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In situ ion irradiation in a transmission electron microscope was used to investigate the effects of temperature on
radiation-induced bubble lattice formation in Cu by low energy (12 keV) helium ions. Bubble lattices were ob-
served to form between — 100 and 100 °C, but at 200 °C lattice formation was impeded by continued growth
and agglomeration of bubbles. Both nucleation of bubbles, and to a lesser extent bubble lattice formation, are ob-

served at lower fluences as temperature increases, which we suggest is due to increased point defect mobility.
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Previous work on point defect concentrations in irradiated copper is considered when interpreting these results.
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The inert gases He, Kr and Xe are all by-products of nuclear reac-
tions; He from (n, o) and fission reactions, while Kr and Xe are fission
products formed during the burning of nuclear fuels. These gases are
generally insoluble in metal and ceramic materials and therefore precip-
itate out into pressurised gas bubbles in the materials used in reactor
cores. These bubbles are of considerable interest to the nuclear mate-
rials community as their presence can encourage both creep damage
and swelling as well as causing life-limiting embrittlement of structural
materials exposed to these extreme environments [1]. Voids can also be
created by agglomeration of radiation-induced vacancies, and can have
similar deleterious effects on mechanical properties.

A random distribution of bubbles may contribute significantly to
creep and mechanical property degradation of reactor components,
but when these bubbles are arranged in an ordered lattice these damag-
ing effects may be reduced [2]. Bubble lattices are known to form in ma-
terials under the non-equilibrium conditions found in modern nuclear
reactor cores [3], and gas accumulation within a material is known to
cause dimensional changes and induce embrittlement to the compo-
nent [4]. Bubble lattices have thus been investigated in order to better
understand both their formation mechanisms and to further under-
stand degradation expected in in-service core reactor components.
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The first evidence for periodic ordering of radiation induced cavities
was reported by Evans in molybdenum irradiated with 2 MeV nitrogen
ions [5] where a body-centred cubic (bcc) ordered array of voids was
found to replicate the lattice of the host metal, with a lattice parameter
two orders of magnitude larger. Since then, numerous ex situ irradiation
experiments have yielded samples exhibiting a 3-dimensional void lat-
tice as defined by diffraction analysis [6,7].

Bubble lattices are characterised by having long range ordering on
low-index crystallographic planes [8] and have been shown to form in
face-centred cubic (fcc) as well as in bcc materials [5,9-11]. One notable
exception to the general rule that a bubble lattice has the same structure
as the matrix material is bcc U-7Mo fuel particles embedded in an Al-
alloy matrix, in which an fcc fission gas bubble lattice structure was re-
ported rather than the bcc structure of the host lattice [12]. Bubble lat-
tices that form in hcp materials are generally found to show ordering
only parallel to the basal plane [13].

One proposed mechanism for the formation of bubble lattices is that
it is driven by elastic interactions between bubbles [14], but Willis ar-
gued that the long range ordering synonymous with a bubble lattice is
found over distances much larger than the effect of the anisotropy of
elastic constants [15]. Hence the short range elastic interactions be-
tween bubbles are unlikely to be solely responsible for bubble lattice
formation. The mechanism of isomorphic decomposition [16] was also
ruled out as it does not take into account the non-equilibrium condi-
tions found during irradiation [17].

As a means of relieving stress, over-pressurised bubbles have been
found to ‘punch-out’ self-interstitial atoms (SIAs) and/or interstitial
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dislocation loops in the direction of the glide plane, resulting in bubble
movement and alignment along the glide cylinders [18,19]. As a possi-
ble mechanism for bubble ordering, however, this was discredited as
bubbles would move away from, not towards, the ordering direction
[17]. Also, it is uncertain whether the bubble pressure is sufficiently
high to induce loop punching at the fluence levels under which bubble
lattices are found in ion implantation experiments, ~10'°-10'7 ions/-
cm™~2[17]. Voids do not become pressurised and hence cannot punch
out interstitials or dislocations, therefore this hypothesised mechanism
could not explain the existence of void lattices.

Currently, there is a general consensus that a mechanism involving
the anisotropic diffusion of host metal SIAs is most likely to explain bub-
ble lattice formation [20,21]. Such a mechanism was initially put for-
ward by Evans [8], who later modelled bubble lattice formation using
rate theory computer simulations of 2D interstitial diffusion [22]. SIA
diffusion occurs predominantly along the close-packed directions of
the host matrix, leading to bubble ordering along these directions, and
so creates bubble lattice structures that reflect bcc and fcc matrix struc-
tures and basal plane alignment in hcp materials. The {111} and the
{100} family of planes have the highest packing density for bcc and fcc
structures respectively which helps explain the presence of 3 dimen-
sional lattices, while in hcp crystals the single (0001) plane is the
most close packed leading to only 1 dimensional ordering.

In recent studies, in situ irradiation experiments of bubble lattice for-
mation have been implemented to complement protracted irradiation
campaigns in reactors [23] and the ion irradiation of bulk specimens.
In situ ion irradiation offers the major advantage that the dynamic pro-
cesses of irradiation can be directly observed as they occur. Samples ir-
radiated in situ have been shown to yield results comparable to those
obtained during irradiation of bulk specimens [9,24]. Such techniques
can be useful in exploring the mechanisms of bubble lattice formation.
This paper reports the observation and characterisation of bubble lat-
tices in copper formed under in situ irradiation in a transmission elec-
tron microscope (TEM).

Samples were prepared from a sheet of oxygen-free high thermal
conductivity (OFHC) copper. Disks 0.2 mm thick and 3 mm in diameter
were prepared by mechanical punching directly from the OFHC copper
sheet. TEM samples were produced by electropolishing the disks in a
Struers TENUPOL™ device with nitric acid (10%) and methanol (90%)
electrolyte in a temperature range of —20 °C to —5 °C using a voltage
of 25 V. Samples were then further polished using Precision lon
Polishing system (PIPs) to achieve adequate electron transparency.
TEM in situ ion irradiations with concurrent examination were per-
formed at the MIAMI facility using a modified JEOL JEM-2000FX micro-
scope operated at 200 kV interfaced with a low energy ion accelerator
[25].

The samples were irradiated in situ with 12 keV He ions such that the
highest concentration of He ions was implanted into the middle of the
thin foil copper samples as predicted by the Stopping and Ranges of
Ions in Matter (SRIM) program version 2013 [26]. Full damage cascade
SRIM calculations were performed using a material density of
8.92 ¢ cm ™3 and a displacement threshold energy, E,, of 25 eV. Results
from SRIM calculations were also used to convert the irradiation fluence
into displacements per atom (dpa) values into a 100 nm thick sample.
While the implantation is being carried out, the TEM illumination was
defocussed to limit the impact of any heating by the electron beam
and to minimise displacement of He atoms from the bubbles.

When imaging bubbles (or voids) in the TEM it is desirable to tilt the
specimen from the exact Bragg condition in order to minimise the dif-
fraction contrast in the image. However to study the formation of bub-
ble lattices, it is preferable for samples to be tilted close to exact
down-zone conditions [27] in order to provide the best opportunity to
see the alignment of the bubbles during lattice formation (i.e. close to
the zone-axis of the bubble lattice). As a result of this limitation some
diffraction contrast is inevitable. Due to Fresnel fringes bubbles appear
as light or dark spots when viewed at over and under focus respectively.

Implantation of samples was conducted in regular fluence steps,
and images recorded after each step. The dose was calculated after
implantation based on continuous ion current measurements on a
skimming aperture during irradiation, and at the specimen position
at the beginning and end of each experiment [25]. Implantation
ended when real-time fast Fourier transforms (FFTs) of the sample
image displayed a regular cubic super structure (see inset of Fig.
1b), indicating that the bubbles had aligned into a bubble lattice. At
some temperatures it was observed that the bubbles began to ag-
glomerate before any lattice was formed.

Bubble lattices were observed to form in Cu during in situ 12 keV He
irradiation over a temperature range of — 100 to 100 °C. A representa-
tive area of a sample irradiated at 100 °C prior to and after the formation
of abubble lattice is shown in Fig. 1. An amorphous and an ordered array
of bubbles are clearly evident in Fig. 1a and b, respectively, and con-
firmed by the inset FFTs. During irradiation at 200 °C bubble lattices
did not form, instead the bubbles underwent continuous growth whilst
remaining in a random array (Fig. 2). A summary of the fluences and
damage levels at which bubbles were first observed to nucleate and
then to form lattices is given in Table 1, along with the average bubble
diameters and the edge-to-edge inter-bubble spacing. From these
results there are three main observations of interest; the size (and
distribution) of bubbles as a function of temperature, the conditions
under which bubble lattices form, and the difference in the change in
required dpa and fluence for bubble and bubble lattice formation. A
notable observation is that the bubble size distributions under con-
ditions where bubble lattices were formed are very uniform, unlike
the size distribution when the bubbles remained in a disordered ar-
rangement. This is evident in the histogram shown in Fig. 3. The di-
vergence in the average size for bubbles arranged in lattices was
found to be <15%, with the bubbles remaining approximately 2 nm
in diameter. It should be noted that the measurement of bubble
sizes when in a lattice is likely to be the combined projected width
of a column of bubbles, and as such the actual divergence in sizes
may be smaller. The range of bubble diameters at 200 °C (at which
temperature bubble lattices did not form) was found to be much
larger, with a larger average bubble size of ~3 nm and a distribution
of <25%. Preliminary experiments on the effects of dose rate on the
initial formation of bubbles showed bubbles becoming resolvable
after comparable times of irradiation with little apparent depen-
dence on the fluence. Samples were irradiated at room temperature
with dose rates of 1.1 x 10'% ions/cm?/s and 8.4 x 103 ions/cm?/s,

Fig. 1. Bubble arrays and inset FFTs from the same sample implanted at 100 °C to (a)
3.59 x 10'® ions/cm? showing an amorphous bubble array and then (b) at
6.33 x 10'° jons/cm? where a lattice has formed. In both figures, the bubbles are
observed as dark spots due to the overfocussed imaging condition.
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