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SPECIAL TOPIC — Ion beam modification of materials and applications
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Nickel-based alloys have been considered as candidate structural materials used in generation IV nuclear reactors
serving at high temperatures. In the present study, alloy 617 was irradiated with 180-keV helium ions to a fluence of
3.6x10'7 ions/cm? at room temperature. Throughout the cross-section transmission electron microscopy (TEM) image,
numerous over-pressurized helium bubbles in spherical shape are observed with the actual concentration profile a little
deeper than the SRIM predicted result. Post-implantation annealing was conducted at 700 °C for 2 h to investigate the
bubble evolution. The long-range migration of helium bubbles occurred during the annealing process, which makes the
bubbles of the peak region transform into a faceted shape as well. Then the coarsening mechanism of helium bubbles at
different depths is discussed and related to the migration and coalescence (MC) mechanism. With the diffusion of nickel
atoms slowed down by the alloy elements, the migration and coalescence of bubbles are suppressed in alloy 617, leading to

a better helium irradiation resistance.

Keywords: helium bubble, coarsening mechanism, nickel-based alloy
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1. Introduction

Generation IV nuclear power plants are supposed to de-
liver significant improvements compared with current genera-
tion III reactor systems in the aspects of sustainability, safety,
economics, and proliferation resistance.l!! To utilize nuclear
energy in a more economic way, the normal operating temper-
ature of generation IV systems usually is higher than current
reactors. The core outlet temperature of the very high temper-
ature reactor (VHTR) and the molten salt reactor (MSR) ex-
ceed 700 °C for high power generation efficiency and hydro-
gen production.[?3! The structural materials and components
in these reactors are required to be reliable in such a high tem-
perature for long service life.

Due to its good creep property and stability at high tem-
peratures, alloy 617 has been considered as candidate struc-
tural materials serving at a temperature above 700 °C in gen-
eration IV nuclear reactors.*! Alloy 617 is a nickel-based al-
loy with a high content of cobalt (Co), chromium (Cr), and
molybdenum (Mo), which possesses great creep strength and
corrosion resistance at high temperatures.’! However, struc-
tural materials used in reactors are undergoing radiation dam-
age which could result in severe performance degradation. The
damage of materials exposed to neutron irradiation has two
different types: defects and element transmutation. First, irra-
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diation of energetic particles in the lattice of material produces
atomic displacements, resulting in many interstitials and va-
cancies. The number of interstitials and vacancies is equal,
forming the Frenkel pairs. The remaining interstitials and va-
cancies further evolve into different defects such as clusters,
dislocation loops, voids,[® erc. Also, nuclear reactions intro-
duce foreign elements in the lattice. For nickel-based alloy,
abundant helium atoms can easily be introduced into the lat-
tice for a high (n, o) reaction cross section. Because of its
low solubility, helium atoms precipitate into bubbles and de-
teriorate the mechanical properties of materials, especially at
high temperatures.!”! Hence, it is necessary to investigate the
helium behavior of the nickel-based alloy.

There are two commonly used experimental methods to
analyze their irradiation resistance. One method is that speci-
mens are implanted directly at high temperatures and the other
is where helium atoms are implanted at room temperature and
subsequently annealed isochronally at high temperatures.!!%]
During the high-temperature irradiation process, the implanted
helium atoms will be trapped by the previously nucleated he-
lium bubbles, so they tend to be immovable. The evolving
bubbles preserve information about the nucleation process.!'!]
For the second method, the initially formed helium—vacancy
clusters migrate and coarsen to a bubble during the annealing
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process, providing information on helium diffusion or bubbles
migration.

Based on post-implantation annealing, Carsughi et al.
found that the helium bubbles were in bimodal size distri-
bution and the coarsening mechanism of bubbles in the in-
terior and grain boundaries is different.!'?! Villacampa et al.
conducted the helium implantation at 300 °C and then an-
nealed from 650 °C to 1000 °C, the results suggest that bub-
bles grew by the coarsening mechanism in both cases.!!’]
The coarsening mechanism has important effects on the size
and number density of helium bubbles which determine the
mechanical properties of the material under helium implan-
tation. Recently, the evolution of helium bubbles in a pre-
helium irradiated FeCrAl alloy during high-temperature an-
nealing was investigated by in-sifu transmission electron mi-
croscopy (TEM), and it was found that two bubbles merged
into one large-sized bubble, supporting the migration and coa-

1141 Nevertheless, the helium behavior of

lescence mechanism.
nickel-base alloys at high temperatures is still not fully under-
stood.

In the present study, the evolution of helium bubbles in
alloy 617 has been investigated by helium implantation and
high-temperature annealing. The morphology, size, and distri-
bution of helium bubbles were studied by TEM observation,

then we discussed the corresponding coarsening mechanism

with different depths and crystalline parts to analyze its irradi-
ation resistance.

2. Experimental procedure

The chemical composition of alloy 617 is shown in Ta-
ble 1.
10 mmx10 mm X1 mm (thickness) by wire-electrode cut-

The rod samples were cut into the square plate of

ting. The surface of all the samples was mechanically pol-
ished with silicon carbide paper of different grits and diamond
spray. Finally, the samples were ultrasonically cleaned with
acetone for 30 minutes. The helium implantation experiments
were conducted at Beijing Normal University. All the sam-
ples were irradiated with 180-keV helium ions to a fluence
of 3.6x10'7 ions/cm? at room temperature. The irradiated
samples were annealed at 973 K for 2 hours in a vacuum
(below 1x107> Pa). The helium ion distribution and irradi-
ation damage were simulated by SRIM 2013 program with the
Kinchin—Pease quick calculation mode.!">! Detailed simula-
tion and irradiation process are available in Ref. [16]. Fig-
ure 1 shows the displacement per atom (dpa) results and the
helium concentration profile calculated by SRIM. The fluence
of 3.6x10'7 ions/cm? corresponds to the peak dose was 10 dpa
and the maximum helium concentration was 22 at.%.

Table 1. Chemical composition of alloy 617 (in units of wt%).

Elements Ni Cr Co Mo Fe Mn Si Al Ti C S
Content >44.5 20.0-24.0 10-15 8.0-10.0 <3 1.00 1.00  0.8-15 <0.6 0.05-0.15 0.02
15.0 - ing the thinning process. The irradiation-induced changes of
—— He concentration 25 — ¢ ) )
1951 —dpa 177 = microstructure were characterized using a JEM-2100F TEM
log & operated at 200 kV with a point resolution of 0.23 nm.
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Fig. 1. SRIM simulation of the dpa and helium concentration profiles induced
by 180-keV helium implantation.

The cross-section TEM sample was prepared by the lift-
out technique using a focused-ion beam (FIB). The thickness
of the samples was approximately 50 nm. Figure 2 shows the
front view of the finished samples. The surface of the sam-
ple was coated with a layer of platinum to prevent the damage
from Ga ion beam. A plasma cleaner was employed to remove
the potential carbon contamination on the surface. Two small
holes in the irradiation layer were formed during the thinning
process. Due to the presence of helium bubbles, this area is
more fragile and the Ga ion beam penetrates the sample dur-

2 pm

Fig. 2. The front view of the finished sample using an FIB.

3. Results and discussion
3.1. Helium irradiation at room temperature

Figure 3 shows the cross-section TEM bright-field image
of the irradiated specimen at room temperature. The corre-

sponding damage and helium concentration depth profile sim-
ulated by SRIM are superimposed with the TEM image. The
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direction indicated by the blue arrow is the incident direction
of helium ions, the depth of O at the horizontal coordinate-
axis indicates the sample surface. Many defects in spherical
shape are observed throughout the TEM image. These de-
fects have been identified as helium bubbles by conducting
the TEM from over-focus to under-focus. It can be seen from
Fig. 3(a) that high-density and large-sized helium bubbles can
be observed in the range of 400 nm—700 nm from the surface,
showing a “helium bubble band” with a width of 300 nm. Ac-
cording to the size and number density of helium bubbles in
this area, it can be further divided into 3 sub-regions, namely,
“region A”, “region B”, and “region C”. The TEM images of
these three sub-regions are shown in Figs. 4(a)—4(c). In addi-
tion to this helium bubble band, there are also many helium
bubbles near the surface. The distribution of helium bubbles
at the range of 100 nm—200 nm from the surface is shown in
Fig. 4(d). However, no “black dots” and dislocation loops are
observed.

The size of helium bubbles near the surface is less than
1 nm, and the number density is about 1.25x10?* cm™2.
The number densities of helium bubbles with calculation
in the three regions A, B, and C are 1.02x 10* cm™2,
1.98x10%* cm~2, and 2.75x 10%* cm ™2, respectively. The av-
erage size of helium bubbles is 3.4 nm, 2.6 nm, and 1.9 nm, re-
spectively. From the irradiated surface to 400 nm, the number

density and size of helium bubbles increase with the depth, and
the peak of number density is reached in the “region C” (the
edge of helium bubble band). The helium bubble band is cen-
tered on “region A”, and the average number density and size
of helium bubbles are symmetrically distributed on both sides
of “region A”. The number density of helium bubbles drops
sharply at a depth deeper than 700 nm, and no helium bubbles
can be observed at 800 nm. The helium bubble concentration
peak position simulated by SRIM is at 500 nm, which has not
yet reached the center of the helium bubble band (550 nm).
Therefore, the experimental result is about 50-nm deeper than

the simulated result.

Heilium irradiation

70 100 200 300 400 500 600 700 800
Depth from surface (nm)

Fig. 3. (a) Bright-field TEM micrograph of the cross-section TEM sample
implanted by helium at room temperature; (b) over-focus image of the cir-
cled area; (c) under-focus image of the circled area.

Fig. 4. Bright-field TEM micrograph of helium bubbles at (a) region A, (b) region B, (c) region C, and (d) the range of 100 nm—200 nm from surface.
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The calculation of SRIM calculated that the cascade oc-
curs in an amorphous solid and the channeling effect has been
ignored. For the case of crystal implanted with light ions such
as He, the channeling effect should be considered and the ac-
tual concentration profile shifts to a deeper place in the matrix.
A shift of 5% of damage profile induced by channeling effect

U7 1t is worth

has been observed in helium implanted SrTiOs.
noting that a considerable number of helium bubbles are ob-
served within 100 nm from the surface. The size of these he-
lium bubbles is below 1 nm.

According to the simulation results of SRIM, the helium
concentration is lower than 0.3 at.% within 100 nm from the
surface. Although the helium concentration in this area is very
low, the damage distribution calculated by SRIM shows that
the radiation damage is 0.5 dpa at 50 nm, which means the
vacancy concentration is high near the surface. The vacancies
induced by irradiation have a strong trapping effect on the in-
cident helium atoms. The helium atoms trapped by vacancies
are nucleated and grown to become the helium bubbles that
can be observed by TEM.

3.2. Post-implantation annealing

Figure 5 shows the cross-section TEM observation of as-
irradiated sample annealed at 700 °C for 2 h. Numerous
helium bubbles in spherical or faceted shapes are observed
throughout the TEM image. It can be seen from Fig. 5 that
many helium bubbles with a size of more than 10 nm can be

observed at 550 nm—700 nm from the surface. The center of
the helium bubble band formed by room temperature irradia-
tion is about 550 nm, and the center of the helium bubble band
in the post-implantation annealing sample is about 600 nm, in-
dicating the long-range migration of helium bubbles occurred
during the annealing process.

Depth from surface (nm)

Fig. 5. Bright-field TEM micrograph of the cross-section TEM sample im-
planted by helium subsequently annealed at 700 °C for 2 h.

As shown in Figs. 6(a)-6(h), the helium bubbles are
spherical in shape at a depth less than 400 nm or deeper than
750 nm. However, the helium bubbles are faceted in shape at a
depth of 400 nm—750 nm. Despite the difference in the size of
helium bubbles, all the bubbles are faceted in shape with the
same preferential orientations, corresponding with the close
packed planes of the host lattice.

Fig. 6. The HRTEM images of annealed samples in different depths of alloy 617: (a) 0 nm—100 nm, (b) 100 nm—200 nm, (c) 200 nm—-300 nm, (d)
300 nm—400 nm, (e) 400 nm-500 nm, (f) 500 nm—-600 nm, (g) 600 nm-700 nm, and (h) 700 nm—-800 nm.

Figure 7 shows the average size and number density of
helium bubbles in each 50-nm width sub-region. The average
size is the same near the surface region, whereas, the num-
ber densities vary greatly. The ratio of vacancy to helium de-
creases rapidly with increasing depth. The bubbles near the
surface have enough vacancies to relax and reach the thermal
equilibrium, resulting in the same size. However, the num-

ber density of bubbles depends on the helium concentration
injected into the material. Vacancies induced by irradiation
may be trapped by helium atoms to form He—vacancy clusters,
serving as nucleation sites for helium bubbles. These existing
bubbles tend to coarsen during the high-temperature annealing
process, that is, their average size increases while the number
density decreases.

086102-4



Chin. Phys. B  Vol. 30, No. 8 (2021) 086102

20
[ [_]He bubble size (a)

e 16}
5 L
§ 12t {;{‘
@
o L
2 8
=}
2 L
T 4f e

0 |+

0 200 400 600 800
Depth (nm)

8 -
o [ number density (b)
IE 7F —He concentratio RIM)
3 6f
= —
Z 5t — —
2
= 4+
g
< 3 / |
: /
S 2f
:
Z.

0 0 200 400 600 800

Depth (nm)

Fig. 7. The average He bubbles size (a) and number densities (b) at different
depths of implanted samples annealed at 700 °C for 2 h.

3.3. Helium bubble coarsening mechanism

For the sample implanted at room temperature, the he-
lium concentration at the peak position is about 22.5 at.%, the
corresponding pressure should reach the mechanical stability
limit in nickel, as high as 18 GPa. [71 However, for the post-
implantation annealing sample, the pressure of helium bubbles
is various in different areas. The ratio of helium atoms to va-
cancies is low near the surface, so there are enough vacancies
for helium bubbles to absorb and establish thermal equilib-
rium. While the ratio of helium atoms to vacancies is high and
the vacancy concentration is low in the bulk.

For the over-pressurized bubbles at a depth of 400 nm—
750 nm, the pressure of bubbles cannot balance the surface
tension force, that is, P > 2y/r, where v is the surface free
energy. Thus, the extra elastic strain energy should be stored
in the lattice. However, it is the total free energy of the sys-
tem rather than the elastic strain energy that determines the
shape of the bubble.'® An analysis of experimental data on
helium bubble coarsening in nickel together with theoretical
calculation confirmed that the bubbles in the bulk can retain a
considerable overpressure up to annealing temperatures higher
than 1200 K (= 0.7T;,, T;n is the melting point). 19211

Consider a bubble of volume Vy = ¢ and surface area
A = 6a?s, where s is the shape parameter (for a cube, s = 1;
for a sphere, s < 1; for a less regular shape, s > 1). After

considering all the contributions to the system free energy, the

following equation can be derived: %221

i) o

where Et is the total free energy of the system, K is the vol-

ume and bulk modulus of the bubble, respectively. The term
457y/a represents the pressure from surface tension force (for a
sphere, 4sy/a = 2y/r). For an over-pressurized bubble, equa-
tion (1) is positive. The value of s7 is required to be as small as
possible to minimize the system energy. Consequently, low-
energy facets are preferentially developed in preference to a
spherical shape that has higher surface energy.

There are two generally recognized mechanisms for the
coarsening of helium bubbles: (i) bubble migration and coa-
lescence (MC), and (ii) Ostwald ripening (OR).[”! MC means
that bubbles migrate through surface diffusion and grow by
coalescence with each other. OR means that large bubbles
grow by absorbing helium atoms from the dissociation of
small bubbles. In general, MC and OR dominate at relatively
low and high temperatures (or high and low He concentra-
tions), respectively.!”] Chernikov et al. reported that the coars-
ening mechanism of bubbles near the surface is OR whereas
the coarsening mechanism of bubbles in the bulk is identi-
fied as MC during annealing between 973 K and 1273 K for
helium-implanted nickel.!'”! The discrepancy is attributed to
the difference in vacancy concentration between the surface
and bulk regions. Gao et al. also found this phenomenon in a
nickel-based alloy, Hastelloy N, by post-irradiation annealing
at 600 °C for 1 h and further annealed at 850 °C for 5 h.[?*!

However, in the present study, the average size of bub-
bles near the surface is less than 3 nm, suggesting that the
OR mechanism is not triggered. OR mechanism depends on
the dissociation energy of helium atoms and vacancies, which
is expected to be dominant at temperatures above 0.55T;,.[>!]
For alloy 617, the annealing temperature should be higher than
750 °C. As shown in Fig. 4(d), the number density of the he-
lium bubble is still very high at 100 nm—200 nm from the sur-
face, high helium concentration also suppresses the trigger of
the OR mechanism. Hence, it is assumed that coarsened he-
lium bubbles near-surface are explained by the MC mecha-
nism.

The high pressure of helium bubbles at a depth of
400 nm-750 nm effectively inhibits the triggering of the OR
mechanism, reducing the coarsening rate.!'” As mentioned
above, the helium bubble band migrated to the bulk by about
50 nm after annealing, indicating that the long-range migration
of the small-sized helium bubble during the annealing process.

According to Fick’s law of diffusion, helium atoms dif-
fuse from a high-concentration area to a low-concentration
area. There are still many helium bubbles on the side near the
surface of the helium bubble band, which suppresses the diffu-
sion of the helium bubble band to the surface. However, there
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are no helium bubbles or even helium atoms at a depth deeper
than 700 nm, so the helium bubble band migrated to the bulk.
During the migration process, when the surfaces of two he-
lium bubbles are in contact, they will coalesce into one helium
bubble with a larger size. Therefore, in the present study, the
coarsening mechanism of helium bubbles in different regions
should be the migration and consolidation mechanism.

Yan et al. reported that big cavities with a size larger
than 100 nm appear at the peak region of helium-implanted
nickel after annealing at 500 °C for 2 h.[?* The fluence was
5x10'7 ions/cm? and other irradiation conditions were nearly
the same as our present study. However, the average size of
bubbles at the peak region of alloy 617 is 13 nm, much less
than that in nickel, suggesting the better helium irradiation re-
sistance of alloy 617. This discrepancy should be attributed
to the sluggish migration of the helium bubble in alloy 617.
The atomic sizes of the main alloying elements in alloy 617
are larger than that of Ni, such as Co, Cr, and Mo, which
lead to a smaller surface diffusivity.!*>! The bubbles migrate
through the diffusion of matrix atoms on the surface, which
causes the random rearrangements of other matrix atoms. [>6]
Hence, compared to pure nickel, the migration and coales-
cence of bubbles are suppressed in alloy 617.

4. Conclusion and perspectives

The nickel-based alloy 617 was irradiated then post-
implantation annealed, and the helium bubbles evolution with
post-implantation annealing and their related mechanism have
been investigated by TEM. Many over-pressurized and small
helium bubbles formed during the room temperature implan-
tation are observed. Bubble coarsening upon annealing at
700 °C is observed with the bubble shape variation in different
regions. The helium bubbles are spherical at a depth less than
400 nm or deeper than 750 nm. while at the depth of 400 nm—
750 nm, the helium bubbles are faceted in shape to minimize
the system energy. The long-range migration of helium bub-
bles occurred during the annealing process and the coarsening

of helium bubbles at different depths is through the MC mech-
anism. Therefore, it may help the helium distribution and evo-
lution behavior of helium—vacancy clusters, further evaluating
and predicting the irradiation resistance properties.
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