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Positron annihilation lifetime measurements and angular correlation measurements have been per-

formed for pure Fe and Fe alloys to investigate the fundamental behaviors of radiation induced defects

and alloying elements. It was found that Cu atoms interact with vacancies and form complexes of Cu

and vacancies, which can be considered to be radiation enhanced precipitation of Cu atoms in Fe matrix.

Angular correlation measurements of neutron irradiated Fe-Cr-Ni alloys and fatigued 316 ss showed that

some vacancy clustering occurred. Calculation of positron annihilation lifetime was performed for a va-
cancy in Fe on the basis of local density approximation (LDA) with and without lattice relaxation and
showed that lattice relaxation considerably reduced the lifetime, resulting in the reasonable fitting with

the experimental value.
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1 Introduction

In order to understand the radiation effect on the ma-
terials used in high temperature and high dose environ-
ment, such as fission and fusion reactor materials, it is
well recognized that fundamental behaviour of radiation
induced defects must be clearly investigated. Positron
annihilation study has become a very powerful technique
for this purpose last decades. On the other hand, com-
puter simulation of the lattice defects and positron life-
time calculation based on the local density approxima-
tion and the superposition of atomic wave function have
been developed, having made it possible to compare the
experimental result and calculation. Interatomic poten-
tials required for the lattice relaxation have been recently
developed, such as EAM (embedded atom method) type
potential, Finnis Sinclair pbtential and others. These
potentials have rather simple functional form and have
made it possible to calculate defect structures in a consid-
erably large model crystal without a big effect of bound-
ary condition. In this report the experimental results for
irradiated Fe alloys and some simulation calculations will
be presented.
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2 Experimental

Fe alloys, mainly Fe-Cu, Fe-Cu-C, Fe-Cr-Ni al-
loys were prepared in high-purity hydrogen atmosphere,
namely, floating zone levelling in hydrogen gas, by us-
ing high-purity starting materials. Size of specimens for
positron annihilation lifetime measurement was 8 x 8 x
0.2mmt and 10 x 15 x 0.2mmt for angular correlation
measurement. Neutron irradiation was performed to a
dose of 1 x 10" n/em? in JMTR (Hydraulic Rabbit).
Electron irradiation was carried out to 4 x 10'® e/cm? at
77K with KURRI LINAC. Positron annihilation lifetime
measurement was performed by using a conventional fast-
slow coincidence circuit (ORTEC system) with photo-
tubes (Hamamatsu H3378) and BaF2 scintillation coun-
ters. Resolution time is about 210 psec. Angular cor-
relation curve was obtained by using the conventional
coincidence measurement system with the angular reso-
lution 0.63mrad (FWHM). Cu®* (about 1 Ci) was used as
a positron source. Analysis of positron annihilation life-
time spectra was performed by Resolution and Positron-
fit programs. Furthermore, Contin-Pals2 program was
also used for some special cases where conventional anal-
ysis is rather difficult because of too many positron trap-
ping sites.
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3 Results and Discussion

3.1 Neutron irradiated Fe-Cu alloy

Positron annihilation lifetime measurement was per-
formed for the isochronal annealing process of the neu-
tron irradiated Fe-0.22%Cu alloy (JMTR, 1x 10" n/cm?,
100 °C) and the result is shown in Fig.l. The long
lifetime component of about 300 psec corresponding to
microvoids was observed in the as-irradiated state, but
the lifetime decreased by the isochronal annealing there-
after. Microvoids are considered to be formed at cascade
sites generated by neutron irradiation. By the isochronal
annealing microvoids usually grow in size by absorb-
ing mono vacancies emitted from unstable smaller mi-
crovoids. The result in Fig. 1 is, therefore, very unusual
and is considered to be due to the interaction between
microvoids and Cu atoms. From the phase diagram of
Fe-Cu alloy it is clear that solubility limit of Cu atoms
in Fe matrix is very small and Cu atoms have a tendency
of precipitate formation (1). It is reasonably considered
that surface of a microvoid is a suitable site for this pre-
cipitation. Since a Cu atom is an oversized atom in Fe
matrix (about 17% over in volume, Cu atoms migrate by
vacancy mechanism in Fe matrix. Then, Cu atoms arrive
at microvoid surfaces and replace Fe atoms at the sur-
face, namely, forming Cu coating at the surface. These
coated microvoids are considered to be more stable than
uncoated microvoids. But it is not enough to explain the
decrease of lifetime with increasing annealing tempera-

ture in Fig. 1.
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Fig.1 Isochronal annealing result of neutron-irradiated Fe-Cu
alloy

One possibility is as follows. Microvoids have a size
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Fig.2 Isochronal annealing result of Cu ion irradiated Fe

distribution and probability of Cu coating on the mi-
crovoid surface is higher in smaller microvoids and lower
in larger microvoids, because specific sink efficiency of a
microvoid for arriving Cu atoms is 477 (7 is a microvoid
radius) and the surface area is 47r?. Smaller microvoids
well coated have rather higher stability than larger mi-
crovoids less coated. This can explain the decreasing ten-
dency of lifetime with increasing annealing temperature
because larger microvoids less coated by Cu atoms will be
evaporated or shrink to a certain size where the number
ratio of Cu atoms over vacancies is large enough for the
microvoid to be stable even at higher temperatures and
smaller microvoids well coated will remain. But, still it
is not enough to explain the behaviour of the second in-
tensity I, which rather increases. This suggests that Cu
precipitates are formed in the matrix probably with the
aid of vacancies emitted from unstable microvoids and
act as positron trapping centers, where positron lifetime
is shorter than that at microviods. Above this tempera-
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ture range lifetime again increased and decreased, which
suggests that the process of thermal emission and con-
densation of vacancies with Cu atoms was repeated up
to the final recovery stage above 600 K.

3.2 Heavy ion irradiation

To compare the result mentioned above (Fig.1) the
same experiment was performed for the 4MeV Cu ion ir-
radiated Fe (at RT, 0.8 dpa) and is shown in Fig.2. In
this case damaged region is only 1.2 ym from the surface
and final Cu content is 0.3 % in range average. Some of
the positrons are trapped at damaged region, but others
go into the deeper region where damage does not ex-
ist. This is the reason that the second intensity I is
so low (about 15 %). The long lifetime corresponding
to microvoids is larger here than neutron irradiated case,
probably because irradiation dose is higher here (0.8 dpa)
than neutron case (about 10~* dpa). The same tendency
is seen in the annealing process, namely, decrease and in-
crease of long lifetime is again observed. Essentially, this
is the same phenomenon as that mentioned above, that
1s, the emission of vacancies from microvoids and copre-
cipitation of vacancies and Cu atoms during annealing

process.

3.3 Fundamental property of a vacancy
in Fe and Fe-Cu

Recent development of calculation method of the
positron lifetime in metals has made it possible to com-
pare the experimental results with calculated results. In
this procedure it is very important to take into account
the lattice relaxation around a vacancy. Recently a big
progress has been achieved in the interatomic potential
used for the relaxation calculation, e.g., EAM potential
(embedded atom method) and others, which are based
on the density functional theorem and have many body
character. Relatively simple forms of these potentials
have made it possible to relax the reasonable large model
lattice within short enough time. Here the potential for
Fe obtained by Finnis and Sinclair (3) was used. For the
relaxed structure of a vacancy thus obtained the calcula-
tion of a positron wave function was made by the method
developed by Puska and Nieminen (4), where electron
wave functions of each atom (Herman and Skillman (5))
are superimposed and the so-called local density approx-
imation is used to determinethe correlation energy for
a positron and an electron. The Schrddinger equation
was solved by the method by Kimball and Shortley (6)
These are shown bellow:

[-V2+ V()] ¥4(r) = Exipi(r) (1)
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,where V(7) in Schrédinger equation is the potential for
a positron. Ve(r) is the Coulomb potential, Vi or,(7) is
the correlation energy for a positron and an electron. A is
the annihilation rate, 7 is the positron lifetime. In Fig.3
the calculated wave function of a positron trapped at a
relaxed vacancy site in Fe is shown. The corresponding
positron lifetime is 181 psec which is shorter than the
positron lifetime in an unrelaxed vacancy 187 psec. In
this case the enhancement factor for d-electrons d was
adjusted as 2.20 so that the positron lifetime in the Fe
matrix becomes 110 psec. The lifetime calculation was
also made for the vacancy relaxed by the tight binding
method presented by Masuda and the shorter lifetime
173 psec was obtained. The amount of the relaxation of
the nearest neighbour lattice point around a vacancy was
—0.02765a (a: lattice constant of Fe) in Finnis-Sinclair
potential and —0.0368a in the Masuda’s tight binding
method, respectively. Here, — means an inward shift.
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Fig.3 Calculated wave function of a positron trapped at a
relaxed vacancy in Fe

The positron annihilation lifetime obtained in the exper-
iment is 170 ~ 175 psec (7). It is then considered that
the lattice relaxation is very important in this type of
calculation. To improve the calculation more realistic
electron structure and the effect of a positron on the re-
laxed structure of a vacancy must be taken into account.

3.4 Angular correlation measurement of
fatigued stainless steel

Angular correlation measurement has been proved to
be very effective for the detection of positronium, e.g.,
in neutron irradiated Nb, V and stainless steels (Fe-Cr-
Ni)(2), where the very narrow angular correlation curves
were observed. In Fig.4 the angular correlation curve
of Fe-15Cr-16Ni neutron irradiated (JOYO, 2.2 x 10?2
n/cm?, 500 °C) is shown. In the present case the same
type of measurement was performed for the fatigued 316
stainless steel to detect the vacancy clusters formed by
cyclic motion of dislocations. In Fig.h the angular cor-
relation curve of 316 ss fatigued under the condition
N; = 1.14 x 105, 0, = 0.35¢0;. FWHM of the curve
is about 10 mrad, which is shorter than that of solu-
tion annealed specimen, i.e., 12.5 mrad. But no narrow
component was observed, which means vacancies formed
through cutting of cyclically moving dislocations do not
form prominent microvoids. This is due to small mobility
of vacancies at room temperature in this alloy, namely,
the migration energy is 1.36 eV. In near future high tem-
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Fig.4 Angular correlation curve of Fe-Cr-Ni alloy irradiated
by neutrons in JOYO
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Fig.5 Angular correlation curve of fatigued 316 stainless steel

perature fatigue test will be performed, where clustering
of vacancies will be more prominent.

Acknowledgement

The authors would like to express their cordial thanks
to Prof. M. Hasgawa in IMR of Tohoku University for
the collaboration in the angular correlation measurement
and very precious discussions.

References

1) F. Hori, Y. Aono, M. Takenaka and E. Kuramoto:
Scripta Met. 29 (1993) 243.

2) E. Kuramoto, N. Kikuchi, D. Irisawa, M. Take-
naka and M. Hasegawa: Positron Annihilation, ed. L.
Dorikens—Vanpraet, M. Dirikens and D. Segers, World
Scientific, (1989) 446.

3) M. W. Finnis and J. E. Sinclair: Phil. Mag. A, 501
(1984) 45 (Erratum; Phil. Mag. A, 531 (1986) 161).

4) M. J. Puska and R. M. Nieminen: J. Phys. F: Met.
Phys. 13 (1983) 333.

5) F. Herman and S. Skillman: Atomic Structure Calcu-



Sci. Rep. RITU A40 (1994 No. 1 201

lations, Prentice Hall, Inc. (1963). 7) E. Kuramoto, S. Nagano, K. Nishi, Y. Aono and
6) G. E. Kimball and G. H. Shortley: Phys. Rev. 45 M. Takenaka: Materials Science Forum, 105-110 (1992)
(1934) 815. 1125.



