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We study structures and energies of vacancy-Cu clustesske, which provide fundamental information
for understanding the mechanism of neutron-irradiation embrittlement of nuclear reactor pressure vessel ma-
terials. Extensive molecular-dynami@&lD) and Monte Carlo computer simulations with the use of the em-
bedded atom methodEAM) potential for the Fe-Cu system are performed to obtain energy-minimum struc-
tures of vacancy-Cu clusters of various sizes in-&e 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.
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[. INTRODUCTION On the other hand, regarding the binding of Cu atoms and
vacancies, the thermal stability of vacancy-type defects con-
Understanding the mechanism of neutron irradiation emtaining Cu atoms at the RPV operating temperature of
brittlement of nuclear reactor pressure ves&#V) materi- ~300 °C is also of interest. Since the stage-V temperature of
als is very important for ensuring the structural integrity of pure Fe is below 300°C, a small vacancy cluster~af0
the RPVs in aging nuclear power plants. The embrittlemen{acancies in size cannot survive annihilatfoHowever, in
is primarily caused by the irradiation-induced lattice defectsze-Cu model alloys, a long lifetime component-eB800 ps
and solute clustersEspecially, Cu-enriched solute clusters of positron annihiiation is detecteduggesting the stabiliza-
are assumed to act as obstacles to dislocation motion anghy of such small vacancy clusters by Cu impurity atoms.
cause irradiation hardening. Many experimental studies have |, this paper, we study the details of the structure and the

gﬁsghggrg";i?s t.?] %Zart?g;e-'rrlrzae d‘g;g q nsg\r/e moa]:tes}yalflks] &% hinding energies of vacancy-Cu clusters of various sizes in
: u In-neutron-irradi v mater #-Fe. In this study, atomic-scale computer simulations such
Fe-Cu model alloys. One of the recent topics is the role o

the vacancies in Cu-enriched clusters in terms of the mor®> molecular-dynamid#/D) and lattice Monte CarldL.MC)

phology of the Cu-enriched clusters and the binding of cynethods are used in order to provide detailed information
atoms and vacancies. that would help the interpretation of the above-mentioned

Regarding the morphology of the Cu-enriched C|usters,experimental observatipns..Energy-minimum structyres of
the three-dimensional atom probe technique allows us to op/2cancy-Cu clusters with given numbers of vacancies and
serve the clustering of solute and impurity atoms directly inCY atoms are determined. The binding energies of a vacancy
an atomistic length scafe* A common observation is that and a Cu t_o the vac_ancy—Cu clusters are_a.lso calculated from
the clusters induced by neutron irradiation have very diffuséhe formation energies of such energy-minimum clusters. We
morphology, and a very large fraction, approximately 50%7develqp equations that describe the form_aﬂon and binding
of Fe atoms is contained within the clusters. Positron anni€nergies of vacancy-Cu clusters as a function of the numbers
hilation experiments also provide very important information©f vacancies and Cu atoms. The implications of the results
about the Cu clustering. The coincidence Doppler broader@'e discussed.
ing measurements of the positron annihilation experiments
sugges_t that irradiation—induqed Cu clusters should contain Il SIMULATION METHOD
vacancies, and such vacancies form a small cluster whose
surface is coated by the Cu atoms when the Cu content is as A LMC computer-simulation method following the Me-
high as~0.3 wt %> tropolis algorithnd is used to search for energy-minimum
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atomic structures of vacancy-Cu clusters. Initially, a given €0

number of vacancies and Cu atoms are randomly located & ° ‘2’:‘?:°V)§3'“s‘e'
the lattice sites of a computation box with a size of<15 501 |+ Gucluster
X 15a4, wherea, is a lattice unit. Then, any two out of the - -~ - 0.386(ncu)”

vacancies and Cu atoms are randomly picked up to calculattZ 4o}
the crystal energy change due to the position exchange of thg,’
two. If the energy becomes lower by the position exchange,2 sot
the new configuration is adopted. If not, the new configura-%
tion is adopted with the probability of the Boltzmann’s fac-
tor, exp(— AE/KT), whereAE is the crystal energy change,
k the Boltzmann’s constant, ant the crystal temperature, 10}
respectively. This process, i.e., one LMC step, is repeatec
until the minimum crystal energy is reached. The crystal - J -
temperature is initially set to 600 K, and then it is decreased ~ ° Numberofvaﬁfmies(m) and Cu atoms(ncy)
by 5 K atevery 100 LMC steps$simulated annealingAfter

the LMC calculation is completed, the positions of Fe and FIG. 1. Formation energies of pure-vacancy and pure-Cu clus-
Cu atoms, which are fixed at lattice sites of the computatioﬁers-.The circles show the .form.ation energies optained by MD, and
box during the LMC calculation, are relaxed by MD using athe lines show the appro_X|mat|ons of the energies by E)sand _
numerical quenching algorithm in order to calculate the finaf (See text Both equations have the same exponent suggesting
crystal energy. In both LMC and MD calculations, the almost the same structure of vacancy and Cu clusters.

Finnis-Sinclair-type interg\tomic potential for Fe-Cu alloy de- cancies andie, Cu atoms, respectively. The monovacancy
i i Cu ' .
veloped by Acklandst al. is used. Ideally, MD quenching formation energy obtained here is 1.71 eV, and is in good

calculation may need to be performed after each LMC step.greement with experimental values of 1.79(@éf. 1D and

We tested this, and confirmed that both approaches, M 85 eV22 and the MD results of 1.73 eV using different

quenching aftgr every !‘MC step and.one MD quenCh'ngembedded atom methd@AM) potentialst® as well as first-
after LMC minimization is completed, give the same results.

principles calculation of 1.9 e¥ The substitutional energy

of a single Cu atom is 0.29 eV in this study, which is slightly

ll. PURE-VACANCY CLUSTERS AND PURE-CU smaller than the first-principles calculation result of 0.45
CLUSTERS IN a-FE eV!* Regarding the terminolog$!(1) should be a “sub-

The energy-minimum structures for pure-vacancy clusterstitutional” energy of a Cu atom rather than a “fqrmati?n"
and pure-Cu clusters and their formation and binding ener€nergy. However, we use hereafter a unified wording of “for-
gies in a-Fe are calculated for the clusters of up to 100 jnMation” energy for simplicity. _ _
size. The energy-minimum structures of pure-vacancy clus- It is useful to find equations that describe the formation
ters are, in general, spherical in shape in good agreemeff'€rgies of pure-vacancy and pure-Cu atom clusters. We
with the compact configuration by Beéleand also the re- found that the formation energies are well described by the
sults by Soneda and Diaz de la Rukizal 2° No collapse of ~ following equations as indicated in Fig. 1:

a vacancy cluster to a dislocation loop took place. The struc-

20

Formatio

. D e EY3%(n,,0) =2.54N,40) % 3
ture of pure-Cu clusters is also spherical in shape. However, " (Nuac) ANyac) ©)
since Cu is an oversized element compared to Fe, and its .
intrinsic crystal structure is fcc, there should be a nontrivial .
strain field. This will be discussed later. 14}

Figure 1 shows the formation energies of vacancy clus- 2l )
ters,E?2°(n), and Cu cluster€"(n), whose definitions are < . S °
. @
given as = 10F o
g 00,0 oooo ° o Vacancy cluster
c o8l o 1.71-2.54((Nvac)*~(nvac-1)"%)
EY2%(N,ac) = MX ELE —[EL2(M,N,ac) + NyacX ELSH] 2 « Cucluster
(1) 8 g6l Po - - - 0.294-0.368((ncu)”*-(ncu-1)"%)
E <
and o4l
. [ . .
0.2} % eppe®oon® - o " R R
Efcu(nCu):(m>< EE§h+ nCuXEgc?h) e
_ ECu + X EFe 2 0'00 2.0 4I0 6‘0 8‘0 100
[ c (minCu) Ncy coh]r ( )

Number of vacancies(nva:) and Cu atoms(ncu)

where,m, Nyac andnc, are the numt_)ers of lattice sites in the FIG. 2. Binding energies of pure-vacancy and pure-Cu clusters.
C_OmPUti“O” modgl crystal, vacancies, and Cu atoms, respe¢pe circles show the binding energies calculated as the difference of
tively, Eco andE,, are the cohesive energies @fFe and  the formation energies obtained by MD, and the lines are those
fcc Cu, respectively, anB%2°(m,n, o) andESY(m,nc,) are  calculated using the Eq&7) and(8) (see text The equations well

an Fe crystal energy witm lattice sites includingn,,. va-  describe the calculated energies.
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FIG. 3. Energy-minimum structures of vacancy-Cu clusters. The black circles are vacancies, and the gray circles are Cu atoms. The

clusters includga) 100 vacancies and 10 Cu aton@l) 100 vacancies and 100 Cu atons), 10 vacancies and 10 Cu atoms, gl 10
vacancies and 100 Cu atoms.

and Here we used MD results rather than E(®.and(4) for the
values of EY3°(1) and ESY(1) of Egs.(5) and (6). These
C _ f f
Ef“(ncy)=0.368ncy)*". (4)  estimations are also plotted in Fig. 2 with lines showing good
The binding energies of vacancy clusteE{2%(n, ), and Spp()jr_oxmatmn_ of thfetﬁlrcles. The relsults of the formatlon_atndt
Cu clust Cu , defined inding energies of the vacancy clusters are very consisten
u clustersEy (ncy), are defined as with the previous results by Soneda and Diaz de la Rtfbia,
EY2%(N,0c) = EY3%(N,0e— 1) + EV3%(1) —EY3%(n,,.) (5)  Who used a different EAM-type interatomic potentidrom
g the one used in this study.
an

We obtained the binding energies of these clusters for the EN€rgy-minimum structures of vacancy-Cu clusters in
sizes up to 100 by calculating all the formation energies nec®-F€ are calculated. Both the number of vacancies and the

essary to apply the definitior(s) and (6) by MD and LMC. number of Cu atoms in a cluster range from 1 to 100 in our
For example, we calculate’*%(100) andE!(99) to ob- calculation matrix to obtain detailed information on the char-

tain Ep*°(100). The calculated binding energies are shown jrpcteristics of vacancy-Cu clusters.

Fig. 2. The binding energies can also be calculated by sub-, Figures 8a)-3(d) show typical structures of vacancy-Cu

o - . clusters, where the cluster compositions gy. 3(a)] 100
stituting Eqs.(3) and(4) into Egs.(5) and(6) as vacancies and 10 Cu atomsig. 3(b)] 100 vacancies and

vac _ _ 2/3_ a2 100 Cu atomg|Fig. 3(c)] 10 vacancies and 10 Cu atoms, and
EL*(Myac) =171~ 2.54 (00 ™= (Nac= D™ (7) [Fig. 3(d)] 10 vacancies and 100 Cu atoms, respectively.
and General observations we noted throughout all the results are
cu B o3 o as follows. First, vacancies form a c_Iuster at the center of the
Ep “(Ncy) =0.294-0.368 (nc,)**~ (ncu—1)?°. (8)  vacancy-Cu cluster and we call this hereaftereatral va-
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Ratio of Cu atoms
on surface lattice sites
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around central vacancy cluster
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FIG. 4. Number of surface lattice sites of the central vacancy FIG. 5. Ratio of the number of Cu atoms located on the surface
clusters. The surface lattice sites are defined as the sites locatéattice sites to the total number of Cu atoms. Unity means that all
within the second-nearest-neighbor distance from the central vathe Cu atoms sit on the surface of the central vacancy cluster. In
cancy cluster. some cases when the size of the vacancy cluster is small, the sites

within the third-nearest-neighbor distance are more preferable than

cancy cluster whose confiauration does not chande ver the surface lattice sites even though there are still some surface
y & 9 9 Yjattice sites available.

much when the number of Cu atoms changes. The configu-
ration of the central vacancy cluster is almost identical to

ac-Cu _ Fe Cu
that of the pure vacancy cluster with the same number of EY" " (Nyac,Ncw) = (MXEgont NeuX Egon)

vacancies ina-Fe. This can be seen when one compares —[EYCUmn ney)
Figs. 3a and 3b), and Figs. &) and 3d). Figure 4 further c Myac.Neu
shows this situation, where the number of atoms within the +(Nyact Ncw) XEES], 9)

second-nearest-neighbor distance from the central vacancy

clusters(we call this hereaftesurface lattice sitesis plotted ~ whereEY2¢!(n, ,c,Ncy) is the formation energy of the clus-
as a function of the numbers of vacancies and Cu atoms. Orter containingn,,. vacancies andc, Cu atoms,m is the

can see that the number of the surface lattice sites increaseamber of lattice sites in the computation crystal,
as the number of vacancies increases, but is almost indepeEﬁaC'C“(m,nvac,nCu) is the energy of the crystal containing
dent of the number of Cu atoms. This means that the momn lattice sites,n,,. is the vacancies, and., is the Cu at-
phology of the central vacancy clusters is not largely affectedms, respectively. We calculated all the formation energies of

and changed by the Cu atoms. the vacancy-Cu clusters containing less than 20 vacancies
Secondly, Cu atoms tend to sit on the surface of the cenand 20 Cu atoms. For larger vacancy-Cu clusters, we calcu-
tral vacancy clusters as can be seen in Figa.-3(d). Fig- lated the formation energies for selected sizes of the clusters.

ure 5 shows the ratio of the number of Cu atoms that sit af he largest cluster calculated consists of 100 vacancies and
the surface lattice sites of the central vacancy cluster to thé00 Cu atoms. Then, we developed an equation describing
total number of Cu atoms. The ratio is always unity excepthe formation energy as a function of the numbers of vacan-
for the cases where the number of vacancies is small, ind€€S and Cu atoms. Such an equation should help us in un-
cating that all the Cu atoms sit at the surface lattice sitederstanding the general characteristics of the formation en-
when there are a sufficient number of surface lattice sitegrgg ofﬂ\:acancyt-_Cu glust:ars. i first ined the dif
available. In addition, when the number of Cu atoms is mucr} or the equation development, we Tirst examined he dit-

. : erence between the formation energies of vacancy-Cu clus-
smaller than that of the surface lattice sites, Cu atoms tend tt%r

s and pure-Cu clusters containing the same number of Cu
agglomerate locally on the surface of the central Vacantyoms. In Fig. 6, where the energy differences are plotted as
cluster as shown in Fig.(8), rather than occupy isolated '

a function of the number of Cu atoms for various numbers of

surface lattice sites. In other words, local coating of the SUlyacancies, we can see two things:the energy difference is

face of the central vacancy cluster takes place when the numy monotonically decreasing function of the number of Cu
ber of Cu atoms is smaller than the surface lattice sites. OBtoms when the number of Cu atoms is smaller than a certain
the other hand, when the number of Cu atoms is much larg&fumber we call theutoff number, andii) above the cutoff
than that of the vacancies, the whole surface of the centrsumber, the energy difference tends to saturate to a lowest
vacancy cluster is coated by Cu atoms, and the central vasalue. From a regression analysis, we found that a quadratic
cancy cluster is buried in a shell of Cu atoms as shown irfunction of the number of Cu atoms well describes the de-

Fig. 3(d). creasing part of the energy difference as shown in Fig. 8
Next, we calculated formation energies of vacancy-Cubelow. We obtained an equation to describe the formation
clusters defined as energy of the vacancy-Cu clusters as
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FIG. 6. Difference of the formation energy of a vacancy-Cu

cluster and a pure-Cu cluster containing the same number of Cu
atoms. Symbols are well described by the quadratic functions of the
number of vacancies indicated by lines. One can see, for example, FIG. 8. Formation energies of vacancy-Cu clusters calculated by
in the case of 10 vacancies, that the energy difference reachesEs.(10)—(13).

constant value when the number of Cu atoms is larger than 60

80
Number of Cu atoms 100

suggesting an idea of a cutoff number. The functionC is the cutoff number of Cu atoms. We found
that theC value has a strong correlation with the number of
EvacClp Y =ESYney) + AN, 1) + B(N surface lattice sites as shown in Fig. 7. The number of the
7 (MoacaNew) =B Ncw) + AlNuae) + BlMuad) surface lattice sites)s, is approximated by the following
X(C(Nyac) —Ncw)? (100 equation:
where the terms4, B, andC, are determined as functions of Ngis=13.Q(N, 50) %2 (14)

the number of vacancies as follows: as shown by the dotted line in Fig. 7. This equation has the

same exponent as that of E4.3) indicating that theC value

- 0.72 ; ]
A(Nyac) =1.43Nyac) ™" (1D is always 24% larger than the number of the surface lattice
sites. In order to check the accuracy of E(E)—(13), we
0.00280n,,.) %% whenC(n,,)>n i i
B(n..)— . vac vac Cus compared the formation energies of vacancy-Cu clusters cal-
(Nyac) = 0 whenC(n,,.)<n culated from the above equations with those calculated by
vac Cus . .
(12 Monte Carlo(MC) and MD as shown in Fig. 8. We can see
that the equations describe the formation energies with ac-
and ceptable accuracy. Figure 9 shows the formation energy of
= 051 < 90 ,
C(nvac) 16'1(nvac) ' (13) E # of vacancies
g 80r —— 5 |
180 2 Se- 10
S 70} -u- 20 i
i g o
o [ <+ 100 ]
g 1o0r 5 T L e
2 es0f T PO
% 120 ¢ §
£ 100} 2 T D e e 1
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-g 40 < * Number of surface lattice sites 4
ER <o - 13.0n,% ]
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FIG. 9. Formation energies of vacancy-Cu clusters as a function
of the numbers of vacancies and Cu atoms. The lines are the slices

FIG. 7. Comparison between th@ value of Eq.(13) and the  of Fig. 8 taken at the fixed numbers of vacancies such as 5, 10, 20,
number of surface lattice sites. The number of surface lattice sites 40, 60, and 100. When the number of vacancies is small, the for-
approximated by the broken line. Both curves have the same expanation energy increases as the number of Cu atoms increases.
nent of about 0.5 indicating that tii@value, i.e., the cutoff number, When the number of vacancies is large, the formation energy de-
is strongly related to the number of surface lattice sites. creases as the number of Cu atoms increases.

Number of vacancies
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Egac-Cu,Cu(nvaC ’ I’]Cu) = Elf}ac-cu(nuac MNeu™ 1)
+E]‘Cu(l)fE?aocu(nuacanu)-
(16)
14
We obtained the binding energies using the values obtained

by the present calculations. We can also calculate those val-
ues by substituting Eq$10)—(13) into Egs.(15) and (16).

1.2

10 [ A l'l",",”,"-;i‘,',,",""""l "'... 7 . - -
. | [ Wi Th It h Figs. 10 and 12 below. Regard

ZZ L ""”””’""m,'"mm"m"m'mm"m,,' theevraecsgncsyak;?n;in%wgngrgi:agss, it is ?:terestineg Ot\c,)v s:eggiirilrFligg.J
’ 100 10 that the vacancy binding energy becomes constant against
04 r 80 the number of Cu atoms when the cutoff condition of

16.1(n,.0)%%<nc, is met. This is further confirmed by

Binding energy of vacancies (eV)

02 60
0 40 Number of comparing the binding energies obtained by the present cal-
0 20 g0  Vacancles culations and Fig. 10 as shown in Fig. 11, where the vacancy

40

60
Number of Cu atoms

0 binding energy saturates when the number of Cu atoms is
larger than about 50. This means that when the condition of

FIG. 10. Binding energies of a vacancy to the vacancy-Cu clus16.1(n,,c)°>*<nc, is met, additional Cu atoms have no in-
ters calculated by Eq€10)—(13) and (15). The idea of the cutoff teraction with the central vacancy clusters.
number, C, of the formation energy makes the vacancy binding Regarding the Cu binding energies, on the other hand, we
energy constant when the number of Cu atoms is larger than thean see in Fig. 12 that the binding energy reaches a maxi-
cutoff number. mum at a certain number of Cu atoms. Beyond that number
of Cu atoms, the binding energy decreases down to the Cu

vacancy-Cu clusters as a function of the numbers of Cu a?inding energy of pure-Cu clusters. Cu binding energy in-
creases rapidly as the number of vacancies increases to reach

oms and vacancies obtained from EK)—(13). : : h h \uti £0.29 eV. Th
The binding energies of a vacancy or a Cu atom to thé’altjes (;i_rgeir ttr?ntt € so uté(:)n elne:gy 0 t b'I'e .d ehse r.Ei'
vacancy-Cu clusters are calculated using the following equ pUlts Indicate that a pure ©Uu ciuster is stabilized when |
tions: exists with vacancies. At the same time, however, we also
' need to be aware that the absolute magnitude of the Cu bind-
ing energies is no larger than about 0.4 eV for the clusters
examined.
vac-Cu,vac _ pvac-Cu _ i . L. . .
Ep (Myac:New) =Ef ™ (Nyac— 1incw) In order to investigate the origin of the stabilization of Cu
vac/ 1y _ Fvac-Cu binding to vacancy-Cu clusters, we looked at the atomic ar-
+Ef (1) Ef (nuannCu)
rangements of a pure-Cu cluster, a vacancy-Cu cluster, and a
(15  pure-vacancy cluster as show in Figs(d313c), respec-

100

and
1.4 T T T T T T T T T
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Number of Cu atoms L .
FIG. 12. Binding energies of the Cu atom to the vacancy-Cu

FIG. 11. Detailed comparison of the vacancy binding energieslusters calculated by Eq&l0)—(13) and(16). The binding energy
calculated by MD and by Eq$10)—(13) and (15). The line is a  reaches a maximum as the number of Cu atoms increases. When the
slice of Fig. 10 taken at 11 vacancies. A tendency can be seen inumber of Cu atoms is sufficiently larger than the number of va-
which the binding energy reaches a constant value when the numbeancies, the binding energy becomes identical to that of the pure-Cu

of Cu atoms is larger than 50. cluster.
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tively. The plots show the atom positions on {160 plane.
Gray circles are Cu atoms, and the other circles represent Fe
atoms. The number of Cu atoms is 20, and the number of
vacancies is four. A bar starting from a center of an atom
circle indicates a displacement vector of the atom. Since a
Cu atom is an oversized atom in the Fe matrix, a repulsive
force acts on the Cu atoms resulting in the swelling of the Cu
area as shown in Fig. 18. However, when the cluster has
vacancies at its center, some Cu atoms adjacent to the vacan-
cies can relax inward to reduce the strain around the cluster
as can be seen in Fig. @8. The relaxation details of the
vacancy-Cu cluster and the vacancy cluster are different in
Figs. 13b) and 13c). The Cu atoms labeled as “A” and “B”

in Fig. 13b) show clear displacements in an inward direc-
tion, while the corresponding Fe atoms labeled “A” and “B”

in Fig. 13c) do not show such a tendency. On the other
hand, the Fe atoms labeled “C” and “D” in Fig. 1&) show
inward displacement while corresponding Fe atoms also la-
beled “C” and “D” in Fig. 13 (b) show very different dis-
placement. It is interesting to discuss the symmetry of the
vacancy-Cu cluster of Fig. 18). We chose 20 Cu atoms for
the demonstration in Fig. 13, because 20 is the number of the
lattice sites located within the first-nearest-neighbor distance
from the vacancy cluster. We expected that all the Cu atoms
sit on such lattice sites. However the resulting structure
shows that four Cu atoms, two of which are labeled “E” and
“F" in Fig. 13 (b), chose lattice sites located with in the
second-nearest-neighbor distance from the vacancy cluster
rather than the sites within the first-nearest-neighbor
distance.

The results obtained in this section can be summarized as
follows. Compared with the Fe atom, the Cu atom is the
oversized atom. When the number of Cu atoms is sufficiently
larger than that of the surface lattice sites of the central va-
cancy cluster as shown in Fig(d3, the growth of the central
vacancy cluster is almost equivalent to the growth of the
pure-vacancy cluster in the bcc-Cu crystal having the Fe lat-
tice unit. This is reflected in Eq13), where the function has
the same form and almost the same exponent value as those
of Eq. (14) obtained for the vacancy cluster mFe. The
growth of the outer Cu shell around the central vacancy clus-
ter is effectively identical to the growth of pure Cu clusters
in a-Fe. In these cases, the formation energy is a simple sum
of those of the outer Cu shell and the central vacancy cluster,
and there is no synergetic term between the Cu atoms and
vacancies in the formation energy. On the other hand, when
the condition 16.11f,,0) %>2<ncy, i.e.,C(N,ac) <Ncy iS Met
as shown in Fig. 1@, a new term,B(n,,.)(C(n,ac)
—nc,)?, arises indicating that the synergetic effect between
the Cu atoms and vacancies is no longer negligible. Consid-
ering the fact that the value @(n,,.) is close to the num-
ber of the surface lattice sites of the central vacancy clusters,

FIG. 13. Displacement field of atoms arouala pure-Cu clus-  S€€ Fig. 7, the term means that the magnitude of the syner-
ter, (b) a vacancy-Cu cluster, ard) a pure-vacancy cluster. Atoms 9€tic effect is a function of the surface lattice sites not occu-
on the adjacent twé100) planes are displayed. The numbers of Cu Pied by Cu atoms. It is caused by the size difference between
atoms and vacancies are 20 and 4, respectively. Open circles are e Cu and Fe atoms. Compared with the size of the Fe atom,
atoms, and gray circles are Cu atoms. Bars starting from the centéfie Cu atom is the slightly oversized atom, therefore Cu
of the circles show the displacement vector. The amount of disatoms and their clusters tend to swell in theFe matrix.
placement is magnified. When the number of Cu atoms is larger than the number
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16.1(n,,0) %% <nc,, then swelling of the Cu shells cannot by cascades form clusters by primarily agglomerating in
occur. However, if the number of Cu atoms is smaller tharsmall regions, but such formed clusters are not stable at tem-
the equation, the swelling can occur. peratures around stage V, which is close to the RPV opera-
tion temperature of 563 K.
V. DISCUSSION In the Fe-Cu system, the present work suggests that the
The primary concern of this paper is to study thevacancy-Cu clusters are more stable than pure-vacancy and

vacancy-Cu clusters in-Fe, in terms of the structure of the Pure-Cu clusters of the same size, and this effect is signifi-
clusters and the binding energies of a vacancy and a Cu atof@nt when the numbers of vacancies and Cu atoms are small.
to the clusters. Our MD and MC calculations demonstrateflthough the calculated binding energies of small
that, in general, the clusters consist of a central vacancy clugacancy-Cu clusters are not sufficiently large to survive dis-
ter decorated, or coated, by Cu atoms. sociation at_the_ stage-V temperature of pure _Fe,_ a large in-
The structure of a central vacancy cluster buried in a Cifréase in binding energy should make the lifetime of the
shell is consistent with experimental observations. Nagayacancy-Cu clusters much longérThis effect should cer-
et al® measured the lifetimes and the momentum spectra d@inly increase the chance of cluster growth, and should pro-
the gamma rays emitted by the annihilation of positrons inmote the vacancy-Cu cluster growth. In addition, it should be
neutron-irradiated Fe-1.3 wt %-Cu model alloys using a conPointed out that this lifetime change may cause a different
ventional lifetime measurement technique and a sophistidose rate dependence of the damage evolution in Fe-Cu crys-
cated coincidence Doppler broadening technique of positroffls from that in pure-Fe crystals. _ o
annihilation experiments. Their results show that vacancy- Finally, we would like to discuss the dissociation process
type defects having long lifetimes are produced during théf vacancy-Cu clusters. This is important when we apply a
neutron irradiation, and furthermore the high-momentumf€chnique such as the kinetic Monte Carlo metfitito the
to those for pure-Cu crystals. Their interpretation is that the=vaporation of Cu atoms from the cluster should be some-
atoms that sit on the surface of the vacancy clusters induce§fhat straightforward. Cu atoms will be taken away from the
in the materials by the neutron irradiation are all Cu atomsinterface of the cluster and the Fe matrix by vacancies. In
This is consistent with our computer-simulation results ofthis case, the dissociation energy should be a simple sum of
stable vacancy-Cu clusters. the binding energy of the Cu atom and the migration energy
vacancy to small Vacancy_Cu clusters should affect the mianother chance for a vacancy as a carrier of Cu atoms to be
crostructure evolution in irradiated Fe-Cu crystals and ci@Psorbed by the vacancy-Cu cluster when the vacancy comes
containing RPV materials. Before discussing the Fe-Cu sys\NIthln a certain dl_stanc_e _from the cluster. This WlII_ affect the
tem, it should be worthwhile reviewing the current under-prefactor of the dlss_omanon process, anq further information
standing of the vacancy formation in pure Fe. Postirradiatiof’€eds to be provided by such techniques as molecular
isochronal annealing and resistivity measurement studies éfynamics. _ o
high-purity Fe irradiated by electrons at a low temperature On the other hand, dissociation of a vacancy from a
shows that the stage-V temperature for vacancies is theMacancy-Cu cluster is complicated especially when the va-
mally unstable between 500 K and 600'KOn the other ~cancy cluster is burl_ed_ln a thick Cu shell as shown in Fig.
hand, in the pure Fe irradiated by neutrons at 100 °C, smaf}(d). The vacancy binding energy that we calculated in this
vacancy clusters of-9 to 14 vacancies are formed after Paper is the energy difference between the crystals contain-
iradiation® These small vacancy clusters shrink in size adnd (i) n-vacancy andn-Cu clusters andii) (n—1)-vacancy
the annealing temperature increases to form larger voids ¢nd m-Cu clusters plus one isolated vacancy. However, in
they annihilate at sinks. Beyond the stage-V temperatureSUch a case as Fig(d, a vacancy on the surface of the
such small vacancy clusters evaporate, and only a small fragentral vacancy gluster needs to dI.SSOCIat.e from this internal
tion of voids, which also continue to evaporate, remainsYacancy cluster first, make several jumps in the Cu shell, and
Recent TEM study of Fe irradiated at 310 K by neutrons then escape from the surface of the vacancy-Cu cluster.
shows consistent results in that almost all the microstructure!€arly this is a multiprocess event, and not only the activa-
resolved by the TEM technique are interstitial-type dislocaion energy but also the prefactor of the event should be very
tion loops, and no vacancy-type defect is observedaffected.
Molecular-dynamics studies support these observations. MD
studies of displacement cascades inRefs. 10, and 18—-20 Structures and energies of vacancy-Cu clusterg-iRe
have shown that the clear clustering of vacancies does natere studied by means of atomistic-scale computer-
take place at the end of the cooling phase of the cascades $imulation techniques such as the molecular-dynamics and
sharp contrast to the fcc met&ls?? The binding energies of the Monte Carlo techniques. In general, the cluster consists
small vacancy clusters of 10 members calculated by mo- of a vacancy cluster buried at the center of the surrounding
lecular dynamic¥ are ~0.5 eV, which will be sufficient to  Cu shell. This structure is consistent with information ob-
be stable at~400 K but not at higher temperatures. Thus,tained by the coincidence Doppler broadening measurement
these results give us the following picture of vacancy clusteof positron annihilation. When the number of Cu atoms is
formation and stability ine-Fe. Displacement cascades do not sufficiently large to cover the whole surface of the central
not produce vacancy clusters directly. Vacancies introducedacancy cluster, the Cu atoms segregate locally on the sur-

VI. CONCLUSIONS
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face instead of sitting at the separated lattice sites to eackacancy-Cu clusters were calculated from the formation en-
other. ergies. Cu atoms enhance the binding of a vacancy to the
An equation was developed that describes the formationacancy-Cu clusters and this is more efficient when the num-
energy of the vacancy-Cu clusters. The equation consists oflzer of vacancies is small. Vacancies also enhance the binding
Cu clustering term, a vacancy clustering term, and a synemf a Cu atom to the vacancy-Cu clusters. For a given number
getic term of vacancy-Cu interaction. The synergetic term i®f vacancies, the binding energy reaches a maximum at a
related to the number of surface lattice sites of the centralelatively small number of Cu atoms, and it approaches the
vacancy cluster not occupied by Cu atoms. Cu binding energy of the pure-Cu cluster when the number
The binding energies of a vacancy and a Cu atom to thef Cu atoms increases.
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