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The nickel-base alloy is one of the leading candidate materials for generation IV nuclear reactor pressure vessel. To
evaluate its stability of helium damage and retention, helium ions with different energy of 80 keV and 180 keV were intro-
duced by ion implantation to a certain dose (peak displacement damage 1-10 dpa). Then thermal desorption spectroscopy
(TDS) of helium atoms was performed to discuss the helium desorption characteristic and trapping sites. The desorption
peaks shift to a lower temperature with increasing dpa for both 80 keV and 180 keV irradiation, reflecting the reduced
diffusion activation energy and faster diffusion within the alloy. The main release peak temperature of 180 keV helium
injection is relatively higher than that of 80 keV at the same influence, which is because the irradiation damage of 180 keV,
helium formation and entrapment occur deeper. The broadening of the spectra corresponds to different helium trapping
sites (He—vacancies, grain boundary) and desorption mechanisms (different He,, V,, size). The helium retention amount of
80 keV is lower than that of 180 keV, and a saturation limit associated with the irradiation of 80 keV has been reached. The
relatively low helium retention proves the better resistance to helium bubbles formation and helium brittleness.

Keywords: nickel-base alloys, helium ion irradiation, thermal desorption spectroscopy
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1. Introduction

Irradiation of energetic particles produces a large num-
ber of irradiation defects,[!! such as interstitial atoms, vacan-
cies, dislocation rings, voids, and bubbles. The interstitial
atoms and vacancies further evolve and aggregate to form
clusters, gap/vacancy dislocation rings, stacking fault tetra-
hedrons, voids,[?! etc. Furthermore, it can cause materials
swelling, rapid creep, hardening, and embrittlement, which ac-
celerates the degradation of the material macroscopic proper-
ties and seriously threatens the safe operation and service life
of nuclear reactors.* Therefore, the nuclear materials are
critical to the successful operation of nuclear energy systems.

Structural materials used in generation IV nuclear power
plants should maintain integrity when serving in high tem-
perature environment.!>l Also, they could undergo high neu-
tron doses ranging from tens to hundreds of displacement per
atom (dpa) according to their different positions to the reactor
core. A recent review of the radiation effect on nickel-base
alloys indicated that the main cause of embrittlement is the
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transmutation-induced helium and hydrogen.[®! However, the
irradiation effects on nickel-based superalloy are little under-
stood compared to the widely used stainless steel. Therefore, it
is necessary to obtain the new experimental data of nickel-base
alloys in order to predict their performance after long service
in harsh environment.

When nickel is irradiated by high energy particles and
neutrons, helium atoms are generated by the nuclear reac-
tion of (n, ¢).I”! Due to the extremely low solubility of he-
lium atoms, they tend to make swelling and ductility degraded.
Helium, which has a strong interaction with vacancies,®!
can form a high density of He—vacancy (He,V,,) clusters.
Then, the He—vacancy clusters subsequently grow by absorb-
ing more vacancies to form He bubbles. He, V,, cluster is the
lowest size class of helium bubbles and plays an important
role in the initial stage nucleation, aggregate, and precipitate
into helium bubbles.!”) While, segregation of other alloying
elements, such as the minor elements Si in Ni alloys, can sup-
press the formation of voids. The formation of interstitial-type
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dislocation loops and voids can be suppressed due to the re-
combination of interstitials and vacancies at defect sinks. 1]
It has been reported!!! that dislocations can also act as he-
lium trapping sites in Ni irradiated by 5 keV He™ at room
temperature, and helium is released at 940 K during thermal
annealing.

The interactions among helium atoms, He,V,,, helium
bubbles, and different alloy elements have various effects on
the microstructure and macro-properties of nickel alloys.!'%!3]
At low irradiation temperature, the movement rate of the
He,V,, group and defects is slow, and the growth of he-
lium bubbles is inhibited.l'* In the nickel matrix, free He
atoms aggregate or form a single interstitial atom (SIA), nucle-
ate and grow combined with vacancies, making helium bub-
bles small in size and high in pressure.l">) Due to the dif-
ferent size of the helium atom defects group, the correspond-
ing research methods are also different.'®! The helium defect
diffuses to the surface in the form of interstitial atoms and
releases on the surface.!!”-!8] Therefore, thermal desorption
spectropy (TDS) can analyze helium bubbles with small size,
and each characteristic peak may represent a different desorp-
tion process. %201 Supplementary to conventional mechanical
measurements, now it is the simplest, most practical, and indi-
rect method to study the behavior of helium and their defects
(a single atom, and bubbles). ']

In the present studies, a nickel alloy, has been chosen
to investigate the helium damage and desorption. From re-
lease peaks of TDS, the amount of helium desorption, helium
trapping sites, helium retention behavior, and the dissociation
characteristics are inferred.

2. Experimental details

The specimens were prepared by grinding with SiC grit
paper and polishing with 0.02 pm colloidal silica suspension,
then the specimens were irradiated by He ions with an energy
of 80 keV or 180 keV at room temperature with different doses
(from 1 dpa to 10 dpa). In the process of ion implantation,
the target chamber was kept at a high vacuum of 107> Pa to
avoid oxidation of the material surface during ion implanta-
tion. Afterwards, thermal desorption spectroscopy (TDS) was
performed by heating the samples at 10 °C/min to 1000 °C.
The helium atoms can be held at different trapping sites within
the material, and when the specimen is heated, the adsorp-
tion energy of the specific trapping sites is overcome to re-
lease the helium. To monitor this, a temperature controlled
electric furnace (from a Quantachrome Instruments ChemBET
Pulsar TPR/TPD Automated Chemisorption Analyzer) and a
quadrupole mass spectrometer (ThermoStar Gas Analysis Sys-
tem) under high vacuum conditions were used. Once the trap-
ping energy (temperature) is reached, the recorded spectrum

of helium concentration will show a peak, which can be used
to calculate the number of helium atoms released.

The concentration reading given by the mass spectrome-
ter could not be used directly, and a calibration using a mixture
of argon and helium was carried out, where argon was the inert
carrier gas used in the experiment. At any given time during
the experiment, the following relationship holds:

Che e _ JfHe

CAr B (He/Ar)m B fAr’

where Cy is the actual concentration of x (not the reading given
by the mass spectrometer), K|,/ is a constant relating the ac-
tual concentrations of the gases x and y to their currents given
by the mass spectrometer readout, I is the current readout of
the gas x, and f is the total flow rate of the gas x (sum of the
gas cylinder flow rate and any desorption for He, while just the
flow rate from the gas cylinder for Ar).

During heating, with carrier Ar used (He supply switched
off), the unknown quantity to be calculated (helium desorp-
tion) is given by the fyg. above. fa, is known from the gas
flow meter setting, and e /Ia; is known from the mass spec-
trometer recordings. The constant K(ye/ar) is unknown, and
must be calculated via a calibration. With the constant calcu-
lated, a modified version of the relationship above was used
to calculated fg. from the helium desorption during heating
to 1000 °C (at which the temperature remained for at least 15
min), at 1 °C-s~!, from room temperature,

fAr IH
K(He/Ar)@ ) (IATAI) = fHe-

Here, fa is the argon flow rate set equal to 20 mL-min~!
(20 sccm), 60 s/min is used to convert the Az to minutes, and
Jie 1s the desorption value to be calculated (in mL). }" (%AI)
is summed over the peak temperature interval (the time of peak
occurred), with Ar being the time between readings. I, is the
argon current reading at a given time. Ijy is the helium des-
orption current at a given time, and equals to the He current

reading in the peak minus the background He current.

3. Results and discussion
3.1. TRIM calculation

The chemical composition of the alloy is presented in Ta-
ble 1. The ion irradiation experiments were performed using
an 80 kV ion implanter at Beijing Normal University at room
temperature. The specimens were irradiated with 80 keV and
180 keV helium ions. The fluences on the specimens irradi-
ated with 80 keV helium ions were 3.6 x 10'° ions/cm?, 9 x
10'% ions/cm?, 1.8 x 107 ions/cm?, and 3.6 x 10'7 ions/cm?
(corresponding to the peak doses of 1 dpa, 2.5 dpa, 5 dpa, and
10 dpa). The fluences irradiated with 180 keV helium ions
were 4 x 10'¢ ions/cm?, 1 x 107 ions/cm?, 2 x 107 ions/cm?,
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and 4 x 10'7 jons/cm?, the same as the above peak doses, re-
spectively. It should be mentioned that the fluence on the spec-
imens irradiated with 180 keV helium ions is lower than that
with 80 keV helium ions under the same dose. The irradiation
damage and implanted helium ions profiles were predicted by
SRIM (Stopping and Range of Ions in Matter) 2013 program
using the Kinchin-Pease quick calculation mode!*?! and the
displacement threshold energy E4 was set to 40 eV. The lattice
binding energy was set to zero in order to be fully consistent
with the model and sputtering was not accounted for in the
calculation.

Table 1. Chemical composition of the nickel alloy (wt.%).

Elements Ni Co Cr Mo Fe Al Si
Alloy Bal. 203 11.7 858 1.01 0.76 0.16

The distributions of displacement damage (dpa) and He
ion concentration with depth are displayed in Figs. 1(a) and
1(b). The irradiation damage depth induced by 80 keV and
180 keV helium ions was approximately 450 nm and 700 nm
with a peak damage at 230 nm and 440 nm, respectively. It
should be noticed that the irradiation damage had a shallower
peak than the distribution of the helium ions because the he-
lium ions energy near the end of tracks is too low to cre-
ate abundant cascades. In addition, figures Al(a) and Al(b)
show the depth profiles of helium and vacancy concentration
at 80 keV and 180 keV, respectively.
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Fig. 1. Depth profiles of dpa and helium concentration in nickel alloy
irradiated with (a) 80 keV and (b) 180 keV helium ions to the dose of
2.5 dpa calculated by SRIM.

3.2. TDS analysis

Vacancies, dislocations, grain boundaries, and other de-
fects have strong ability to bind helium atoms, which can serve
as the preferred nucleation region of helium bubbles. When
there are some inherent defects in the matrix, or the defects
resulted from helium irradiation, the helium atoms will dif-
fuse directly to these defects and aggregate into helium bubble
nuclei. The helium bubbles are brought to the grain bound-
ary with movable dislocations, then they move to the phase
boundaries and surface.?*! The energy and movement mecha-
nism of helium atoms in Ni-base alloy can be inferred from the
release peaks. When different types of helium trapping site’s
adsorption enthalpy are reached, the current appears high val-
ues and shows various peaks. The actual helium desorption
current was calculated using the difference between the base-
line value and the measured peak values. To extract the base
line, the trendline was used by the polynomial fit, of which the
order was varied between 2" and 5™ to get the best fit. The
base line values were then calculated using the equation of the
line. In order to get the baseline values accurate enough, the
number of significant figures used was at least three more than

the order of the polynomial.!>!
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Fig. 2. The desorption peaks obtained for different irradiation doses on
each specimen.

Figure 2 shows the typical He ion current with tempera-
ture obtained for each TDS run. Peaks were observed in the
temperature range of 800-1000 °C, corresponding to the des-
orption of He from the trapping sites. Data of the specimens
(80 keV-1 dpa and 180 keV-1 dpa) are missing from Fig. 2,
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which is because no peak was identifiable from the data. From
the peak shape analysis, the release peak is asymmetric and
has the characteristics of the first-order reaction desorption
curve.

The data shows a trend that the peaks of the specimen
with the higher dpa move to a lower temperature range. For
the 80 keV helium implanted alloy, the desorption peak ap-
pears at the temperatures of ~ 930 °C, 900 °C, and 870 °C for
2.5 dpa, 5 dpa, and 10 dpa, while it shows peak at ~ 950 °C,
900 °C, and 880 °C for 2.5 dpa, 5 dpa, and 10 dpa of 180 keV
irradiation. The shift of the main peak position reflects the
change of the diffusion activation energy. In addition, it sug-
gests there is a lower adsorption enthalpy for helium in the
nickel alloy at higher irradiation damage/fluence. This could
be the result of the formation of irradiation induced lattice de-
fects and vacancy clusters, which allow for faster and lower
activation energy diffusion within the alloy. Another observa-
tion is that the 80 keV peaks all occur at a lower temperature
than the 180 keV ones for the equivalent dpa, showing that
less energy is required for desorption, or less time for it to
start occurring. For the 180 keV irradiation, the induced dam-
age, He,, V,,, helium bubbles formation and entrapment occur
deeper within the material, so as to take longer time for des-
orption to occur. It can be inferred that the case with 80 keV
is more of a surface effect, the helium atoms are not as much
penetration into the specimen.

From the peak broadening, it is reasonable to infer that
there are many different forms of activation energy, or many
adsorption forms with different adsorption enthalpy. The dif-
ferent helium desorption peaks correspond to different helium
trapping sites. The formation energy of He and vacancy is
about one half of that of interstitial He atom. In the grains, the
preferred occupied area of He atom is vacancy, rather than dis-
locations. While the most advantageous location to accommo-
date He atoms is the grain boundary. The desorption current
in the low temperature could be attributed to the solid helium
interaction of interstitials and dislocations in the grain bound-
ary, and the desorption current in the high temperature to its
release from the cavities.

The desorption temperature is higher than 900 °C (0.57,,),
corresponding to the release of the trapped helium from the
cavities. The adsorption enthalpy of He atoms to different cav-
ities is different. The thermal desorption of He corresponds to
a single He atom desorbing from the bound states of vacancy
groups of different sizes. With the increase of temperature, the
average size of residual He, V,, should be smaller and the dis-
sociation energy should be larger. The lower the desorption
peak temperature, the larger the corresponding He,V,, size
(n)."211 In other words, the peaks of helium thermal desorption
at lower temperature are related to these large cavities. The
range of the temperatures (and therefore energy) that the peaks

occur increases with greater dpa, meaning the desorption pro-
cess of the irradiation damaged specimens of 10 dpa is more
complex, including different activation energy processes.

3.3. Helium desorption amount

The total number of helium atoms desorbed can then fi-
nally be calculated using the equation

_ SHe x Na

e = 7000 * 224

where ny. is the number of helium atoms (given as He/cm?),
Ny is Avogadro’s constant, 1000 mL/L is used to convert to L,
and 22.4 L/mol is the gas constant used at standard tempera-
ture and pressure (assumed for the case of this calculation).
Figure 3 shows a plot of the total helium desorption with
different energy and dpa. As shown in Table 3, the numbers
of helium atoms desorbed are 7.52 x 100, 7.86 x 10'6, and
8.70 x 10'° for 80 keV-2.5 dpa, 80 keV—5 dpa, and 80 keV—
10 dpa, respectively. For the specimens of 80 keV-2.5 dpa,
80 keV-5 dpa, and 80 keV-10 dpa, the number of helium
atoms desorbed are 1.99 x 10'°, 3.66 x 10'°, and 1.72 x 10'7.
Initially the energy of 80 keV results in a shallow injection
depth, and the helium desorption amount is close and relative
less. The 80 keV specimens did not show the increasing trend,
and a saturation limit associated with the irradiation has been
reached. One point needs to be mentioned is that some He
atoms had already run out before the thermal desorption tests.
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Fig. 3. Helium desorption amount for different irradiation and fluence
which showed a desorption peak.

Table 2. The irradiation influences, helium desorption amount, and re-
tention percent of different irradiation specimens.

Irradiation ~ Helium desorption Retention

Energy/keV Dose/dpa

influence/10'7 amount/10'6 percent
80 2.5 0.9 7.52 16.4%
80 5 1.8 7.86 56.3%
80 10 3.6 8.70 75.8%
180 2.5 1 1.99 80.1%
180 5 2 3.66 81.7%
180 10 4 17.2 57.0%
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Based on the 180 keV specimens, it is thought that the total
helium desorption increases with dpa. The greater the irradi-
ation damage, the more helium is likely to be trapped within
the specimen. This helium desorption behavior suggests that
diffusion is the rate limiting step.

4. Conclusion and perspectives

From the TDS release peaks, the helium dissociation
characteristics, trapping sites, and helium retention of nickel
alloy are discussed. The desorption peaks shifted to a lower
temperature with a higher dpa, suggesting the greater irradia-
tion damage induced lattice defects and lower activation dif-
fusion enthalpy. The TDS peaks suggested different helium
trapping mechanisms. The peak broadening of higher dpa cor-

Appendix A: Supplementary materials
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responds to many different forms of activation energy, and ad-
sorption forms with different adsorption enthalpy. With higher
dpa, the temperature range of the peaks increased, because the
greater irradiation damage with more complex process made
helium atoms desorbed from the grain boundary and different
He,V,, size. The 80 keV peaks occurred at a lower tempera-
ture (or time) than the equivalent 180 keV peaks, which could
be a time-dependent effect that the irradiation damage, helium
formation and entrapment occurred deeper in the 180 keV
specimen. Helium trapped in the 80 keV specimen showed
a saturation limit. While for the 180 keV specimens, it was
thought that the total helium desorption increased with dpa.
The ratio of helium retention amount and irradiation influence

showed the good high-temperature stability.
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Fig. A1. Depth profiles of helium atoms and vacancies in the nickel alloy irradiated with (a) 80 keV and (b) 180 keV helium ions to the dose

of 2.5 dpa calculated by SRIM.
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