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Abstract

Irradiation experiments on iron and nickel were carried out to study the effect of hydrogen and helium ions on
microvoid formation. The total dose was 1.0 x 10'7 hydrogen ions/cm? (0.2 dpa) and 9.6 x 10" helium ions/cm? (0.3
dpa). The irradiation temperature was 423 and 573 K. To investigate microvoid formation and the total amount of
residual defects, positron annihilation lifetime and coincidence Doppler broadening measurements were made. The
results for positron lifetime indicated that vacancy clusters grew more easily in nickel than in iron and helium atoms
were more effective for microvoid formation than hydrogen atoms. The temperature dependence of microvoid growth
was greater after irradiation with hydrogen ions than helium ions between 423 and 573 K in both metals. Annealing
experiments for nickel irradiated with hydrogen and helium ions at 423 k were carried out at up to 573 K and the

stability of helium-vacancy complexes was clarified.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

To develop materials for use in fusion reactors, it is
necessary to study the influence of impurities generated
by nuclear transmutation for the evolution of defective
structures. Especially important are the effects of hy-
drogen and helium atoms on microvoid formation. As
the rate of production of hydrogen and helium atoms is
much higher in the fusion environment than in the fis-
sion environment, these gas atoms promote cavity nu-
cleation [1,2]. However, a thorough qualitative study of
the role of gas atoms in microvoid formation in metals
(e.g. the properties of hydrogen—vacancy and helium—
vacancy complexes) has not been made to date. In this
study, in order to investigate the effects of hydrogen and
helium atoms on microvoid formation in metals quali-
tatively, irradiation experiments of hydrogen and helium
ions on pure iron and nickel were carried out at 423 and
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573 K. As post-irradiation experiments, positron anni-
hilation lifetime and coincidence Doppler broadening
(CDB) measurements were made. The positron annihi-
lation technique is effective for investigating microvoid
formation because it can detect vacancy-type defects in
solids [3,4]. Particularly, the CDB measurement by using
two detectors, which determine the longitudinal mo-
mentum distribution of electrons annihilated with posi-
trons, is a remarkable technique for detecting total
induced defects and identifying the elements in and
around a vacancy cluster [5-8]. This method has a great
advantage for counting y-rays because of a reduction in
the disturbance from background spectra on the higher
energy side of the annihilation peak (511 keV) [9]. The
temperature-dependence of microvoid formation caused
by hydrogen and helium ions was discussed based on the
results of positron annihilation measurements. In ad-
dition, in order to investigate the stability of hydrogen—
vacancy and helium-vacancy complexes in nickel,
isochronal annealing experiments for nickel irradiated
with hydrogen and helium ions at 423 K were performed
and the change of positron lifetimes was investigated.
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2. Experiment

Pure iron (99.99%) and nickel (99.99%) specimens
were used for the irradiation experiments. As starting
materials, high-purity nickel and iron supplied by
Johnson & Matthey Chemicals Ltd., were employed.
Nickel specimens were annealed in a high vacuum be-
low 1.0 x 107 Pa at 1173 K and iron specimens were
annealed in high-purity hydrogen gas at 873 K. The
thickness of the nickel and iron specimens was about
0.4 and 0.15 mm, respectively. The irradiation experi-
ments were carried out using an accelerator at the In-
stitute for Materials Research, Tohoku University. The
ion beam was circular with a diameter of 5 mm. The
total dose was 1.0 x 10'7 hydrogen ions/cm? and 9.6 x
10" helium ions/cm?. In order to align the damage and
gas—atom range of both forms of irradiation, the ac-
celeration energy of hydrogen and helium ions was 1.0
and 3.3 MeV, respectively. The damage and gas—atom
distributions were calculated by the TRIM code with a
displacement energy of 24 eV for nickel and iron.
The depth of damage and gas—atom peak was about
6 pm from the surface of specimen and the effective
gas-containing zones was about 1 um in the vicinity
of gas peak for both types of irradiation. The amounts
of effective damage and gas-concentration were esti-
mated as the average of the damage and gas-atom
distribution in the region of a full-width at half maxi-
mum. In the case of hydrogen ion, the damage was
about 0.2 dpa, the damage rate was 2.4 x 10> dpals,
and the amount of hydrogen concentration was about
2 at.%. While in the case of helium ion, the damage was
about 0.3 dpa, the damage rate was 1.8 x 107 dpal/s,
and the amount of helium concentration was about
0.3 at.%. The irradiation temperature was 423 and
573 K.

In this study, a *Na source of positrons with 1.28
MeV y-ray radiation was used for the positron anni-
hilation experiments. The radioactivity of the source
was about 30 pCi for lifetime measurements and about
20 pCi for CDB measurements. The system for positron
annihilation lifetime measurements in this study was
the conventional fast—fast circuit with two BaF, scin-
tillators and the time resolution of this system was
about 220 ps. The lifetimes were calculated from ana-
lyses of annihilation spectra by the positron resolution
program. In order to measure the CDB spectra, two Ge
detectors were located at an interval of 400 mm and the
difference in energies of annihilation two y-rays was
counted. The longitudinal momentum of electrons an-
nihilated with positrons was calculated by dividing the
difference of two y-rays by the light speed. The overall
energy resolution of two Ge-detectors was 1.6 keV,
which was defined by a full-width at half maximum of
661.6 keV y-rays generated by the '’Cs standard ra-
diation source.

3. Results
3.1. Positron lifetime measurements

The results of positron annihilation lifetime mea-
surements for iron and nickel irradiated with hydrogen
and helium ions are shown in Figs. 1 and 2. As can be
seen from these figures, the increase in long lifetime in
iron and nickel is almost the same at 423 and 573 K after
both hydrogen and helium-ion irradiation. But the long
lifetime is a little larger in nickel than in iron at 573 K. In
addition, the intensity of long lifetime does not decrease
in iron as much with irradiation temperature increase as
in nickel. This suggests that the density of vacancy
clusters in iron did not change much in this temperature
range compared with nickel. Another remarkable fea-
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Fig. 1. Results of positron annihilation measurements for iron
irradiated with hydrogen and helium ions at 423 and 573 K.
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Fig. 2. Results of positron annihilation measurements for
nickel irradiated with hydrogen and helium ions at 423 and
573 K.
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ture of these results is that the increase in long lifetime is
greater for hydrogen-ion irradiation than helium-ion
irradiation between 423 and 573 K. In the case of hy-
drogen ion, the increase in long lifetime was 132.9 ps in
iron and 163.4 ps in nickel. While, in the case of helium
ion, it was 56.5 ps and 76.3 ps, respectively. This result
indicates that the temperature dependence of microvoid
growth was more prominent after irradiation with hy-
drogen ions rather than helium ions between 423 and
573 K.

3.2. Coincidence Doppler broadening measurements

Fig. 3 shows the CDB spectra of unirradiated nickel
and nickel irradiated with hydrogen ions at 423 K (0.2
dpa). The mc of the x-axis unit gives the momentum,
where m is the electron rest mass, ¢ is the light speed and
Py, is the longitudinal momentum of an electron anni-
hilated with a positron. The unit of the y-axis is the
count ratio for each momentum, which is normalized by
dividing each count by the total count. A remarkable
feature of this experiment is that the count ratio in the
low momentum region of nickel irradiated with hydro-
gen ions is larger than that of unirradiated nickel. If
positrons are trapped at open-volume defects such as
vacancies, the count ratio in the low momentum region
(for our experimental system, less than 5 x 10~*mc in the
case of nickel) is larger than that of the unirradiated
specimen because the electron momentum density of
open-volume defects is concentrated in the low region.
This low momentum region is called the S-region and
the ratio of the S-region to the total count is called the S-
parameter. The S-parameter is used as a measure of the
total amount of vacancy-type defects. For example, if
the S-parameter ratio between the unirradiated specimen
and the specimen irradiated with high-energy particles is
larger than 1.0, it can be considered that radiation-in-
duced defects are formed.
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Fig. 3. Spectra from CBD measurements for unirradiated
nickel and nickel irradiated with hydrogen ions at 423 K.
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Fig. 4. S-parameter ratios between unirradiated nickel and
nickel irradiated with hydrogen and helium ions at 423 and 573
K.

The S-parameter ratio of irradiated nickel to unir-
radiated nickel is plotted between 423 and 573 K in Fig.
4. The S-parameter ratio of nickel irradiated with hy-
drogen ions at 423 K is higher that that at 573 K. On the
other hand, the S-parameter ratio of nickel irradiated
with helium ions at 423 K is almost the same as that at
573 K.

3.3. Annealing experiments

In order to ascertain the stability of hydrogen—
vacancy and helium-vacancy complexes in nickel, an-
nealing experiments for nickel irradiated with hydrogen
and helium ions at 423 K were carried out and the
positron annihilation lifetimes after each annealing
process were measured. The annealing time was 1 h and
the annealing temperature was from 473 to 573 K. Fig. 5
shows the change of long lifetime components of nickel

20 T T
gs
x> | -
Y= = == g - - - - = Ee)
S 10 1
f=
23
RS
O L | s ]
before anneal 473 K 523 K 573 K
320 T T T T
300 e

N
(==
(=]
T
—o—
1
1
!
I
1
|
\
1
\
\
|
—o—
I
1
1
1
I

nN
[=23
o

Long Lifetime
(psec)

Hydrogen ion irr. —@— —
Helium ion irr. —-O — 1

" 1 ' 1
before anneal 473 K 523 K 573 K
Anneal ing Temperature

S
S
o

T T

N
n
o

Fig. 5. Isochronal annealing behavior of long lifetime in nickel
irradiated with hydrogen and helium ions at 423 K.



964 T. Ishizaki et al. | Journal of Nuclear Materials 307-311 (2002) 961-965

as a function of annealing temperature. From the an-
nealing behavior of long lifetime components, it is clear
that vacancy clustering occurred in nickel irradiated
with hydrogen ions between 473 and 573 K but not in
nickel irradiated with helium ions.

4. Discussion

The positron lifetime measurements indicated a dif-
ference and a similarity in microvoid formation between
iron and nickel in this temperature range. For example,
in Figs. 1 and 2, there was little difference in the change
of long lifetime with temperature increase between iron
and nickel for both hydrogen and helium-ion irradia-
tion. A difference was only found in the intensity of long
lifetime, i.e. the intensity of long lifetime was greater in
nickel than in iron for all cases. Because the intensity of
long lifetime corresponds to the density of vacancy
clusters, the density of vacancy clusters was higher in
nickel than in iron. This result reflects that the vacancy
clustering is more efficient in nickel than in iron [10].
Despite the above difference in microvoid formation
between nickel and iron, the basic behavior for micro-
void formation was almost the same between hydrogen
and helium-ion irradiation. The amount of damage was
also similar between hydrogen (0.2 dpa) and helium
(0.3 dpa) ion irradiation. But the amount of helium-
atom concentration (0.3 at.%) was much smaller than
that of hydrogen-atom concentration (2 at.%). There-
fore the role of helium atoms in microvoid formation
was more effective than that of hydrogen atoms.

The positron lifetime measurements also indicated
that the temperature dependence of microvoid growth
was greater for hydrogen-ion irradiation than helium-
ion irradiation between 423 and 573 K. It was explained
by the ease of dissociation of hydrogen—vacancy com-
plexes. The migration activation energy of the hydrogen
atom in iron is 0.059 eV [11] and the binding energy of
the hydrogen—vacancy complex is 0.96 eV [12], while the
migration activation energy of the hydrogen atom in
nickel is 0.41 eV [13] and the binding energy of the hy-
drogen—vacancy complex is 0.57 eV [14]. The detrapping
energy, a sum of the migration activation energy and the
binding energy, of the hydrogen—vacancy complex in
iron and nickel is about 1 eV. Therefore hydrogen atoms
in iron and nickel easily escape from vacancies between
423 and 573 K. On the other hand, according to Reed,
the detrapping energy of the helium—vacancy complex in
iron is 3.9 eV and that in nickel is 3.2 eV [15]. So helium
atoms in iron and nickel cannot escape from vacancies
between 423 and 573 K.

The stability of hydrogen—vacancy and helium-va-
cancy complexes was also verified from the results of
S-parameter ratios and annealing tests. In the case of
hydrogen-ion irradiation, the S-parameter ratio was

much higher at 423 K than at 573 K, i.e. the total
amount of residual vacancies was much larger at 423 K.
Because the de-trapping energy of the hydrogen-va-
cancy complex is about 1 eV, it can be considered that
the complete decomposition of complexes occurs at 573
K. As some free vacancies were annihilated with sinks at
573 K, the total amount of residual vacancies decreased
compared to the case at 423 K. On the other hand, the S-
parameter ratio of nickel irradiated with helium ions at
423 K was almost the same as that at 573 K. The main
reason for this result is the stability of helium—vacancy
complexes in specimens. The open-volume defects were
filled by helium atoms and the S-parameter ratio was
apparently almost constant between 423 and 573 K.

The annealing behavior of nickel irradiated with
hydrogen and helium ions at 423 K also revealed the
stability of helium-vacancy complexes. According to
Tanabe et al., in the case of deuterium ions implanted in
nickel above 403 K, the thermal desorption spectrum of
deuterium atoms has a single peak between 500 and 600
K [16]. Therefore it is considered that there existed some
vacancies trapped by hydrogen atoms in the nickel
specimen irradiated with hydrogen ions at 423 K. After
annealing at high temperature, vacancy-hydrogen
complexes decomposed into vacancies and hydrogen
atoms. Therefore some free vacancies migrated and
combined with vacancy clusters. Hence the growth of
vacancy clusters occurred and the long lifetime increased
as shown in Fig. 5. On the other hand, helium-vacancy
complexes are very stable between 423 and 573 K. Ac-
cording to Yamauchi et al., in the case of helium ions
implanted in nickel at room temperature, the thermal
release of helium atoms in bubbles occurs around 1173
K [17] and helium atoms cannot escape from vacancies
under 573 K. Therefore vacancies trapped by helium
atoms could not migrate at all during the annealing and
the growth of vacancy clusters did not occur.

5. Conclusion

Based on positron annihilation measurements for
iron and nickel irradiated with hydrogen and helium
ions at 423 and 573 K, the following conclusions were
obtained. A comparison of long lifetimes showed that
the vacancy clustering was more efficient in nickel than
in iron. Helium atoms were more effective for microvoid
formation than hydrogen atoms. The temperature de-
pendence of microvoid growth was greater after hy-
drogen-ion irradiation than helium-ion irradiation and it
was explained by the instability of hydrogen—vacancy
complexes and the stability of helium-vacancy com-
plexes. The comparison of the S-parameter ratio and the
annealing behavior in nickel between hydrogen and he-
lium-ion irradiation also indicated the difference in the
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stability between the hydrogen—vacancy and the helium—
vacancy complex.
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