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ARTICLE

Evaluation of Solute-Atom Clusters Segregated in a-Fe

Chikashi SUZUKI", Tomohito TSURU and Yoshiyuki KAJI

Nuclear Science and Engineering Directorate, Japan Atomic Energy Agency,
2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan

We examined the interaction between impurities in o-Fe such as Cu, Si, and Ni, using the density functional
theory (DFT) calculation. This examination indicated that the bond of Cu-Si was more stable than that of Si-Si, and
that the interaction parameters of Cu-Si and Si-Ni were lower than that of Si-Si. This indicated that Cu and Ni impur-
ities encouraged segregation of solute-atom clusters containing Si atoms but that the interaction of Cu-Ni was small.
In addition, we evaluated the effect of the coexistence of impurities in the view point of the electronic structure. The
electronic structure showed that the coexistence of Cu and Si lowered energy of Cu and adjacent Fe component. This
suggested that the coexistence of Cu and Si stabilized Cu and adjacent Fe component.
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I. Introduction

It has been important to obtain the understanding of the
controlling mechanism that causes reactor pressure vessel
(RPV) embrittlement. This involves detailed characterization
of the irradiation-induced microsructural changes and their
dependence on material and irradiation parameter. Especially
it is noted that the segregation and clustering are observed as
the form of solute-atom clusters in low alloy steels of RPV
irradiated for many years. These clusters are thought to be
the causes of irradiation-induced embrittlement."™ Among
impurities of low alloy steels of RPV, Cu has been thought
to be dominant constituent for solute-atom clusters. In recent
years, the three-dimensional atom probe (3DAP) observation
of the surveillance test specimens of irradiated low alloy
steels of RPV indicates that clusters segregated in these spe-
cimens contain other elements than Cu such as Ni, Mn, Si,
and P.% Besides, solute-atom clusters are observed in the
specimens of low-Cu alloy steels of RPV and Cu is not do-
minant constituent in these clusters.” Furthermore, the
3DAP observation of irradiated ferrite model alloys shows
that the component fractions of Ni, Mn, and Si in so-
lute-atom clusters are similar and much larger than those of
the ferrite model alloys for various values of Cu concentra-
tion and cluster size.*”

Tsuru et al.'” investigated the impurity segregation in
a-Fe using the density functional theory (DFT) calculation
in detail, and predicted this segregation for various impurity
elements. However, a few elements are observed as the form
of solute-atom clusters though it is predicted that the cluster
creation is unstable. Besides, Ohmura ef al.'"” evaluated the
interaction between impurity atoms and vacancies in detail.

In this study, in order to examine the behaviors of some
elements such as Cu, Si, and Ni of the high concentration for
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the solute-atom clusters as a fundamental investigation, we
perform the DFT calculation for these clusters, because the
short-range interaction between first or second neighboring
atoms in solute-atom clusters of nano-size and the interac-
tion between different elements are likely to be important.
Moreover, we evaluate these interactions from the view
point of the electronic structure.

II. Calculation

In this study, we used the DFT calculation code PHASE
ver. 7.01'” with a periodic boundary condition. Exchange-
correlation energy was described using the Perdew-Burke-
Ernzerhof (PBE) gradient-corrected exchange-correlation
function within the generalized gradient approximation
(GGA),"” with spin polarization. The core electrons of all
atoms were treated via ultra-soft pseudo potentials'*'> with
a cut-off of 500 eV. The geometry optimization was per-
formed using a 7 %7 x7 Monkhorst-Pack k-point mesh. A
Fermi smearing of 0.2 eV was utilized and the corrected
energy was extrapolated to zero Kelvin.

The average composition values of Si and Ni in the so-
lute-atom cluster in irradiated ferrite model alloys show
high-concentration of 3-20%, though those before the irradi-
ation are below 2.0%.*” The average composition value of
Cu in the solute-atom cluster is much larger than those be-
fore the irradiation.>” For simplicity for various composition
values, crystal structure of a-Fe is bee and the calculations
were performed on 2 x2x2 supercells (16 atoms), which are
Feys, CuFes, SiFejs, and NiFe;s. The short-range interac-
tions between first or second neighboring atoms are likely to
be significant due to the nano-size of the solute-atom cluster
in addition to the high concentration of impurities, so that
the models of Cu,Fe 4 Si,Fes, NisFeyy, CuSiFe s, CuNiFey,
and SiNiFe, are calculated for two kinds considering the
first and second neighboring bonds between impurities (Cu,
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Si, and Ni).
5.69 A, which is comparable to the value in the literature.
Geometry optimizations were stopped when all the forces
were smaller than 0.02 eV/A. No symmetry constraints are
imposed. For simplicity, the effect of stress relaxation is not
taken in account.

The calculated lattice constant of supercell is
16)

III1. Result and Discussion

1. Interaction between Impurities

We examine the interaction between impurities such as Cu,
Ni, and Si atoms for the fundamental investigation. These
elements are observed in the irradiated a-Fe metal. The first
neighboring interaction between impurities is defined as.

Ein *(Ii-1y)
= E™(LI,Feys) + E(Feys) — E(LFeys) — E(I,Fe;s) (1)

Here, I, and I, are expressed as impurity elements, and E™
(LI,Fes), E(Fes), E(I,Fes), and E(I,Fe;s) are energy values
of LI,Fey4 (first neighboring bond of I,-1), Feye, I,Fe;s, and
IyFeys in the unit cell. The second neighboring interaction
between impurities is also defined as,

Ein™(I,-1)
= E™(LLFe) + E(Feyq) — E(LFes) — E(,Fes) (2)

We consider this interaction between first neighboring atoms
and that between second neighboring atoms, because that
between second neighboring atoms cannot be ignored in bce
metals. The interactions between impurities are shown in
Table 1.

Table 1 shows that the stability of the interaction between
impurities is Cu-Cu > Ni-Ni > Si-Si. This tendency is coin-
cident with the calculation'” with larger unit cell of 54
atoms. The first neighboring interaction of Cu-Cu and Ni-Ni
is more strong than second neighboring one in this calcula-
tion, because the absolute values of the first neighboring
interaction is larger than those of the second neighboring.
Compared with Cu-Cu and Ni-Ni bond, the second neigh-
boring interaction is important for Si-Si bond, because the
absolute value of the second neighboring interaction is
comparable to that of the first neighboring.

Table 1 Interaction between impurities in o-Fe

. Impurity Interaction
Unit cell co-ordination (eV)
Cu,Fey First neighboring -0.19
Cu,Feyy Second neighboring -0.11

Si,Feyy First neighboring 0.41
Si,Fey Second neighboring 0.47
NiFey, First neighboring 0.21
Ni,Fey, Second neighboring 0.11
CuSiFey, First neighboring -0.04
CuSiFey, Second neighboring 0.06
CuNiFe, First neighboring 0.01
CuNiFe, Second neighboring 0.02
SiNiFe 4 First neighboring 0.12
SiNiFe 4 Second neighboring 0.35
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We examine the interaction between different impurities.
This examination shows that the bond between Cu and Si is
more stable than that between Si atoms. This interaction in-
dicates that Cu impurity encourages segregation of solute-
atom clusters containing Si. On the other hand, the first
neighboring bond of Si-Ni is more stable than those of Ni-Ni
and of Si-Si.

This stability of the bonds of Cu-Si reflects the observa-
tion of the segregation of the solute-atom cluster containing
both Cu and Si,**” though the Si cluster is likely to be un-
stable in the analysis considering the bonds of Si-Si and
Si-Fe causing the creation of Si clusters in o-Fe.'”

In these calculations, there is one first neighboring bond
between impurities and there are two second ones. In the
regular solution approximation, the first neighboring interac-
tion between impurities is expressed as

Lst _ st Lst Lst Lst
E (1, -1,)= € 1, T Cre_pe — €1 _Fe ~ €I, —Fe

= QIH?Ib +7Eilnslt(1a - Ia) +
&N 2

1st
lEilx;\Z(Ib - Ib) (3)
2

Here, e1,1,"™, eFe-Fe'™, er1,-Fe'™, and er,re'™ are first neighboring
bond energy values of I,-I,, Fe-Fe, I,-Fe, and I,-Fe, and N is
the numbers of atoms. The second neighboring interaction
between impurities is also expressed as

Eizn:ld (Id - I[;) = elz,.,nf'lh + elzgii}?e - elz;.hiiFe - elzhans
2nd 1 1
= ﬁ + 9 Ext(1,—-1)+ 9 En'(1,~1,) @)

The interaction parameter between impurities per atom con-
sidering the first and second neighboring bond energy is
expressed as

Q le/

I,-1y, I, -1y

N N N
=8EN (L, -1,)—4E (1, 1) - 4E5 (1, - 1,)

int int int

QZhd
+

I,-1,

FIEE(, 1) L -1) - 2, -1) )

Table 2 shows the interaction parameter between impuri-
ties per atom. These indicate that the bonds of Cu-Si are
more stable than the separately created bonds of Si-Si and
Cu-Cu as described above. It is noted that the bonds of Si-Ni
are also more stable. On the other hand, the stability of the
bonds of Cu-Ni is comparable to that of the separately
created bonds of Ni-Ni and Cu-Cu. This suggests that the
segregation of the solute-atom cluster containing Si with Cu
and Ni is likely to be encouraged, but that the interaction
between Cu and Ni is small.

Table 2 Interaction parameter between impurities

Interaction parameter

Impurities (V)
Cu and Si -1.57
Cu and Ni 0.07
Si and Ni -1.34
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Fig. 1 (a) Density of states (DOS) of Cu and adjacent Fe of Cu-  Fig. 2 (a) Density of states (DOS) of Si and adjacent Fe of Cu-
SiFe 4 and (b) that of Cu,Fe,4, whose bonds of Cu-Si and Cu-Cu SiFe;4 and (b) that of Si,Fe4, whose bonds of Cu-Si and Si-Si
are first neighboring. are first neighboring.
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2. Electronic Structure of Fe, Cu, and Si

Tables 1 and 2 show that coexistence of Cu and Si is sta-
ble. In order to evaluate the effect of the coexistence of Cu
and Si, Figure 1 shows (a) density of states (DOS) of Cu
and adjacent Fe of CuSiFe4 and (b) that of Cu,Fe4, whose
bonds of Cu-Si and Cu-Cu are first neighboring.

These figures indicate that up spin DOS of Cu of CuSiFe 4
in the occupied range has a peak at —3.9 eV and that that of
Cu,Fe4 has a peak at —3.8 eV. It is noted that down spin
DOS of Cu of CuSiFey, in the occupied range has a peak at
-3.6 eV, but that of Cu,Fe4 has a smaller peaks at —3.5 eV
and -2.9 eV. These electronic structures of Cu suggest that
Cu component is of lower energy in CuSiFey4 than in
Cu,Feyy. On the other hand, DOS of Fe adjacent to Cu of
CuSiFe,, is of a little lower energy than that of Cu,Fe,,.

Figure 2 shows (a) density of states (DOS) of Si and ad-
jacent Fe of CuSiFey4 and (b) that of Si;Fe,4, whose bonds of
Cu-Si and Si-Si are first neighboring. DOS’s of Si and adja-
cent Fe of CuSiFe,4 are similar to those of Si,Fe4. These
electronic structures shown in Figs. 1 and 2 suggest that the
coexistence of Cu and Si stabilizes Cu and adjacent Fe
component.

The electronic structures of Si, Ni, and Fe adjacent to Ni
of SiNiFe4, whose bond of Si-Ni is first neighboring, are
different from those of Si,Fe,s and Ni,Fe 4. These differenc-
es are likely to cause the energy stabilization of SiNiFe,,.

The electronic structures of Cu, Ni, and Fe adjacent to Ni
of CuNiFey, whose bond of CuNi is first neighboring, are
similar to those of Cu,Fej4 and Ni,Fe4. This similarity sug-
gests that the interaction parameter of Cu-Ni is small.
Consequently, the effect of the coexistence of Cu and Ni is
small.

IV. Conclusion

We calculated the electronic state of a-Fe containing Cu,
Si, and Ni to examine the interaction between these impuri-
ties. This calculation indicted that the stability of the
interaction between impurities was Cu-Cu > Ni-Ni > Si-Si,
and that the bonds of Cu-Si and Si-Ni were more stable than
that of Si-Si. In addition, we estimated the interaction para-
meter between impurities considering first and second
neighboring interaction. This estimation suggested that the
interaction parameters of Cu-Si and Si-Ni were stable and
that Cu and Ni impurity encouraged segregation of so-
lute-atom clusters containing Si atoms.

We evaluated the effect of the coexistence of impurities
from the view point of the electronic structure. In case of
coexistence of Cu and Si, the energy of Cu and adjacent Fe
component was lowered. This electronic structure suggested
that the coexistence of Cu and Si stabilized Cu and adjacent
Fe component. As for the coexistence of Si and Ni, the dif-
ference of the electronic structures was likely to cause the
energy stabilization. On the other hand, the effect of the
coexistence of Cu and Ni was small.
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