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SPECIAL TOPIC — Ion beam modification of materials and applications

In-situ TEM observation of the evolution of helium bubbles in Mo
during He" irradiation and post-irradiation annealing*
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The evolution of helium bubbles in purity Mo was investigated by in-situ transmission electron microscopy (TEM)
during 30 keV He™ irradiation (at 673 K and 1173 K) and post-irradiation annealing (after 30 keV He™ irradiation with
the fluence of 5.74 x 10'® He*/cm? at 673 K). Both He' irradiation and subsequently annealing induced the initiation,
aggregation, and growth of helium bubbles. Temperature had a significant effect on the initiation and evolution of helium
bubbles. The higher the irradiation temperature was, the larger the bubble size at the same irradiation fluence would be. At
1173 K irradiation, helium bubbles nucleated and grew preferentially at grain boundaries and showed super large size, which
would induce the formation of microcracks. At the same time, the geometry of helium bubbles changed from sphericity to
polyhedron. The polyhedral bubbles preferred to grow in the shape bounded by {100} planes. After statistical analysis of
the characteristic parameters of helium bubbles, the functions between the average size, number density of helium bubbles,
swelling rate and irradiation damage were obtained. Meanwhile, an empirical formula for calculating the size of helium

bubbles during the annealing was also provided.

Keywords: helium bubbles, in-situ TEM observation, ion irradiation, annealing, molybdenum

PACS: 61.80.—x, 61.80.Jh, 68.37.Lp, 61.82.Bg

1. Introduction

Based on its excellent high temperature strength, high
melting point, and good thermal conductivity, molybdenum
(Mo) is a promising candidate material for innovative nu-
clear power systems such as fast neutron reactor, thorium-
fueled molten salt reactor, fusion reactor, and space nuclear
reactor.['-3] However, in the irradiation environment, the col-
lision of energic particles (neutrons, fission products, trans-
mutation products, Yy rays, o rays, etc.) with atoms in Mo
lattice produces basic crystal defects including vacancies and
interstitials, causing irradiation damage.!*8! Meanwhile, hy-
drogen and helium generated in Mo will accelerate the deteri-
oration of its irradiation resistance, especially helium. Helium
is insoluble in virtually all materials due to its closed-shell
electronic configuration and easily combination with vacancy
to form helium—vacancy clusters such as He,V,, He3V,, and
more complex He,V,, (the range of n and m inside the clus-
ter is from 1 to the possible maximum number of defect
species).[”!% The helium accumulation in Mo regarded as
plasma facing materials in fusion reactor mainly comes from
the injection of helium ash (the products of D-T fusion reac-
tion) and the (n, o) transmutation reaction.[''] Under the ac-
tion of thermal effect and cascade collision, helium—vacancy
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clusters will evolve into helium bubbles and simultaneously
emit interstitials to form dislocation loops, which will lead
to irradiation swelling, hardening, and embrittlement, and in-

12-16

crease tritium retention.!'2-1%1 Meanwhile, helium irradiation

can lead to the transformation of materials from crystal to

[I7] Therefore, it is of great significance for the

amorphous.
practical application of molybdenum and the development of
irradiation damage theory to study the evolution and mecha-
nism of helium bubbles under the conditions of cascade colli-
sion and thermal effect.

As a hot topic, the evolution of helium bubbles during
He™ irradiation or post-implantation annealing has been in-
situ studied in recent years.['8211 Ono ez al.!'3] studied the for-
mation and migration of helium bubbles in Fe and Fe-9Cr fer-
ritic alloys using in-situ TEM observation. El-Atwani et al.[']
and Yi et al.!*) investigated the effects of irradiation parame-
ters (such as temperature and helium fluence) on the evolution
of helium bubbles in tungsten through in-situ helium irradia-

tion. The results!!8-20]

show that the size, density, shape, and
distribution of helium bubbles are affected by multiple factors,
such as irradiation temperature and irradiation dose. Uniform
distribution of helium bubbles presents in the matrix under low
temperature irradiation, while gas bubbles mainly nucleate at

grain boundaries and dislocation lines under high temperature
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irradiation. In addition, Chen et al.[?!1 carried out an in-sifu
annealing experiment on the pre-irradiated FeCrAl alloy to re-
search the growth, migration, and coalescence of helium bub-
bles, and believed that the migration and coalescence of small
bubbles were controlled by the surface diffusion mechanism.
However, the evolution difference of helium bubbles (includ-
ing nucleation, growth, distribution, morphology, etc.) dur-
ing in-situ irradiation and post-implantation in-situ annealing
needs to be further investigated. In fact, this kind of compar-
ative study is also required in other energetic particle irradia-
tion (such as electron irradiation??). Furthermore, a common
feature of bubble evolution at high temperature is the forma-

19.23-251 1t is known

tion of nonspherical polyhedral geometry.|
that in the He-implanted body centered cubic (BCC) materials
(such as W,["%1 Nb,[>*l and Fe-9Cr alloy®!), the bubble will
take on the shape of a uniaxial polyhedron. However, the de-
tailed configuration of bubble and the orientation relationship
between bubble and material matrix still need to be studied in
detail.

Meanwhile, as defect sinks, grain boundaries and inter-
faces play an important role in suppressing or controlling

26-28] and the strain field obviously af-

irradiation damage,!
fects the defect formation energy and threshold displacement
energy.*! In the process of irradiation or annealing, intersti-
tial helium atoms or helium-vacancy clusters can reach the
grain boundary through diffusion, thus promoting the forma-
tion of large-size bubbles at grain boundary.'*°! El-Atwani et
al.B" found that the effective diffusion length of helium atoms
or their related defects in nanocrystalline materials to grain
boundaries was shortened, which aggravated the formation of
grain boundary bubbles. They also found that the tungsten
grain boundary showed the formation of preferential bubble
at 1223 K, and the bubbles at the grain boundary were larger
than those in the grain matrix.!'”) Therefore, it is important
to understand the size, distribution, and evolution of helium
bubbles at grain boundaries.

In the current study, the in-situ 30 keV He™ irradiation ex-
periments were carried out at 673 K and 1173 K to study the
effects of irradiation temperature on the growth and evolution
of helium bubbles, while in-situ annealing experiments were
carried out on the Mo pre-irradiated by 30 keV He™ to the
fluence of 5.74 x 10' He*/cm? at 673 K. It should be noted
that although the amount of helium produced in Mo is small in
actual service, in order to obtain the obvious evolution behav-
ior and related mechanism of helium bubbles, we increased
the helium fluence in the irradiation experiment. The different
growth behaviors of helium bubbles during in-situ irradiation
and in-sifu annealing process were characterized and summa-
rized. Meanwhile, the formation of polyhedral helium bubbles
at high temperature and the preferential aggregation of helium
bubbles at grain boundaries and their possible effects on the
properties of Mo were discussed.

2. Experimental procedure
2.1. TEM sample preparation

Pure Mo (99.99% purity) TEM samples with 3 mm diam-
eter were prepared by twin-jet electropolishing using a mixed
solution with 70 mL sulphuric acid and 350 mL methanol at
258 K. The detailed preparation of TEM samples could be

found in our published paper.3?!

2.2. In-situ He™ irradiation

In-situ 30 keV He™ irradiation was performed at the Xia-
men Multiple Ion Beam In-situ TEM Analysis Facility (XI-
AMEN Facility)®*! and its detailed irradiation process has
been reported in our published paper.3?! In the present work,
we mainly focused on the evolution of helium bubbles dur-
ing HeTirradiation, which is different from our published pa-
per that reported the characteristics and evolution of disloca-
tion loops. Details of damage profile and helium concentration
profile were calculated by the SRIM#! (Stopping and Ranges
of Tons in Matter) program in quick Kinchin—Pease mode with
normal incidence angle and the displacement energy (Eq) of
60 eV for Mo*®! as shown in Fig. 1(a). The irradiation tem-
peratures of 673 K and 1173 K were controlled by Gatan 652
double-tilt heating stage with a water-cooling system. In the
process of irradiation, the temperature fluctuation range was
less than 0.5 K. The thicknesses of the in-sifu monitored re-
gion obtained by convergent beam electron diffraction were
about 105 nm and 80 nm at 673 K and 1173 K irradiation, re-
spectively. The average irradiation dose rate, injected helium
concentration rate, and other detailed irradiation parameters
are shown in Table 1. Time profiles of the displacement dam-
age and injected helium concentration at the monitored region
are shown in Fig. 1(b). Therefore, it was easy to obtain the to-
tal irradiation damage and injected Het concentration at any
irradiation time. To make sure that He™ irradiated TEM sam-
ple vertically, the electron beam was shut down and the sample
was tilted to 68° to be perpendicular to the helium beam. Af-
ter irradiation with a certain helium fluence, we stopped He™
beam, tilted the TEM sample to be perpendicular to the elec-
tron beam, then turned on the electron beam and finally took
TEM images as soon as possible to minimize the annealing
effect.

2.3. In-situ annealing experiment

After irradiation with the fluence of 5.74 x 10'® He*/cm?
at 673 K, the Het beam was turned off, and then the irradiated
Mo TEM sample was in-situ annealed at the Gatan 652 heat-
ing holder. The TEM sample was sequentially annealed for
25 min at 773 K, 873 K, and 973 K. At any annealing temper-
ature, TEM images were captured every 5 min. The detailed
annealing parameters are shown in Fig. 1(c).
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Fig. 1. (a) Depth profiles of the displacement damage and injected He" concentration in pure Mo irradiated by 30 keV Het with a fluence of
6.6 x 10'2 ions/cm? calculated by SRIM program in quick Kinchin—Pease mode. (b) Time profiles of the displacement damage and injected He
concentration. (c) In-situ annealing sketch (temperature vs. time) of irradiated Mo TEM sample.

2.4. TEM images taken

Under-focus TEM images were taken during in-situ he-
lium irradiation and in-situ annealing and used to analyze the
characteristic change of helium bubbles. In the under-focus
images, helium bubbles are shown as white spots with black
streaks. It should be noted that we did not take the tempera-
ture down to room temperature (RT) during the characteriza-
tion steps in the in-situ helium irradiation experiment and in-

situ annealing experiment. In the process, we tried to reduce
the time of taking images as much as possible. In general, a
group of TEM images were taken in less than one minute at a
specific irradiation time point or annealing time point. Helium
bubbles were counted by a manual bubble-by-bubble count-
ing in Gatan Digital Micrograph software, which was used to
calculate the average size and volume number density of the
formed helium bubbles in the monitored region.

Table 1. The parameters of the in-situ 30 keV He™ irradiation.

Trradiation Thickness of Injected Average Average He Total irradiation Total irradiation Total He con-
temperature the monitored He™ flux damage rate concentration time (min) dose (dpa) centration
(K) region (nm) (ions/cm?-s) (dpa/s) rate (at.%/s) (at.%)
I 673 105 6.6 x 1012 1.17 x 107 4.95x 1074 145 1.02 431
o 1173 80 6.6 x 1012 1.13x 107 3.94x 1074 180 1.22 4.26
3. Results magnification. Figure 2(a) shows the microstructure captured

3.1. In-situ He™ irradiation at 673 K

In the process of He™ irradiation, with the accumulation
of helium atoms and vacancies, helium bubbles will eventually
form, which will not only cause swelling and hardening but
also act as strong trapping sites for tritium and then increase
the tritium retention in materials. Figure 2 shows the evolu-
tion of helium bubbles in the Mo irradiated in-situ by 30 keV
He™ at 673 K. The incident direction of He™ beam is per-

pendicular to the paper surface, and all images have the same

0.49 dpa,}.OS% He(70 min)

under strong two-beam condition using the diffraction vector
g = 110 close to [001] zone axis before irradiation, which in-
dicates that there are not any possibly obvious defects, such as
voids or dislocation loops. Because the TEM sample was pre-
pared by twin-jet electropolishing, an unstressed thin area with
dozens of micron size was obtained, ensuring that the moni-
tored area has a better chance of surviving defects under the
conditions of high temperature and long He™ irradiation time.
The black stripe in the upper left corner of the micrograph is
the grain boundary.

Fig. 2. Under-focus TEM images showing the in-situ evolution of helium bubbles in the Mo irradiated by 30 keV He* with a flux of 6.6 x 1012 ions/(cm?-s)
at 673 K. The helium concentrations are (a) 0.0%; (b) 0.89%; (c) 1.19%; (d) 1.63%; (e) 2.08%; (f) 2.97%; (g) 4.31%; and (h) 4.31%. Images (g) and (h) are
the different regions after the same helium ion irradiation. All images have the same scale bar.
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With the accumulation of He™ irradiation fluence, the
helium concentration in the monitored region with approxi-
mately 105 nm thickness reaches 0.89 % after irradiation with
the fluence of 1.19 x 10'¢ ions/cm?. Helium bubbles with ob-
vious size can be observed, which are indicated by black ar-
rows in the under-focus TEM image (Fig. 2(b)). The average
size of helium bubbles is 1.4 nm. The reason why no obvious
helium bubbles can be seen before is that the size of small bub-
bles is below the resolution of TEM observation during He™
irradiation, and only the bubbles with the scale of more than
1 nm can be easily distinguished, which should be attributed
to that the mechanical micro-vibration induced by the vacuum
pump attached to the in-situ irradiation facility and the thermal
vibration of the TEM sample at high temperature irradiation
cause the decrease of TEM resolution.

It is worth noting that helium bubbles in the initial stage
of He' irradiation concentrate near the dislocations, which is
attributed to that the dislocations are strong sinks absorbing
irradiation-induced defects such as interstitials, vacancies, and
small-size defect clusters. Therefore, helium bubbles are easy
to initiate and grow here. These phenomena were also found
in both pure Fe and SVRAM low activation steels,!*®! which
showed that the dislocations could promote the trapping and
aggregation of helium atoms and vacancies to form helium
bubbles. With the continuous accumulation of injected helium
fluence, helium bubbles continue to grow. The size of helium
bubbles increases slowly from 1.4 nm to 2.3 nm when the he-
lium fluence increases from 0.89 % to 4.31 % in the moni-
tored region. The average size increases only 0.9 nm from vis-
ible helium bubbles to the end of irradiation. In general, the
bubbles are uniformly distributed in the molybdenum matrix
(Fig. 2(f)). Although the bubble size near the grain boundary
is slightly larger than that inside the grain (Figs. 2(e) and 2(h)),
the bubble size is still small. This means that bubbles mainly
nucleate and grow independently, and there is little aggrega-
tion and coalescence between bubbles. Meanwhile, with the
increase of helium fluence, not only the bubble size increases,
but also some helium bubbles are arranged in line shape, as
indicated by the short black lines in Fig. 2(g).

The change of the average size of helium bubbles with
the increase of injected helium fluence is shown in Fig. 3(a).
Within the current irradiation fluence range, the growth of bub-
ble size is approximately linear, and the growth rate is slow but
stable. Figures 3(b)-3(g) show the frequency of size distribu-
tion of helium bubbles after different fluence irradiation. With
the increase of irradiation fluence, the size distribution of he-
lium bubbles has been relatively uniform, and the distribution
range becomes large. The change trend of the whole distri-
bution curve is moving to the high value, and the frequency
height first rises and then decreases.

(a) He concentration (10* appm)
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Fig. 3. (a) The relationship between the average size of helium bubbles and
irradiation fluence at 673 K. (b)—(g) The frequency of size distribution of
helium bubbles.

3.2. In-situ annealing after He™ irradiation at 673 K

In the process of He ™ irradiation at 673 K, although the ir-
radiation fluence finally reaches 5.74 x 10'¢ ions/cm?, the size
of helium bubble changes a little. During the process from the
He™ fluence of observable helium bubbles to the injected he-
lium atoms with 4.31 at.% in the monitored region, the average
size of helium bubbles increases by less than 1 nm. Therefore,
to study the thermal effect on the growth of helium bubbles,
the helium beam was stopped, and then the irradiated TEM
sample was in-situ annealed. In the process, the behavior of
bubble growth under different annealing temperature and time
was researched by in-situ TEM observation. Figure 4 shows
the in-situ TEM micrographs of the Mo sample annealed at
different annealing experiment conditions.

After annealing at 773 K for 5 min (Fig. 4(b)), it can be
seen that the shape and size of helium bubbles have no ob-
vious change compared with that under ion irradiation. The
statistical results show that the average size of helium bubbles
increases from 2.3 nm after final irradiation to 2.5 nm after
annealing at 773 K for 5 min. In general, the average size of
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helium bubbles increases slowly at 773 K, although the anneal-
ing time is prolonged. For example, after annealing for 25 min,
the average size of helium bubbles is only 2.8 nm. TEM im-
ages show that helium bubbles are distributed randomly in the
Mo matrix, and the density does not change significantly. Fig-
ures 4(d) and 4(e) are the TEM images of helium bubbles in
the Mo annealed at 873 K for 5 min and 25 min, respectively.
The corresponding average sizes of helium bubbles are 3.0 nm
and 3.3 nm, respectively, indicating that the size change of
helium bubbles is still small. When the annealing temperature
rises to 973 K, the average sizes of helium bubbles in Figs. 4(f)
and 4(g) corresponding to 5 min and 25 min annealing are
3.6 nm and 4.0 nm, respectively. The size of helium bubbles
increases slightly during annealing, but it is still not obvious.
As a whole, the average size of helium bubbles increases from
2.3 nm after final irradiation to 4.1 nm after annealing at 973 K
for 25 min, and the increase of helium bubble size is approxi-
mately 1.8 nm. It can be seen that the thermal effect leads to

the increase of the helium bubble size, which can be attributed
to the migration and aggregation of helium atoms, vacancies,

and defect clusters formed by helium ion irradiation.

As indicated by the ellipses Al and B1, the morphology
of bubbles in the Mo sample annealed at 873 K for 25 min and
annealed at 773 K for 5 min is very similar, except that the
bubble size has a relative increase. However, after annealing at
973 K for 25 min, the bubbles grow and merge obviously. For
example, the bubbles labeled by letters a; and a; in the ellipse
Al grow just a little bit under the annealing conditions from
773 K for 5 min (Fig. 5(a)) to 873 K for 25 min (Fig. 5(b)),
but they merge to form the bubble a4 (Fig. 5(c)). Meanwhile,
during this annealing process, the bubble a3 keeps growing in-
dependently and does not merge with other bubbles. Similarly,
we observe that the bubbles by, by, b3, b4, and bs in the ellipse
B1 (Fig. 5(b)) merge to form a large-sized bubble b¢ (Fig. 5(c))
after annealing at 973 K for 25 min.

: RT, after'annealing

Fig. 4. In-situ TEM observation of the bubble evolution during annealing in the Mo pre-irradiated by 30 keV He™ with a total fluence of 5.74 x
10'® jons/cm?, (a) 673 K before annealing, (b) and (c) annealed at 773 K for 5 min and 25 min, respectively; (d) and (e) annealed at 873 K for 5 min
and 25 min, respectively; (f) and (g) annealed at 973 K for 5 min and 25 min, respectively; (h) RT after annealing.

(a) 773 K-5 min
Bl

873 K-25 min

973 K-25 min

i

Fig. 5. In-situ TEM observation of the bubble evolution in the irradiated Mo, (a) annealed at 773 K for 5 min; (b) annealed at 873 K for 25 min;

(c) annealed at 973 K for 25 min.
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3.3. In-situ He' irradiation at 1173 K

From the above in-situ irradiation at 673 K and in-situ an-
nealing at 973 K and below, it can be seen that the change of
bubble size is small, which indicates that the temperature caus-
ing the significant increase of bubble size is still low. There-
fore, in-situ helium irradiation was carried out at a higher tem-
perature of 1173 K. Figure 6 shows the bright-field TEM im-
ages of the nucleation and evolution of helium bubbles induced
by in-situ He™ irradiation at 1173 K. Helium bubbles are al-
most hexagonal in shape. All these images were taken near the
[111] zone axis. The rotation and offset of the crystal zone axis
will change the shape of helium bubbles, which is caused by

0.30 dpa, 1.06% He [(B) =046 dpa, 1.60% He (‘C)
& 8 (45 min) g & (67.5 min) | &

000 dpa. 2.13% He ()
,F' [+

the different projections in different directions. The detailed
analysis is presented in Section 4.3. The average size, volume
number density, and size distribution of helium bubbles and
swelling rate with the change of irradiation dose are quantita-
tively analyzed, as shown in Fig. 7. The relationship between
helium bubble size r (the side length of cube) and the observed
hexagon side length a can be regarded as = (2v/3/3)a. And
the irradiation swelling rate caused by helium bubbles can be
calculated by AV /V = (Yr?)/St, where AV is the total vol-
ume change, 7 is the total number of helium atoms, S and ¢ are
the area and thickness of the monitored region, respectively.
The thickness is approximately 80 nm.

0.91 dpa, 3.19% Hej(éy 122 dpa, 4.26% He

(13< min) | . (1805min)

(90 mm) :
&

Fig. 6. In-situ bright-field TEM images of the nucleation and evolution of helium bubbles induced by He™ irradiation at 1173 K. The helium
concentrations were (a) 1.06%; (b) 1.60%; (c) 2.13%; (d) 3.19%; and (e) 4.26%. All the images were taken near the zone axis of [111] and have

the same scale bar.

Combined with the in-sifu evolution of helium bubbles in
Fig. 6 and the statistical results in Fig. 7, it can be seen that the
size and density of helium bubbles increase significantly with
the increase of irradiation dose. When irradiated at 1173 K
for 0.30 dpa (1.06% helium concentration), the average size
of helium bubble is about 6.2 + 2.1 nm, the maximum size is
less than 10 nm, the bubble density is 3 x 102! m—3, and the
swelling rate is about 0.1%; while at 1.22 dpa (4.26% helium
concentration), the average size of helium bubble increases to
12.6 4.4 nm, the maximum size approaches 25 nm, the bub-
ble density increases to 2.1 x 10> m~3, and the swelling rate
is approximately 5.8%.

Compared with the results of low-temperature in-situ ir-
radiation and subsequent in-situ annealing experiments, we
found that the size of helium bubbles under high-temperature
irradiation increased dramatically, and the geometry of helium
bubbles changed from sphericity to polyhedron. As shown in
Fig. 8, the bright-field TEM images taken at different crystal
zone axes show the different projection shapes of helium bub-
bles. The shapes of helium bubbles observed near the zone
axes Z = [111], [001], and [011] are approximately regular
These

observations are in good agreement with the projection of the

hexagon, square, and parallel hexagon, respectively.

cube near the corresponding crystal zone axis shown in the in-
sets, which implies that the helium bubbles directly produced
by He" irradiation at high temperature (1173 K) can be re-

garded as a regular cube structure.
20 2,517

(a) —m— bubble size (nm)
--@-- bubble density (1022 m~?%)
16 4 M swelling (%) .- | Lo 0 6
12
8 4
4 |
04— T T T T T T
40 60 80 100 120 140 160 180
Irradiation time (min)
5.0
(b) w0 .30 dpa, 1.06% He (45 min)
046 dpa, 1.60% He (67.5 min),
—0.60 dpa, 2.13% He (90 min)
4.0 0.91 dpa, 3.19% He (135 min)

1.22 dpa, 4.26% He (180 min)

3.0

2.0 1

1.0 1

Number density (10% m~3)

0 4 8 12 16 20 24 28
Bubble size (nm)

Fig. 7. (a) Average bubble size and number density of helium bubbles and
swelling rate as the functions of irradiation damage in helium irradiated Mo
at 1173 K. (b) The relationship between the number density and helium bub-
ble size at different irradiation doses.
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Fig. 8. Comparison of the bubble shape observed in the 1173 K irradiation with the projected shapes of cube (insets) near different zone axes:
(a) [111], regular hexagon; (b) [001], square; and (c) [011], parallel hexagon.

1.22 dpa, 4.26% He
(180  min),

B

Fig. 9. In-situ bright-field TEM images showing the evolution of helium bubbles at grain boundary with the increase of He™ irradiation fluence.
The irradiation doses are (a) 0.3 dpa (1.06% helium); (b) 0.46 dpa (1.60% helium); (c) 0.60 dpa (2.13% helium); (d) 0.91 dpa (3.19% helium); and

(e) 1.22 dpa (4.26% helium).

Figure 9 shows the characteristics and evolution of helium
bubbles at grain boundary with the increase of HeTirradiation
fluence. The size of helium bubbles distributed at grain bound-
ary is much larger than that within grain. Moreover, the size
difference becomes more and more significant with the irradi-
ation. At the early stage of irradiation (< 0.46 dpa), a denuda-
tion zone with a width of about 50-60 nm is observed near the
grain boundary, in which only a few small bubbles are found
(Figs. 9(a) and 9(b)). With the increase of Hetirradiation flu-
ence, the width of the denuded zone will decrease, and he-
lium bubbles appear in this region gradually (Figs. 9(c)-9(e)).
With the increase of He™ fluence, the size of helium bub-
bles increases rapidly, especially those at the grain boundary.
However, it is worth noting that the number of helium bub-
bles at the grain boundary is quite stable, and there is almost
no new bubble nucleate, which indicates that the injected He
atoms preferentially gather at the nucleated helium bubbles
rather than newly nucleate independently. The coalescence of
large-size helium bubbles occurs when the adjacent bubbles
grow up and collide with each other. As shown in Fig. 9(d),
nine side-by-side helium bubbles at the grain boundary col-
lide, overlap, coalesce, and finally form three large-size he-
lium bubbles, bubbles B1 +2+3, B4 +5, and B6+7+ 8 +9.
Subsequently, helium bubbles continue to grow, and the three
large helium bubbles are coalesced or overlapped. The grain
boundary in the observation region is completely covered by

helium bubbles (Fig. 9(e)). The colliding helium bubbles are
not simply connected, but will gradually merge into a regular
shape, as shown in the shape evolution of bubble B4 +5 in
Figs. 7(d)-7(e). Moreover, the distribution of helium bubbles
at the grain boundary may overlap, which is attributed to that
helium bubbles nucleate at different depths. Two small-size
bubbles pointed by the white arrows (Figs. 9(b)-9(e)) nucle-
ate above or below the bubbles B4 and BS5. It can be expected
that the two bubbles will merge with the existing large-size
bubbles when they continue to grow. Obviously, the contrast
of the overlapping area of helium bubbles is much brighter
than that of other areas, which indicates that this area has bet-
ter light transmittance. The sample thickness is already very
thin, and holes will be formed soon. Therefore, the overlap
of helium bubbles will greatly accelerate the formation of the
microcracks at grain boundaries.

4. Discussion

4.1. Growth behavior of helium bubbles during in-situ he-
lium irradiation at 673 K

The bubble growth rate can be described by the

equation37!
dr Q
@ Tao [Dy (Cy — Cy) = D; (G — Cir) + DgCyv), (1)

where r is the radius of helium bubble; ¢ is the irradiation time;
dr/dt is the growth rate of helium bubble; Q is the volume
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of single vacancy, approximately 3.10 x 10723 cm?; a is the

lattice constant of Mo and a = 3.143 A which is obtained ac-
cording to XRD spectrum; D, and D; are the diffusion coef-
ficients of vacancies and interstitials, respectively; C, and C;
are the concentrations of vacancies and interstitials, respec-
tively, in the matrix; Cy; and Cj; are the vacancy concentration
and interstitial concentration, respectively, at helium bubble;
and D, is the diffusion coefficient of helium atoms at a cer-
tain temperature. The coefficient, Cy, is the concentration of
helium atoms, and v is the number of vacancies contained in
each He atom. The irradiation temperature in our present work
is 673 K, lower than 0.37},, = 858 K (7}, is the melting point
of pure molybdenum, approximately 2860 K). Therefore, the
main reason for bubble growth at 673 K is that the newly in-
jected helium atoms and the irradiation-induced new vacancies
migrate to the formed helium bubbles during helium irradia-
tion. Of course, helium atoms, vacancies, and H,,V,, clusters
already in Mo matrix will also migrate to the formed bubbles,
but this is not the main reason. Therefore, the equation (1) can
be written as

dr  Q

— = —D,C,v. 2
dt  r+ag ghg? @)

Here D, (381 can be obtained according to the following equa-

where «a is the geometric factor (o = 1/4 in BCC struc-
ture); a is the jump (length = ap/2); D is the diffusion co-
efficient of helium atoms; E is the surface migration acti-
vation energy of Mo; k is the Boltzmann constant; T is the
Kelvin temperature; Q is the self-diffusion energy. I is the
jump frequency, according to the formula proposed by Zener
and wert,’) I = \/2E; /ma?; m is the mass of helium atom
and is 6.64 x 10727 kg. Therefore, we can obtain the values
E,=2.16¢eV, [ =3.25x 103 571, Dy = 8.03 x 1073 cm?/s,
and the diffusion coefficient of helium atoms in Mo at 673 K
(Dyg(673 k) =8-03 x 1073 x exp[—2.16/(8.63 x 107> x 673)] =
5.57 x 10712 cm?%/s).

The helium irradiation flux is 6.6 x 10'? ions/cm?-s and
the thickness of the in-situ monitored region is approximately
105 nm at 673 K irradiation. Therefore, according to the SRIM
simulation results, the helium concentration rate retained in
the monitored region is 4.95 x 10~ at.%/s = 4.95 appm/s. It
should be noted that with the increase of the number of im-
planted He atoms, the proportion of total atomic weight of
helium in Mo matrix cannot be ignored. Therefore, the varia-
tion relationship of helium concentration can be calculated as
Cy = (4.95x107%)/(1+4.95x 107%) =1/(2.02 x 10° +1),
where ¢ is the irradiation time in second.

Therefore, the size of helium bubble can be calculated as

tions:
dr  1.73x107% t
_Es — = V. 6)
Dy =Dpe i, 3) dr r+031 2.02x10°+¢
—4
Eq=0/2=75x10"Tn, 4) The relationship between helium bubble size and irradia-
Dy = oI’ a%, ®)) tion time can be obtained as follows:
|
r=-031+ \/9.6>< 107243.5x 1071t —7.0x 10" v1n (2.0x 10°+¢) +C. (7)

In the above formula, C is a constant, and the vacancy number
v of each He atom is a variable parameter related to the irradia-
tion time. Therefore, according to Eq. (7), at 673 K irradiation,
we can obtain the bubble size at any irradiation time.

4.2. Growth behavior of helium bubbles during in-sifu an-
nealing

Figure 10(a) shows the relationship between the size of
helium bubble and the annealing time at different annealing
temperatures. The experimental results clearly show that the
size of helium bubbles increases with the increase of anneal-
ing time. The higher the annealing temperature is, the faster
the size growth will be. The best fitting formulas of helium
bubble size and annealing time at different annealing temper-
atures are as follows:

773K : Rr—773 x = 1.27-1%12 40.96, (8)
873K : Rr_g;3 k = 0.858 /%15 +1.9, 9)
973 K : Ry—973 k = 0.347 133 1+ 3.0, (10)

where R represents the average size of helium bubbles in units
of nm and 7 is the annealing time in second.

According to Egs. (8)-(10), the general rule of helium
bubble growth during annealing can be obtainedas R=A-t" +
Rp, where R represents the original average size of helium
bubble before annealing. Fox example, in the present work,
Ry is the average size of helium bubble after irradiation with
a fluence of 5.74 x 10'® jons/cm” at 673 K when annealing
begins at 673 K. Figure 10(b) shows the fitting relationships
between coefficient A, exponent n and annealing temperature
according to Egs. (8)—(10),

A=—139x10%exp(T/108.5)+1.44,  (11)

n=2.91x10"*exp(T/137.4) —0.0176, 12)
where T is the annealing temperature in K. Therefore, the aver-
age size of helium bubbles can be estimated for any annealing
time at a certain annealing temperature.
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Fig. 10. (a) The relationship between the size of helium bubbles and annealing time under different annealing temperatures. (b) The relationship
between the coefficient exponents in the bubble growth equation and annealing temperatures. (c) The relationship between the final average size of

helium bubbles and annealing temperature.

Figure 10(c) shows the relationship between the final av-
erage size of helium bubbles and annealing temperature. It
can be seen that with the increase of annealing temperature,
the increase speed of the final average size of helium bubble
is accelerated. At the same annealing time, we observe that
in the current 673—873 K annealing, when the temperature is
increased by one level, helium bubble can rapidly increase to a
size saturation, and then prolonging the annealing time, its size
change is not obvious. Gan et al.[*") reported that the arrange-
ment of bubble superlattice was observed in the Mo irradiated
by 40 keV He™ with the fluence of 1 x 10!7 ions/cm? at 573 K.
After the in-sifu heating at 1123 K, the superlattice structure
remained stable, and the size of helium bubbles did not signif-
icantly increase. This indicates that the helium concentration
may be the main reason limiting the growth of helium bubbles.

The growth mechanisms of gas bubbles in a solid include
(1) first mechanism: the movement of newly injected gas atoms
and newly created vacancies to previous bubbles, (ii) second
mechanism: the diffusion of the undissolved gas atoms and va-
cancies to previous bubbles, and (iii) third mechanism: the mi-
gration of bubbles and coalescence with other bubbles. There
are no newly injected helium atoms and new displacement
damage in the annealing process. Meanwhile, the solubility of
helium atom in Mo is very low. The first mechanism needs the
introduction of new helium atoms and vacancies. Therefore,
the growth of helium bubbles should be attributed to the sec-
ond and third mechanisms, in which vacancies, helium atoms,
and defect clusters (small-sized helium bubbles) migrate to the
existing bubbles and the bubbles aggregate under the thermal
effect, resulting in bubble growth. There are two ways of mi-
gration and coalescence of helium bubbles in the annealing
process: surface diffusion and volume diffusion. Surface dif-
fusion is an important mechanism for the irregular movement
of bubbles in solids. Since the thickness of the monitored re-
gion in our experiment is only 105 nm at 673 K irradiation, the
growth of helium bubbles is dominated by surface diffusion.
Since the motion of bubbles is random, the diffusion coeffi-
cient of helium bubbles during annealing can be described by
the following equation according to the dynamics of surface

diffusion: 4!

Dy, =3Q*3 /27R* - D, (13)

where Dy is the surface diffusion coefficient, and the calcula-
tion formula is as follows:

Dy = Doe™ 7, (14)
with Dy = 8.03 x 103 cm?/s, therefore,

Dy = 8.03 x 1073 exp(—25058T), (15)
Dy = 3.69 x 10732 /R* exp(—25058T). (16)

According to the final size Ry of helium bubbles obtained
by the experiment and the values of Dg and Dy, at different an-
nealing temperatures obtained according to formulas (15) and
(16) are shown in Table 2. The influence factors of Dy, include
the size of helium bubbles and annealing temperature. Be-
cause the size of helium bubbles changes a little in our work,
the annealing temperature is the main factor. Therefore, the
higher the temperature is, the higher the Dy, value will be.

Table 2. The R¢, Ds and Dy, at different annealing temperatures.

Temperature (K) 773 873 973
Ry (cm) 1.42%x 1077 1.67x1077  2.01x1077
D (cm?-s~1) 6.70x 10717 275%x10715  525x 10714
Dy (cm?-s71) 7.59%x 10719 1.64x10717  1.48x 10716

4.3. Formation of polyhedral bubbles at 1173 K irradia-

tion

It is a common feature that bubbles evolve into non-
spherical polyhedral geometry at high temperature, typically
platelet bubbles in hexagonal close-packed (HCP) structure
(such as SiC,#?! Ti,#3) and Zr*¥) and octahedral bubbles in
face-centered cubic (FCC) structure (such as Cu and Au!®)).
The appearance of nonspherical polyhedral bubbles shows that
the growth of helium bubbles is not homogeneous, but two-
dimensional along the plane with obvious preferred orienta-
tion. In our experiment, the cubic structure of helium bubbles
in the high-temperature irradiated Mo (BCC) indicates that
they have a similar preferential orientation with edges paral-
lel to the {001} habit planes. The gas pressure inside a bubble
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is an important factor affecting its shape and energy, which is
significantly affected by the temperature. >3] At low tempera-
ture, the unsaturated state cannot overcome the repulsive force
between the matrix and the bubble, resulting in the bubble to
deform uniformly and become spherical. This means a balance
between bubble pressure and spherical bubble surface tension,
and there is no elastic strain energy in the lattice near the
bubble.*] While at high temperature, the overpressure bub-
ble tends to decrease the extra elastic strain energy stored in
the lattice, which can be achieved by preferentially forming a
large area face on the low energy plane.*®! Therefore, in terms
of system energy, helium bubbles tend to form polyhedral bub-
bles with low energy at high temperature, rather than spherical
bubbles with high surface energy. In addition, Wei et al.!*]
considered that the increase of crystal surface area should also
satisfy Gibbs—Wulff crystal growth model when the crystal re-
cedes due to bubble growth, that is, the shape of helium bubble
is determined by the crystal plane with the minimum surface
energy. And they also observed octahedral bubbles surrounded
by {111} planes in Au and Cu after pre-irradiation and then
annealing, which is due to the lowest surface energy of {111}
planes in the FCC structure. In our case, Mo is a typical BCC
structure, and the {100} planes have the lowest surface en-
ergy. Therefore, to minimize the system energy, helium atoms
preferentially arrange on the {100} planes by surface diffu-
sion during the growth of helium bubble. Tyler ez al.'*"! first
discovered the bubbles with the shape of tetrakaidodecahedra
in Nb alloys (BCC structure), and then after the long-time an-
nealing, the {110} facets would gradually disappear and the
bubbles would eventually develop into a cubic shape bounded
by {100} planes. This also proves that the polyhedral bubbles
in BCC materials prefer to grow in a shape bounded by {100}
planes where the surface energy is minimum.

5. Conclusions

In this work, the evolution of helium bubbles in purity
Mo was studied by in-situ TEM observation during 30 keV
He™ irradiation and post-implantation annealing. The main
conclusions could be made as followings:

(i) At 673 K irradiation, when helium concentration was
0.89 at.%, many helium bubbles with the average size of
1.38 nm were observed. The size of helium bubbles increased
slowly from 1.56 nm to 2.28 nm as the helium concentration
increased from 1.19 at.% to 4.31 at.%. During the whole ir-
radiation process, the average size of helium bubble only in-
creased by 0.9 nm from visible state to the end of irradiation.
The growth mechanism of helium bubbles was that the new he-
lium atoms and vacancies introduced by irradiation migrated
into the existing bubbles. Based on the experimental results,
an empirical formula for calculating the size of helium bubbles

with the increase of irradiation time was obtained by modify-
ing the theoretical formula.

(ii) After annealing at 773 K, 873 K and 973 K for 25 min,
the average sizes of helium bubbles were 2.5 nm, 2.8 nm and
3.3 nm, respectively. The formulas for calculating the aver-
age size of helium bubbles during the annealing were as fol-
lows: 773 K: Ry—773 x = 1.27-1%-12 +0.96; 873 K: Ry—g73 x =
0.858:1%15 +1.9; 973 K: Rr—973 k = 0.347-1°33 +3.0.

(iii) The grain boundaries were strong defect sinks, which
could effectively absorb the implanted helium atoms and irra-
diation vacancies and form large-size helium bubbles under
high temperature irradiation (1173 K). A denuded zone was
formed near the grain boundary, but its width decreased with
the increase of irradiation dose. The implanted helium atoms
tended to gather at the nucleated bubbles rather than nucleated
independently, especially at the grain boundaries. The overlap
of helium bubbles would greatly accelerate the formation of
the microcracks at grain boundaries.

(iv) Compared with the results at low-temperature in-situ
irradiation and subsequent annealing experiments, the bub-
ble size under high-temperature irradiation increased dramat-
ically, and the geometry of helium bubbles changed from
sphericity to polyhedron. The polyhedral bubbles preferred to
grow in a shape bounded by {100} planes where the surface
energy was minimum.
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