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Nanoporous materials have great potentials to alleviate irradiation-induced damage due to their giant
surface-to-volume ratio. Previous in situ irradiation study on nanoporous Au at room temperature has
shown the shrinkage of nanopores due to the absorption of irradiation-induced defects, and the
shrinkage rate is pore-size-dependent. In this follow-up temperature-dependent study, we show that
both defect density and nanopores evolve with irradiation temperature. Higher temperature results in

lower defect density and reduced shrinkage rate of nanopores. The sink strength of nanopores as a
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function of temperature is estimated. Moreover, nanoporous Au exhibits significantly enhanced swelling
resistance compared to coarse-grained Au. Potential mechanisms for temperature dependent irradiation
resistance of nanoporous metals are discussed.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Irradiation responses of metallic materials subjected to high-
energy particle (electron, neutron, and heavy ions) irradiation
have been intensively investigated over the past few decades [1—4].
Next-generation nuclear reactors demand significant improvement
of fuel performance as well as superior structural materials that can
sustain extreme irradiation environment over a much longer period
of service lifetime than those materials in conventional reactors
[5,6]. Upon exposure to high-energy particle (neutron or heavy
ions) bombardments, a significant number of point defects are
produced in the irradiated materials [1,2]. Furthermore, these point
defects can migrate, interact with other defects and evolve into
much greater defect clusters, such as dislocation loops, dislocation
networks and voids [7—9]. The microstructural damage can
dramatically impact the properties and stability of irradiated ma-
terials in the form of irradiation-induced hardening and loss of
ductility, change in material dimension (such as swelling), loss of
electrical and thermal conductivities, and irradiation-induced
phase segregation and precipitation, and degradation of corrosion
resistance [2,10—18].
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Among various types of irradiation-induced microstructural
damage, volumetric swelling caused by the accumulation of voids is
a severe problem [1,5,16,19—26]. Void swelling occurs in most
irradiated metals and alloys [27,28]. It is very difficult to accom-
modate a swelling level up to 5% through engineering design.
When swelling is larger than 10%, the materials suffer from severe
irradiation embrittlement. Clearly, there is a strong need for the
design of swelling-resistant structural materials. Void formation
occurs due to the preferential absorption of interstitials by biased
defect sinks [27], and typically requires two conditions: a super-
saturation of vacancies; and agglomeration of vacancies before
being annihilated by interstitials or defect sinks. If more vacancies
than interstitials arrive at void nuclei, voids will grow continuously.
One method to disrupt the formation and growth of voids is to
introduce a high density of point defect sinks that can reduce the
supersaturation and aggregation of vacancies.

To enhance irradiation resistance of materials, various types of
defect sinks have been investigated, such as grain boundaries (GBs),
twin boundaries (TBs), phase boundaries, etc. [29—41,79—-81].
Nanoporous (NP) metals are expected to exhibit enhanced swelling
resistance compared to their fully dense coarse-grained (CG)
counterparts because of their large free surface area per unit vol-
ume [42—44]. An enlightening thought has been proposed
nearly 40 years before to develop naturally porous structural ma-
terials in nuclear fuels to alleviate the fuel swelling caused by the
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accumulation of fission gas [45]. However, the number of irradia-
tion studies on NP metals remains very limited [44,46,47]. The
potential of NP metals to alleviate void swelling has not been sys-
tematically testified yet. In our previous in situ irradiation study on
NP Au, nanopore shrinkage has been observed instead of void
swelling when irradiated at room temperature [46]. Nanopores
shrink during irradiation by absorption of interstitials and their
clusters, and their shrinkage rate is pore-size-dependent, i.e.
smaller pores shrink faster because of higher efficiency to absorb
irradiation-induced interstitials [46,48]. However, the irradiation
response and swelling resistance of NP metals have not been
investigated at elevated temperatures.

Defect sink strength is a parameter that quantifies the efficiency
of a defect sink in annihilating irradiation-induced defects (or the
affinity of a sink for defects), and it is one of the central parameters
in the reaction-rate theory [49,50]. However, it remains challenging
to obtain sink strength from experimental studies [51,52]. One
method frequently used to study the sink strength of different GBs
is to compare the width of the defect-denuded zones [53—56]. In
parallel, computer simulations, such as molecular statics and mo-
lecular dynamics (MD) simulations are widely used to describe sink
strength [51,55,57—61]. Most prior studies on sink strength focus
on GBs, TBs or layer interfaces [55,61—64], while research on sink
strength of free surface in NP metals remains limited.

Here we present a systematic study on in situ Kr ion irradiation
on NP Au and CG Au at various temperatures. Temperature-
dependent evolutions of defect size, density and diffusivities in
both NP Au and CG Au have been investigated. Surprisingly, nano-
pore shrinkage in NP Au has been observed even close to peak
swelling temperature, and the population of irradiation-induced
voids in NP Au is largely reduced as compared to irradiated CG
Au. Hypothetical mechanisms that lead to the suppression of void
growth in NP Au are discussed. In addition, the sink strength of
nanopores is calculated from experimental studies of NP Au.

2. Experimental

Recently, some methods have been reported to prepare NP Au
[83—85]. In this study, AgssAuss (atomic ratio) leaves (procured from
New York Central Art Co.) with dimensions of
20 mm x 20 mm x 120 nm were sandwiched between two 304
stainless steel plates, and then cold rolled up to ~ 20% strain so as to
reduce the foil thickness and achieve electron beam transparent
specimens. After rolling, large pieces of the alloy films were peeled
off from steel plates. Finally, these free-standing pieces of leaves
(~100 nm) were chemically de-alloyed in a 70% HNO3 solution for
4 h at room temperature to remove Ag. The etched leaves were
repeatedly rinsed in deionized water to remove residual acid and
eventually lifted off by Cu grids (400 mesh) for in situ irradiation
studies. More information on specimen preparation for transmission
electron microscopy (TEM) experiment can be found elsewhere [46].
All specimens were investigated using a Thermo Fischer Scientific/
FEI Talos 200X and an FEI Tecnai G2 F20 ST microscope before and
after irradiation. In situ irradiation experiment was performed at
room temperature at the IVEM-TANDEM facility at Argonne National
Laboratory. An 1 MeV Kr™* ion beam was used for irradiation ex-
periments to a maximum fluence of 2 x 10 ions cm~2 (~1 dpa). The
dose rate applied during in situ irradiation experiments varied from
5 x 1074 to 3.2 x 10~3 dpa/s. SRIM (Kinchin-Pease method) simu-
lation was used to estimate the displacement damage profile (in the
unit of displacements-per-atom (DPA)) and Kr ion distribution. Most
Kr ions (99.99%) penetrated directly through the specimen and the
residual Kr ion concentration in the TEM thin foil is ~0.01at.%. The
temperature rise of specimens during in situ Kr ion irradiation
measured by thermocouple is less than 10 °C.

3. Results

A bright-field TEM image in Fig. 1a showing the overview
microstructure of NP Au before irradiation. The volume fraction of
nanopores is 30 + 15 vol%, and void-void distance is 50 nm. The
average pore size is 30—40 nm. NP Au exhibits (110) texture as
inferred from the inserted selected area diffraction (SAD) pattern.
In this study, three series of in situ irradiation experiments are
summarized in Fig. 1b.

Series I: temperature-jump tests (400 — 300 — 200 — 100 °C,
~1 dpa at each temperature) for NP Au and CG Au;

Series II: in situ irradiation of NP Au at constant temperature,
200 °C; and

Series IlI: in situ irradiation of NP Au and CG Au at room tem-
perature (RT).

During irradiation, both NP Au and CG Au exhibit different re-
sponses at different temperatures. Fig. 2 compares irradiation re-
sponses of NP Au and CG Au at various temperatures through a
series of transmission electron microscopy (TEM) snapshots ob-
tained from in situ videos. Before irradiation, both CG Au and NP Au
have little defects (Fig. 2a1-e1). During irradiation of CG Au at RT
(Fig. 2a2-a4), defects accumulate rapidly with increasing dose to 1
dpa. At 400 °C, irradiation of CG Au induces much fewer defects
(Fig. 2b2-b4). In comparison to irradiation of CG Au, during irra-
diation of NP Au at the same temperature (RT and 400 °C shown in
Fig. 2c2-c4 and e2-e4), the number of defects increases gradually
and moderately with dose up to 1 dpa. Furthermore, comparison of
irradiation damage in NP Au at different temperatures (Fig. 2c—e)
shows that defect density decreases with increasing irradiation
temperature in NP Au.

SFTs are the major type of defect clusters introduced during
irradiation. Bright-field TEM images in Fig. 3(a—c) shows that after
temperature-jump irradiation tests of NP Au, 400 — 100 °C (to 5
dpa), many truncated SFTs are observed as confirmed by atomic
resolution TEM. Irradiation of NP Au at a constant temperature
(200 °C) to 2 dpa, (Fig. 3d—f) also leads to abundant SFTs. The
statistics of defect size (cluster diameter) and density evolution as a
function of dose and irradiation temperature in NP Au and CG Au
are shown in Fig. 4. The colored background in (a-d) is used to
distinguish different temperature stages for Series I specimens
(irradiated at 400 — 100 °C). The average defect size is ~4 nm after
0.1 dpa of irradiation of NP Au (Fig. 4a) regardless of irradiation
temperature. In CG Au irradiated via temperature-jump tests,
however, defect size increases from ~4 nm (irradiated at 400 °C) to
10 nm (at 100 °C) (Fig. 4b). At RT, the defect size in CG Au increases
drastically before 0.1 dpa and then reaches a plateau, ~10 nm.
During temperature-jump irradiation tests of NP Au, the defect
density in Fig. 4c increases stepwise when irradiation temperature
decreases from 400 to 100 °C. For isothermal irradiation of NP Au at
200 °C, defect density increases rapidly and reaches a saturation
level comparable to that at 200 °C in the temperature-jump test.
For irradiation performed at RT, the defect density increases much
more rapidly to a greater level than that irradiated at 200 °C. The
stepwise increase of defect density in CG Au shown in Fig. 4d is also
observed during temperature-jump irradiation studies. Also the
defect density in CG Au is 2—3 times larger than that in NP Au
irradiated at the same condition. The saturation defect size in NP Au
(Fig. 4e) is ~4 nm and has little temperature-dependence. In
contrast in irradiated CG Au, saturation defect size is ~10 nm at RT,
and decreases monotonically to ~4 nm with increasing temperature
to 400 °C. Fig. 4f shows that saturation defect density in both NP Au
and CG Au decreases gradually with increasing irradiation tem-
perature. Defect cluster diffusivities (global and instantaneous) as a
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Fig. 1. (a) A bright-field TEM image showing the overview microstructure of NP Au before irradiation. The inserted SAD pattern shows NP Au exhibits (110) texture. (b) The summary
of in situ irradiation experiments reported in this study. Series I: temperature-jump tests (400 — 300—200 — 100 °C) for NP Au and CG Au; Series II: in situ irradiation of NP Au at
constant 200 °C and Series III: in situ irradiation of NP Au and CG Au at room temperature (RT).

function of irradiation temperature for Kr ion irradiated NP Au were
also estimated. A defect's lifetime includes two components, defect
migration time (hopping time) and dwelling time (rest time). To
estimate the global diffusivity, both migration and dwelling time
were taken into account. In contrast, when determining the
instantaneous diffusivity, only a defect's migration time is consid-
ered. The global diffusivity of defect clusters, shown in Fig. 5a, in-
creases significantly from 23 + 5 to 48 + 30 nm?/s when irradiation
temperature increases from RT to 400 °C. The instantaneous
diffusivity of defect clusters in Fig. 5b, however, shows little tem-
perature dependence as compared to the global diffusivity.

The shrinkage of nanopores in NP Au has been observed at all
irradiation temperatures explored in this study. At 100 °C, three
nanopores in Fig. 6(a) with areas of 150, 380 and 290 nm? decrease
their areas to 120, 310 and 230 nm?, respectively after irradiation to
1 dpa (Fig. 6d), corresponding to 20%, 18.4% and 20.7% of reduction
in volume. In comparison, three nanopores in Fig. Ge irradiated at
400 °C shrink by 2.5%, 6.3% and 1.3%, respectively. The statistics data
derived from a series of nanopore shrinkage in NP Au irradiated at
100 and 400 °C are shown in Fig. 7a. The colored dash lines are the
representative linear fitting results showing the reduction of pore
areas. As shown in Fig. 7b, the average pore shrinkage rate (%/dpa)
decreases monotonically with increasing irradiation temperature,
from ~21%/dpa at RT [46] to1.6%/dpa at 400 °C.

The shrinkage of nanopores is a consequence of the continuous
migration of irradiation-induced defects towards nanopores.
Representative defect capture events by an individual nanopore are
shown in Fig. 8 for in situ irradiated NP Au at 200 °C over ~0.17 dpa
(~53 s) (see Supplementary Video 1). A nanopore with an area of
430 nm? was monitored during irradiation (Fig. 8a). As the nano-
pore does not have perfect circular shape, its area rather than
diameter is used for analysis. By 7.1 s, a defect cluster (outlined by
olive dots) formed next to the nanopore (Fig. 8b). The defect cluster
was then gradually absorbed by the nanopore (Fig. 8c—d). Two
defect clusters outlined by blue dots were observed near the pore at
24.2 s (Fig. 8e). During irradiation, the smaller cluster gradually
migrated towards the nanopore and combined with the large
cluster (Fig. 8f—i), and the combined defect cluster was largely
absorbed by the nanopore (Fig. 8j). A stacking fault tetrahedron
(SFT) formed at 43.3 s (Fig. 8k). After 5.7 s, the SFT was destructed
and partially removed, and then annihilated at 51.9 s (Fig. 81—n).

Fig. 80—p show, by 53 s, a large defect cluster emerged adjacent to
the nanopore and was instantly eliminated within 0.2 s. During the
interaction of these defect clusters with the nanopore, the area of
the nanopore reduced from 430 to 420 nm?.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2017.09.054.

Void swelling is, in general, expected in FCC metals under irra-
diation near peak swelling temperature, ~250 °C for Au. The com-
parison of void swelling behavior between NP Au and CG Au in
Series I study (temperature-jump test) after irradiation to 5 dpa is
shown in Fig. 9. In CG Au as shown in Fig. 9a, nanovoids form with a
density of 9.6 + 2.2 (x10%!/m?). In comparison, in irradiated NP Au
(Fig. 9b), the irradiation-induced nanovoids have a lower density of
1.1+ 0.5 (x10?!/m3). The statistic distributions in Fig. 9c and d show
that the average void size in irradiated CG and NP Au is 5 + 3 nm,
and 2 + 1 nm, respectively. The irradiated CG Au has a maximum
void size of 12 nm, comparing to a maximum void size of 4 nm in
irradiated NP Au.

Defect sink strength is an important parameter that quantifies
the efficiency of a defect sink in annihilating irradiation-induced
defects. Fig. 10a shows the number of defects being absorbed by
the free surface of nanopores (p\ ) as a function of irradiation
temperature. The results are deduced from Fig. 4f by subtracting
the defect density in NP Au from the defect density in CG Au irra-
diated at the same temperature. Below 200 °C, pyll;orb decreases
slightly (from 11.5 to 10.5 x 10%2/m?) with increasing temperature.
However, whenT > 200 °C, p\ , decreases sharply. The calculated
nanopore sink strength as a function of irradiation temperature is
shown in Fig. 10b. The shadow area represents the deviation by
considering the variation of nanopore size. Clearly, two distinct
regions can be identified. Below 200 °C (Region I), sink strength
shows little temperature dependence, whilst above 200 °C (Region
I), sink strength is inversely proportional to the irradiation
temperature.

4. Discussion
4.1. Defects in irradiated NP Au

In NP Au irradiated at different temperatures, a large number of
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Fig. 2. Transmission electron microscopy (TEM) snapshots obtained from in situ Kr ion irradiation videos compare irradiation response between NP Au and CG Au at various
irradiation temperatures. Before irradiation, both CG and NP Au had little defects (a1, b1, c1, d1, e1). (a2—a4) During irradiation, defects accumulated rapidly in CG Au at RT (b2—b4).
At 400 °C, irradiation induced much fewer defects in CG Au (c2—c4, d2—d4, e2—e4). In contrast, during irradiation of NP Au, the number of defects increased gradually and
moderately with dose up to 1 dpa. Furthermore, defect density decreased with increasing irradiation temperature.

SFTs are observed. SFTs are known to have distinct triangular
shapes (complete or truncated as can be seen from the atomic-
resolution TEM images in Fig. 3) and are considered to be the
most energetically favorable configuration compared to faulted and
perfect loops when defect cluster size is small [7]. The formation of
SFTs relies on three different mechanisms. (1) Direct formation
from the vacancy rich cascade during energetic displacement
[1,65,66]. (2) The classic Silcox-Hirsch mechanism where SFTs form
from equilateral triangular vacancy Frank loops by dissociation
|67,68]. However, it is less likely that SFTs are created from equi-
lateral triangular vacancy Frank loops in the real irradiation
cascade. Therefore, another SFT formation mechanism has been
proposed that is (3) evolution from the scalene hexagonal vacancy
Frank loops [69].

Besides SFTs, a large number of interstitial clusters form during
irradiation. These perfect interstitial loops typically have Burgers
vector of a/2 (110) on either {110} or {111} planes and are usually
mobile, while faulted interstitial loops (a/6<112>{111}) and va-
cancy clusters (vacancy loops and SFTs) are immobile [70]. A

majority of the glissile defect clusters in Au are perfect interstitial
loops.

In addition, since irradiation has been performed from RT to
400 °C in this study, temperature (T) effect should also be consid-
ered when discussing the nature of irradiation-induced defects.
Based on the one-interstitial model [71], Stage Il temperature,
which is RT for Au, corresponds to the onset of vacancy motion.
Stage V temperature, ~250 °C, is correlated to the thermal disso-
ciation of vacancy clusters [1,72]. Therefore, the current irradiation
experiments can be divided into two groups. The first group refers
to irradiation from RT to 200 °C. At this temperature range, because
most of the vacancies are tied up in sessile vacancy clusters, a
majority of observed mobile dislocation loops in Au are of the
interstitial type, SFTs are a dominant vacancy type of defects, and
void nucleation and growth is strongly suppressed. Hashimoto et al.
have shown that approximately 90% of irradiation-induced defects
near 80 °C are SFTs in Cu [73] and other FCC systems [74—76]. For
the second group (T > Stage V, greater than 200 °C), since SFTs are
thermally unstable, the predominant visible features are interstitial
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Fig. 3. Bright-field TEM images are showing the formation of SFTs in irradiated NP Au. (a—c) After temperature-jump irradiation, 400 — 100 °C (5 dpa), SFTs (many of them are
truncated) are observed as confirmed by their triangular shape and atomic resolution TEM. (d—f) Irradiation at 200 °C (2 dpa) also leads to abundant SFTs.

loops and the coexistence of SFTs and voids, and voids become
dominating defects as the dose increases [77].

4.2. Defect evolution (size/density) as a function of dose and
temperature

Defect net concentration is a result of the balance between
defect production (dose-rate dependent), absorption (sink domi-
nated) and recombination (irradiation temperature dominated).
When NP Au and CG Au are irradiated at the same temperature and
dose-rate, the generation and recombination of defects are nearly
identical in the two cases. However, since NP Au has a much higher
density of defect sinks (nanopores), the net concentration of defects
is much lower in NP Au compared to CG Au irradiated at the same
condition.

Statistical data in Fig. 4 present more details on the defect size
and density evolutions as a function of dose and temperature.
Limited by 2D images, the longest dimension of each defect was
measured. Thus, the measured defect size represents an upper
bound. In comparison, defect density analysis reflects the lower
bound since not all defects can be resolved under in situ TEM
observation. Several remarkable phenomena are worth
mentioning.

1. Defect size and density are smaller in NP Au than those in CG Au
at almost all irradiation conditions.

2. Defect size in NP Au reaches a plateau quickly after ~0.3 dpa
regardless of irradiation temperature, while in CG Au, defect size
decreased drastically at higher irradiation temperatures.

3. Defect density decreases with increasing temperature in both
NP Au and CG Au.

4, The NP Au irradiated at 200 °C (Series II) exhibits nearly identical
saturation defect size and density compared to the NP Au irra-
diated during the 200 °C stage of temperature jump test (Series
D).

Due to the existence of high-density nanopores, NP Au typically

has both smaller defect size and lower defect density than those in
CG Au. However, there is an interesting exception: defect size in NP
Au and CG Au irradiated at 400 °C is similar, ~4 nm. One possible
reason for such an exception is that at 400 °C, the growth of defect
clusters becomes very difficult due to an active thermal vacancy-
interstitial recombination process. During irradiation at RT, the
defect size in CG Au grows to 10 nm, whereas defect size in NP Au
irradiated at the same condition remains 4 nm. The free surface of
nanopores in NP Au clearly inhibits the growth of defects in NP Au
by absorbing both vacancies and interstitials.

As mentioned earlier (point 4), defect size and density obtained
via temperature-jump irradiation tests are similar to those irradi-
ated at different temperatures separately. Therefore, temperature-
jump tests may provide an efficient way to investigate defect
evolution comparing with a series of stand-alone solo-temperature
irradiation experiments. It should be noticed that temperature-
jump tests performed in decremented temperature steps may be
more appropriate to investigate temperature dependent studies, as
defect generation is an instantaneous event, but defect annihilation
requires much longer time. Therefore, if the temperature-jump
experiment was carried out in an opposite way (incremental tem-
perature steps), the defects formed at a lower temperature stage
may survive irradiation at the following stages, compromising the
quantification of defect accumulations at higher irradiation
temperatures.

4.3. Temperature-dependent diffusivities of defect clusters

Defect migration kinetics, which is crucial for the modeling of
defect evolution in irradiated metals, remains largely unknown
[78]. Our previous study has reported the influence of dose-rate on
global and instantaneous diffusivities of defect clusters in Kr ion
irradiated NP Au at RT [46]. It was found that the global diffusivity
of defect clusters (at RT) is significantly reduced when the dose rate
decreases, while the instantaneous diffusivity has little dependence
on dose rate. The potential mechanisms are interpreted from the
aspects of defect diffusion distance and defect lifetime. In the
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current study, temperature-dependent global and instantaneous
diffusivities of defect clusters for NP Au are investigated. The esti-
mation of diffusivities is very difficult for CG Au because the film
was damaged by ion beam very rapidly. Thus, the migration of
single defect clusters in CG Au can be barely traced. For NP Au, The
global diffusivity of defect clusters in NP Au increases prominently
from 23 + 5 to 48 + 30 nm?/s, when irradiation temperature in-
creases from RT to 400 °C. The rapid increase of global diffusivity is
due to the decrease in defect density at higher irradiation tem-
perature, which in turn affects the migration distance of defect
clusters. In general, a lower defect density leads to longer migration
distance, hence greater diffusivity. The error bar of global diffusivity
also increases with increasing temperature. This can also be
ascribed to defect density. Since the number of defects is very low
at high temperature, a defect cluster can migrate over a long dis-
tance without being arrested. However, because the existence of

high-density nanopores, the defect migration distance is largely
determined by the defect-to-pore distance (or defect-sink dis-
tance). If a defect is close to a nanopore, then it can only migrate
over a short distance before being annihilated, and vice versa.
Therefore, the calculated global diffusivity varies in a wide range
depending on the defect-to-pore distance.

It is intriguing to observe that the instantaneous diffusivity of
defect clusters in NP Au shows very limited temperature depen-
dence, 476 + 225 nm?/s at RT vs. 560 + 412 nm?/s at 400 °C.
Although the fundamental mechanisms behind such a phenome-
non remain unclear, we hypothesize that the such a weak tem-
perature dependence may be related to the defect-sink separation
distance. The instantaneous diffusivity of a defect cluster is largely
determined by the distance of a single “jump” between two defect
clusters or between defect and sink (nanopores). At 200 °C, the
distance between two defects is ~25 nm, and such a distance

A vol%
20.0%

18.4%
20.7%

Fig. 6. In situ video snapshots showing the comparison of pore shrinkage of NP Au at two different temperatures. (a—d) At 100 °C, three nanopores with areas of 150, 380 and
290 nm? decreases to 120, 310 and 230 nm?, respectively after irradiation to 1 dpa, corresponding to 20%, 18.4% and 20.7% reduction in volume. (e—h) In comparison, three

nanopores barely shrink at 400 °C, by 2.5%, 6.3% and 1.3%, respectively.
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Fig. 7. Statistic data reveal the temperature-dependent shrinkage of nanopores during irradiation of NP Au. (a) Two examples of NP Au irradiated at 100 and 400 °C showing the
evolution of pore area versus irradiation dose. The color-dashed lines are the representative linear fitting results. (b) Average pore shrinkage rate (%/dpa) decreases with increasing
irradiation temperature, from ~21%/dpa at RT [46] to1.6%/dpa at 400 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

increases to 70 nm at 400 °C due to reduced defect density. The
average pore-to-pore separation distance in NP Au is ~50 nm. As-
sume a defect cluster is located between two nanopores, then the
defect-to-pore distance is ~25 nm, which is equal to the defect-
defect separation distance at 200 °C.

4.4. Calculation of free surface (nanopores in NP Au) sink strength

Defect sink strength (with a unit of cm~2) is a key parameter in
the reaction-rate theory to quantify the efficiency in annihilating
irradiation-induced defects. The defect sink strength is in general
calculated computationally. Experimentally, the estimation of sink
strength can be obtained from the comparison studies between
nanostructured materials and their CG counterparts. In this case,
Series I NP Au and CG Au are both irradiated at the same conditions
with different temperatures. The total number of defects, p;q.,1, that
is estimated from experimental observations can be written as:

NP Au __ Sur NP
Protal = Pgen — Precom ~ Pabsorb ~ Pabsorb> (1)
and

CG Au Sur
Ptotal = Pgen — Precom ~ Pabsorb> (2)

where pgep, is the number of defects generated under irradiation
and precom is the number of defects annihilated through recombi-
nation. pgggorb and pg‘tl,’sorb are the number of defect absorbed by film
upper/lower surfaces and nanopores, respectively. Since the irra-
diation conditions are kept the same and TEM specimens have the
identical thickness for NP Au and CG Au, pgen, Precoms and piggorb are
nearly the same in the two equations. In addition, since the average
grain size in both NP Au and CG Au are both very large (on the order
of microns), defect absorption through GBs is negligible. In Eqs. (1)
and (2), the only different term is the number of defects annihilated
by nanopores, piP .. Fig. 10a shows the calculated piF . as a

function of temperature. Below 200 °C, p\' , varies very little from

10.5 to 11.5 (x 10%2/m?). However, a turning point exists at ~200 °C,
after which pNF. ., decreases quickly with increasing temperature.
Note that, this temperature is similar to the thermal dissociation

temperature for sessile vacancy clusters (Stage V temperature of
defect recovery) in Au [1,72]. After dissociation, vacancies contin-
uously recombine with interstitials, and the number of defect
clusters that migrate (absorb) to nanopores decreases. Therefore, it
is reconcilable to see pg‘tfsorb decreases more rapidly at higher
temperatures.

pg‘é’sorb obtained based on foregoing analysis provides an
important parameter in calculating sink strength for nanopores in
NP Au. Assuming the nanopore density is p, (cm~2), film thickness
is h and nanopores exhibit cylindrical shape with the volume-
equivalent radius of R, at a given area, A, a measure of the effec-
tive sink strength of nanopores, Kyp, the total number of defects
absorbed by the inner surface (free surface) of nanopores (per cm?),
can be calculated as:

NP NP
" Pabsord _ Pabsorb 3)
27R-h-p,-A  2@R-p,’

Knp =

The value of pNP ~is shown in Fig. 10a, and the volume-
equivalent radius, R, and density, p,, are estimated to be
11 +5nmand 3.1 x 10'% cm 2, respectively. The calculated effective
sink strength of nanopores, Kyp, as a function of temperature is
shown in Fig. 10b. The shadowed area represents the deviation by
considering the size distribution of nanopores. Two distinct regions
can be identified in the plot. When temperature is below 200 °C,
which is Region I, effective sink strength shows little temperature
dependence. In this case, defect sinks play a dominating role in
eliminating irradiation-induced defects compared to thermal
recombination, because temperature is not high enough to trigger
massive defect recombination. Hence the measured effective sink
strength at room temperature in the current study may approach
the inherent sink strength of nanopores. In Region II (T > 200 °C),
however, the calculated effective sink strength decreases rapidly.
The effect of defect sinks in this case is less pronounced because of
the much greater thermal recombination rate. It is worth
mentioning that the result does not necessarily indicate that real
(inherent) sink strength decreases at elevated temperature.

The strategy discussed previously makes the quantification of
effective sink strength possible in nanostructured materials. How-
ever, several factors shall be considered. First, the effective sink
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Fig. 8. In situ video snapshots showing representative defect capture events by an individual nanovoid over ~0.17 dpa (~53 s) in NP Au irradiated at 200 °C (see Supplementary
Video 1). (a) A nanopore with an area of 430 nm? was monitored during irradiation. (b) A defect cluster (outlined by olive dots) formed next to the nanopore after 7.1 s. (c—d) The
defect cluster was gradually absorbed by the nanopore. (e—j) Two defect clusters outlined by blue dots were observed at 24.2 s. During irradiation, the smaller cluster gradually
migrated towards the nanopore, and the larger cluster continuously grew. Finally, the two clusters combined and were mostly absorbed by the nanopore. (k) A stacking fault
tetrahedron (SFT) formed at 43.3 s. (I-n) After 5.7 s, the SFT was destructed and partially removed, and then annihilated at 51.9 s. (o—p) By 53 s, a large defect cluster emerged
adjacent to the nanopore and was immediately eliminated within 0.2 s. Due to the absorption of defect clusters during irradiation, the area of the nanopore reduced from 430 to
420 nm?. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

strength calculated here considers mostly defect clusters rather
than point defects that are captured by sinks. Thus, we may have
underestimated the effective sink strength of nanopores. Second,
the results indicate that the effective sink strength may not depend
on the dose level, but rather on dose-rate. More defects can be
produced at higher dose-rates, and therefore, the effective sink
strength increases as more defects may be captured by sinks.
Malerba et al. pointed out that the sink strength not only depends
on the type, shape, and size of the sinks but also depends on the
dimensionality of the motion of the affected migrating species [58].
Nevertheless, it is not clear from the present study if the effective
sink strength saturates upon a certain dose-rate. Further studies are
necessary to answer this question. The method provided in this
study offers an opportunity to compare sink strength for different
types of defect sinks under the same irradiation condition.

4.5. Nanopore shrinkage and suppressed void swelling in NP Au

As mentioned earlier, our previous studies on NP Au have shown
that nanopore shrinkage occurred at RT and no irradiation-induced
voids were detected [82]. In the current study, nanopore shrinkage

has been identified again in NP Au at all irradiation temperatures,
including the peak swelling temperature for Au. The shrinkage rate
of nanopores decreases with increasing irradiation temperature
(Fig. 7b). One may envision that the growth of nanopores is due to
the arrival of vacancies. For Au irradiated at room temperature most
vacancies are tied up in sessile vacancy clusters (SFTs, vacancy
loops) formed directly in the displacement cascades. Consequently,
the mobility of vacancies and the void nucleation and growth are
strongly suppressed. Thus, more interstitials arrive at nanopores,
leading to the shrinkage of nanopores. At higher irradiation tem-
perature, the mobility of vacancies increases, and the recombina-
tion rate between interstitials (and clusters) and vacancies (and
clusters) increases. Because nanopores absorb fewer defects at
elevated temperatures, the nanopore shrinkage rate decreases. No
obvious growth of nanopores was observed at high temperatures.

In addition to nanopore shrinkage, void swelling is observed in
Series I CG Au after irradiation up to 5 dpa, while both size and
density of irradiation-induced voids are remarkably reduced in NP
Au (Fig. 9). Many voids in irradiated CG Au are larger than 4 nm and
the maximum size is 12 nm, while most of the voids in NP Au are
smaller than 3 nm and the maximum size is 4 nm. Comparing to
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Fig. 9. Comparison of void swelling between NP Au and CG Au in Series I study (temperature-jump test) after irradiation to 5 dpa. (a) In CG Au, irradiation-induced nanovoids have a
density of 9.6 + 2.2 (x10%!/m?). (b) In comparison, in irradiated NP Au, the irradiation-induced nanovoids have a density of 1.1 + 0.5 (x10*!/m?). (c) The statistics distribution shows
that the average void size is 5 + 3 nm. (d) The average void size in irradiated NP Au is 2 + 1 nm. The irradiated CG Au has a maximum void size of 12 nm, comparing to 4 nm in

irradiated NP Au.

irradiated CG Au, the void size is more than two times smaller, and
the void density is reduced by almost an order of magnitude in the
irradiated NP Au. It is worth mentioning that nanopore shrinkage
could be the considered as negative swelling (densification) and the
magnitude of volume reduction induced by nanopore shrinkage is
much larger than the volume expansion due to irradiation induced
voids in NP Au at elevated temperatures. In addition, the volume of
irradiation-induced voids in NP Au is nearly two orders of magni-
tude lower than that in irradiated CG Au. Hence, NP Au exhibits
prominently improved swelling resistance.

Schematics in Fig. 11 illustrate the hypothetical mechanisms of
void formation and nanopore shrinkage in NP Au and CG Au at
different temperatures during irradiation. Same amount of in-
terstitials and vacancies are created in a given volume in both NP Au
and CG Au during irradiation. However, in CG Au (Fig. 11a), in-
terstitials continuously migrate towards film upper and lower film
surfaces (GBs contribution is not considered because of the giant
grain size compared to film thickness), and most of the vacancies
are left behind. Therefore, interstitials have medium concentration,
and vacancies exhibit high concentration. At high temperature,
vacancies become mobile and agglomerate to form large clusters,
and finally, transform into voids. Because of high supersaturated

vacancy concentration, voids grow rapidly in terms of both size and
density. In contrast in NP Au irradiated at high temperatures
(Fig. 11b), due to the existence of nanopores, both interstitials and
vacancies will be trapped by nanopores. Consequently, interstitials
exhibit low concentration, and vacancies have medium concen-
tration compared to that in CG Au. In this case, only small vacancy
clusters can form, and those clusters eventually evolve into small
voids. Compare to irradiation of NP Au at low temperatures
(Fig. 11c), nanopores shrink at much slower rates at high temper-
atures due to two major reasons: (1) accelerated thermal recom-
bination of opposite point defects at high temperature, and (2) the
increasing mobility of vacancies at high temperature. Consequently,
fewer interstitial-type defects can reach nanopores before being
annihilated by vacancy-type defects, and the preferential absorp-
tion of interstitial-type defects by nanopores is interrupted because
vacancy-type defects could also reach to nanopores. Therefore,
nanopore shrinkage rate decreases at high temperature. Since void
nucleation and growth are largely suppressed at low temperature,
little void swelling occurs in (c). Noted that three other factors
related to interstitials are intentionally not shown in the schematics
for clarity: (1) interstitial annihilation due to pre-existing defects,
such as dislocations; (2) the migration of interstitial to film surface;
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Fig. 10. (a) The number of defects being absorbed by the free surface of nanopores (pabsorb) as a function of irradiation temperature. The results are deduced from Fig. 4(f) by
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Below 200 °C (Region I), effective sink strength shows little temperature dependence, whilst above 200 °C (Region II), effective sink strength is inversely proportional to irradiation

temperature.

and (3) the recombination of interstitials and vacancies.

One may speculate that the shrinkage of nanopores could be
caused by the surface diffusion of Au atoms at elevated tempera-
tures. However, we have performed the annealing studies on NP Au
at 400 °C for 20 min, and nanopores were very stable during
annealing (Supplementary Fig. S1). In addition, irradiation resis-
tance of NP metals may degrade over long-term irradiation when
most of the nanopores are completely filled by irradiation-induced
defect clusters. Therefore, the stability of nanopores should also be
considered if NP materials are adopted to design irradiation-

(a) CG Au - high temp:
-> significant swelling in terms
of void size and density

(b) NP Au - high temp:
-> suppressed swelling
-> slow nanopore shrinkage

resistant materials in nuclear reactors. First, nanopores in Au
appear to shrink at a fast speed at lower temperatures, for instance,
~10%/dpa at 200 °C. However, Au is a model system that is known to
be vulnerable to irradiation damage than many other alloys. Thus,
one can envision that if practical reactor steels are engineered into
nanoporous structures, the safe service period (lifetime) of the
steels could be significantly extended. Second, the stability of
nanopores increases at high temperatures. For instance, the nano-
pore shrinkage rate at 400 °C decreases to less than 2%/dpa. This is
instrumental for NP metals because the nuclear reactors are usually

(C) NP Au — low temp:
- no swelling
-> fast nanopore shrinkage
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Fig. 11. Schematics illustrate the potential mechanisms of void formation in NP Au and CG Au at high temperature as well as pore shrinkage in NP Au at different temperatures after
irradiation. As irradiation condition is identical, the defect generation rate is assumed to be identical between CG and NP Au. (a) In CG Au irradiated at high temperature, due to a
lack of internal defect sinks, interstitials rapidly migrate away, leaving vacancies behind. The supersaturation of vacancies leads to the formation of voids. (b) In contrast in NP Au
irradiated at high temperature, both interstitials and vacancies are trapped by nanopores. As the migration rate and territory of interstitials are curtailed by nanopores, the
recombination probability of vacancies and interstitials may also increase. Consequently, only small vacancy clusters can form, and the magnitude of void swelling significantly
decreases. (c) Comparing to NP Au irradiated at high temperature, nanopores shrinkage rates increases at lower irradiation temperature presumably because less thermal
recombination of vacancies and interstitials at low temperature, and absorption of interstitials by nanopores.
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operated at temperatures above 400 °C. Third, the stability can also
be increased by increasing the size of nanopores. As discussed
previously [46], the shrinking rate of nanopores is size-dependent,
i.e., nanopore shrinkage is inversely proportional to the initial pore
diameter. Of course, irradiation response of other NP metals may be
different from NP Au reported in this study. However, the concept
provided here is potentially transformative. For instance, the
introduction of nanopores can clearly reduce irradiation induced
defect density and nanopores shrinkage rate decreases at elevated
temperatures. Therefore, by deliberately introducing nanopores
with desired dimensions, the irradiation stability of NP metals can
be significantly sustained. These observations may have general
implications for the design of advanced irradiation resistant
metallic materials.

In addition to the irradiation stability of nanopores, further in-
vestigations on other properties, such as mechanical properties,
resistance to corrosion, are beneficial to transfer this concept into a
practical option for advanced reactor materials.

5. Conclusion

Nanoporous (NP) materials possess a great potential in the
alleviation of the irradiation-induced damage due to the giant
surface-to-volume ratio. In this study, we show that both defect
size and density evolve with irradiation temperature, i.e., high-
temperature results in reduced defect size and density. Compared
to CG Au, defect size and density have been markedly reduced in NP
Au. In addition, nanopore shrinkage has been identified at all
temperatures, and shrinkage rate becomes less at high tempera-
tures. The sink strength of the free surface (nanopores) in NP Au is
estimated. The method used in this study not only offers an op-
portunity for quantitatively analyzing sink strength but more
importantly, but also provides a new strategy to make crosswise
comparisons of sink strength between different defect sinks. The
significantly enhanced swelling resistance of NP metals empowers
them as promising candidates as structural materials for advanced
nuclear reactors.
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