
follows. The repulsion between C and Cr means that C will
essentially stay away from Cr, as realized from Fig. 6. The
only process of importance will be the jump into a position
with one nearest-neighbor Cr, with activation energy 0.9 eV
�with our parameters�, and away from that position. The first
process will give a peak at around 350, and the second one
will have an activation energy close to the one for bulk Fe; it
therefore gives no separate peak. For the more concentrated
alloys, things should become more complicated, considering
that the scatter in both the initial and barrier energies will
increase. Clearly, the IF curve, especially for 75% Cr, fluc-
tuates more even though two peaks can still be seen.

In the experiment of Golovin et al.,9 the Snoek peak goes
from 310 K in pure Fe to more than 550 K at 35% Cr. This
is in quantitative and qualitative disagreement with the
present results. There are several possible reasons for this. It
seems unlikely that the C-s interaction in Fe and Cr rich
Fe-Cr-C alloys would be of opposite sign to the ones calcu-
lated here, which is an assumption made by Golovin et al. in
their modeling of experimental results. The difference is too
large to be blamed on uncertainties in the DFT calculations.
One possibility is that C-C interactions, which are known to
be long ranges due to elastic effects, need to be included as
well. The C concentrations used in the experiment by
Golovin et al. varied between 0.013 and 0.134 at %, which
may seem small enough to motivate that C-C interactions are
ignored. However, it should be realized that the repulsion

FIG. 6. Calculated C solution enthalpy in a random Fe-Cr alloy,
relative to the value in pure Fe.

FIG. 5. Calculated internal friction due to carbon relaxation in
Fe, Fe-Cr, and Cr.
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between C and Cr, which underlies the present analysis,
strongly limits the number of available sites for C atoms in
the alloy at the temperatures in question. Thus, the assump-
tion of negligible C-C interactions, used in the present analy-
sis, may be questionable.

Another assumption underlying the present analysis and
the analysis in the paper by Golovin et al. is that the Fe-Cr
alloy is completely disordered while the C atoms are able to
thermally equilibrate perfectly at each temperature. In order
to test the validity of this assumption, one would need to
perform more detailed kinetic simulations, and more detailed
information about the experimental conditions �annealing
times, rate of temperature change, etc.� would also be re-
quired.

Finally we should mention that magnetic effects, i.e., the
loss of ferromagnetism upon alloying Fe with Cr, are ex-
pected to influence the C site preference and migration bar-
rier in Fe-Cr, an effect that has not been explicitly included
in the current modeling. However, it is again difficult to
imagine that this would account for a 	0.7 eV increase in
Hmigr.

V. CONCLUSIONS

We have presented first-principles calculations of C impu-
rity formation and diffusion activation energies in bcc Fe and
bcc Cr. Good agreement between theory and experiments is
obtained for the case of impurities in Fe and Cr and also for
carbides with Fe and Cr. The calculated interaction between
Cr and C in bcc Fe shows a repulsion of about 0.28 eV in the
first shell while the interaction is the opposite �binding� be-
tween C and Fe in bcc Cr. Our results are in disagreement
with the interpretation of internal friction experiments in Ref.
9, which points to the need of a more exhaustive and realistic
study of the energetic, thermodynamic, and kinetic aspects of
C migration in Fe-Cr.
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