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Interstitial carbon, dissolved in bcc matrix of ferritic steels, plays an important role in the evolution of
radiation-induced microstructure since it exhibits strong interaction with vacancies. Frequent formation
and break-up of carbon-vacancy pairs, occurring in the course of irradiation, affect both kinetics of the
accumulation of point defect clusters and carbon spatial distribution. The interaction of typical alloying
elements (Mn, Ni, Cu, Si, Cr and P) in ferritic steels used as structural materials in nuclear reactors with a
carbon-vacancy complex is analyzed using ab initio techniques. It is found that all the considered solutes
form stable triple clusters resulting in the increase of the total binding energy by 0.2-0.3 eV. As a result of
the formation of energetically favourable solute-carbon-vacancy triplets, the dissociation energy for
vacancy/carbon emission is also increased by ~0.2-0.3 eV, suggesting that the solutes enhance thermal
stability of carbon-vacancy complex. Association of carbon-vacancy pairs with multiple solute clusters
is found to be favorable for Ni, Cu and P. The energetic stability of solute(s)-carbon-vacancy complexes
was rationalized on the basis of pairwise interaction data and by analyzing the variation of local magnetic

moments on atoms constituting the clusters.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fe-based steels with body centered cubic (BCC) structure such
as bainitic or high-Cr ferritic-martensitic ones are the common
structural materials for nuclear applications [1]. During operation
the steels undergo degradation due to the harsh exploitation con-
ditions. Radiation-induced embrittlement is one of the limiting fac-
tors determining safety and effective exploitation of a nuclear
setup (see e.g. [1,2]). The embrittlement is conventionally attrib-
uted to the obstruction of dislocation movement by nanometric
lattice defects formed as a result of radiation-induced/enhanced
segregation and accumulation of point defect clusters growing to
the dislocation loops and nano-voids [2].

Recent experimental studies involving several high resolution
techniques including atom probe tomography (APT) emphasize
the presence of solute-rich clusters (SRC), composed of major
alloying elements, revealed in different types of commercial steels
[3-8]. Remarkably, all the mentioned experimental works report

* Corresponding author at: SCKeCEN, Nuclear Materials Science Institute,
Boeretang 200, Mol B2400, Belgium. Tel.: +32 486685042.
E-mail address: abakaev@sckcen.be (A. Bakaev).

http://dx.doi.org/10.1016/j.jnucmat.2014.03.031
0022-3115/© 2014 Elsevier B.V. All rights reserved.

extremely high density of SRC (up to 10?4 m~3). Due to their small
size, these clusters are invisible to transmission electron micros-
copy (TEM).

The APT techniques, however, cannot determine the full struc-
ture of the SRCs and therefore their possible association with radi-
ation-induced lattice defects remains unknown. Specially
dedicated atomistic study addressing segregation in Fe-Mn-Ni-
Cu alloys - a model for reactor pressure vessels (RPV) steel, has
suggested that non-equilibrium formation of SRCs can be ex-
plained by their association with in-cascade created dislocation
loops [9]. In line with that, the association of Mn and Si (important
solutes entering RPV steels) with self-interstitial atoms resulting in
highly stable configurations was also recently proven by ab initio
calculations [10]. However, a combination of APT and positron
annihilation spectroscopy (PAS) analysis also revealed the pres-
ence of vacancy-rich SRC complexes [11,12] in both western and
Russian types of RPV steels. Hence, the mechanism of nucleation
of SRCs on vacancies also needs to be clarified.

Investigation of vacancy-type defects in Fe-based steels cannot
be carried without consideration of carbon, which has a great im-
pact on the stability and mobility of vacancies in BCC Fe matrix
[13,14]. Carbon atoms are dissolved in BCC iron matrix as
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interstitial impurities and occupy octahedral sites in the equilib-
rium lattice [15]. Rigorous ab initio calculations have confirmed
experimental observations that interstitial carbon (C) is strongly
bound to a single vacancy [15] and multiple highly stable car-
bon-vacancy (C-V) complexes can grow further [16]. Although dif-
ferent ab initio codes and methods exhibit some discrepancies in
terms of the absolute values of the C-V interaction energies (see
analysis in [17,18]), qualitatively they all convey to the same mes-
sage: mobility and stability of vacancies and small vacancy clusters
are defined by the amount of interstitial carbon dissolved in a
matrix.

Earlier ab initio works dedicated to study of solute alloying ele-
ments in bce Fe also reveal the positive binding energy (i.e. attrac-
tive interaction) for several elements with vacancies [19-21],
which is especially strong for Cu, Si and P. An interstitial carbon,
however, repels most of the studied solutes (Mo, W, Nb, Ta, V, Si,
Cr) except for Mn. But in the case of Cu-vacancy-carbon cluster
it has been demonstrated that a single vacancy may act as bound-
ing chain for carbon-solute complex, so that the simultaneous
presence of Cu-C pair enhances thermal stability of Cu-C-vacancy
complex [22]. This result might provide a hint for the nucleation of
thermally stable solute-carbon-vacancy (S-C-V) clusters observed
in the afore mentioned APT studies.

In this work we therefore perform a parametric ab initio study
to investigate thermal stability of S-C-V complexes and consider
a main set of alloying elements entering the composition of RPV
steels, namely: Mn, Ni, Cu, Si, Cr and P. The density functional the-
ory (DFT) method offers an efficient way to consider the energetic
stability of small SRC clusters and to validate possible synergetic
effects of vacancy-carbon and vacancy-solute binding. Corre-
spondingly, we apply this tool and use exactly the same parame-
terization (except for the higher cut-off plane wave energy which
is necessary for a system with a carbon atom) as in the earlier
studies [19,21] to have fully compatible results with the already
published data. The main purpose of the work is therefore to
identify S-C-V structures with the lowest energy, compute the
corresponding binding and dissociation energy of such complexes,
and examine evolution of the incremental binding energy by addi-
tion of extra solutes to stable S-C-V clusters.

2. Computational details

The DFT calculations were performed with the Vienna Ab Initio
Simulation Package VASP [23,24] using the projector-augmented
wave (PAW) potentials [25,26]. The electron exchange—-correlation
functional was described within the generalized gradient approxi-
mation using PW91 functionals [27], with a Vosko-Wilk-Nusair
interpolation [28]. For Fe, Cr, Mn, Si, Ni, Cu, P and C pseudo poten-
tials with 8, 6, 7, 4, 10, 11, 5 and 4 valence electrons were used,
respectively. lonic relaxation was performed using the conjugate
gradient algorithm with a force convergence criterion of 0.03 eV/
A. All the calculations were done keeping the cell shape and vol-
ume (equal to the equilibrium volume of bulk iron) constant. The
energy cutoff for calculations was 450 eV which was checked to
be enough to provide converged results. A 3 x 3 x 3 k-point mesh
was sampled by the Monkhorst and Pack scheme for systems with
128 atoms. The lattice parameter of pure ferromagnetic Fe is taken
to be 2.831 A following the previous studies [19,21].

Given that we perform spin-polarized calculations in the ferro-
magnetic system and introduce an anti-ferromagnetic impurity
(i.e. Mn), one needs to be careful when selecting the initial value
of the magnetic moment to ensure that the true minimum energy
configuration is obtained after the relaxation. For the configura-
tions involving Mn, we performed additional calculations varying
the absolute value and sign of the initial magnetic moment of

Mn as some of the results turned out to be particularly sensitive
to this choice. Below, we report the results corresponding to the
lowest energy configurations only.

To assess the binding energy we apply standard definition con-
ventionally used in many similar DFT works [19]. The binding en-
ergy of n defects {A;} is defined as [19]:

Ey({Ai}) = > _E(Ai) — [E({Ai}) + (n — 1)Eo], (1)
i=1

where E(A;) is the energy of the configuration containing A; only,
E({A;}) is the energy of the configuration with all the n defects
and E, refers to a configuration containing no defects or impurities,
i.e. bulk bcc iron. Following this notation, a positive value implies an
attractive interaction and vice versa.

Considering defect clusters the term ‘total interaction energy’
refers to the energy which is necessary to separate all the defects
away from a cluster. In practice, the dissolution of a complex
cluster takes place by consecutive emission of its constitutes
and characterization of the energy barrier for that process re-
quires introduction of another term. The energy to remove one
entity forming a cluster consisting of N objects will be called
the incremental binding energy of an object #1 to N —1 cluster
and will be referred to as E,. If the removal of a single entity
(e.g. object #1) from a cluster (containing e.g. three objects) re-
sults in the formation of a repulsive configuration (e.g. object
#2 repels object #3), the incremental binding energy for object
#1 is considered to be equal to the total binding energy of the
cluster 1-3.

3. Results and discussion

Characterization of a possible synergetic effect of solute-car-
bon-vacancy interaction requires subdivision of the interaction
energy between different entities and its estimation as a function
of mutual spacing. This section therefore contains five subsections
dedicated to the study of carbon-vacancy, solute-solute, solute-
vacancy, solute-carbon and solute-carbon-vacancy in one cluster.
For the sake of briefness, we shall use the notations S, C and V for
the considered constitutes.

3.1. Carbon-vacancy interaction

Using the above described DFT parameterization set, we have
recalculated the vacancy-carbon interaction energy which was
found to be 0.70 eV, being the maximum value at the distance
of ap/2 between C and vacancy. This value is close to 0.64 eV,
which was deduced using the formation energies reported by
Forst et al. in [16]. In that work, a larger supercell was used,
which eventually explains the deviation of 0.06 eV [16]. Note that
the earlier study of Domain et al. reports rather low value of the
C-V binding energy, namely 0.47 eV [15]. The reason for the
discrepancy with our calculations and results of Forst et al. is
discussed in [17].

In the discussion below, we will refer to the migration energy
for carbon which is taken to be 0.92 eV as estimated by Domain
et al. [15], being very close to the experimental values of 0.88 eV
[29] and 0.85 eV [30]. We will use the value for the vacancy migra-
tion energy of 0.65 eV [31], which was obtained by VASP with a
similar parameterization as here. Thus, the dissociation of the va-
cancy-carbon pair is to occur via emission of a vacancy (for details
see [17]) and the corresponding dissociation energy is E; = 1.35 eV,
conventionally calculated as a sum of the binding energy and the
migration energy (of the emitting specie).
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3.2. Solute-solute interaction

The S-S interaction at the distance of 1nn (first nearest neigh-
bour) and 2nn (second nearest neighbour) is shown in Fig. 1. As
calculated in [19,21] there is an attractive binding energy between
a pair of Mn or Cu atoms at the 1nn position which vanishes at the
2nn distance. The pairs of P atoms, for which we performed addi-
tional calculations, repel each other at 1nn distance and the repul-
sion is negligible at the 2nn distance. Si-Si or Cr-Cr form strongly
repelling configurations in the both 1nn and 2nn positions. Ni
shows negligible interaction with another Ni atom added in either
1nn or 2nn position.

3.3. Solute-vacancy interaction

The S-V binding energy as a function of distance is presented in
Fig. 2. All the considered solutes exhibit attractive interaction with
the vacancy which vanishes at the 3nn distance. Ni is, however, the
only element showing non-monotonic binding energy, with the
maximum in the 2nn position. P and Si reveal the strongest inter-
action energy to a vacancy (0.38 eV and 0.29 eV, respectively),
which are 3p elements and therefore have strong contribution to
the magnetic disorder. While, Cr and Ni show the weakest interac-
tion (binding up to 0.1 eV), although Ni binds stronger in the 2nn
position. Mn and Cu exhibit moderate binding energy in the range
0.16-0.26 eV.

3.4. Solute—carbon interaction

The solute-carbon interaction, presented in Fig. 3a, was in-
spected by placing a carbon atom in each octahedral position with-
in the 5th nearest neighbour distance from the solute. The
interaction vanishes to zero at the distance of 3/2ag and is strongly
repulsive for all the solutes except for Mn. Previously, the attrac-
tive interaction for Mn-carbon was also reported in [32]. It is also
important to mention that Si and P exhibit outstandingly strong
repulsive interaction with carbon being initially placed at a dis-
tance of 0.75-0.90ao. The interaction energy for all the other
elements monotonically descents with the S-C distance.

In the calculations involving Mn atom, we have attempted sev-
eral initial guesses for the Mn spin (both co- and anti-aligned with
Fe atoms). The lowest energy configuration, revealing weak but
attractive interaction, was obtained for the ferromagnetic spin ori-
entation. The displacement of carbon atom from its perfect octahe-
dral position after the complete relaxation of Mn-C pair (see
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Fig. 1. Solute-solute binding energy.
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Fig. 2. Solute-vacancy binding energy.

Fig. 3b) was practically negligible, while we observed a significant
shift of the magnetic moment on Mn atom (by +2.75 g, see
Fig. 3(d)). The observed effect might therefore be related to the pe-
culiar magnetic relaxation of anti-ferromagnetic manganese inside
the ferromagnetic iron matrix in the vicinity of carbon, which
introduces certain magnetic disturbance/disorder on magnetic
behaviour of Fe atoms.

The relaxation-induced displacement of the carbon and other
solute atoms as well as the change of their magnetic moments
are shown in Fig. 3(b)-(e). One can see that the solute displace-
ment for the interaction with carbon in the 1nn is practically sim-
ilar for all the solutes, except for P atom, and the displacement
essentially drops in the 2" position (and for larger distances).
The displacement of carbon atom, on the other hand, depends
greatly on the solute type and in the case of P, Si, Cr, Mn and Cu
it is higher for the 2nn position than for the 1nn one. Consistently,
Si-C and P-C interaction is found to be stronger in the 2nn pair.
The strong repulsion for Si-C and P-C pairs should therefore be
attributed to the elastic interaction.

3.5. Solute-vacancy-carbon complexes

Following the above presented data for the pair interaction of
different constitutes, one can anticipate the structure of the most
favourable S-C-V clusters. As the carbon-vacancy interaction is
expected to provide the highest binding, the nuclei should involve
this pair as shown in Fig. 4. Then, all the possible neighbourhood
positions for a solute were considered accounting for the crystal
symmetry. The complex with the lowest formation energy is
shown in Fig. 4 and this configuration provides the lowest energy
state for all the studied solutes. The cluster structure represents it-
self a triangle, where the vacancy stands as 1nn to a solute, while
the S-C distance is \/6/2ao ~ 1.2a,.

The total and incremental binding energies for S-C-V clusters
as well as the dissociation energies are shown in Fig. 5. The two
straight solid lines reveal the V-C binding and dissociation energy
to provide the reference and underline the synergetic effect of the
solute addition. Following the energy balance, one reveals that the
emission of a vacancy from all the complexes (except for Mn-V-C)
results in the formation of the repulsive carbon-solute pair. For
those cases the incremental binding energy E,(CS + V) is consid-
ered to be equal to the total binding energy E,(S+V +C). In the
case of Mn solute the incremental binding energy E,(CMn + V) is
equal to 0.80 eV. From Fig. 5 it clearly follows that the total binding
energy E,(S +V + C) is essentially higher than solute-vacancy bind-
ing energy E,(S+V) and lays above the vacancy-carbon binding
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Fig. 3. (a) Solute-carbon binding energy. Displacement of (b) carbon atom and (c) solute atom obtained after the relaxation of solute-carbon pair. Change of magnetic
moments of (d) solute and (e) carbon atoms obtained after the relaxation of solute-carbon pair.

energy E,(V + C) value. The incremental binding energy of carbon
in the triple complex E,(VS + C) is approximately the same as its
binding with vacancy E,(V + C).

Due to the increase of the binding of a vacancy in the triple
complex (as compared to V-C) by approximately 0.2-0.3 eV the
dissociating specie in the triple complex (either carbon or va-
cancy) will be defined by the type of the solute constituting
the cluster. The dissociation energies for a vacancy and carbon

from each of the considered S-V-C complexes are compared in
Fig. 5.

The dissociation by the emission of an interstitial carbon re-
quires a lower energy barrier than for a vacancy in the case of
phosphorus-V-C complex. While for Ni-, Cr- and Mn-containing
clusters the dissociation is more likely to occur by the emission
of a vacancy, leading to subsequent breakup of the S-C pair. The
dissociation by either of the species is equally probable in the case
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Fig. 4. Considered configurations of solute-vacancy-carbon complexes. Light blue
atoms refer to the studied positions of a solute. The dark-blue-coloured atom refers
to the lowest energy configuration. Non-filled circle refers to the position of a
vacancy. The carbon atom is shown by an orange circle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

of Cu and Si. Overall, we see that the dissociation barrier for the
S-C-V clusters is by about 0.3 eV higher than E;(V-C). Hence, the
association of vacancies and carbon with any of the studied solutes
leads to a higher thermal stability of V-C pairs.

3.6. Addition of extra solutes (up to three) to vacancy-solute-carbon
complex

To explore a mechanism of growth of an elementary S-C-V
complex and possibility for a multiple trapping, we have consid-
ered the addition of extra solutes (up to three) in the equivalent
positions and have verified if the inclusion results in a deeper
trapping of the mobile species (i.e. C and V). The structures of
the inspected clusters are presented in Fig. 6, where all three addi-
tional positions are equivalent to the position ‘Sol1’ with respect to
the orientation of the C-V complex.

Firstly, we consider the interaction energy for the extra solutes
added to the S-C-V complex. Fig. 7 presents the binding energy of
the nth solute to S, ;-C-V complex. So far, we have considered
S;-C-V complexes containing solutes of the same kind. Clearly,
all the considered clusters will gain energy by absorbing at least
one more solute. However, Mn-, Si- and Cr- containing clusters
are not expected to accept the third solute. This can be explained
by the solute-solute repulsive interaction taking place for the
Cr-Cr and Si-Si pairs. The explanation for the repulsion of 3rd

Q Vac C
O// Sol2

Sol4

Fig. 6. The schematic picture of larger solute-vacancy-clusters considered.

and 4th Mn atom from Mn,-V-C cluster requires further investiga-
tion. It is very likely that the energetic stability of larger Mn-,
Cr- and Si- rich clusters could be realized by further addition of
vacancies and carbon atoms.

Ni-, Cu- and P-made clusters on the contrary keep gaining the
energy as more solutes are added. In the case of Cu, the attractive
interaction is consistent with its extremely low solubility limit (in
the calculations involving 1-4 Cu atoms its concentration is about
0.8 at.%, 1.6 at.%, 2.3 at.% and 3.1 at.%, respectively, while the solu-
bility limit is below 0.2 at.% at the temperatures below 800 K
[33,34]). P atom exhibits very strong positive binding energy to a
vacancy, which eventually overwhelms a weaker P-P repulsive
interaction, resulting in the energetically stable P,34-C-V
complexes.

4. Summary and conclusions

In this work we have considered the stability of different sol-
ute-carbon-vacancy complexes exploring the solute atoms (Mn,
Ni, Cu, Si, Cr and P) entering a composition of typical commercial
ferritic steels used as structural nuclear components (such as reac-
tor pressure vessels or high-Cr ferritic/martensitic steels). The pur-
pose of these calculations was to explore whether the formation of

2.0 T T T T T T T T T T T
154 4V il W“ .
1 E(V-C)
>
s F\‘/.\‘\/.é' _
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Fig. 5. Comparison of binding and dissociation energies. The following notations are used for: E,(V +S) solute-vacancy binding energy, E(S + C) solute-carbon binding
energy; E,(VS + C) incremental binding energy of carbon to vacancy-solute pair; E,(S + C + V) total binding energy of vacancy-solute-carbon complex; Eq(VS-C) and E4(SC-V)
dissociation energy of vacancy-solute-carbon cluster via the emission of carbon or vacancy, respectively. Black solid lines reveal the vacancy-carbon binding and dissociation

energy in the absence of the interaction with solutes.
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solute-carbon-vacancy complexes is energetically favourable pro-
cess and to identify the optimal structures corresponding to the
lowest energy using the DFT method. We found that all the consid-
ered solutes form stable S-C-V clusters, which have the same un-
ique structure irrespective of the solute type. Based on the DFT
results, the corresponding binding and dissociation energy for
S-C-V triplets and the larger S,-C-V (n = 2-4) complexes are cal-
culated to examine the effect of the solutes on thermal stability
of vacancies and carbon atoms.

The growth of the S-C-V complexes to S,—C-V (with the same
kind of solute) was found to be favourable for all the studied sol-
utes, and Ni-, Cu- and P-containing clusters can accommodate up
to three additional solutes. The growth of the Mn-, Cr- and Si-rich
clusters is eliminated due to S-S or S-C repulsive interaction. How-
ever, the formation of thermally stable S,-V-C containing mixed
types of solutes cannot be ruled out and needs to be further
explored.

The binding energy of an interstitial carbon to different S-V
complexes is approximately the same as the V-C binding energy.
However, the total binding energy is raised by about 0.2-0.3 eV
for all the elements except for Cr. The presence of Mn, Cu and Cr
slightly increases (by 0.1 eV) the binding energy of carbon to V-S
complex, as compared to its binding to a vacancy in the C-V
complex.

The dissociation of S-C-V clusters by the emission of an inter-
stitial carbon requires a lower energy barrier than the one of a va-
cancy only in the case of P. While for Ni-, Cr-, Mn-containing
clusters the dissociation is expected to happen by the detachment
of a vacancy (leading to immediate breakup of the S-C pair in the
case of Ni and Cr). The dissociation by either of the specie is equally
probable in the case of Cu and Si. Overall, we see that the dissoci-
ation barrier for the S-C-V clusters is by about 0.2-0.3 eV higher
than E4(V-C), therefore the association of vacancies with any of
the studied solutes leads to a stronger pinning of both freely
migrating interstitial carbon and vacancies.
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