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Irradiation-induced Cu aggregations in Fe: An origin of embrittlement
of reactor pressure vessel steels

Y. Nagail Z. Tang? M. Hassegawa? T. Kanai! and M. Saneyagu
The Oarai Branch, Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-1313, Japan
2Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
(Received 15 September 2000; published 14 March 001

Very dilute Fe-Cu systems, model alloys of nuclear reactor pressure (B34l steels, irradiated by fast
neutrons, are studied by positron annihilation experiments and simple calculations. The ultrafine Cu precipi-
tates, which are never formed by thermal aging in the dilute alloys, are observed clearly and are strongly
suggested to be responsible for irradiation-induced embrittlement of RPV steels. The formation and recovery
process of the precipitates are revealggirradiation-induced Cu-vacancy complexes aggregate into micro-
voids; (ii) around 400 °C the dissociation of vacancies from the microvoids leads to the formation of the Cu
precipitates of about 1 nm in size; afid) the Cu precipitates anneal out at about 650 °C.
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Ensuring safe operation of nuclear power reactors is aitilizing the quantum-dot-like positron state. The Cu precipi-
recent urgent issue since the reactors of the first generaticates survive up to about 600 °C. The results provide a clear
are going over their initially designed operating lifetimes. guideline for the planned in-service annealing.

One of the menaces to the safety is the embrittlement of the The RPV steels in the nuclear reactors of the first genera-
reactor pressure vess@PV) steels, which is considered to tjon contain Cu impurities of more than 0.3% in weight. The
be caused by the ultrafine precipitation of Cu impurities conteels of recently constructed power reactors contain about
tained in the RPV steels~(0.3%) of the first generation ¢ 050 Cu. Thus we prepared the following model alloys: Fe
induced by neutron irradiatiol® In-service thermal anneal- g 3 \wto4 Cu, Fe 0.15 wt % Cu, Fe 0.05 wt% Cu, and pure Fe

ing of the embrittled RPV steels is also planned in severalg 5 reference. These alloys are heated to 825 °C and kept for
countries’ However, little is known about the irradiation- 4 h, followed by quenching into iced water. In the as-

in_d_uced Cu precipitates or aggregations bec_ause it is .Veréfuenched state Cu atoms are in a supersaturated solid solu-
difficult to observe them even by current high-resolution

- . tion. It should be noted that in these alloys no Cu precipitate
transmission electron microsCopésRTEM). was observed even after thermal aging at 550 °C up to 312 h
Positron is well known as a sensitive probe for vacancy- gng P '

type defects. Furthermore, we have found recently that thé '€ duénched samples were irradiated with fast neutrons for
positron can be “trapped” by embedded ultrafine particles in144 hin the Irradiation Facility of Hydraulic Rabbit Il of the

materials, namely there is a quantum-dot-like positron statg@Pan Material Tesgtlng React@MTR). The fast neutron
in a thermally aged Fe 1.0 wt% Cu alléyyy using coinci-  fluence was 8.3 10 n/cn?, which corresponds to the irra-
dence Doppler broadeningCDB) of positron annihilation diation dose, in general, of about 20 years for the RPV steels
radiatiof and positron lifetime spectroscopy. The wave in the pressurized water react¢PVR). The irradiation tem-
functions of positrons in this state are fully confined spatiallyperature was set at 300 °C which is nearly the same as that
in all three directions within the embeddésubnano-size of in-service RPV steels. Furthermore, in order to clarify the
Cu particles in Fe 1.0 wt% Cu even if they contain norole of vacancies and microvoidse., aggregations of va-
vacancy-type defects. This state enables us to detect the deancie$ the samples for the post-irradiation annealing ex-
fect free ultrafine Cu precipitates which cannot observed byeriments are irradiated at100°C, as a large part of the
HRTEM and to reveal their structure in atomic scale. Forvacancies and microvoids disappear during the irradiation
example, the Cu precipitates ef1 nm, formed in Fe 1.0 around 300°C.
wt % Cu by thermal aging at 550 °C for 2 h, are consisting of CDB spectra were measured using two Ge detectors. The
only Cu atoms, free from defects, three dimensional, andletails of the setup are described in Ref. 7. In the CDB
have no open-volume defects at the interfaces which can trapethod, momentum distribution of core electrons is
the positron. measured based on which the chemical elements around the
In this paper, we show that the Cu aggregations are cem@nnihilation sites of positrons can be identified. The CDB
tainly produced by neutron irradiation even in very dilute ratio spectrum is the momentum distribution normalized to
Fe-Cu alloys, the model alloys of the RPV steels, using théhat of unirradiateddefect-fre¢ pure Fe. The shape of the
positron annihilation method. The aggregations are observespectrum in high momentum regiot-(L0X 10~ 3mc, where
in the alloys not only of higher Cu contef.3%), but also  cis the speed of light andh is the electron rest masexhib-
of much lower content0.05%), nearly the same level as that its characteristic signals from Cu or Fe through the positron
of recently manufactured RPV steels in which no degradaannihilation with their core electrons specific to the elements.
tion by Cu precipitation is anticipated. We also reveal theln the present experiments, the overall energy resolution was
recovery process of the aggregations and the resulting pre-1.1 keV in full width at half maximum(FWHM), which
cipitates by post-irradiation isochronal anneali(®) min)  corresponds to the momentum resolution 0f4.3
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FIG. 1. (Color) Positron lifetime spectra for Fe 0.3% Cu. Black, PL [1.:-_,-3".0“

red, green, and blue lines indicate before irradiation, after irradia-
tion at about 300 °C, after irradiation at about 100°C, and the FIG. 2. (Color) CDB ratio spectra for Fe 0.3% Cu, Fe 0.15%

post-irradiation annealing at 400°C, respectively. Cu, Fe 0.05% Cu, and pure Fe irradiated with fast neutrons at about

%10 3mc (FWHM). Total counts more than 2107 for 300 °C, together with that for unirradiated pure Cu.

each measurement were accumulated for 12 h. Positron life-
time measurements were carried out with a conventionaiude of the broad peak in the CDB ratio spectra, taking ac-
fast-fast spectrometer with a time resolution of 190 pscount of correction of annihilation rate with core electrohs:
(FWHM). Total counts of &« 10° were accumulated for 12 about 94, 92, and 80% for Fe 0.3% Cu, Fe 0.15% Cu, and Fe
h. 0.05% Cu, respectively. Thus we conclude that the inner
Figure 1 shows positron lifetime spectra for Fe 0.3 wt %surfaces of the resultant microvoids are mostly coated with
Cu. The spectrum after irradiation at300°C (red curveé  Cu atoms. The other parts of surviving monovacancies
shows a long lifetime component of about 300 ps with thewould be surrounded by Cu atoms.
intensity of ~30% which evidences microvoids consisting  The Cu aggregation induced by electron and neutron irra-
of ~10 vacancies: In addition, a relatively short lifetime ~ diation have been studied by three-dimensional atom probe
component of ab_out 160 ps which is arising from irradiation-(3pAP): the results imply the Cu aggregation containing a
induced dislocation loops and monovacancy-Cu complexefijgh Fe content {28%) after neutron irradiation but being
is observed. These two components appear in all thgearly free from Fe after electron irradiatihThe differ-
sam_ples. . . . ence between 3DAP and positron annihilation results for
Figure 2 shows the CDB ratio spectra f9r3 the Irradlatedneutron irradiation might be due to the effect of microvoids
model alloys. The broad peak around>28) "mc shows involved in the Cu aggregations, which are not observed by

that positrons annlhllgte W'.th core electrons of Cu at¢ses 3DAP. Detailed measurements using both methods with the
the ratio curve for unirradiated pure Curhe enhancement . . .
same samples are very necessary in order to explain this

in low-momentum regioriless than K 10" mc) shows that .
éj_lscrepancy.

positrons are trapped in the microvoids, vacancies, and di S isinalv. the C . d d clearl
location loops induced by the irradiation. We can clearly see >UrPrisingly, the Cu aggregations are detected clearly not
nly for the higher-Cu-content0.3% alloy in which the

the broad peak for all the samples. The Cu CDB signal ca®""y for th YR . e
be observed only when the positrons are localized around tHg@diation-induced precipitation is considered to be signifi-
Cu atoms in the dilute alloys: trapped at vacancy-type de¢ant, but also for the lower-Cu-conte(@1.15 and 0.05%

fects bound to Cu atoms or confined in Cu precipitdies, alloys in which the Cu precipitation is hardly expected. The
the quantum-dot-like stae recent RPV steels with low Cu contents are believed to be

Thus the long lifetime and the Cu CDB signal in the free from the irradiation-induced Cu precipitates so that their
present case reveal that positrons are trapped at microvoiésnbrittlement is caused mainly by matrix damage, such as
decorated with Cu aggregations, which are formed by thalislocation loops, other than Gtich) precipitates:> How-
irradiation-induced vacancies bound to Cu solute atoms. Thever, the present results show that the formation of the ul-
fractions of the covering with Cu on the inner surfaces of thetrafine Cu aggregations are strongly enhanced by the
microvoids and vacancies can be estimated from the amplirradiation-induced vacancies with a high concentration and
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hence suggest that the Cu precipitation may still be one oFel® We should point out that such aggregation is never
the reasons for the embrittlement even for the low Cu RP\bbserved even in unirradiated high-Qu3% alloy by ther-
steels. mal aging at 550 °C for 312 h. Thus the aggregation is only
These aggregations of vacancies and Cu atoms are origpossible by the irradiation.
nated from the following two factdi) that vacancies in Fe In the next step, we studied how the Cu aggregations
are mobile well below room temperattifeand (ii) the high  recover by thermal annealing. In several countries, in-service
binding energy between a Cu and a vacancy in Fe, whiclthermal annealing of the RPV steels is scheduled. The
could be due to a size efféét® or to the high clustering widely accepted condition, 454 °C heat treatment of 168 h, is
tendency of the Fe-Cu system. The vacancies introduced Hyelieved to be enough for the annealfiigowever, our work
the irradiation around 300 °C can easily migrate during irra-suggests that this is insufficient. Positron lifetime spectra for
diation, and hence some of them encounter Cu impurity atthe samples irradiated at100 °C (green curve in Fig. 1L
oms and can diffuse as resulting vacancy-Cu impurity comhave a longer lifetime component 6f400 ps with the inten-
plexes. Eventually an agglomerate of about ten vacancy-Csity (>50%) higher than that for the samples irradiated at
pairs is stabilized by aggregating with each other. Especially-300 °C, which indicates more and larger microvoids con-
in the case of neutron irradiation, vacancy-rich regions arsisting of ~30 vacancie$!® As shown in Fig. 1(blue
created in the small area of the collisional cascade of theurve, the positron lifetime spectrum after post-irradiation
primary knock-on atom, which facilitates the aggregation.annealing at 400°C for 30 min recovers to the spectrum
The strong Cu segregation on the microvoid surfaces coultiefore irradiation. This means that the microvoids sur-
be due to the fact that Cu has a lower surface energy tharounded by the Cu atoms on their surfaces anneal out at
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numerical relaxation technigqieTo simulate the Cu precipi-

Cu,, (X0.06 ) tates in iron, an 1024-site bcc iron supercell is employed in

¢ the present calculations, and various coherent bcc Cu pre-
cipitates(as large as containing 169 Cu atgrase generated

Cuy, (x0.02) in the supercell by replacing corresponding Fe atoms by Cu

< atoms. Figure 4 shows the cross section of the calculated

positron density distributions along thé&11] direction for
these Cu precipitates. It is found that the positron can be
trapped even by a coherent precipitate containing only five
Cu, (x0.01) Cu atoms. In particular, the complete confinement, namely
the quantum-dot-like positron state, are realized when the
precipitate is grown to 0.5 nrtwhich contains 59 Cu atoms

Cu,; (x0.01)

Positron Densities

Cu; (x0.01) in its radius. On the other hand, it is found that the lifetime of
S the positron trapped at the defect-free precipitate is nearly

Planar Cu, ( x0.20 ) the same as that of the positron annihilating at the Fe matrix
¢ (104 ps for bcc Fe matrix and 110 ps for gprecipitates

The size of the Cu precipitates in Fe which can confine pos-

Planar Cu, (x0.25) itrons completely has been already estimated in our previous

) work’ from the viewpoint of positron affinity’ The esti-
Cu, (x0.40) mated minimum size 0f-0.6 nm in diameter is consistent
¢ with the present calculations. These calculations indicate that
Pure Fe (x1.0) the experimental CDB and lifetime results after post-
irradiation annealing at 400 °C are originated from the posi-
ﬁMMAMMMM tron annihilation at the defect-free Cu precipitates. That is to
0 15 30 45 60 75 say, the recovery of the microvoids by dissociating their va-
[111] (a.u.) cancies around 400 °C leads to formation of the ultrafine Cu

precipitates free from vacancies.
FIG. 4. Cross section of the calculated positron density distri- \We also measured Vickers microhardness which is
butions along thé111] direction for the bcc Cu precipitates coher- closely related to the embrittlemeffig. 3). The recovery
ent with bcc Fe matrix. Open circles and closed circles indicate Feemperature of the microhardness exactly agrees with that of
atoms and Cu atoms, respectively. the Cu precipitates. Therefore the ultrafine Cu precipitates

R . . are, at least, one of the origins of the embrittlement by neu-
400 °C. However, this annealing does not lead to completg., - irradiation

disappearance of the Cu aggregations. Figure 3 shows the| summary, we revealed the following two points in the

contour plots of isochronaB0 min) annealing behavior in 1 esent work(i) Ultrafine Cu aggregations involving micro-
thg CDB ratio spectra for Fe 0'3% Cu and Fe 0'95% Cu. .Th oids, which are the origin of the embrittlement of neutron
ratio spectrum for each annealing tesmperature 'S nc.)rmal'zef?radiated RPV steels, are observed. The irradiation induced
to have the same va_\lue of 1 atA30 m,% The peakinthe ¢, aggregations form even in a very dilute allige 0.05%
low-momentum regioriless than *10 mc) due to the ) “\hich strongly suggests that the recently constructed
microvoids dlsgppears around 400°C, while the broad peag,yer reactors stili suffer from the Cu aggregation and pre-
around 210" °mc, the signals of the Cu atoms, is clearly cisitation. (i) Upon the recovery of the microvoids by dis-
observed even after the higher temperature annealing, Wh'%ciating their vacancies around 400°C, the Cu atoms on the
indicates the posi_tron_ confinement i_n _defect-free Cu precipimicrovoid surfaces form the resulting ultrafine Cu precipi-
tates. As shown in Fig. 3, the precipitates recover at MuChytes free from vacancies. In addition, it is found that the
higher temperatures: 650 °C for Fe 0.3% Cu and 600 °C fofecqyery temperature of the Cu precipitates depends on the
Fe 0.05% Cu. These recovery temperatures of the precipiy content in the alloys. Thus the positron annihilation tech-
tates are consistent with the solubility limits of Cu in ¥e. nique is a promising tool to optimize the in-service annealing

The issue of the positrons annihilating with the electr(_)nsbondition of the RPV steels from the microscopic mecha-
of the Cu precipitates is further investigated by theoretical,igm

calculations. For this purpose, the superimposed-atom

method developed by Pusket al® is adopted. In this We thank M. Narui and M. Yamazaki at the Oarai Branch
scheme, the electron density distribution in the crystal andor their support for hot laboratory work, and T. Takahashi
the Coulomb potential for the positron are constructed byfor preparing the samples by arc melting. This work was
superimposing the free atomic charges and Coulomb poterpartially supported by a Grant-in-Aid for Scientific Research
tials, respectively. The positron-electron correlation potentiabf the Ministry of Education, Science and Cultufblo.

is calculated based on the two-component density-functional0451229, and JAERI's Nuclear Research Promotion Pro-
theory?8 The positron wave function is then obtained by thegram (JANP).
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