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Abstract

Helium atoms, introduced into materials by helium plasma or generated by the (n,a) nuclear
reaction, have a strong tendency to accumulate at trapping sites such as vacancy clusters and
dislocations. In this paper, the effects of dislocations, single vacancies and vacancy clusters on the
retention and desorption of helium atoms in nickel were studied. Low energy (0.1-0.15 keV) helium
atoms were implanted in nickel with vacancies or dislocations without causing any displacement
damage. He atoms, interstitial-type dislocation loops, and vacancy clusters were also introduced
with irradiation damage by 5.0 keV helium ions. Helium thermal desorption peaks from
dislocations, helium-vacancy clusters and helium bubbles were obtained by thermal desorption
spectroscopy at 940 K, in the range from 900 to 1370 K, and at 1500 K, respectively. In addition, a

thermally quasi-stable state was found for helium-vacancy clusters.
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1. Introduction

It is well known that helium bubbles in metals and alloys drastically alter the mechanical
properties, potentially blistering surfaces and embrittling materials, even at low concentrations [1-3].
In nuclear reactor materials, helium atoms are generated by (n, o) nuclear reactions in the first wall,
or introduced directly into plasma-facing materials by helium plasma in fusion reactors [4,5].
Helium has a strong tendency to precipitate in vacancy clusters and grain interiors [6]. The
understanding of helium bubble formation and its effect on mechanical properties is a significant
challenge associated with the development of long-lived and high-performance fusion reactor
materials [7].

Helium atoms interact strongly with defects, and form a high density of helium bubbles [8-11].
Unfortunately, there are potentially many defects in the first wall materials of fusion reactors, such as
dislocations, vacancy clusters and precipitates. These defects play a significant role in the trapping
of helium atoms and the prevention of their long-range migration [12]. Unfortunately, the
mechanism of interaction between helium atoms and defects remains unclear.

In order to investigate the behavior of helium atoms in nickel, helium ions were implanted with
and without displacement damage at high and low energy, respectively. Helium retention and
desorption by defects in nickel were investigated using thermal desorption spectroscopy (TDS) and
transmission electron microscopy (TEM). Positron annihilation spectroscopy (PAS) was also used

to identify intentionally-introduced defects in the specimens.

2. Experimental procedures

The experimental procedures employed for preparation of specimens are shown in Fig.1. Pure
nickel (99.99%) specimens with 0.1 mm in thickness were annealed at 1223 K for 1 hour in high
vacuum conditions (10 Pa). To introduce dislocations, well-annealed specimens were cold rolled
to 10 % of their original thickness at room temperature and then annealed at 673 K for 1 hour in a
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high vacuum to annihilate vacancies and vacancy clusters. To introduce Frenkel pairs, electron
irradiation at 100 K, using an electron linear accelerator (LINAC) at the Research Reactor Institute of
Kyoto University was performed with an accelerating voltage of 30 MeV and an electron fluence of
4x10%e’/m™,

PAS was used to investigate the structures and density of defects by measuring the lifetime of
positrons annihilation at defects. The positron lifetime spectrometer had a time resolution of 190 ps
(FWHM), and each spectrum was accumulated to a total of 1x10° counts or more. To discriminate
annihilation between bulk and defects components, the lifetime spectrum was decomposed into two
components, short lifetime t; and long lifetime 1, based on the two-state trapping model, after
subtracting the radioactive source and background components and deconvoluting a time-resolution
function [13]. All measurements were performed at room temperature.

Helium implantation was carried out using a mono-energetic helium ion beam at room
temperature in a vacuum of 8.0x10® Pa.  The helium ions were collimated and mass-analyzed, and
the beam flux was monitored by a faraday cup. Two types of helium introduction were performed.
The first was low energy implantation (0.1-0.15 keV) to introduce helium atoms without causing
displacement damage at dislocations or Frenkel pairs in nickel. Helium atoms were accumulated to
5.0x10™ He*/m? with a flux of 5.0x10" He*/m?. The second was high energy irradiation (5.0 keV)
t0 5.0x10"° He*/m? to introduce defects and helium atoms simultaneously into well-annealed nickel.

TDS was performed to investigate helium retention and desorption from trapping sites in cold
rolled specimens and electron irradiated specimens after low energy helium ion implantation, and
well-annealed specimens after high energy helium irradiation. The temperature was changed from
293 to 1523 K using an infrared radiation heater. Helium desorption during heating was monitored

by a quadruple mass analyzer in a vacuum of 10°® Pa.

3. Results and discussion



The defect structures of the specimens were investigated using PAS for each experimental
procedure. The lifetimes of positron annihilation with the presence of defects are shown in Table 1.
The long lifetime component t, in cold rolled specimens decreased from 164.0 to 128.8 ps after
annealing at 673 K for 1 hour. Although this was slightly larger than the value of 119 ps at
dislocation lines in nickel [11], we assigned it to the annihilation of positrons at dislocation networks,
because the vacancy clusters were nearly eliminated by annealing at 650 K [14]. The formation of
dislocation networks was confirmed by TEM, as shown in Fig.2. After annealing, the long lifetime
with an intensity I, of 85.2% indicated that positrons were mainly annihilated at dislocation lines.
The mean lifetime 1, of electron irradiated specimens was 174.1 ps.  As this value was the same as
the lifetime of positron annihilation at single vacancies in nickel [15-17], we concluded that these
specimens contained primarily single vacancies. The change in lifetimes and intensities after
helium ion implantation was insignificant.

Helium thermal desorption spectra are shown in Fig.3. The desorption spectra in Fig. 3(a) is
from cold rolled specimens (containing dislocations) after implantation by 0.1 keV helium ions to
5x10™ He*/m?. The desorption spectra in Fig. 3(b) is from electron irradiated specimens after
implantation by 0.15 keV helium ions to 5.0x10™ He*/m?. The desorption spectra in Fig. 3(c) is
from a well-annealed specimen after irradiation by 5.0 keV helium ions to 5x10'° He*/m?. Peak A
in (a) is a clear helium desorption peak at 940+10 K. Peaks in (b) are in the temperature range
from 900 to 1080 K and are separated into two peaks, with a broad Peak B; at 950+20 K and a
relatively sharp Peak B, at 1015+15 K. Five helium desorption peaks can be observed in (c), after
heating to 1523 K: Peak C; at 950£15 K, Peak C, at 1050+20 K, Peak C; at 1200+20 K, Peak C, at
1250£12 K and Peak Cs at 1480+30 K.

The helium desorption peaks with a constant heating rate correspond to the release of helium

atoms from different trapping sites [18]. From the first-order desorption mechanisms, the

dissociation rate L(T) of helium from defects is expressed as
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L(T) =d N /dt = —Nvexp(-E, /k,T) M

where N is the concentration of helium atoms trapped by defects at an absolute temperature T, v is
the attempt frequencies assumed to be on the order of the Debye frequency, 10*° s, Eq is the
dissociation energy of helium from defects and kg is the Boltzmann constant. The relationship
among desorption peak temperature T,, heating rate R and dissociation energy Eq was derived as

follows [9, 19].

IN(R/T7) = ~E, /KT, +In(vky / Ey) @)

As the heating rate R was fixed at 1 K/s in these experiments, the dissociation energy (in electron

volts) for an average group of traps was estimated as [10],

E, =0.0029T, . (3)

The dissociation energies of helium atoms from defects were estimated by Eq. (3). These were
2.73+0.03 eV for Peak A (He,D), 2.76+0.06 eV for Peak B;, 2.94+0.04 eV for Peak B,, 2.76+£0.04 eV
for Peak C;, 3.05+0.06 eV for Peak C,, 3.48+0.06 eV for Peak Cs, 3.63+£0.03 eV for Peak C, and
4.35%0.06 eV for Peak Cs.

The helium desorption peak, Peak A, was assigned to dissociation from dislocation networks (He,D),
because these were the sole defects reserved before low energy helium ions implantation. As the
dissociation energy of Peaks B; and C; are close to the Peak A, these peaks maybe contributed
mainly by the dissociation from dislocations. These dislocations were interstitial type dislocation
loops formed by electron irradiation and 5.0 keV helium ions irradiation. Peak B, was assigned to
dissociation from single vacancies (He,V), because these were the main defects formed by electron
irradiation.  As the dissociation energy of Peak C, is close to the Peak B,, the peak maybe
contributed mainly by the dissociation from vacancies. After irradiated by 5.0 keV helium ions,
single vacancies remained at room temperature. Peaks Cz and C4 represented dissociation from

helium-vacancy clusters (He,Vy). Peak Cs of the highest temperature was assumed to be the



dissociation from helium bubbles.

In order to investigate Peaks Cs; and C, in more detail, a special thermal procedure was
employed in the TDS experiments. Specimens were initially heated to a high temperature at a
heating rate of 1 K/s, annealed at this temperature for 1 hour, and finally heated to 1523 K at the
same heating rate. The annealing temperatures were chosen to be 1123 and 1223 K, lower than the
temperature of Peak C, as shown in Fig.3(c). The heat treatment and the helium desorption results
are shown in Fig. 4, with the heating procedure and helium desorption spectra with time shown on
the right axis and left axis, respectively. Peaks C3; and C, were clearly separated into two peaks.
Peak C, was obtained after annealing for 180450 s at 1223 K, as shown in Fig. 4(a), or from 1240+35
K re-heating after annealing at 1123 K for 1 hour. Peak Cs was also obtained at 1500+£20 K after
re-heating to 1523 K. As there was a variety of helium-vacancy clusters, the helium atoms
dissociated over a wide range of temperatures [20-24].

Specimens irradiated by 5.0 keV helium ions to 5x10* He*/m? were also observed by TEM
during heat treatments. The defect microstructures observed by TEM and shown in Figs. 5 and 6
are related to the heat treatments of Figs. 4(a) and (b), respectively. The heat treatments used in the
experiments are shown below the TEM results. Figure 5(a) shows that interstitial type dislocation
loops were formed by irradiation damage from 5.0 keV helium ions at room temperature. The
dislocation loops grow as shown in Fig. 5 (b) after heating to 1223 K, and in Fig. 6(a) after heating
to 1123 K. As seen in Figs. 5(c), 6(b), and 6(c) the dislocation loops remained after annealing for 1
hour. However, almost no dislocation lines were observed after heating to 1263 K (Fig. 6(d)).
Cavities were also observed, with an average size of nearly 10 nm in Fig. 5(b), 80 nm in Fig. 5(c),
20 nm in Figs. 6(b)-(c), and 30 nm in Fig. 6(d), but no cavities were observed in Fig. 6(a). The
cavities mainly existed on dislocation lines. There was no obvious change in size for the large
cavities between Figs. 6(b)-(d).

These results indicate that Peak C; was from the decomposition of small helium-vacancy
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clusters, which were not observed by TEM (Fig. 6(a)). Peak C4 was due to decomposition of more
stable helium-vacancy clusters.

The thermal stability of a helium vacancy cluster is affected by the size of the cluster and the
number of helium atoms trapped within it. We refer to the trapping sites of Peak C4 as a thermal
quasi-stable state. Similar state was reported in several materials as iron, plutonium and tungsten
[10, 23, 25, 26]. It was reported that the ratio of helium/vacancy cluster for the relatively stable
state in iron is a constant of 1.8. Helium-vacancy clusters with ratios above or below 1.8 are
unstable and release helium atoms or vacancy at lower temperatures than quasi-stable state clusters.

This model maybe used to verify the Peaks C; and C, are dissociated from the helium-vacancy

clusters with high density helium atoms and from the thermally quasi-stable state, respectively.
Large cavities remained until 1263 K, which must have been bubbles, and which corresponded
to Peak Cs in Figs. 3and 4. The large bubbles in Fig. 5(c) were formed during annealing at 1233 K
for 30 min.

We assigned Peak B; to helium desorption from dislocations because it was at nearly the same
desorption temperature as that of the dislocation network. There was another possibility, however,
that the temperature range indicated by the arrow in Fig. 3(b) was from He,V. Peak B; represented
the release of helium atoms from unstable helium-vacancy complexes, which was similar to the
relationship between C3; and C, if the formation of interstitial type dislocation loops by electron
irradiation was less prominent. There was also the possibility that desorption in the temperature
range indicated by the arrow in Fig. 3(c) was the release of helium atoms from variously He,Vn,

complexes.

4. Conclusions
Studies of helium desorption from nickel indicate that helium atoms were captured by
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dislocations and single vacancies during diffusion, even after the helium atoms were implanted at low
energy and without irradiation damage, as from the helium plasma of fusion reactors. Interstitial
types dislocation loops, vacancies and vacancy clusters were formed by irradiation with 5.0 keV
helium ions, and acted as trapping sites for helium atoms. Dislocation networks grown from
interstitial type dislocation loops contributed to the formation of helium-vacancy clusters and
promoted the formation of helium bubbles. A thermal quasi-stable state, with a constant ratio
between helium atoms and vacancies, existed in the helium-vacancy clusters. The dissociation
energy of helium atoms from various trapping sites was estimated from the temperatures of helium

desorption spectra.
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Figure captions:

Fig.1. Preparation of specimens.

Fig.2. Dislocation networks in nickel, annealed at 673 K for 1 hour after cold rolling at room

temperature.

Fig.3. Helium thermal desorption spectra for nickel from 293 to 1523 K with a fixed heating rate of 1
K/s. (a) implanted by 0.1 keV helium ions to 5x10'° He*/m? in cold rolled nickel, (b) implanted by
0.15 keV helium ions to 5.0x10™ He*/m? in electron irradiated nickel, and (c) irradiated by 5.0 keV

helium ions to 5x10° He*/m? in well-annealed nickel.

Fig.4. Helium thermal desorption and retention spectra in well-annealed nickel after helium
irradiation by 5.0 keV to 5x10' He*/m?. Heating rate is 1 K/s, (a) was annealed at 1223 K for 1

hour, and (b) was annealed at 1123 K for 1 hour.

Fig.5. Microstructures in well-annealed nickel: (a) after irradiation by 5.0 keV helium ions to 5x10*

He*/m?, (b) heating to 1223 K with a rate of 1 K/s, (c) annealing at 1223 K for 30 minutes.

Fig.6. Microstructures in nickel after helium ion irradiation by 5.0 keV to 5x10*° He*/m?: (a) heating

to 1123 K at a rate of 1 K/s, (b) annealing at 1123 K for 1 hour, (c) re-heating to 1223 K, and (d)

re-heating to 1263 K.
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Table 1  Positron annihilation lifetimes in cold rolled and electron irradiated nickel.

Procedure One component ~ Two components
Tm (PS) 7(ps) 2(ps) 12(%)

Well-annealed at 1223 K, 1 hour 106.5+0.2 — —

Cold rolled to 10% of thickness 147.5+0.3 70.2+8.9 164.0£5.6 82.5+2.8
Cold rolled | Annealed at 673 K, 1 hour 116.3+0.2 44.2+4.9 128.8+1.0 85.2+1.3

Implanted by 0.1 keV He™* 120.1+0.3 55.8+7.9 129.4+1.3 87.4+2.4
Electron Irradiated by electron at 100 K 174.1£1.4 — —
irradiated Irradiated by 0.15 keV He* 178.8+0.7 — —
Thermal desorption to 1523 K 107.4+0.2 — —
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Fig.1. Preparation of specimens.
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Fig.2. Dislocation networks in nickel, annealed at 673 K for 1 hour after cold rolling at room

temperature.
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Fig.3. Helium thermal desorption spectra for nickel from 293 to 1523 K with a fixed heating rate
of 1 K/s. (a) implanted by 0.1 keV helium ions to 5x10* He*/m? in cold rolled nickel, (b)
implanted by 0.15 keV helium ions to 5.0x10"° He*/m? in electron irradiated nickel, and (c)

irradiated by 5.0 keV helium ions to 5x10*° He*/m? in well-annealed nickel.
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Fig.4. Helium thermal desorption and retention spectra in well-annealed nickel after helium

irradiation by 5.0 keV to 5x10'° He*/m?. Heating rate is 1 K/s, (a) was annealed at 1223 K for 1

hour, and (b) was annealed at 1123 K for 1 hour.
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Fig.5. Microstructures in well-annealed nickel: (a) after irradiation by 5.0 keV helium ions to

5x10™ He*/m?, (b) heating to 1223 K with a rate of 1 K/s, (c) annealing at 1223 K for 30 minutes.
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Fig.6. Microstructures in nickel after helium ion irradiation by 5.0 keV to 5x10'° He*/m?: (a)
heating to 1123 K at a rate of 1 K/s, (b) annealing at 1123 K for 1 hour, (c) re-heating to 1223 K,

and (d) re-heating to 1263 K.
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