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A B S T R A C T 

Fe-Cr based alloys are the leading structural material candidates in the design of next generation reactors 
due to their high resistance to swelling and corrosion. Despite these good properties there are others, 
such as embrittlement, which require a higher level of understanding in order to improve aspects such 
as safety or lifetime of the reactors. The addition of Cr improves the behavior of the steels under irradi
ation, but not in a monotonic way. Therefore, understanding the changes in the Fe-Cr based alloys micro-
structure induced by irradiation and the role played by the alloying element (Cr) is needed in order to 
predict the response of these materials under the extreme conditions they are going to support. In this 
work we perform a study of the effect of Cr concentration in a bcc Fe-Cr matrix on formation and binding 
energies of vacancy clusters up to 5 units. The dependence of the calculated formation and binding 
energy is investigated with two empirical interatomic potentials specially developed to study radiation 
damage in Fe-Cr alloys. Results are very similar for both potentials showing an increase of the defect sta
bility with the cluster size and no real dependence on Cr concentration for the binding energy. 

1. Introduction 

High-Cr ferritic/martensitic steels are leading structural candi
dates for advanced fission reactors, accelerator-driven systems 
using spallation neutron sources and fusion reactors for the range 
of operational temperatures below 550 °C [1-3]. The high resis
tance to radiation effects added to the better resistance against 
corrosion for high chromium contents is the main cause for this 
[4-9]. However, these alloys present problems of irradiation 
embrittlement [10-13]. In addition, these materials should be able 
to withstand high irradiation doses and temperatures which will 
change the microstructure with time. Therefore, in order to have 
the best composition and to predict the evolution in time of micro-
structure of these materials as better as possible to have longer ser
vice lifetime and keep high safety conditions in future nuclear 
plants, we need to obtain the best understanding of their behavior 
to neutron irradiation in aggressive environments. One of the 
important factors that require a better understanding to predict 
the change in the ferritic/martensitic steels properties with radia
tion is how they are affected by the increase of Cr concentration in 
the material. It is known that the addition of Cr improves the per

formance of the steels under irradiation [5,6,10,11,14-21], but not 
in a monotonic way. Several studies, both simulation and experi
mental [15,21-29], have been performed but the effect of Cr con
tent continues without being completely understood. 

In this article we present a comparative study between two 
empirical interatomic potentials of the effect of Cr content on the 
stability of vacancy cluster defects. Formation and binding energies 
of clusters up to five defects have been calculated. The aim of this 
work is to obtain a better understanding of the effect of Cr on the 
properties of the alloy at a fundamental level, but also answer fun
damental questions such as the dependence of defect formation 
energies on Cr concentration which could help in the development 
of object kinetic Monte Carlo models for alloys under irradiation. 
Results from object kinetic Monte Carlo models could be directly 
compared to experimental measurements. 

The paper is arranged as follows. In the next section we describe 
the methodology used. A detailed analysis and discussion of the re
sults is presented in Section 3. And finally, a summary and conclu
sions are formulated in Section 4. 

2. Methodology 

Calculations have been performed with two different inter
atomic empirical potentials in order to compare the results and 



to study the possible dependence of these results on the potential 
employed. One of these two potentials, hereon 2BM potential, is 
based on the two-band model formalism with the mixing enthalpy 
obtained with the projector augmented wave method (PAW) [30]. 
The other potential, here on CDM potential, is created introducing 
an explicit dependence on concentration [31]. The new version of 
this latest potential, specially modified to study radiation damage 
defects in Fe-Cr alloys [32] and tested in previous works [32,33] 
is used. 

The calculations were performed at constant volume, relaxing 
the atomic positions by using the conjugate gradient algorithm 
[34]. Periodic boundary conditions were set for all the calculations. 
The lattice parameter employed is 2.855 A for bcc Fe and both 
potentials, which presents a very good agreement with the exper
imental value of 2.867 A [35,36], and is changed as a function of Cr 
content for all the concentrations studied (0%, 1%, 5%, 10% and 15%) 
(see Table 1). Formation energies have been calculated for cell sizes 
of 2000 atoms in the case of the perfect cell and (2000 - m), where 
m is the number of defects in the cluster, for the vacancy clusters, if 
not otherwise mentioned. 

The formation energy of an m vacancy cluster, £f, with n Fe 
atoms and p Cr atoms removed to build the vacancy cluster, is gi
ven by 

Ei = EHI L-without defect - nE(Fe) - p£(Cr) - Ah] (1) 

where £defect is the energy of the system with the defect, £Without 
defect is the energy of the system without the defect, £[Fe] and 
£[Cr] are the energies per atom of the bcc Fe and bcc Cr lattices 
respectively and Ah is the change in enthalpy between the systems 
without and with the defect. The difference in enthalpy is calculated 
as: 

Ah = NHmix(Xwithout_defect) — (N — rn)Hmix(Xwith_defect) (2) 

where JV is the total number of atoms in the simulation cell, Hmix is 
the mixing enthalpy and XwithoULdefect and Xwith defect are the Cr con
centrations in the cell without and with the defect respectively. The 
mixing enthalpy is obtained from the following polynomial fits for 
each of the two potentials: 

Hmix2BM(X) = (-0.0001551 -0.2631X + 4.8283X2 

-20.4868X3+32.676X4) 

HmixCDM(X) = (-0.00003732 - 0.1570X + 3.2818X2 

-9.3996X3+8.6432X4) 

(3) 

(4) 

This term, Ah, is included to take into account the different in 
concentration due to the presence of the vacancy cluster. 

The binding energy of a cluster of size m, £b, is defined as the 
difference between the sum of the formation energies of one va
cancy, £f(a), and the formation energy of the (m - 1) vacancy clus
ter, £f(b), minus the formation energy of the m vacancy cluster, 
£f(ab). The binding energy then becomes 

Eb =Ef(a)+Ef(b) -Ef(ab) (5) 

Table 1 
Lattice parameter values {A) as a function of Cr concentra
tion calculated with the 2BM and CDM potentials. 

%Cr 2BM 
A (A) 

CDM 
A(A) 

Positive binding energy means attraction between the defects 
and reciprocally. 

The vacancy cluster formation energy was calculated for a series 
of samples with increasing Cr concentration. Previously to the 
study of the effect of Cr concentration on vacancy clusters stability, 
we have performed calculations to determine the more stable clus
ter geometry for the clusters under observation, i.e. up to a size of 5 
vacancy defects. This study was performed with only four different 
Cr distributions for all cluster sizes and Cr concentrations. In order 
to create the (m + 1) vacancy cluster, only first nearest neighbor 
(Inn) positions with respect to the m cluster have been taken into 
account when removing a new atom in the cell. The only exception 
to this is the m = 2 cluster where Inn and second nearest neighbor 
(2nn) atoms have been considered as the bibliography [37] sug
gests the latter geometry as the most stable in pure Fe showing a 
higher binding energy than the cluster built from Inn atoms. 

Once the most stable configuration has been determined, it will 
be our starting geometry for the systematic study of the cluster for
mation energy with Cr concentration. Since the local position of the 
defect with respect to the Cr atoms in substituted positions could 
influence the formation energy value, we have explored all the pos
sibilities of the cluster position for each concentration and cluster 
size geometry. These calculations have been performed for cells of 
250 atoms. 

3. Results and discussion 

First of all we have studied the different possible locations of 
vacancies to create a cluster for all sizes considered. Although only 
Inn atoms with respect to the (m - 1) cluster are considered to be 
removed for cluster sizes of m > 3, the possibilities grow up to 3 in 
the case of m = 3,12 for m = 4 and 62 for m = 5. Formation energies 
have been calculated for all these possibilities with the two empir
ical potentials mentioned above, the CDM and the 2BM, and for Cr 
concentrations of 0%, 1%, 5%, 10% and 15% and 4 different initial Cr 
distributions in order to find the most stable geometry for each 
cluster size and concentration. 

The most stable geometries for each cluster size shown in Fig. 1, 
are the same with the two empirical potentials studied and show 
no dependence on the Cr concentration, i.e. they are the same for 
all the concentrations studied. This gives us a good first guess of 
the cluster geometry for our following systematic study. Although 
on average, the configurations shown in Fig. 1 are the most stable 
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Fig. 1. More stable geometries for vacancy clusters up to 5 defects. 



for all the concentrations, there are some cases where geometries 
with lower energies are found different from those shown in 
Fig. 1. The number of these configurations that differ from the 
average increase with the cluster size and Cr concentration and ap
pear more often with the 2BM potential. This could be due to a 
higher probability of finding Cr atoms in the nearby of the defect 
with the increase of the Cr content and the cluster size. Previous 
studies have shown an effect on the formation energy of the defect 
as a function of Inn and 2nn Cr atoms sites [29,32,33]. 

Formation energy of the clusters shows a slight increase with 
the Cr content. This can be explained taking into account that the 
formation energy of 1 vacancy in pure bcc Cr is higher (2.56 eV) 
than in pure bcc Fe (1.71 eV) [33]. 

It is also interesting to note that the vacancies in the more sta
ble geometry are always Inn or 2nn between them, i.e. the cluster 
tends to be as compact as possible. 

Once the most stable geometry for each cluster size has been 
determined we have used it to calculate the binding and formation 
energies of vacancy clusters up to 5 defects. Since the local Cr dis
tribution on the cell has an effect on the defect formation energies, 
showed in the calculation of the more stable geometries of the va
cancy clusters and in previous studies for the vacancy and intersti
tial defects [32,33], we decided to perform calculations over all the 
possibilities of the cluster environment. The change in the environ
ment of the cluster is achieved by displacing all the defects in the 
vacancy cluster along the simulation cell so that in every calcula
tion the cluster is located in a different position, sampling the 
whole cell. Due to the large number of calculations, the size of 
the cell was reduced to 250 atoms. Then, we have 250 formation 
energy values for each cluster size, potential and concentration. 
Fig. 2 shows the formation energy histograms for the 2BM poten
tial (upper half of the figure) and the CDM potential (bottom half 

of the figure) for m = 1 and 1% Cr (Fig. 2a), m = \ and 15% Cr 
(Fig. 2b), m = 5 and 1% Cr (Fig. 2c) and m = 5 and 15% Cr (Fig. 2d). 
For m = \ and 1% Cr, most of the cases give a formation energy va
lue very similar to that of the vacancy in pure bcc Fe. However, 
there are a few cases where the formation energy is slightly higher. 
The analysis of these configurations shows that they have more 
than 1 Cr atoms in the nearby of the vacancy (Inn or 2nn sites). 
The effect of having configurations with higher formation energy 
increases with the Cr concentration. Therefore, the formation en
ergy increases slightly with the concentration. Also, it can be ob
served a greater dispersion in the values of the formation energy 
with higher Cr contents. A similar behavior is shown with the size 
of the cluster: the dispersion increases with the size of the cluster. 
This can be explained in terms of possibilities of having Cr atoms 
nearby. As higher Cr concentrations or cluster sizes provide more 
possibilities of having Cr atoms at Inn or 2nn positions, the disper
sion in the value of the formation energy increases. Fig. 2a-d show 
similar values for both potentials, although a larger range of energy 
values is observed for the CDM potential, indicating a greater sen
sitivity to local Cr distribution for this potential which was also 
previously reported in the formation energy of cells with substitu
tional Cr clusters of m = 2, 3 or 4 Cr atoms [33]. All these effects: 
greater dispersion in the values with the Cr content, higher disper
sion with the CDM potential and higher formation energy with the 
Cr concentration, are observed more clearly as the cluster size 
grows. Also, as the Cr concentration increases, there is a bigger dif
ference between CDM and 2BM formation energy values. 

From all the above values, we have calculated the average for
mation energy as a function of the concentration for each cluster 
size. Fig. 3 shows the formation energy of the monovacancy 
(Fig. 3a) and cluster with 5 vacancies (Fig. 3b) with the Cr content. 
It can be seen in this fig. that the formation energy increases with 
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Fig. 2. Vacancy cluster formation energy histograms for different cluster sizes and Cr concentrations, (a) 1 vacancy and 1% Cr, (b) Ivacancy and 15% Cr, (c) 5 vacancies and 1% 
Cr, (d) 5 vacancies and 15% Cr. 
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Fig. 3. Vacancy cluster formation energy as a function of Cr concentration for different cluster sizes (m): (a) m = 1 and (b) m = 5. 
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Fig. 4. Vacancy cluster binding energy as a function of Cr concentration calculated with (a) CDM potential and (b) 2BM potential. 

the cluster size and the Cr concentration and it occurs in the same 
way for both potentials and cluster sizes. CDM potential predicts 
higher formation energies than the 2BM potential and the differ
ences between CDM and 2BM values are greater for higher Cr con
centrations. Also, differences in the energy between the larger and 
lower concentrations are smaller with the 2BM potential, i.e. the 
change in the formation energy with Cr concentration is smaller 
with the 2BM potential than with the CDM potential. For example, 
£f(15% Cr) - £r(l% Cr) = 0.3 eV for the CDM and only 0.14 eV for the 
2BM for clusters of size m = 3, indicating again a higher sensitivity 
of the CDM potential to the Cr content. 

Finally, from the average formation energy we have calculated 
the binding energy for each cluster size and concentration. Fig. 4 
shows the binding energy as a function of the cluster size for differ
ent Cr concentrations and calculated with the CDM potential 
(Fig. 4a) and with the 2BM potential (Fig. 4b). Very similar results 
are obtained for the binding energy with both potentials. And all of 
them are positive, indicating attraction between the components 
of the cluster. The binding energy increases with the cluster size. 
Small increases in the binding energy are observed for 3 and 5 va
cancy clusters with respect to the 2 and 4 vacancy clusters respec

tively. But there is a change in the binding energy of ~0.3 eV when 
the size of the cluster increases from m = 3 to m = 4. On the other 
hand, whereas a little difference which increases with the Cr con
centration and the size of the cluster was observed in the forma
tion energies, the binding energy is the same for both potentials 
and shows no dependency on the Cr concentration. This is due to 
the fact that the formation energy increases linearly with the Cr 
concentration and there is a cancellation of effects as the effect 
of Cr for a m cluster is m times the effect for 1 vacancy. 

4. Summary and conclusions 

We present a detailed study of the influence of Cr concentration 
for vacancy clusters up to 5 defects. This study has been performed 
with two empirical potentials, the CDM and the 2BM, and for 0%, 
1%, 5%, 10% and 15% Cr. First, the most stable geometry for each 
cluster size and concentration has been studied and using these 
geometries, formation and binding energies have been calculated. 

Both potentials predict an increase of the formation energy with 
the Cr concentration and the cluster size. Also, the range of values 



obtained increase with the Cr concentration and the cluster size 
reflecting the influence of the Cr local distribution. This effect is 
more pronounced in the case of the CDM potential which means 
that this potential is more sensitive to Cr-Cr interactions. CDM pre
dicts higher formation energy values than 2BM and the differences 
between the values calculated with both potentials increase with 
the Cr content. Nevertheless binding energies are very similar for 
both potentials and they are almost the same for all the concentra
tions studied and for pure bcc Fe showing no Cr dependence of the 
binding energy on the Cr content. This is due to a cancellation of 
the Cr effect as for vacancy clusters of size m it is m times the effect 
for 1 vacancy. 
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