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Dose dependence of Cu precipitate formation in Fe-Cu model alloys irradiated
with fission neutrons
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The formation of Cu precipitates was investigated in two Fe-Cu binary model alloys irradiated at 573 K with
fission neutrons at doses from 4 X 107 to 6 X 1073 displacement per atom (dpa). Experimental positron anni-
hilation results indicated that Cu precipitates were formed even after irradiation to 4 X 107 dpa. Microvoids
formed and grew at the Cu precipitates upon irradiation from 4 X 107 to 3 X 1073 dpa. These microvoids
shrank and a prominent aggregation of Cu atoms occurred upon irradiation from 3 X 107 to 6 X 10~ dpa. The
formation processes of Cu precipitates and microvoids were simulated on the basis of a rate theory. The results
indicate that Cu precipitates are formed first, follow by the generation of microvoids at the Cu precipitates as
Cu cluster-vacancies complexes, which agree qualitatively with the experimental results.
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I. INTRODUCTION

Cu atoms are almost insoluble in a-Fe. Cu precipitates
form in Fe-Cu alloys not only during thermal aging at high
temperatures, but also upon irradiation with high-energy
particles."> The formation of Cu-rich precipitates during
neutron irradiation is considered a key factor influencing the
radiation-induced embrittlement observed in old commercial
reactor pressure vessel (RPV) steels, and this phenomenon
has been extensively investigated.'™* Cu precipitates obstruct
the dislocation motion during deformation, increasing hard-
ness and decreasing ductility, and thus induce embrittlement.
Therefore, both the concentration and the size of Cu precipi-
tates are important factors for the embrittlement of RPV
steels. It has been found that in thermally aged and neutron
irradiated model Fe-Cu alloys, the evolution of precipitates is
an Ostwald ripening process.! An important feature of this
process is that with increasing size, Cu precipitates change
from a body- (bcc) to a face-centered-cubic (fcc) structure
following the phase transformations bcc — 9R — 3R — fec.2?
Nagai et al.® recently reported that Cu atoms aggregate on
microvoid surfaces during annealing. It is well known that
the Cu atoms aggregate by a vacancy mechanism.” However,
the relationship between the formation of microvoids and Cu
precipitates under irradiation remains unclear. The main pur-
pose of the present study was to investigate the mechanism
of nucleation and growth of Cu precipitates under irradiation.
Special attention was paid to the effect of microvoid forma-
tion on the growth of Cu precipitates in the initial stage of
irradiation.

Generally, transmission electron microscopy has been
used to investigate the formation of copper precipitates.’
However, direct observation of small Cu precipitates in
Fe-Cu alloys is difficult due to the high magnetism. Atom
probe field ion microscopy offers an alternative method,”
but only small areas can be observed by this technique.

Positron annihilation spectroscopy is a powerful tool
for detecting vacancy-type defects in condensed matter.'?
Doppler broadening of positron annihilation radiation is a
nondestructive technique for testing defect clusters. In the
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dominant decay mode of a thermal positron and electron,
two gamma rays are emitted. In the laboratory frame, the
energy of two photons emitted by the annihilation of a pos-
itron and electron is different. The difference in photon en-
ergy is proportional to the longitudinal component of the
electron-positron momentum in the direction of gamma
emission. From a measurement of photon energies, informa-
tion about the momentum distribution of core electrons can
be obtained. Therefore, Doppler-broadening measurements
can provide useful information about the distribution of ele-
ments around the annihilation site. Recently, Doppler-
broadening measurements were improved by a two-Ge-
detector coincidence system, which makes the background of
high momentum contributions decrease by about two or
three orders of magnitude compared with traditional mea-
surements using a single Ge detector.!!

In the present study, the positron lifetime and coincidence
Doppler broadening (CDB) methods were used to measure
the defects in neutron irradiated Fe-Cu alloys.

II. EXPERIMENTAL PROCEDURE

Two Fe-Cu alloys, namely Fe-0.3Cu and Fe-0.6Cu, were
tested in this study, where the composition of Cu is in weight
percent. The model alloys were prepared from pure
Fe (99.99%) and copper (99.9%) using a high-frequency
induction furnace in a vacuum. After melting, solution treat-
ment was carried out at 1423 K for 24 h, followed
by quenching in water. All specimens were rolled to a thick-
ness of 0.2 mm, punched into 5 mm disks, annealed
at 1223 K for 0.5 h in a vacuum, and quenched in water.
The neutron irradiations were carried out at the Kyoto
University Reactor (Ref. 12) at a constant tempera-
ture of 573 K from 10 to 136 h with a neutron flux of
5.5%X 10" n/m?s (E>1 MeV). The total irradiation doses
ranged from 2 X 10?! to 2.7 X 10?2 n/m?, which corresponds
to 4X107* to 6 X 107 displacement per atom (dpa) if the
threshold energy of Fe is assumed to be 24 eV. To compare
the formation of microvoids in Fe-Cu alloys and pure Fe,
well-annealed Fe was irradiated at the Japan Material
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FIG. 1. (Color online) Positron lifetimes and intensities of long
lifetime in irradiated Fe-0.3Cu and Fe-0.6Cu.

Testing Reactor (JMTR), where the irradiation tempera-
ture was 563 K, and the doses were 3.9X 10%2 n/m?,
1.8X10% n/m?, 3 10* n/m?, and 8.2 X 10 n/m?, corre-
sponding to 9.6 X 1073 dpa, 4.4 X 1072 dpa, 7.4 X 107 dpa,
and 0.2 dpa, respectively. Positron lifetime and CDB were
measured at room temperature before and after irradiation.
The positron lifetime spectrometer had a time resolution of
190 ps (full width at half maximum) and each spectrum was
accumulated to a total of 1X10° counts. To discriminate
between bulk and defect components, after subtracting the
source and background components, a lifetime spectrum L(7)
was decomposed into two components using the programs
RESOLUTION and POSITRONFIT!3:

L([) = (Il/Tl)eXp(— t/Tl) + (12/7'2)exp(— t/Tz) N (1)

where 7; are the lifetimes and /; are the intensities. The long
lifetime 7, comes from vacancies and vacancy clusters, and
the short lifetime 7; results from positron lifetime of free
electrons and other defects, such as dislocations.

The average positron lifetime 7, is defined as:

m
Tm=117'1+]27'2. (2)

Doppler-broadening spectra were accumulated to a total of
2% 107 counts. The energy resolution was 1.4 keV at
511 keV.

III. RESULTS
A. Lifetime measurements

Figure 1 shows the lifetimes and intensities of irradiated
Fe-0.3Cu and Fe-0.6Cu. The calculated positron lifetimes of
V, (single vacancy), V; (trivacancies), V,, (ten vacancies),
and Vs (fifteen vacancies) in pure Fe by Puska et al.'* using
the superposition method are also shown in the figure. After
irradiation to 4 X 107 dpa, the long lifetime 7, was 220.5 ps
with an intensity of 24.6% and 218.8 ps with an intensity of
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FIG. 2. (Color online) Typical CDB ratio curves of irradiated
Fe-0.6Cu and pure Cu to unirradiated pure Fe.

18.4% in Fe-0.3Cu and Fe-0.6Cu, respectively, which corre-
sponds to a V3. The long lifetime 7, increased to 399 ps,
which meant that the microvoids grew in both alloys during
irradiation from 4 X 10~ to 3 X 1073 dpa. The lifetime of
399 ps corresponds to the microvoid V5. When the irradia-
tion dose increased from 3 X 1073 to 6 X 1073 dpa, the long
lifetime 7, (394.9 ps) changed little in Fe-0.3Cu, whereas it
decreased to 335.5 ps in Fe-0.6Cu. The intensity I, of micro-
voids decreased slightly during irradiation.

The results also show that the lifetimes at any given irra-
diation dose were almost the same in the two alloys except at
6 X 1073 dpa, which will be discussed later. This means that
the mechanism of formation of microvoids is largely the
same in the two alloys at the present irradiation doses. Nagai
et al.® reported different lifetime results for nominally the
same Fe-0.3Cu alloy irradiated at the Irradiation Facility of
Hydraulic Rabbit II of the JIMTR, where the long lifetime 7,
was 300 ps with an intensity of 30%, and the short lifetime
7, was 160 ps. The fast neutron fluence (8.3 X 10%? n/m?)
was higher than that in the present study (2.7 X 10?> n/m?),
and the neutron flux of the JMTR was about three times
higher than that in the present study. In addition, the key
difference was the temperature control during irradiation. In
the present study, the specimen temperature was controlled
accurately with an electric heater and helium pressure. The
variation of irradiation temperature was the most important
factor affecting the formation of vacancy clusters.!>:10

B. CDB measurement

Figure 2 shows typical ratio curves of irradiated Fe-0.6Cu
to unirradiated pure Fe. In order to identify Cu precipitates,
the ratio curve of pure Cu to pure Fe is also shown in the
figure. After irradiation, ratio curves were higher than 1 in
the low momentum region because more positrons were an-
nihilated by valence electrons at vacancies in the irradiated
samples. In addition, the ratio curve of pure Cu shows a peak
at about 25X 1073 mgyc, where my is the electron rest mass,
and c is the velocity of light. There were peaks at the same
position in the case of irradiated Fe-0.6Cu alloys, and these
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FIG. 3. (Color online) Irradiation dose dependence of the S-W
plot. The points (1,1"), (2,2"), (3,3’), and (4,4") correspond to an
irradiation dose of 4X 107, 1.2X 1073, 3 X 1073, and 6 X 1073 dpa
in Fe-0.3Cu and Fe-0.6Cu, respectively. The irradiation doses were
higher in Fe than those in the Fe-Cu alloys. (a)-(d) represent an
irradiation dose of 9.6 X 1073, 4.4 X 1072, 7.4 X 1072, and 0.2 dpa in
JMTR at 563 K. “Unirr.” represents unirradiated Fe.

came from Cu precipitates.!” In the present study, we intro-
duced two parameters, namely S and W, defined as the ratio
of the low-momentum (|P;|<4X1073 myc) and high-
momentum (20 X 1073 myc <|P,| <30 X 1073 m(c) regions
in the Doppler-broadening spectrum to the total region, re-
spectively. S represents the smaller Doppler shift resulting
from the annihilation of valence electrons. In the same ma-
terials, the increase in S compared with a well-annealed
sample comes from the annihilation at vacancy-type defects.
W comes from the annihilation at core electrons, which is
used to estimate the number of Cu atoms around positrons
when they are annihilated. The correlation between Cu pre-
cipitation and microvoid formation is shown in Fig. 3, where
our data for unirradiated pure Cu and Fe and those for irra-
diated Fe are shown. The data for irradiated Fe were ob-
tained by the irradiation at the JMTR at 563 K. The irradia-
tion doses in Fe were higher than those used in the case of
the Fe-Cu alloys, since no microvoids were formed and no
changes occurred in S and W in Fe in the latter case. Even
after irradiation to 4 X 10~ dpa, Cu precipitates formed in
both alloys since W was larger than that of unirradiated Fe.
Microvoids also formed in both alloys as revealed by the
lifetime and CDB results. In the Fe-0.3Cu alloy, with in-
creasing irradiation dose, first both S and W increased, al-
though the increase of W was not prominent from 4 X 10~ to
1.2X1073 dpa, and then W continued to increase but S de-
creased. Compared with the lifetime results described above,
the increase in S corresponded to the growth of micro-
voids, while the subsequent decrease in S corresponded
to a decrease in the microvoid concentration. The varia-
tion of S with irradiation dose was the same in Fe-0.6Cu as
in Fe-0.3Cu, i.e., S increased with an increasing irradiation
dose from 4 X 107 to 3 X 10~* dpa. According to the lifetime
results, the increase of S corresponded to the growth of
microvoids, whereas the variation of W with irradiation
dose was somewhat different from that in Fe-0.3Cu; namely,
W decreased slightly with increasing irradiation dose from
4% 107* to 3 X 107 dpa. With the increasing growth of mi-
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FIG. 4. (Color online) Typical CDB ratio curves of irradiated
Fe-0.6Cu and pure Fe to unirradiated pure Cu.

crovoids, the fraction of positron annihilation in valence
electrons at microvoids increased. However, the fraction of
positron annihilation in core electrons of Cu decreased be-
cause the affinity for vacancies was high. Thus, aggregation
of Cu did not increase W. As in the case of Fe-0.3Cu, S
decreased and W increased when the irradiation dose ex-
ceeded 6X 1073 dpa. According to the lifetime results, the
decrease in S was caused by a decrease in size and concen-
tration of microvoids. The increase in W was indicative of
increased Cu aggregation.

In Fig. 3, the (S, W) points (1,1’), (2,2'), and (4,4")
were aligned on the same line segment formed by D1, D2,
and D3, which went through the (S¢,,W¢,) point corre-
sponding to the annihilation in pure Cu. This indicated that a
fraction of the positrons was annihilated at Cu precipitates
and another fraction at the microvoids. The points 1’, 2’, and
3', were closer to the (S¢,,W¢,) point, indicating that the
fraction of annihilation at the Cu precipitates is higher in the
Cu-rich alloy. The slope of D2 was higher than that of D1,
indicating that the free volume of the microvoids detected at
the irradiation dose of 1.2 X 107 dpa was larger than that of
4107 dpa as shown in the lifetime results of Fig. 1. The
slope increased with the increase in free volume of the mi-
crovoids and decreased with the decrease in free volume.
The point (Scy, Wey), (3,37), was not on the same straight
line. This contradiction will be explained in the discussion
section.

The clustering process of Cu and vacancies was different
before and after irradiation [1.2 X 10~* dpa (Fe-0.3Cu) and
31073 dpa (Fe-0.6Cu)]. In order to investigate the relation-
ship between the microvoids and Cu precipitates, CDB re-
sults of Fe-Cu alloys were compared with that of pure Cu.
Figure 4 shows typical ratio curves of pure Fe and irradiated
Fe-0.6Cu to unirradiated pure Cu. The ratio curve of pure Fe
shows a big valley, and a peak at about 25X 1073 myc. In
irradiated Fe-0.6Cu, however, the ratio curves were almost
flat in the high-momentum (>15X 1073 mc) region. This
indicated that the positrons did not annihilate with core elec-
trons in Fe in irradiated Fe-Cu alloys. As the affinity of pos-
itrons is higher for microvoids than for Cu precipitates, the
positrons trapped at microvoids were annihilated with core
electrons in Cu.
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C. Rate theory analysis

In order to investigate the Cu precipitation mechanism in
detail, computer simulations were performed using a simple
model based on the rate theory. Following Odette’s model,” it
is assumed that the diffusion of Cu atoms occurs by a va-
cancy mechanism and that the Cu clusters are homoge-
neously nucleated. In addition, interstitial and vacancy defect
clusters are assumed to form by the migration of single in-
terstitials and vacancies. Cu clusters, where two Cu atoms
are assumed to be the nucleus of a cluster, are sinks for
vacancies, but not for interstitials. The variation of the con-
centration of interstitials C; is expressed by the following
equation:

dC]/dt = P - ZIVCICV(MI + Mv) - ZZHMIC%
= Z M, C(CLC)" = ZygiaiM 1C{( CyiaCygiav)
= ZicuM CACyy + Cecuv) = ZsiM ,C/(Cs, (3)

where P is the production rate of Frenkel pairs, M; and My
are the mobility of single interstitials and single vacancies
characterized by the migration activation energy Ef,;v as
vexp(—ELV/kT), and Zg are the site numbers of the sponta-
neous reactions of each process. Cy is the vacancy concen-
tration, C; is the concentration of interstitial-type dislocation
loops, Cy; is the concentration of interstitials already ab-
sorbed on the loops having a concentration of C;, C,;q is the
concentration of voids, Cy,;qy is the concentration of vacan-
cies already absorbed on the voids having a concentration of
Cvoias Ccuy 1s the concentration of copper-vacancy com-
plexes, Cccyy is the concentration of Cu cluster-vacancies
complexes, and Cy is the concentration of permanent sinks,
such as dislocations and grain boundaries. The second term
on the right-hand side shows the mutual annihilation of
single interstitials and vacancies. The third term is the for-
mation of di-interstitials which are the nuclei of interstitial-
type dislocation loops.'® The fourth and fifth terms are inter-
stitials annihilated with interstitial-type dislocation loops and
voids, respectively. The sixth and seventh terms represent the
annihilation of single interstitials at copper-vacancy com-
plexes, Cu cluster-vacancies complexes, and permanent
sinks, respectively.
Cy is expressed as:

dCV/dt =P- Z[‘/C[Cv(MI + Mv) - ZZV‘/M\/C%/
= Z1yMyCW(CiC)"? = ZyoiaqvMyCo CyoigyCy) '
= ZyeulMvCy(Cey + Cocu + Cecuv) = ZsyMyCyCy
+EMITcwCoyy- 4)

As in Eq. (3), C¢, is the concentration of Cu in the matrix,
and Ccc, the concentration of Cu clusters. The third term
pertains to the formation of divacancies, which are the nuclei
of vacancy clusters. The fourth and fifth terms are vacancies
annihilated with interstitial-type dislocation loops and voids,
respectively. The sixth and seventh terms correspond to the
interactions between vacancies and copper atoms, Cu clus-
ters, Cu cluster-vacancies complexes, and permanent sinks.
The eighth term represents vacancies produced by the disso-
ciation of copper-vacancy complexes. The probability of dis-
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TABLE 1. Parameters used in calculations.

P 1.2x 1078 dpa/s
E! 0.3 eV

EY 0.7 eV

T 573 K
Eemit 0.787 eV

Cs 10710

z 1

v 103

Ccu 0.006

sociation EMITq,y varies with E..; as vexp(—FEeni/kT).
Here, EemitzE,‘,/ﬁEb. E? is the binding energy between a Cu
atom and a vacancy. On the basis of a molecular dynamics
simulation, Ackland'® calculated the binding energy of a
single vacancy and Cu atom to be 0.087 eV when the Cu
atom was at the nearest-neighbor site.

The concentration of Cu in the matrix of an Fe-Cu alloy,
Ccy, 1s expressed as:

dCeyfdt = ZicywM CiCryy + EMITy Ceyy
~= ZyclMyCUCcy +2C Coy + CouCocuy) -
(5)

The first and second terms represent, respectively, the Cu
produced by the recombination of interstitials and Cu-
vacancy complexes and the dissociation of Cu-vacancy
complexes. The third term pertains to the interactions of va-
cancies and copper atoms, the nuclei of Cu clusters, and Cu
cluster-vacancies complexes. The parameters used in the
present simulations are listed in Table I. The defect produc-
tion rate, irradiation temperature, and Cu content in Fe were
1.2x1078 dpa/s, 573 K, and 0.6 wt %, respectively, which
were the same as in the irradiation experiments. In order to
avoid the effect of site number Z on simulation results, site
numbers for all reactions are set to be 1.

Figure 5 shows the concentration variation in Cu atoms,
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FIG. 5. (Color online) The concentration variation of Cu atoms
in the matrix, Cu-vacancy complexes, Cu clusters, Cu cluster-
vacancy complexes, and vacancy clusters during irradiation.
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TABLE II. Influence of aggregation of Cu at microvoids on the positron-valence-electron (\,) and
positron-core-electron (\.) annihilation rates. Relative weights of A, and A\, in the total annihilation rate
(A.+\,) are listed in parentheses. Schematic representation of Cu (dark spheres) and vacancy (white sphere)

configurations is also in the list.

2’1
(ns™)

(ns™)

Bec Fe 1.17 (12.8%) 7.92 (81.2%)
Fe-1Cu-1V 0.38 (6.7%) 5.29 (93.3%)
Fe-4Cu-1V 0.41 (7.1%) 5.32 (92.9%)
Fe-8Cu-1V 0.44 (7.5%) 5.41 (92.5%)

Cu-vacancy complexes, Cu clusters, Cu cluster-vacancies
complexes, and vacancy clusters in the matrix during irradia-
tion. The calculation indicates that vacancies produced by
irradiation were trapped by Cu atoms to form Cu-vacancy
complexes during the initial irradiation. Then, Cu clusters
formed. The concentration of Cu clusters initially increased
with the irradiation dose, and then decreased after irradiation
to 5 1073 dpa as the concentration of Cu atoms in the ma-
trix decreased. The decrease in Cu cluster concentration was
caused by the decrease in the formation of Cu clusters and
increase in the formation of Cu cluster-vacancies complexes.
As the concentration of Cu clusters, which were also trap-
ping sites for vacancies, increased, Cu cluster-vacancies
complexes formed. The concentration of Cu cluster-
vacancies complexes increased with the irradiation dose. Fi-
nally, the vacancy clusters formed.

The concentration of vacancy clusters (vacancy clusters
isolated from Cu precipitates in the matrix) was only 1073 at
0.1 dpa, which means that vacancy clusters were not ob-
served in the present experiments. Microvoids observed in
the experiments were concluded to be vacancy clusters in Cu
cluster-vacancies complexes. The formation of microvoids at
Cu precipitates does not contradict the results of lifetime and
CDB measurements. The shrinkage of microvoids observed
at higher irradiation doses in the experiment, corresponding
to a decrease in Cu cluster-vacancies complexes, was not
simulated in the present calculation because the interaction
potential between Fe and Cu was not considered.

IV. DISCUSSION

Our results clearly show that with increasing irradiation
dose, Cu precipitated first, followed by the growth of micro-
voids near these precipitates, and then the evolution of pre-

cipitates and the shrinkage of microvoids started at the same
time. The size of microvoids in metals and alloys seldom
decreases during irradiation. For example, in the CDB results
for pure Fe shown in Fig. 3, S increased with increasing
irradiation dose as in many other metals and alloys, which
corresponded to the growth of microvoids. Figure 4 shows
that positrons trapped at microvoids were annihilated with
core electrons in Cu. Moreover, the surface energy of Cu is
lower than that of Fe.? These results lead us to conclude that
Cu atoms are located on the microvoid surfaces when micro-
voids grow near Cu precipitates. This agrees with the con-
clusion by Nagai et al.® that Cu atoms aggregate on micro-
void surfaces during annealing of Fe-Cu alloys irradiated
with neutrons at 373 K. Although they also claimed that Cu
precipitates were formed at the microvoid surfaces even dur-
ing the irradiation, they did not provide supporting evidence.

S was different at points 3 and 3’ as shown in Fig. 3,
while the lifetime of microvoids was the same (about
400 ps). There are two possible explanations for this contra-
diction. One is that a lifetime of 400 ps is almost the satura-
tion value for microvoids.>! Even if the microvoid size of
Fe-0.6Cu is larger than that of Fe-0.3Cu, it is not detected
by lifetime measurements. The other explanation is that
according to the discussion above, Cu atoms aggregated
prominently on the microvoid surfaces during irradiation
from 3X 1073 dpa (3') in Fe-0.6Cu, whereas aggregation
of Cu atoms was significant during irradiation from
1.2X 1073 dpa (2) in Fe-0.3Cu. Thus, the microvoid environ-
ment was different at points 3 and 3’, namely, the aggrega-
tion of Cu atoms at the microvoid surfaces was more promi-
nent at 3 than at 3'. The effects of the aggregation of Cu
atoms at microvoids on the positron-valence-electron (\,)
and positron-core-electron (A,) annihilation rates were inves-
tigated using the superposition method developed by Puska
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and Nieminen.'#?? The calculation results of bulk bec Fe and
single vacancy neighboring one Cu atom, four Cu atoms, and
eight Cu atoms are shown in Table II. Here, the 3d4s elec-
trons of Cu and Fe atoms were treated as the valence elec-
trons. With an increasing number of Cu atoms around vacan-
cies, the relative weight of A\, increased, while that of \,
decreased. This means that aggregation of Cu atoms at va-
cancies decreases S. Although our calculation is only for
single vacancies, the same trend is expected in the case of
microvoids, i.e., even if the size of microvoids is the same, S
of microvoids surrounded by Cu atoms will be smaller than
that surrounded by Fe.

V. CONCLUSION

Two Fe-Cu alloys—Fe-0.3Cu and Fe-0.6Cu—were irradi-
ated with fission neutrons at doses from 4X10™* to
6x 1073 dpa at 573 K to investigate Cu precipitation and
microvoid evolution. The results of positron annihilation and
simulation based on the rate theory indicate that there are
three stages in the formation of Cu precipitates under the
present irradiation conditions. First, the precipitates nucleate
by vacancy migration. Second, microvoids form and grow at
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these precipitate sites. Third, the aggregation of Cu atoms is
promoted at these microvoids. At the present irradiation
doses, no void formation occurs in pure Fe.

An understanding of defect structure evolution is essential
in designing alloys for nuclear applications. In the present
Fe-Cu system, in which irradiation-induced precipitation oc-
curs, it was found that the motion of point defects is affected
by the alloying elements and precipitates, and consequently,
the defect structure evolution varies greatly. The present
study examined only the initial stage of irradiation. A future
study will focus on the effect of the alloying elements at
higher irradiation doses with an eye toward the development
of nuclear materials to be used under high irradiation dose.
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