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Structures and energies of vacancy-Cu clusters ina-Fe
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We study structures and energies of vacancy-Cu clusters ina-Fe, which provide fundamental information
for understanding the mechanism of neutron-irradiation embrittlement of nuclear reactor pressure vessel ma-
terials. Extensive molecular-dynamics~MD! and Monte Carlo computer simulations with the use of the em-
bedded atom method~EAM! potential for the Fe-Cu system are performed to obtain energy-minimum struc-
tures of vacancy-Cu clusters of various sizes in aa-Fe matrix. We find that, in general, a vacancy-Cu cluster
consists of a vacancy cluster buried at the center of a Cu shell. The formation energies for the vacancy-Cu
clusters are calculated from the MD results, and we develop an equation describing the formation energy as a
function of the numbers of vacancies and Cu atoms. We find that the number of Cu atoms on the surface of the
vacancy cluster plays an important role in determining the formation energy of the vacancy-Cu clusters. The
binding energies of a vacancy and a Cu atom to the vacancy-Cu clusters are also calculated. We find that the
interaction between vacancies and Cu atoms enhances the binding of the vacancy-Cu clusters.

DOI: 10.1103/PhysRevB.67.024104 PACS number~s!: 61.72.Ji, 61.82.Bg
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I. INTRODUCTION

Understanding the mechanism of neutron irradiation e
brittlement of nuclear reactor pressure vessel~RPV! materi-
als is very important for ensuring the structural integrity
the RPVs in aging nuclear power plants. The embrittlem
is primarily caused by the irradiation-induced lattice defe
and solute clusters.1 Especially, Cu-enriched solute cluste
are assumed to act as obstacles to dislocation motion
cause irradiation hardening. Many experimental studies h
been performed to characterize the nature of such
enriched clusters in neutron-irradiated RPV materials
Fe-Cu model alloys. One of the recent topics is the role
the vacancies in Cu-enriched clusters in terms of the m
phology of the Cu-enriched clusters and the binding of
atoms and vacancies.

Regarding the morphology of the Cu-enriched cluste
the three-dimensional atom probe technique allows us to
serve the clustering of solute and impurity atoms directly
an atomistic length scale.2–4 A common observation is tha
the clusters induced by neutron irradiation have very diffu
morphology, and a very large fraction, approximately 50
of Fe atoms is contained within the clusters. Positron an
hilation experiments also provide very important informati
about the Cu clustering. The coincidence Doppler broad
ing measurements of the positron annihilation experime
suggest that irradiation-induced Cu clusters should con
vacancies, and such vacancies form a small cluster wh
surface is coated by the Cu atoms when the Cu content
high as;0.3 wt %.5
0163-1829/2003/67~2!/024104~9!/$20.00 67 0241
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On the other hand, regarding the binding of Cu atoms a
vacancies, the thermal stability of vacancy-type defects c
taining Cu atoms at the RPV operating temperature
;300 °C is also of interest. Since the stage-V temperatur
pure Fe is below 300 °C, a small vacancy cluster of;10
vacancies in size cannot survive annihilation.6 However, in
Fe-Cu model alloys, a long lifetime component of;300 ps
of positron annihilation is detected5 suggesting the stabiliza
tion of such small vacancy clusters by Cu impurity atoms

In this paper, we study the details of the structure and
binding energies of vacancy-Cu clusters of various sizes
a-Fe. In this study, atomic-scale computer simulations s
as molecular-dynamics~MD! and lattice Monte Carlo~LMC!
methods are used in order to provide detailed informat
that would help the interpretation of the above-mention
experimental observations. Energy-minimum structures
vacancy-Cu clusters with given numbers of vacancies
Cu atoms are determined. The binding energies of a vaca
and a Cu to the vacancy-Cu clusters are also calculated f
the formation energies of such energy-minimum clusters.
develop equations that describe the formation and bind
energies of vacancy-Cu clusters as a function of the num
of vacancies and Cu atoms. The implications of the res
are discussed.

II. SIMULATION METHOD

A LMC computer-simulation method following the Me
tropolis algorithm7 is used to search for energy-minimu
©2003 The American Physical Society04-1
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atomic structures of vacancy-Cu clusters. Initially, a giv
number of vacancies and Cu atoms are randomly locate
the lattice sites of a computation box with a size of 15315
315a0, wherea0 is a lattice unit. Then, any two out of th
vacancies and Cu atoms are randomly picked up to calcu
the crystal energy change due to the position exchange o
two. If the energy becomes lower by the position exchan
the new configuration is adopted. If not, the new configu
tion is adopted with the probability of the Boltzmann’s fa
tor, exp(2DE/kT), whereDE is the crystal energy change
k the Boltzmann’s constant, andT the crystal temperature
respectively. This process, i.e., one LMC step, is repea
until the minimum crystal energy is reached. The crys
temperature is initially set to 600 K, and then it is decrea
by 5 K atevery 100 LMC steps~simulated annealing!. After
the LMC calculation is completed, the positions of Fe a
Cu atoms, which are fixed at lattice sites of the computat
box during the LMC calculation, are relaxed by MD using
numerical quenching algorithm in order to calculate the fi
crystal energy. In both LMC and MD calculations, th
Finnis-Sinclair-type interatomic potential for Fe-Cu alloy d
veloped by Acklandet al.8 is used. Ideally, MD quenching
calculation may need to be performed after each LMC s
We tested this, and confirmed that both approaches,
quenching after every LMC step and one MD quench
after LMC minimization is completed, give the same resu

III. PURE-VACANCY CLUSTERS AND PURE-CU
CLUSTERS IN a-FE

The energy-minimum structures for pure-vacancy clus
and pure-Cu clusters and their formation and binding en
gies in a-Fe are calculated for the clusters of up to 100
size. The energy-minimum structures of pure-vacancy c
ters are, in general, spherical in shape in good agreem
with the compact configuration by Beeler9 and also the re-
sults by Soneda and Diaz de la Rubiaet al.10 No collapse of
a vacancy cluster to a dislocation loop took place. The str
ture of pure-Cu clusters is also spherical in shape. Howe
since Cu is an oversized element compared to Fe, and
intrinsic crystal structure is fcc, there should be a nontriv
strain field. This will be discussed later.

Figure 1 shows the formation energies of vacancy cl
ters,Ef

vac(n), and Cu clusters,Ef
Cu(n), whose definitions are

given as

Ef
vac~nvac!5m3Ecoh

Fe 2@Ec
vac~m,nvac!1nvac3Ecoh

Fe #
~1!

and

Ef
Cu~nCu!5~m3Ecoh

Fe 1nCu3Ecoh
Cu !

2@Ec
Cu~m,nCu!1nCu3Ecoh

Fe #, ~2!

where,m, nvac andnCu are the numbers of lattice sites in th
computation model crystal, vacancies, and Cu atoms, res
tively, Ecoh

Fe andEcoh
Cu are the cohesive energies ofa-Fe and

fcc Cu, respectively, andEc
vac(m,nvac) andEc

Cu(m,nCu) are
an Fe crystal energy withm lattice sites includingnvac va-
02410
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cancies andnCu Cu atoms, respectively. The monovacan
formation energy obtained here is 1.71 eV, and is in go
agreement with experimental values of 1.79 eV~Ref. 11! and
1.85 eV,12 and the MD results of 1.73 eV using differen
embedded atom method~EAM! potentials,10 as well as first-
principles calculation of 1.9 eV.13 The substitutional energy
of a single Cu atom is 0.29 eV in this study, which is sligh
smaller than the first-principles calculation result of 0.
eV.14 Regarding the terminology,Ef

Cu(1) should be a ‘‘sub-
stitutional’’ energy of a Cu atom rather than a ‘‘formation
energy. However, we use hereafter a unified wording of ‘‘fo
mation’’ energy for simplicity.

It is useful to find equations that describe the formati
energies of pure-vacancy and pure-Cu atom clusters.
found that the formation energies are well described by
following equations as indicated in Fig. 1:

Ef
vac~nvac!52.54~nvac!

2/3 ~3!

FIG. 2. Binding energies of pure-vacancy and pure-Cu clust
The circles show the binding energies calculated as the differenc
the formation energies obtained by MD, and the lines are th
calculated using the Eqs.~7! and ~8! ~see text!. The equations well
describe the calculated energies.

FIG. 1. Formation energies of pure-vacancy and pure-Cu c
ters. The circles show the formation energies obtained by MD,
the lines show the approximations of the energies by Eqs.~3! and
~4! ~see text!. Both equations have the same exponent sugges
almost the same structure of vacancy and Cu clusters.
4-2
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FIG. 3. Energy-minimum structures of vacancy-Cu clusters. The black circles are vacancies, and the gray circles are Cu at
clusters include~a! 100 vacancies and 10 Cu atoms,~b! 100 vacancies and 100 Cu atoms,~c! 10 vacancies and 10 Cu atoms, and~d! 10
vacancies and 100 Cu atoms.
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Ef
Cu~nCu!50.368~nCu!

2/3. ~4!

The binding energies of vacancy clusters,Eb
vac(nvac), and

Cu clusters,Eb
Cu(nCu), are defined as

Eb
vac~nvac!5Ef

vac~nvac21!1Ef
vac~1!2Ef

vac~nvac! ~5!

and

Eb
Cu~nCu!5Ef

Cu~nCu21!1Ef
Cu~1!2Ef

Cu~nCu!. ~6!

We obtained the binding energies of these clusters for
sizes up to 100 by calculating all the formation energies n
essary to apply the definitions~5! and~6! by MD and LMC.
For example, we calculatedEf

vac(100) andEf
vac(99) to ob-

tainEb
vac(100). The calculated binding energies are shown

Fig. 2. The binding energies can also be calculated by s
stituting Eqs.~3! and ~4! into Eqs.~5! and ~6! as

Eb
vac~nvac!51.7122.54@~nvac!

2/32~nvac21!2/3# ~7!

and

Eb
Cu~nCu!50.29420.368@~nCu!

2/32~nCu21!2/3#. ~8!
02410
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Here we used MD results rather than Eqs.~3! and~4! for the
values ofEf

vac(1) and Ef
Cu(1) of Eqs. ~5! and ~6!. These

estimations are also plotted in Fig. 2 with lines showing go
approximation of the circles. The results of the formation a
binding energies of the vacancy clusters are very consis
with the previous results by Soneda and Diaz de la Rubi10

who used a different EAM-type interatomic potential15 from
the one used in this study.

IV. VACANCY-CU CLUSTERS

Energy-minimum structures of vacancy-Cu clusters
a-Fe are calculated. Both the number of vacancies and
number of Cu atoms in a cluster range from 1 to 100 in o
calculation matrix to obtain detailed information on the ch
acteristics of vacancy-Cu clusters.

Figures 3~a!–3~d! show typical structures of vacancy-C
clusters, where the cluster compositions are@Fig. 3~a!# 100
vacancies and 10 Cu atoms,@Fig. 3~b!# 100 vacancies and
100 Cu atoms,@Fig. 3~c!# 10 vacancies and 10 Cu atoms, a
@Fig. 3~d!# 10 vacancies and 100 Cu atoms, respective
General observations we noted throughout all the results
as follows. First, vacancies form a cluster at the center of
vacancy-Cu cluster and we call this hereafter acentral va-
4-3
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cancy cluster, whose configuration does not change ve
much when the number of Cu atoms changes. The confi
ration of the central vacancy cluster is almost identical
that of the pure vacancy cluster with the same numbe
vacancies ina-Fe. This can be seen when one compa
Figs. 3~a! and 3~b!, and Figs. 3~c! and 3~d!. Figure 4 further
shows this situation, where the number of atoms within
second-nearest-neighbor distance from the central vac
clusters~we call this hereaftersurface lattice sites! is plotted
as a function of the numbers of vacancies and Cu atoms.
can see that the number of the surface lattice sites incre
as the number of vacancies increases, but is almost inde
dent of the number of Cu atoms. This means that the m
phology of the central vacancy clusters is not largely affec
and changed by the Cu atoms.

Secondly, Cu atoms tend to sit on the surface of the c
tral vacancy clusters as can be seen in Figs. 3~a!–3~d!. Fig-
ure 5 shows the ratio of the number of Cu atoms that si
the surface lattice sites of the central vacancy cluster to
total number of Cu atoms. The ratio is always unity exc
for the cases where the number of vacancies is small, i
cating that all the Cu atoms sit at the surface lattice s
when there are a sufficient number of surface lattice s
available. In addition, when the number of Cu atoms is mu
smaller than that of the surface lattice sites, Cu atoms ten
agglomerate locally on the surface of the central vaca
cluster as shown in Fig. 3~a!, rather than occupy isolate
surface lattice sites. In other words, local coating of the s
face of the central vacancy cluster takes place when the n
ber of Cu atoms is smaller than the surface lattice sites.
the other hand, when the number of Cu atoms is much la
than that of the vacancies, the whole surface of the cen
vacancy cluster is coated by Cu atoms, and the central
cancy cluster is buried in a shell of Cu atoms as shown
Fig. 3~d!.

Next, we calculated formation energies of vacancy-
clusters defined as

FIG. 4. Number of surface lattice sites of the central vaca
clusters. The surface lattice sites are defined as the sites loc
within the second-nearest-neighbor distance from the central
cancy cluster.
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Ef
vac-Cu~nvac ,nCu!5~m3Ecoh

Fe 1nCu3Ecoh
Cu !

2@Ec
vac-Cu~m,nvac ,nCu!

1~nvac1nCu!3Ecoh
Fe #, ~9!

whereEf
vac-Cu(nvac ,nCu) is the formation energy of the clus

ter containingnvac vacancies andnCu Cu atoms,m is the
number of lattice sites in the computation cryst
Ec

vac-Cu(m,nvac ,nCu) is the energy of the crystal containin
m lattice sites,nvac is the vacancies, andnCu is the Cu at-
oms, respectively. We calculated all the formation energie
the vacancy-Cu clusters containing less than 20 vacan
and 20 Cu atoms. For larger vacancy-Cu clusters, we ca
lated the formation energies for selected sizes of the clus
The largest cluster calculated consists of 100 vacancies
100 Cu atoms. Then, we developed an equation descri
the formation energy as a function of the numbers of vac
cies and Cu atoms. Such an equation should help us in
derstanding the general characteristics of the formation
ergy of vacancy-Cu clusters.

For the equation development, we first examined the
ference between the formation energies of vacancy-Cu c
ters and pure-Cu clusters containing the same number o
atoms. In Fig. 6, where the energy differences are plotted
a function of the number of Cu atoms for various numbers
vacancies, we can see two things:~i! the energy difference is
a monotonically decreasing function of the number of
atoms when the number of Cu atoms is smaller than a cer
number we call thecutoff number, and~ii ! above the cutoff
number, the energy difference tends to saturate to a low
value. From a regression analysis, we found that a quad
function of the number of Cu atoms well describes the
creasing part of the energy difference as shown in Fig
below. We obtained an equation to describe the format
energy of the vacancy-Cu clusters as

y
ted
a-

FIG. 5. Ratio of the number of Cu atoms located on the surf
lattice sites to the total number of Cu atoms. Unity means that
the Cu atoms sit on the surface of the central vacancy cluste
some cases when the size of the vacancy cluster is small, the
within the third-nearest-neighbor distance are more preferable
the surface lattice sites even though there are still some sur
lattice sites available.
4-4
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Ef
vac-Cu~nvac ,nCu!5Ef

Cu~nCu!1A~nvac!1B~nvac!

3~C~nvac!2nCu!
2, ~10!

where the terms,A, B, andC, are determined as functions o
the number of vacancies as follows:

A~nvac!51.43~nvac!
0.72, ~11!

B~nvac!5H 0.002 80~nvac!
20.33 whenC~nvac!.nCu ,

0 whenC~nvac!<nCu ,
~12!

and

C~nvac!516.1~nvac!
0.51. ~13!

FIG. 7. Comparison between theC value of Eq.~13! and the
number of surface lattice sites. The number of surface lattice sit
approximated by the broken line. Both curves have the same e
nent of about 0.5 indicating that theC value, i.e., the cutoff number
is strongly related to the number of surface lattice sites.

FIG. 6. Difference of the formation energy of a vacancy-C
cluster and a pure-Cu cluster containing the same number o
atoms. Symbols are well described by the quadratic functions o
number of vacancies indicated by lines. One can see, for exam
in the case of 10 vacancies, that the energy difference reach
constant value when the number of Cu atoms is larger than
suggesting an idea of a cutoff number.
02410
The functionC is the cutoff number of Cu atoms. We foun
that theC value has a strong correlation with the number
surface lattice sites as shown in Fig. 7. The number of
surface lattice sites,nsls , is approximated by the following
equation:

nsls513.0~nvac!
0.52 ~14!

as shown by the dotted line in Fig. 7. This equation has
same exponent as that of Eq.~13! indicating that theC value
is always 24% larger than the number of the surface lat
sites. In order to check the accuracy of Eqs.~10!–~13!, we
compared the formation energies of vacancy-Cu clusters
culated from the above equations with those calculated
Monte Carlo~MC! and MD as shown in Fig. 8. We can se
that the equations describe the formation energies with
ceptable accuracy. Figure 9 shows the formation energy

is
o-

FIG. 8. Formation energies of vacancy-Cu clusters calculated
Eqs.~10!–~13!.

FIG. 9. Formation energies of vacancy-Cu clusters as a func
of the numbers of vacancies and Cu atoms. The lines are the s
of Fig. 8 taken at the fixed numbers of vacancies such as 5, 10
40, 60, and 100. When the number of vacancies is small, the
mation energy increases as the number of Cu atoms increa
When the number of vacancies is large, the formation energy
creases as the number of Cu atoms increases.
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vacancy-Cu clusters as a function of the numbers of Cu
oms and vacancies obtained from Eqs.~10!–~13!.

The binding energies of a vacancy or a Cu atom to
vacancy-Cu clusters are calculated using the following eq
tions:

Eb
vac-Cu,vac~nvac ,nCu!5Ef

vac-Cu~nvac21,nCu!

1Ef
vac~1!2Ef

vac-Cu~nvac ,nCu!

~15!

and

FIG. 10. Binding energies of a vacancy to the vacancy-Cu c
ters calculated by Eqs.~10!–~13! and ~15!. The idea of the cutoff
number,C, of the formation energy makes the vacancy bindi
energy constant when the number of Cu atoms is larger than
cutoff number.

FIG. 11. Detailed comparison of the vacancy binding energ
calculated by MD and by Eqs.~10!–~13! and ~15!. The line is a
slice of Fig. 10 taken at 11 vacancies. A tendency can be see
which the binding energy reaches a constant value when the nu
of Cu atoms is larger than 50.
02410
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Eb
vac-Cu,Cu~nvac ,nCu!5Ef

vac-Cu~nvac ,nCu21!

1Ef
Cu~1!2Ef

vac-Cu~nvac ,nCu!.

~16!

We obtained the binding energies using the values obta
by the present calculations. We can also calculate those
ues by substituting Eqs.~10!–~13! into Eqs.~15! and ~16!.
The results are shown in Figs. 10 and 12 below. Regard
the vacancy binding energies, it is interesting to see in F
10 that the vacancy binding energy becomes constant ag
the number of Cu atoms when the cutoff condition
16.1(nvac)

0.51,nCu is met. This is further confirmed by
comparing the binding energies obtained by the present
culations and Fig. 10 as shown in Fig. 11, where the vaca
binding energy saturates when the number of Cu atom
larger than about 50. This means that when the condition
16.1(nvac)

0.51,nCu is met, additional Cu atoms have no in
teraction with the central vacancy clusters.

Regarding the Cu binding energies, on the other hand,
can see in Fig. 12 that the binding energy reaches a m
mum at a certain number of Cu atoms. Beyond that num
of Cu atoms, the binding energy decreases down to the
binding energy of pure-Cu clusters. Cu binding energy
creases rapidly as the number of vacancies increases to r
values larger than the solution energy of 0.29 eV. These
sults indicate that a pure Cu cluster is stabilized when
exists with vacancies. At the same time, however, we a
need to be aware that the absolute magnitude of the Cu b
ing energies is no larger than about 0.4 eV for the clust
examined.

In order to investigate the origin of the stabilization of C
binding to vacancy-Cu clusters, we looked at the atomic
rangements of a pure-Cu cluster, a vacancy-Cu cluster, a
pure-vacancy cluster as show in Figs. 13~a!–13~c!, respec-

-

he

s
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er

FIG. 12. Binding energies of the Cu atom to the vacancy-
clusters calculated by Eqs.~10!–~13! and~16!. The binding energy
reaches a maximum as the number of Cu atoms increases. Whe
number of Cu atoms is sufficiently larger than the number of
cancies, the binding energy becomes identical to that of the pure
cluster.
4-6
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FIG. 13. Displacement field of atoms around~a! a pure-Cu clus-
ter, ~b! a vacancy-Cu cluster, and~c! a pure-vacancy cluster. Atom
on the adjacent two~100! planes are displayed. The numbers of C
atoms and vacancies are 20 and 4, respectively. Open circles a
atoms, and gray circles are Cu atoms. Bars starting from the ce
of the circles show the displacement vector. The amount of
placement is magnified.
02410
tively. The plots show the atom positions on the~100! plane.
Gray circles are Cu atoms, and the other circles represen
atoms. The number of Cu atoms is 20, and the numbe
vacancies is four. A bar starting from a center of an at
circle indicates a displacement vector of the atom. Sinc
Cu atom is an oversized atom in the Fe matrix, a repuls
force acts on the Cu atoms resulting in the swelling of the
area as shown in Fig. 13~a!. However, when the cluster ha
vacancies at its center, some Cu atoms adjacent to the va
cies can relax inward to reduce the strain around the clu
as can be seen in Fig. 13~b!. The relaxation details of the
vacancy-Cu cluster and the vacancy cluster are differen
Figs. 13~b! and 13~c!. The Cu atoms labeled as ‘‘A’’ and ‘‘B’’
in Fig. 13~b! show clear displacements in an inward dire
tion, while the corresponding Fe atoms labeled ‘‘A’’ and ‘‘B
in Fig. 13~c! do not show such a tendency. On the oth
hand, the Fe atoms labeled ‘‘C’’ and ‘‘D’’ in Fig. 13~c! show
inward displacement while corresponding Fe atoms also
beled ‘‘C’’ and ‘‘D’’ in Fig. 13 ~b! show very different dis-
placement. It is interesting to discuss the symmetry of
vacancy-Cu cluster of Fig. 13~b!. We chose 20 Cu atoms fo
the demonstration in Fig. 13, because 20 is the number of
lattice sites located within the first-nearest-neighbor dista
from the vacancy cluster. We expected that all the Cu ato
sit on such lattice sites. However the resulting struct
shows that four Cu atoms, two of which are labeled ‘‘E’’ an
‘‘F’’ in Fig. 13 ~b!, chose lattice sites located with in th
second-nearest-neighbor distance from the vacancy clu
rather than the sites within the first-nearest-neigh
distance.

The results obtained in this section can be summarize
follows. Compared with the Fe atom, the Cu atom is t
oversized atom. When the number of Cu atoms is sufficien
larger than that of the surface lattice sites of the central
cancy cluster as shown in Fig. 3~d!, the growth of the centra
vacancy cluster is almost equivalent to the growth of
pure-vacancy cluster in the bcc-Cu crystal having the Fe
tice unit. This is reflected in Eq.~13!, where the function has
the same form and almost the same exponent value as t
of Eq. ~14! obtained for the vacancy cluster ina-Fe. The
growth of the outer Cu shell around the central vacancy c
ter is effectively identical to the growth of pure Cu cluste
in a-Fe. In these cases, the formation energy is a simple
of those of the outer Cu shell and the central vacancy clus
and there is no synergetic term between the Cu atoms
vacancies in the formation energy. On the other hand, w
the condition 16.1(nvac)

0.51,nCu , i.e.,C(nvac),nCu is met
as shown in Fig. 13~a!, a new term, B(nvac)(C(nvac)
2nCu)

2, arises indicating that the synergetic effect betwe
the Cu atoms and vacancies is no longer negligible. Con
ering the fact that the value ofC(nvac) is close to the num-
ber of the surface lattice sites of the central vacancy clust
see Fig. 7, the term means that the magnitude of the sy
getic effect is a function of the surface lattice sites not oc
pied by Cu atoms. It is caused by the size difference betw
the Cu and Fe atoms. Compared with the size of the Fe a
the Cu atom is the slightly oversized atom, therefore
atoms and their clusters tend to swell in thea-Fe matrix.
When the number of Cu atoms is larger than the num
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16.1(nvac)
0.51,nCu , then swelling of the Cu shells canno

occur. However, if the number of Cu atoms is smaller th
the equation, the swelling can occur.

V. DISCUSSION

The primary concern of this paper is to study t
vacancy-Cu clusters ina-Fe, in terms of the structure of th
clusters and the binding energies of a vacancy and a Cu a
to the clusters. Our MD and MC calculations demonstr
that, in general, the clusters consist of a central vacancy c
ter decorated, or coated, by Cu atoms.

The structure of a central vacancy cluster buried in a
shell is consistent with experimental observations. Na
et al.5 measured the lifetimes and the momentum spectr
the gamma rays emitted by the annihilation of positrons
neutron-irradiated Fe-1.3 wt %-Cu model alloys using a c
ventional lifetime measurement technique and a soph
cated coincidence Doppler broadening technique of posi
annihilation experiments. Their results show that vacan
type defects having long lifetimes are produced during
neutron irradiation, and furthermore the high-moment
spectra of the annihilation gamma rays are almost ident
to those for pure-Cu crystals. Their interpretation is that
atoms that sit on the surface of the vacancy clusters indu
in the materials by the neutron irradiation are all Cu atom
This is consistent with our computer-simulation results
stable vacancy-Cu clusters.

The strengthening of the binding of a Cu atom and
vacancy to small vacancy-Cu clusters should affect the
crostructure evolution in irradiated Fe-Cu crystals and
containing RPV materials. Before discussing the Fe-Cu s
tem, it should be worthwhile reviewing the current und
standing of the vacancy formation in pure Fe. Postirradiat
isochronal annealing and resistivity measurement studie
high-purity Fe irradiated by electrons at a low temperat
shows that the stage-V temperature for vacancies is t
mally unstable between 500 K and 600 K.16 On the other
hand, in the pure Fe irradiated by neutrons at 100 °C, sm
vacancy clusters of;9 to 14 vacancies are formed aft
irradiation.6 These small vacancy clusters shrink in size
the annealing temperature increases to form larger void
they annihilate at sinks. Beyond the stage-V temperatu
such small vacancy clusters evaporate, and only a small f
tion of voids, which also continue to evaporate, remai
Recent TEM study17 of Fe irradiated at 310 K by neutron
shows consistent results in that almost all the microstructu
resolved by the TEM technique are interstitial-type dislo
tion loops, and no vacancy-type defect is observ
Molecular-dynamics studies support these observations.
studies of displacement cascades in Fe~Refs. 10, and 18–20!
have shown that the clear clustering of vacancies does
take place at the end of the cooling phase of the cascad
sharp contrast to the fcc metals.21,22 The binding energies o
small vacancy clusters of;10 members calculated by mo
lecular dynamics10 are;0.5 eV, which will be sufficient to
be stable at;400 K but not at higher temperatures. Thu
these results give us the following picture of vacancy clus
formation and stability ina-Fe. Displacement cascades d
not produce vacancy clusters directly. Vacancies introdu
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by cascades form clusters by primarily agglomerating
small regions, but such formed clusters are not stable at t
peratures around stage V, which is close to the RPV op
tion temperature of 563 K.

In the Fe-Cu system, the present work suggests that
vacancy-Cu clusters are more stable than pure-vacancy
pure-Cu clusters of the same size, and this effect is sign
cant when the numbers of vacancies and Cu atoms are s
Although the calculated binding energies of sm
vacancy-Cu clusters are not sufficiently large to survive d
sociation at the stage-V temperature of pure Fe, a large
crease in binding energy should make the lifetime of
vacancy-Cu clusters much longer.23 This effect should cer-
tainly increase the chance of cluster growth, and should p
mote the vacancy-Cu cluster growth. In addition, it should
pointed out that this lifetime change may cause a differ
dose rate dependence of the damage evolution in Fe-Cu c
tals from that in pure-Fe crystals.

Finally, we would like to discuss the dissociation proce
of vacancy-Cu clusters. This is important when we appl
technique such as the kinetic Monte Carlo method10,24 to the
calculation of microstructure evolution under irradiatio
Evaporation of Cu atoms from the cluster should be som
what straightforward. Cu atoms will be taken away from t
interface of the cluster and the Fe matrix by vacancies
this case, the dissociation energy should be a simple sum
the binding energy of the Cu atom and the migration ene
of the vacancy. Of course, it should be noted that there
another chance for a vacancy as a carrier of Cu atoms t
absorbed by the vacancy-Cu cluster when the vacancy co
within a certain distance from the cluster. This will affect th
prefactor of the dissociation process, and further informat
needs to be provided by such techniques as molec
dynamics.

On the other hand, dissociation of a vacancy from
vacancy-Cu cluster is complicated especially when the
cancy cluster is buried in a thick Cu shell as shown in F
3~d!. The vacancy binding energy that we calculated in t
paper is the energy difference between the crystals cont
ing ~i! n-vacancy andm-Cu clusters and~ii ! (n21)-vacancy
and m-Cu clusters plus one isolated vacancy. However,
such a case as Fig. 3~d!, a vacancy on the surface of th
central vacancy cluster needs to dissociate from this inte
vacancy cluster first, make several jumps in the Cu shell,
then escape from the surface of the vacancy-Cu clus
Clearly this is a multiprocess event, and not only the acti
tion energy but also the prefactor of the event should be v
affected.

VI. CONCLUSIONS

Structures and energies of vacancy-Cu clusters ina-Fe
were studied by means of atomistic-scale compu
simulation techniques such as the molecular-dynamics
the Monte Carlo techniques. In general, the cluster cons
of a vacancy cluster buried at the center of the surround
Cu shell. This structure is consistent with information o
tained by the coincidence Doppler broadening measurem
of positron annihilation. When the number of Cu atoms
not sufficiently large to cover the whole surface of the cen
vacancy cluster, the Cu atoms segregate locally on the
4-8
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face instead of sitting at the separated lattice sites to e
other.

An equation was developed that describes the forma
energy of the vacancy-Cu clusters. The equation consists
Cu clustering term, a vacancy clustering term, and a sy
getic term of vacancy-Cu interaction. The synergetic term
related to the number of surface lattice sites of the cen
vacancy cluster not occupied by Cu atoms.

The binding energies of a vacancy and a Cu atom to
nd

cl

su

J.

ns

02410
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vacancy-Cu clusters were calculated from the formation
ergies. Cu atoms enhance the binding of a vacancy to
vacancy-Cu clusters and this is more efficient when the nu
ber of vacancies is small. Vacancies also enhance the bin
of a Cu atom to the vacancy-Cu clusters. For a given num
of vacancies, the binding energy reaches a maximum
relatively small number of Cu atoms, and it approaches
Cu binding energy of the pure-Cu cluster when the num
of Cu atoms increases.
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