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Enhanced radiation tolerance of nanostructured metals is attributed to the high density of interfaces that can absorb radiation-
induced defects. Here, cavity evolution mechanisms during cascade damage, helium implantation, and annealing of nanocrystalline
nickel are characterized via in situ transmission electron microscopy (TEM). Films subjected to self-ion irradiation followed by
helium implantation developed evenly distributed cavity structures, whereas films exposed in the reversed order developed cavities
preferentially distributed along grain boundaries. Post-irradiation annealing and orientation mapping demonstrated uniform cavity
growth in the nanocrystalline structure, and cavities spanning multiple grains. These mechanisms suggest limited ability to reduce

swelling, despite the stability of the nanostructure.
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Growing interest in nanostructured materials has
revealed that, when structurally stable, such materi-
als show a high tolerance to radiation damage com-
pared to conventional coarse-grained materials.[1,2]
These properties are attributed to the high density of
grain boundaries and interfaces that serve as traps for
irradiation-induced defects [3—5] and retard disloca-
tion climb and glide.[6,7] Recent experimental studies
of irradiated nanocrystalline metals have demonstrated
that the resulting cavities are preferentially distributed
along grain boundaries with a significantly lower den-
sity in the grain interior,[8] indicating the propensity of
grain boundaries to act as efficient defect and helium
sinks. Radiation-induced swelling may be reduced if
the boundaries act to hinder cavity growth, as has
been seen experimentally in irradiated nanostructured
materials.[5] However, the opposite effect has also been
observed experimentally, where, for certain size [9]
or temperature [10] ranges, smaller grains resulted in

more defect accumulation or larger swelling compared
to larger grains of the same material. Apparently, the
efficiency of planar defects (grain boundaries and inter-
faces) to act as helium and defect sinks and limit the
resulting cavity growth may be significantly affected
by the character of the boundaries themselves as well
as the irradiation-induced defects and the radiation
environment.

This manuscript investigates the effectiveness of
grain boundaries to act as cavity sinks and to limit
the cavity growth in nanocrystalline pulsed laser
deposited (PLD) nickel upon successive self-ion irra-
diation, helium implantation, and annealing. Consid-
ered as a model nanocrystalline face-centered cubic
(FCC) system, PLD nickel films were selected for
this study due to the extensive available literature on
microstructural characterization and investigation into
their associated response upon thermal treatments and
ion irradiation.[11]
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It is well documented that a significant difference in
final defect microstructure can occur when performing
self-ion irradiation and helium implantation sequentially
vs. concurrently.[12—14] The difference is thought to be
a function of the density of sinks for helium trapping as it
is implanted. Self-ion irradiation results in collision cas-
cades and large immobile clusters,[15] which may act as
sinks for helium. In contrast, the self-interstitial atoms
(SIAs) created during helium implantation are highly
mobile at room temperature,[16,17] allowing for recom-
bination with vacancies and a reduced density of sinks
for helium. In this manuscript, self-ion irradiation and
helium implantation are performed sequentially, in both
orders, which allows for the characterization of mech-
anisms that influence helium mobility as well as the
interaction between helium and other damage types such
as Frenkel pairs and cascades. Through this systematic
study, we intend to probe the role of irradiation sequence
on the damage behavior at grain boundaries and the
effect of grain boundaries on the evolution of cavity
structure with temperature. The results of this study indi-
cate that a reversal of the sequence of self-ion irradiation
and helium implantation significantly affects the final
defect microstructure, with preferential cavity formation
along grain boundaries resulting only in the helium pre-
implantation case. Grain boundaries were found to have
negligible ability to limit the growth of cavities with
temperature.

Electron transparent nanocrystalline nickel films
were produced by PLD to a thickness of approxi-
mately 80 nm on a NaCl substrate at nominally room
temperature. Additional information on the deposition
process can be found in Ref. [18]. The salt substrate
was then dissolved in a deionized water bath to obtain
freestanding nickel films, which were then floated onto
a copper clamshell transmission electron microscope
(TEM) grid. To establish columnar grain structure, the
films were annealed at 550°C for 5 min, resulting in a
strong {100} texture.

To determine the structural evolution associated
with Het implantation and displacement damage, care-
ful attention needs to be paid to irradiation conditions.
Thus, the Stopping Range of Ions in Matter (SRIM)
recoil simulation in the ‘detailed calculation with full
damage cascade’ mode [19] was used to estimate the
displacement damage caused by the ions and the pen-
etration depth of the helium within a TEM film. The
simulations suggested that 3 MeV nickel ions (Ni**)
would pass fully through the film and create a nearly
uniform damage profile throughout the film, and that 10
keV helium ions (He™) would reach a maximum concen-
tration approximately 20 nm from the entrance surface
of the film and a maximum depth of approximately 60
nm. Irradiation and implantation experiments were con-
ducted utilizing the in situ ion irradiation TEM (I*'TEM)
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facility at Sandia National Laboratories.[20] A 3 MeV
Ni** beam and a 10 keV He™ beam were aligned onto
the TEM holder of a JEOL 2100 TEM operating at 200
kV. The two ion beams both entered the TEM along
nominally the same path, nearly orthogonally to the elec-
tron beam. The nickel foil was tilted approximately 30°
toward the ion beams, permitting real-time observation.

To investigate the effect of successive helium
implantation and self-ion irradiation and the conse-
quence of the sequence on the final microstructural
features, two separate experiments were performed with
the irradiation parameters summarized in Table 1. The
goal in both experiments was to create nanometer-sized
cavities which were visible in the TEM at room tempera-
ture, and final doses were adjusted to achieve this in both
irradiation sequences.

In the first experiment, the nickel foil was irra-
diated with 3 MeV Ni*T ions at an average flux of
1.5 x 10" Ni**/cm?s to a dose of 5.4 x 10'* Ni**/cm?
which resulted in approximately 1.8 displacements per
atom (DPA). The sample was then implanted with 10
keV He* ions at an average flux of 10'3 He*/cm?s until
visible cavities were present, at an approximate con-
centration of 2 x 10'® He*/cm?, corresponding to an
additional 1.5 DPA, for a total of approximately 3.3
DPA. See supplemental Figure S1(a) for the SRIM simu-
lated damage profile and implanted helium concentration
profile.

The second sample was subjected to the reverse
order of irradiation, such that it was first implanted with
helium to a concentration of approximately 8 x 10'°
He*/cm?, corresponding to nearly 5.5 DPA. The sample
was then irradiated with 3 MeV Ni**ions until cavities
were visible, which corresponded to an additional 0.9
DPA. A higher helium dose than the first sample was
chosen because 10 keV helium ions create only Frenkel
pairs, which are more likely to annihilate than the cas-
cade damage created by the self-ions. The decrease in
helium sinks compared to the first experimental condi-
tions likely resulted in an increase fraction of helium
atoms escaping the free surfaces; therefore, a higher
concentration was chosen in attempt to achieve similar
cavity structures as the first experiment. See supplemen-
tal Figure S1(b) for the SRIM simulated damage profile
and implanted helium concentration profile.

The thermal stability of the cavity structures created
by irradiation was evaluated by post-irradiation anneal-
ing experiments carried out in a Philips CM30 TEM at
300 kV using a Gatan 628 single tilt heating stage. The
Imagel software was used to measure the diameter of
visible cavities. Orientation mapping of the irradiated
and annealed samples was performed at room temper-
ature in a JEOL 2100 TEM equipped with Nanomegas
ASTAR system mapping (Automated Crystal Orienta-
tion/Phase mapping for TEM). Data were collected in
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Table 1. Self-ion irradiation and helium implantation parameters.

Ni3* Rate  Ni’t Dose  Damage  Het Rate  Het Dose  Damage  Total damage
Sequence Ni3*/cm?s Ni3*/cm? DPA Het/em?®s  Het/em? DPA DPA
Ni**,Het 1.5 x 101 54 x 104 ~1.8 1013 2 x 10'° ~1.5 ~3.3
Het,Ni** 1.5 x 10" 2.7 x 10" ~0.9 1013 8 x 10'° ~5.5 ~6.4

TEM diffraction mode with Alpha 3, 10 um condenser
aperture, and 5 nm step size and a procession angle of
0.3°. Grain boundaries were analyzed using TSL OIM
software. The cubic 60° pseudo-symmetry boundaries
were removed and grain boundaries with less than 3°
misorientation were removed to reduce noise. The com-
bination of these techniques permitted the observation
of the structural response of nanocrystalline nickel to
self-ion irradiation, helium implantation, and annealing
in real-time with nanometer resolution.

The sequence of self-ion irradiation and helium
implantation is known to have a significant impact on the
final defect structure in many materials.[12—14] The first
part of this study involved room temperature self-ion
irradiation and helium implantation, in both forward and
reverse order, to study the effect of the sequence of ion
irradiation on the final defect microstructure and, partic-
ularly, the cavity structure in relation to grain boundaries
in nanocrystalline nickel. Figure 1(a) shows the defect
microstructure after room temperature self-ion irradia-
tion to a final dose of 5.4 x 10" Ni**/cm? after which
significant displacement damage is seen. After this first
stage of the sequence, through-focus imaging revealed
no visible cavities. Helium ions were then implanted
into the sample to a final dose of 2 x 10'® He*/cm?. No
change was noted in the loop structure; however, as illus-
trated in Figure 1(b), nanometer-sized cavities formed,
ranging from 1.5 to 4nm in size, and were evenly
distributed throughout the grain, with no observed pref-
erence for the grain boundaries. The cavity size and
apparent density were similar to that seen in other room
temperature helium implantation studies into nickel.[21]
The density of cavities is high enough that there is fre-
quently overlapping cavities through the thickness of
the film, making accurate quantification challenging [22]
and was not performed here.

The reverse order of implantation and irradiation
is demonstrated in Figure 1(c) and 1(d). Helium was
implanted first to a concentration of 8 x 10'® He*/cm?,
which resulted in visible defect damage but no visible
cavities (Figure 1(c)). The sample was then self-ion irra-
diated to a final dose of 2.7 x 10" Ni**/cm? at which
point significant damage as well as a high density of
cavities was visible (Figure 1(d)). In contrast to the pre-
vious experiment, the cavities appeared larger at the
grain boundaries than in the interior of the grain, making
the grain boundaries particularly visible in Figure 1(d)
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(several examples are marked with arrowheads). The
cavities at the grain boundaries appear to be elongated
and ellipsoidal, forming connected strings of cavities
with little or no distance between them. Supplemen-
tal Figure S2 is higher magnification over-focus and
under-focus images of ellipsoidal cavities located along
a vertical grain boundary.

Both sequences of irradiation and helium implan-
tation resulted in a large density of nanometer-sized
cavities; however, larger, connected strings of cavities
at grain boundaries were only observed for the case of
helium implantation followed by self-ion irradiation. A
comparison of Figure 1(b) and 1(d) demonstrates the
difference in cavity structure as a result of implanta-
tion and irradiation sequence. This is likely the result
of different densities of sinks for helium in the differ-
ent irradiation conditions. In the first case, Figure 1(a)
and 1(b), self-ion irradiation resulted in displacement
cascades and the formation of vacancy clusters evenly
distributed throughout the foil. Vacancies and vacancy
clusters are known to be immobile in nickel at room
temperature.[17] When the helium was later implanted,
these immobile vacancy clusters acted as sinks, pre-
venting the helium from reaching the grain boundaries
and resulting in a uniform distribution of visible cavi-
ties. When the order of irradiation and implantation was
reversed, Figure 1(c) and 1(d), fewer stable sinks for
helium were present in the nanocrystalline nickel, and
thus the helium ions had a higher probability of diffusing
to larger sinks such as grain boundaries. This is consis-
tent with several other experimental studies which have
observed a preferential accumulation of helium at grain
boundaries in nickel.[23-25] When the nickel sample
was then self-ion irradiated, the resulting irradiation-
induced vacancies formed visible cavity structures, par-
ticularly in areas where there was already a high density
of helium, such as the grain boundaries.

The preferential distribution of cavities along pla-
nar defects has been hypothesized to decrease the total
density and volume of cavities and the overall effect
of swelling.[5] However, this effect may be dependent
on the thermal stability of the cavities at the grain
boundaries or interfaces. Post-irradiation annealing of
the nanocrystalline nickel film which was first helium
implanted and then self-ion irradiated was carried out to
characterize the thermal stability of the cavity structure
along the grain boundaries. Figure 2(a)~(d) shows the
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Figure 1. (a) Nanocrystalline nickel irradiated with 3 MeV Ni3* and (b) the same film after the additional implantation of
2 x 10'® Het/em?. Nanometer size voids are evenly distributed throughout the grains. (c) Nanocrystalline nickel implanted with
10 keV He™ to a total concentration of 8 x 10'¢ He/cm? and (d) the same film after additional self-ion irradiation. Nanometer—
sized voids were present throughout the film, but with a higher concentration along grain boundaries (black arrowheads point at

several examples).

evolution of the cavity structure present in Figure 1(d)
as the sample was annealed to 400°C. Supplemental
Figure 3 shows the cavity structure at smaller temper-
ature intervals. The large, elongated cavities along grain
boundaries remained visible until above 200°C. As the
temperature was increased to 230°C (Figure 2(a)), the
average cavity diameter increased to 4 nm with some
cavities as large as 12 nm. Supplemental Figure S4
displays histograms of cavity size as a function of tem-
perature. No preferential cavity growth was observed
between cavities in the interior of the grain and cavi-
ties at the grain boundaries despite the initially larger
size and elongated shape apparent at the grain bound-
aries. In addition, the larger size of cavities along the
grain boundaries was no longer discernible. At 350°C
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(Figure 2(b)), the cavities had an average size of over 10
nm, with several cavities having diameters larger than
40 nm. It is thought that, in this temperature regime,
many of the He™ bubbles present at room temper-
ature have attracted significant amounts of the now
mobile vacancies and have transformed into cavities
dominated by the accumulated vacancies. The vacan-
cies could have been absorbed from Frenkel pair damage
created during He™ implantation and the cascade dam-
age created during self-ion irradiation, or even from
the far-from-equilibrium boundaries resulting from the
PLD process.[18] Increasing the annealing temperature
to 400°C (Figure 2(c)) resulted in a multimodal cavity
size distribution, visible in Figure 2(d) and supplemen-
tal Figure 2. In this distribution, a high concentration
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Figure 2. Annealing of the helium implanted and then self-ion irradiated film from Figure 1(d). (a) At 230°C, the cavities have
grown large enough that the grain structure is no longer visible. (b) Annealed film at 350°C. (c) Annealed film at 400°C. Inset
diffraction pattern shows the {100} grain texture has been maintained. (d) Evolution of the diameter of cavities as a function of the
temperature with the maximum, mean, and minimum displayed.

of cavities with diameters centered around 10 nm and a
small number of large cavities with diameters ranging
between 40 and 70 nm, most of which display a faceted
structure, were present. Several cavities had reached or
surpassed the size of the grains and were nearly as large
as the thickness of the film. Figure 2(d) shows a plot of
the average cavity diameter at several annealing tem-
peratures. Lines indicate the maximum and minimum
diameters of cavities at each temperature. During anneal-
ing from room temperature to 400°C, the minimum
diameter grew by less than 4 nm, while the maximum
diameter increased by nearly 60 nm. The average cavity
diameter remained below 5 nm with little change until
above 250°C, at which point some cavities grew in size
rapidly.

In coarse-grained nickel, large octahedral and/or
cuboidal cavities are formed during high temperature
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neutron [26,27] and ion [28-30] irradiation, and the
cavities maintain a faceted structure during annealing. In
contrast, annealing of cavities in nanocrystalline nickel
at 400°C resulted in large oblong-shaped cavities, such
as that circled in Figure 2(c). Video recording of the film
at 400°C revealed that, at least in part, the growth of
the cavities occurred via coalescence (see supplemental
videos). In the video, cavities as large as 20 nm in diam-
eter are mobile and seen to coalesce with larger cavities
to create large, less symmetric-shaped cavities. Coales-
cence is also seen to occur by a mechanism in which
only one side of the cavity expands to combine with
nearby cavities, resulting in the large oblong-shaped
cavity circled in Figure 2(c).

Following annealing, the grain structure was no
longer easily identified in Figure 2(c) due to the large
density of cavities. However, selected area diffraction
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(a) Under-focus BF image of cavities in helium implanted then self-ion irradiated nanocrystalline nickel film after

annealing to 400°C. (b) Orientation map of (a) revealing the grain structure and strong {100} texture, inverse pole figure color
chart is inset. (c) Grain boundaries (red) overlaid on Figure 3(a) demonstrating that many cavities cross grain boundaries, several
examples of which are highlighted with black arrows. (d) Orientation map with grain boundaries emphasized in black.

demonstrates that the nanocrystalline structure with a
strong {100} texture is preserved, as illustrated in the
inset of Figure 2(c). To further characterize the post
annealing grain structure, ASTAR orientation was per-
formed on the region shown in the BF-TEM image in
Figure 3(a). Because the film had already been annealed,
it was assumed that no HCP grains were present, and all
grains were indexed as FCC.[18] Orientation informa-
tion for this region shown in Figure 3(b) revealed that
the {100} grain texture and nanocrystalline grains struc-
ture were preserved after the self-ion irradiation, He™
implantation, and annealing process, consistent with the
diffraction pattern in Figure 2(c). Surprisingly, the grain
structure can be indexed with a relatively high level of
reliability even in areas with large cavities. The informa-
tion on grain boundary location provided by the ASTAR
orientating mapping is overlaid on the BF-TEM image
and orientation map in Figure 3(c) and 3(d), respec-
tively. The grain diameters identified by the orientation
map ranged from approximately 15—150 nm with a small
number of grains surpassing 200 nm, similar to the ini-
tial grain size distribution (see grain size histograms in
supplemental Figure 5). Many cavities grew as large as
or larger than the grains themselves, without causing sig-
nificant grain growth. In addition, arrows in Figure 3(c)
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show regions in which the large cavities are observed
to pass through grain boundaries. Because the in situ
TEM annealing and orientation map were not performed
sequentially on the same area, the growth dynamics
could not be directly correlated with the final structure.
However, the final structure and in situ TEM observa-
tions independently suggest that the grain boundaries
and the defects present on them after He™ implantation
and self-ion irradiation did not significantly stabilize the
cavities on the grain boundary under the thermal and
radiation environments presented in this study. Instead,
the cavities resemble the size of large faceted cavi-
ties experimentally characterized in ion-irradiated large
grained nickel at elevated temperature.[31,32] These
results suggest that similar macroscopic swelling may
be expected in this system. It is hypothesized that this
is due to the relatively low angle of grain boundaries
present in this film and the large amount of vacancies
present in the film due to the PLD process, the Frenkel
pairs created during He™ implantation, and the cascade
damage from self-ion irradiation. In contrast to other
nanostructured metals,[1-5] these results suggest that
single component nanocrystalline metals dominated by
low-angle grain boundaries will not provide significant
radiation tolerance compared to large grained systems.
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In this letter, sequential in situ 3 MeV self-ion irra-
diation and 10 keV helium implantation were performed,
in forward and reverse orders, on nanocrystalline PLD
nickel films in a TEM. The order of the irradiation and
implantation was seen to have a significant impact on the
distribution of the resulting cavity structure. When the
films were first implanted with helium, the room temper-
ature microstructure after subsequent self-ion irradiation
showed an increased density of cavities at the grain
boundaries. In contrast, the samples that were first self-
ion irradiated and subsequently implanted with helium
resulted in an even distribution of cavities through the
grain structure. It is thought that the difference in cavity
structure is due to the fact that self-irradiation pro-
vides additional sink locations for the helium to clus-
ter uniformly without having to migrate to the grain
boundaries or surfaces. In addition, the in situ TEM
annealing of the cavities resulted in large cavities with
diameters on the order of the grain size and film thick-
ness. Orientation mapping revealed that the nanocrys-
talline structure was largely maintained up to 400°C and
many cavities spanned multiple grains. The grain bound-
aries did not limit cavity growth, suggesting that PLD
nanocrystalline nickel, which is dominated by low-angle
grain boundaries, will not provide significant radiation
tolerance compared to large grained systems. These
results provide a greater insight into the active mech-
anisms governing the evolution of radiation damage in
nanocrystalline nickel and other nanostructured metal
systems.

Acknowledgements The authors would like to thank
D. Buller, D. Bufford, and A. Leff for their assistance and useful
conversation.

Disclosure statement No potential conflict of interest was
reported by the authors.

Funding This work is primarily supported by the US
Department of Energy’s Nuclear Energy University Program
[DE-NE0000678]. SIB was supported through NSF-Funded
STEP Program at the University of New Mexico. Work by
CG and KH was partially supported by the U.S. Depart-
ment of Energy (DOE), Office of Science, Basic Energy Sci-
ences (BES). Sandia National Laboratories is a multi-program
laboratory managed and operated by Sandia Corporation, a
wholly owned subsidiary of Lockheed Martin Corporation, for
the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000.

Supplementary online material A more detailed
information on experiments is available at http://dx.doi.
org/10.1080/21663831.2015.1121165.

102

References

[1] Odette GR, Hoelzer DT. Irradiation-tolerant nanostruc-
tured ferritic alloys: transforming helium from a liability
to an asset. JOM. 2010;62(9):84-92.

[2] Bringa EM, Monk JD, Caro A, et al. Are nanoporous
materials radiation resistant? Nano Lett. 2012;12(7):
3351-3355.

[3] Ackland G. Controlling radiation damage. Science.
2010;327(5973):1587—1588.

[4] Bai X-M, Voter AF, Hoagland RG, Nastasi M, Uberu-

aga BP. Efficient annealing of radiation damage near

grain boundaries via interstitial emission. Science.
2010;327(5973):1631-1634.

Hochbauer T, Misra A, Hattar K, Hoagland RG. Influ-

ence of interfaces on the storage of ion-implanted

He in multilayered metallic composites. J Appl Phys.

2005;98(12:123516).

Zhu W, Wei T, Carr D, et al. Microstructural design

for thermal creep and radiation damage resistance of

titanium aluminide alloys for high-temperature nuclear
structural applications. Curr Opin Solid State Mater Sci.
2014;18(5):269-278.

Odette GR. Recent progress in developing and qualify-

ing nanostructured ferritic alloys for advanced fission and

fusion applications. JOM. 2014;66(12):2427-2441.

Han W, Fu EG, Demkowicz MJ, Wang Y, Misra A.

Irradiation damage of single crystal, coarse-grained, and

nanograined copper under helium bombardment at 450

degrees C. J Mater Res. 2013;28(20):2763-2770.

Singh BN, Eldrup M, Zinkle SJ, Golubov SI. On grain-

size-dependent void swelling in pure copper irradiated

with fission neutrons. Philos Mag Phys Condens Matter

Struct Defect Mech Prop. 2002;82(6):1137—-1158.

Chimi Y, Iwase A, Ishikawa N, Kobiyama A, Inami

T, Okuda S. Accumulation and recovery of defects

in ion-irradiated nanocrystalline gold. J Nucl Mater.

2001;297(3):355-357.

Rajasekhara S, Ferreira PJ, Hattar K, editors. Microstruc-

tural evolution of nanocrystalline nickel thin films due

to high-energy heavy-ion irradiation. 22nd international
conference on the application of accelerators in research
and industry (CAARI); 2012 Aug 5-10; Fort Worth,

TX2013.

Packan NH, Farrell K, Stiegler JO. Correlation of neu-

tron and heavy-ion damage. 1. Influence of dose-rate and

injected helium on swelling in pure nickel. J Nucl Mater.
1978;78(1):143—155.

[13] Brimhall JL, Simonen EP. Effect of helium on void
formation in nickel. J Nucl Mater. 1977;68(2):235-243.

[14] McGruer JN, Choyke WIJ, Townsend JR, et al. Effects
of sequential and simultaneous helium implantation on
void formation in a 304 stainless-steel. J Nucl Mater.
1978;74(1):174-177.

[15] Norris DIR. Depth distributions of vacancy clus-
ters in ion bombarded gold and nickel. Philos Mag.
1969;19(160):653—662.

[16] Ping Z, Shimomura Y. Molecular dynamics calculations
of properties of the self-interstitials in copper and nickel.
Comput Mater Sci. 1999;14(1-4):84-90.

[17] Baskes MI. Determination of modified embedded atom
method parameters for nickel. Mater Chem Phys.
1997;50(2):152—158.

[18] Hattar K, Follstaedt DM, Knapp JA, Robertson IM.
Defect structures created during abnormal grain growth
in pulsed-laser deposited nickel. Acta Mater. 2008;56(4):
794-801.

(3]

[10]

(1]

[12]


http://dx.doi.org/10.1080/21663831.2015.1121165
http://dx.doi.org/10.1080/21663831.2015.1121165

Mater. Res. Lett., 2016

[19] Ziegler JF, Ziegler MD, Biersack JP. SRIM — the stopping
and range of ions in matter (2010). Nucl Instrum Meth
Phys Res Sect B, Beam Interact Mater At. 2010;268(11—
12):1818-1823.

[20] Hattar K, Bufford DC, Buller DL. Concurrent in situ
ion irradiation transmission electron microscope. Nucl
Instrum Methods Phys Res Sect B, Beam Interact Mater
At. 2014;338:56-65.

[21] Knapp JA, Follstaedt DM, Myers SM. Hardening by
bubbles in He-implanted Ni. J Appl Phys. 2008;103(1:
013518).

[22] Li M, Kirk MA, Baldo PM, Xu D, Wirth BD. Study of
defect evolution by TEM with in situ ion irradiation and
coordinated modeling. Philos Mag. 2012;92(16):2048—
2078.

[23] Kesternich W, Schwahn D, Ullmaier H. Sizes of
He bubbles in bulk grain-boundaries and region near
the surface of nickel. Scr Metall. 1984;18(9):1011—
1016.

[24] Ryazanov Al, Arutyunova GA, Manichev VM, Sokursky
YN, Chuev VI. Kinetics of the growth of helium bub-
bles at the grain-boundaries — formation of the spa-
tially inhomogeneous distribution of helium bubbles
near the grain-boundaries. J Nucl Mater. 1985;135(2-3):
232-245.

103

[25] Chernikov VN, Kazanskii PR, Zakharov AP, Markin AV.
Gas swelling and helium buildup at grain boundaries in
helium-saturated nickel after annealing. Soviet Phys —
Dokl. 1990;35(3):286-289.

[26] Brimhall JL, Mastel B. Stability of voids in neutron
irradiated nickel. JNucl Mater. 1969;33(2):186—194.

[27] Kulcinsk Gl, Mastel B, Kissinge He. Characterization and
annealing behavior of voids in neutron-irradiated nickel.
Acta Metall. 1971;19(1):27-36.

[28] Hudson JA, Mazey DJ, Nelson RS. Void formation in
nickel during 20 MeV C*7 irradiation at 525 degrees C.
J Nucl Mater. 1971;41(3):241-256.

[29] Chernikov VN, Trinkaus H, Ullmaier H. Helium bub-
bles in nickel annealed at T > 0.7T,,. J Nucl Mater.
1997;250(2—-3):103—110.

[30] Niwase K, Ezawa T, Tanabe T, Fujita FE. Observa-

tion of micro-cavities in nickel during He' and D¥

irradiation and post-irradiation annealing. J Nucl Mater.
1988;160(2—3):229-241.

Jager W, Roth J. Microstructure of Ni and stainless steel

after multiple energy He and D implantation. J Nucl

Mater. 1980;93-94:756-766.

Zell V, Schroeder H, Trinkaus H. Helium bubble for-

mation in nickel during hot implantation. J Nucl Mater.

1994;212-215:358-363.



	Acknowledgements
	Disclosure statement
	Funding
	Supplementary online material
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


