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ABSTRACT

Nanocrystalline materials are radiation-tolerant materials’ candidates due to their high defect sink
density. Here, nanocrystalline iron films were irradiated with 10 keV helium ions in situ in a transmis-
sion electron microscope at elevated temperatures. Grain-size-dependent bubble density changes
and denuded zone occurrence were observed at 700K, but not at 573 K. This transition, attributed
to increased helium—-vacancy migration at elevated temperatures, suggests that nanocrystalline
microstructures are more resistant to swelling at 700K due to decreased bubble density. Finally,
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denuded zone formation had no correlation with grain size and misorientation angle under the

conditions studied.

IMPACT STATEMENT

-

,’ Lower Bubble Density

Denuded Zone Formation
Bubble Densi

Trend

Denuded zone formation and bubble density/swelling vs. grain size trends were shown to occur over
a threshold temperature in helium-irradiated nanocrystalline iron.

Many future nuclear energy systems require advanced
engineering materials capable of withstanding severe
environmental conditions, particularly high irradiation
doses and high temperatures [1]. Energetic ions create
high numbers of point defects (vacancies and intersti-
tials) during the initial collision cascade. Most of these
defects recombine in tens of picoseconds, leaving a subset
of vacancies and interstitials that become freely migrat-
ing defects (FMDs). These FMDs can diffuse, recombine,
cluster, or be absorbed by sinks such as grain boundaries
[2]. Clustering of these defects can lead to the forma-
tion of more complex defect structures, such as vacancy
loops, interstitial loops, voids, and bubbles, which all can
potentially degrade the mechanical properties [3,4] of
the irradiated material and ultimately cause failure [1].
To mitigate these detrimental effects, recent studies have
investigated novel engineering materials with high den-
sities of defect sinks, such as grain boundaries [5-7] or
structural interfaces [8]. Grain boundaries are thought

to act as defect sinks and, in particular, to enhance point
defect annihilation by absorbing interstitials and then re-
emitting them back to recombine with nearby vacancies
[9]. They can also operate as sinks for interstitial impu-
rities, such as helium [10] as in the case of plasma-facing
components in fusion systems which are exposed to high-
flux and high-fluence helium irradiation [11]. For these
reasons nanocrystalline materials, with their high den-
sity of grain boundaries, are considered candidates for
radiation-tolerant materials.

Several studies have suggested that nanocrystalline
materials have higher radiation tolerances than their
coarse-grained counterparts by demonstrating that they
have lower defect densities after exposure to the same
levels of irradiation [12,13]. Studies have also investi-
gated the relationship between grain boundary char-
acter and sink efficiency, which is often correlated to
denuded zone formation [14], or the formation of a void-
and defect-free zone near the grain boundary. However,
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the effect of temperature on bubble-denuded zone for-
mation and bubble concentration in a nanocrystalline
microstructure has yet to be explored. In this study,
in situ, low-energy helium implantation was performed
in a transmission electron microscope (TEM) on free-
standing nanocrystalline iron films at two distinct tem-
peratures. Both defect generation and helium trapping
occur at the irradiation conditions in this study and grain
boundaries are supposed to play a role in defect annihi-
lations and helium trapping. The different results from
these two experiments revealed evidence of a tempera-
ture threshold for denuded zone formation in nanocrys-
talline Fe. Additionally, through the analysis of a large
set of grain boundaries, it is shown that denuded zone
formation had no correlation with grain size and grain
boundary misorientation angle.

Nanocrystalline iron films (approximately 100 nm
in thickness) [15] were prepared by sputter-depositing
99.9% pure iron target onto a < 100> NaCl substrate
held at 573K, and subsequently floated in water onto
molybdenum TEM grids using the procedure described
elsewhere [16]. The samples were then annealed in situ
at 873K in a JEOL 2100 Labs TEM using a Gatan
628 single-tilt heating stage to reach an equilibrium
microstructure. In situ irradiation, executed at the In-
situ Ton Irradiation TEM (I*TEM) facility at Sandia
National Laboratories [17], was performed with approx-
imately 10keV helium ions at calibrated temperatures
of 573 and 700K and an incident angle of 60°. These
parameters give a projected range of up to 80nm as

calculated by the ‘detailed calculation with full dam-
age cascade’ option in Stopping Range of Ions in Matter
(SRIM), a Monte Carlo-based collision computer code
(version 2013) [18]. The ion dose rate and the final dose
were nominally 8.74 x 107 m2s1and 2.8 x 102! m~2,
respectively. The majority of the in situ images and videos
were taken under Fresnel imaging condition, which pro-
vides an accurate and rapid method to characterize bub-
ble density and an estimate of the bubble size [19]. In
addition, initial and post microstructural characteriza-
tion was performed in the 2100 JEOL TEM utilizing auto-
mated crystallographic orientation mapping (ACOM)
analysis produced by NanoMEGAS ASTAR precession
electron diffraction system that is integrated into the
I*TEM [20]. The ACOM analysis was performed using
5nm spot size and 2 nm step size.

Fresnel TEM images and corresponding inverse pole
figure (IPF) maps of nanocrystalline irons films after irra-
diation with 10 keV helium at 573 and 700 K are shown
in Figure 1. Analysis of the IPF maps concluded that the
films contain 81% (by number of grain boundaries) high-
angle grain boundaries as measured by the ‘Grain Bound-
ary Quick Map’ tool in TSL® OIM Analysis 7.0 software.
While bubbles are present in the grain matrices, the grain
boundaries are also decorated with bubbles (Figure 1)
which demonstrates helium trapping by grain bound-
aries. Formation of bubbles in Figure 1 can be illustrated
as follows: due to the low energy for interstitial helium
diffusion (0.06 eV) [21], helium is expected to migrate
freely unless it is trapped by the pre-existing defects or

Figure 1. (a) and (b) Overfocused bright field TEM images of 10 keV helium irradiation on nanocrystalline iron at calibrated temperatures
of 573 and 700 K, respectively. The inset figure in (b) demonstrates one denuded zone measurement (c) and (d) the corresponding [001]

IPF maps.
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Figure 2. Areal bubble density (N°/nm?) vs. grain size (area) for 10 keV helium irradaition on nanocrystalline iron at (a) 573 and (b) 700 K.

Red fitting in (b) demonstrates the trend in density change [25].

those generated (FMDs) in the matrix and along the grain
boundaries, which are known to be effective helium-
trapping sites [10]. In the matrix, helium-vacancy com-
plexes are assumed to be generated on the order of 10
picoseconds [22] and have been observed or modeled
to grow into bubbles by emitting interstitial atoms or
by absorbing neighboring vacancy and helium atoms
[23,24].

Although bubble formation occurred in the grain
matrix and the grain boundaries, the irradiation toler-
ance of the nanocrystalline samples to bubble formation
can be studied. The resistance of grain boundaries to bub-
ble formation in the grain matrix was correlated to the
formation of denuded zones near the grain boundaries,
which is a function of grain boundary sink efficiency [8].
Experimentally, insight about grain boundary sink effi-
ciency can be gained through examining denuded zone
formation in the irradiated samples. Nanocrystalline iron
samples irradiated at 573 K showed no denuded zone for-
mation and uniform distribution of bubbles (average size
of 195 bubbles counted is 2.1 nm with a standard devi-
ation of 0.36 nm) throughout the grain matrix and at
the grain boundaries (e.g. Figure 1(a)). The sample irra-
diated with a similar dose and dose rate, but at 700 K
demonstrated denuded zone formation along the grain
boundaries, different bubble densities for different grain
sizes, and a larger average bubble size (average size of
313 bubbles counted is 3 nm with a standard deviation
of 0.24 nm) in the grain matrix. To examine the effect of
this behavior on the irradiation tolerance of the material,
the average bubble density vs. grain size was plotted for
both cases (Figure 2). In the 700 K case, where denuded
zones are formed, an increase of bubble density vs. grain
size (area) was observed. In the 573 K irradiation case,

there was no trend observed and the average bubble den-
sity was 0.129/nm?, which is 2.15 times higher than the
saturation value (approximately 0.06/nm?) in the 700 K
case, demonstrating the dependence of bubble density
and bubble density vs. grain size trend formation on tem-
perature. In both irradiation cases, a trend in bubble size
trend as a function of grain size was not found.
Investigating the bubble density and size as a func-
tion of temperature can provide insight into the resistance
to swelling, another important aspect of the radiation-
tolerant material. Swelling can be described as the change
in the volume of the material (Av/v) [26] due to
increased vacancies, voids, and bubbles. An implication
of the TEM observable bubbles and cavities on swelling
in this study is determined using the TEM Fresnel micro-
graphs. Using the average bubble area and the average
bubble density in the 573K case, Av/v (found using
Av/v = %nrng, where Ny is the void density and r.
is the radius of the void) was found to be 0.63%. In the
700K case, this value ranges from 0.0096% to 0.98% as a
function of grain size. At higher temperature more dam-
age (higher bubble density and size) is expected due to
higher vacancy coalescence and faster helium-vacancy
complex growth [27]. However, the bubble density was
shown to be smaller in the 700 K case. Swelling is also
expected to increase with temperature in this temper-
ature regime [28], but the 700K result demonstrated
lower calculated or apparent swelling values particularly
at small grain sizes. One can then conclude that the resis-
tance to bubble formation and subsequently to swelling
in nanocrystalline iron is temperature dependent. El-
Atwani et al. [29,30] demonstrated lower bubble density
in the nanocrystalline regime for another BCC mate-
rial (tungsten) when denuded zones were present and
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the irradiation conditions permitted both vacancy gen-
eration and migration. In this study, vacancy generation
is present due to the displacement damage from the 10
keV He and a similar mechanism might also be opera-
tional. According to SRIM, the vacancy production is 30
vacancies/ion. Due to the low vacancy migration energy
in iron (0.67 eV) [21], vacancy migration is expected to
occur at both temperatures (573 and 700 K). However,
the rapid formation of helium-vacancy complexes can
affect the migration of the vacancies. It was reported
[31] that migration of helium-vacancy complexes can
occur at temperatures higher than 573 K (the low tem-
perature case in this study). Moreover, vacancies are pre-
dicted to be unstable at temperatures below 573 K and
can only be stabilized through helium-vacancy complex
formation [31]. Therefore, one might expect a change in
the efficiency in the migration of small helium-vacancy
complexes in the 700K irradiation case. Migration of
these complexes to grain boundaries or their coales-
cence should lead to smaller number of bubble nucle-
ation sites but higher probability for helium atoms to find
existing complexes during irradiation. It was predicted

through molecular dynamics simulations that as tem-
peratures increase, helium-vacancy complex formation
occurs faster in iron and less helium atoms are needed to
emit vacancies (during bubble growth) despite the disso-
ciation of small complexes [27]. These arguments are in
agreement with the results in this study.

The following equation, from [8], is used to find the
width of the denuded zone (Aypyz) :

Ky ksy
AVDZ D—S =Inn, —In (1 — ACv%) > (1)

v 0

where Ky is the vacancy sink reaction rate coefficient, ko
is defect production rate, Dy is vacancy diffusivity, ¢y is
the vacancy concentration, and 1y is the vacancy sink effi-
ciency describing the ability of the sink to absorb super-
saturated vacancies; 1)y is described as the ratio of vacancy
flux going into the sink to the vacancy flux going into a
perfect sink. It can range from 0 (no vacancy absorption)
to 1 (perfect sink).

From Equation (1), a reduction in Dy will result in
denuded zone shrinkage. Formation of helium-vacancy
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Figure 3. (a) and (b) Denuded zone type vs. grain size and misorientation angle, respectively. (c) Denuded zone size (nm) vs. misorien-
tation angle and (d) overfocused bright field TEM image showing half denuded grain boundaries (pointed by red arrows). All images are

for the 700 K irradiation case.



complexes affects the vacancy diffusivity and decreases it
for large complexes. Helium-stabilized vacancies (small
helium-vacancy complexes) will migrate more efficiently
at 700 K. Thus, comparison of the 573 and 700 K exper-
iments is reasonable. It should be mentioned that defect
clusters can also be vacancy sinks which is ignored in the
above equation [8].

The relationships between denuded zone formation
and grain boundary misorientation angle and grain size
are studied and demonstrated in Figure 3. In Figure 3(a),
denuded zone formation vs. grain size is plotted. The
experimental data were partitioned into three categories:
fully denuded grain boundaries surrounding a grain, at
least half of the boundaries are denuded, and no denuded
grain boundaries surrounding the grain. Denuded zone
formation and size (the perpendicular distance from
the denuded boundary to nearby bubbles as shown in
Figure 1(b)) vs. misorientation angle are demonstrated
in Figure 3(b) and 3(c), respectively. For Figure 3(b),
boundaries were classified into fully denuded bound-
aries (the majority of the boundary has a bubble-free
zone in the vicinity of the grain boundary), non-denuded
boundaries (no bubble-free zone in the vicinity of the
grain boundary), and partially denuded grain boundaries
(about half of the boundary has a bubble-free zone in
its vicinity). A typical TEM image for this case is shown
in Figure 3(d). Both low-angle and high-angle bound-
aries can be denuded or non-denuded and no trend for
denuded zone formation and denuded zone size as a
function of misorientation angle was observed, suggest-
ing an additional parameter is affecting the grain bound-
ary sink efficiency. The term 7, (vacancy sink efficiency
of the boundary) in Equation (1) is shown to be depen-
dent on other parameters, in addition to misorientation
angle, such as grain boundary plane [14].

Considering misorientation angle alone (without con-
sidering the grain boundary plane) in this work demon-
strated no correlation with denuded zone formation.
Therefore, our results are in agreement that misorienta-
tion angle, grain size, and grain boundary type (high-
angle or low-angle grain boundaries) are not the only
factors affecting denuded zone formation.

In summary, low-energy helium implantation per-
formed on free-standing nanocrystalline iron films in situ
at 573 and 700 K demonstrated bubble density and area
dependence on temperature. Denuded zone formation
occurred at 700 K, which coincided with a trend in bub-
ble density as a function of grain size; however, no direct
correlation was observed between denuded zone for-
mation and misorientation angle. Nanocrystalline iron
was shown to have less bubble density and lower appar-
ent swelling values at the temperature above which
helium-vacancy complexes can migrate (over 573 K).
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