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The nanoengineering of materials for enhanced radiation damage tolerance by increasing the density of
defect sinks and recombination centres has been investigated in nanograined [1], nanolayered [2],
nanoporous [3] and nanodispersion-strengthened [4] materials. For example, in a nanoporous material an
interconnected network of ligaments forms a structure in which the surface-area-to-volume ratio, RSV, is
high and the distance to the nearest surface is always short. These surfaces act as insaturable sinks at
which defects can annihilate and mobile gas atoms escape. This is particularly important in nuclear
materials where neutron irradiation can induce the creation of vacancies and interstitials via atomic
displacements as well as the introduction of insoluble gases such as helium from (n,α) reactions.
The low sputter yield, high thermal conductivity (174 W.m–1.K–1 at 300 K) and melting temperature
(3422°C) of tungsten have resulted in it being considered as the lead candidate for the plasma-facing
material in the divertor of the ITER magnetic-confinement nuclear fusion reactor under construction in
France [5]. The role of the divertor is to extract the ash (waste helium) produced by deuterium-tritium
fusion reactions in the plasma. In doing so, it will be exposed to helium ions and 14.1 MeV neutrons
escaping from the plasma resulting in the accumulation of atomic displacements and helium leading to
embrittlement, swelling and thermal conductivity changes [6].
Each ligament in a nanoporous structure can be considered as an individual nanoparticle. To enable
exposure to identical experimental conditions and thus direct comparison, electron-transparent foils of
tungsten were decorated with tungsten nanoparticles to create specimens containing these two systems
with significantly different values of RSV (for example, for a 50 nm thick foil and 50 nm nanoparticle
RSV would be 0.04 and 0.12, respectively). These were heated to either 500°C or 750°C and irradiated
with 15 keV helium ions and studied in-situ via transmission electron microscopy (TEM) in the
Microscope and Ion Accelerator for Materials Investigations (MIAMI-2) system at the University of
Huddersfield outlined in figure 1(a). The numbers of displaced atoms and implanted helium ions have
been calculated using the Transport and Range of Ions in Matter (TRIM) Monte Carlo computer code
[7]; whilst this can easily be done for the foil regions of the specimen it is not directly applicable to
spherical nanoparticles as, natively, TRIM considers only planar geometries. Therefore, an in-house
implementation of TRIM called Spherical Ion Calculation Modifier (SICMod) has been developed
which takes the three-dimensional atomic collision cascades calculated by TRIM, distributes their entry
points over the irradiated surface of the nanoparticle and then determines how much of each cascade
would have been contained within the sphere and which branches would have terminated at the surface.
As shown in the example in figure 1(b), at 500°C black spot radiation damage was observed to readily
form in the foils but this was not the case in the nanoparticles to the end fluence of 5.0×1017 ions.cm–2.
At 750°C in figures 1(c, d), bubbles were found in both the foils and the nanoparticles but in the latter
they were larger with a lower areal density compared to areas of the foil with thickness corresponding to
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an equivalent volume of material. These results point to the enhanced annihilation of defects at the
surface of the nanoparticles which prevents the clustering of point defects and thus reduces the number
of nucleation sites (i.e. vacancies and vacancy complexes) for bubbles leading to fewer bubbles which
each absorb a greater share of the available helium and vacancies compared to those in the foil [8, 9].
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Figure 1. (a) Outline of the MIAMI-2 system incorporating dual ion-beamlines and a TEM;
(b) underfocus TEM image of two nanoparticles (45 and 57 nm) on a foil irradiated to
5.0×1017 ions.cm–2 at 500°C; and (c, d) representative overfocus TEM images of bubbles in a 50 nm
diameter nanoparticle and a 50 nm thick foil, respectively, irradiated to 1.0×1017 ions.cm–2 at 750°C.
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