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7 June 2019 from long-term a-decay in nuclear waste glasses. Modifications to the solubility
of molybdenum, the microstructure of separated phases, and the Si-O-B net-

© The Author(s) 2019 work topology were investigated following five irradiation experiments that

achieved doses between 5 x 10'*and 1.8 x 10'* Xe ions/cm? in order to test the
hypotheses of whether irradiation would induce, propagate, or anneal phase
separation. Using electron microscopy, EDS analysis, Raman spectroscopy, and
XRD, irradiation was observed to increase the integration of MoO,*~ by
increasing the structural disorder within and between heterogeneous amor-
phous phases. This occurred through Si/B-O-Si/B bond breakage and refor-
mation of boroxyl and 3/4-membered SiO, rings. De-mixing of the Si-O-B
network concurrently enabled cross directional Ca and Mo diffusion along
defect created pathways, which were prevalent along the interface between
phases. The initiation and extent of these changes was dependent primarily on
the [SiO,]/[B,03] ratio, with [MoOs] having a secondary effect on influencing
the defect population with increasing dose. Microstructurally, these changes to
bonding caused a reduction in heterogeneities between amorphous phases by
reducing the size and increasing the spatial distribution of immiscible droplets.
This general increase in structural disorder prevented crystallization in most
cases, but where precipitation was initiated by radiation, it was re-amorphized
with increasing dose. These outcomes suggest that internal radiation can alter
phase separation tie lines, and can therefore be used as a tool to design certain
structural environments for long-term encapsulation of radioisotopes.
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Abbreviations

Tps Phase separation temperature

T, Glass transition temperature

SON68  Inactive version of French nuclear waste
glass R7T7

Introduction

The critical concern with nuclear power remains the
growing need to deal with significant amounts of
high-level radioactive waste (HLW) [1]. Owing to
their ability to incorporate a wide variety of
radioisotopes, as well as showing radiation resistance
and chemical durability in aqueous environments,
immobilization of radioisotopes from HLW in a
borosilicate or phosphate-based glass is the current
worldwide practice [2-5]. In these amorphous struc-
tures, waste loading is limited to ~ 18.5-25 wt%
[2, 6] in order to prevent the precipitation of insoluble
species such as molybdenum, platinoids, or rare
earths (REs) that can result in unexpected phase
separation [7] and thus lead to degradation of the
wasteform during long-term storage [5, 8]. High
concentrations of molybdenum are expected from
postoperative cleanout, increased fuel utilization,
weapons-grade waste, or Generation IV reactors
[7, 9]. It is also a concern if increased waste loading is
to be considered, as a means to minimize the final
volume of waste for storage.

Molybdenum is a particularly problematic fission
product limiting waste loading as it can cause crys-
tallization of water-soluble alkali molybdate com-
plexes (Na;MoQO,, Cs;MoOy), known as yellow phase
[7, 10]. This phase can act as a carrier for radioactive
cesium, strontium, and minor actinides [11, 12], thus
affecting the safety case for storage in a geological
repository. In order to prevent yellow phase precip-
itation, increased incorporation of molybdenum into
an alternative glass composition or selective and
controlled formation of water-durable CaMoQO, [13]
is currently of industrial interest [9, 14-16].

Within a glassy framework, molybdenum can exist
in several oxidation states (Mo°", Mo’", Mo*,
Mo>"). However, in oxidizing or neutral conditions
they are primarily hexavalent and take the form of
MoO,>~ tetrahedra [17-20]. These tetrahedra are
located in non-bridging oxygen (NBO) channels and
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remain unconnected to both the glassy framework
and to each other according to Greaves’ structural
model [21]. In this configuration, Ca?* cations are
octahedrally coordinated and bound to MoO,*~
entities in a scheelite-type configuration by weak
long-range ionic forces [22-24]. This tetrahedral form
of molybdenum is found in both crystallized
molybdates and diluted molybdenum anions within
a glassy phase [17, 25], hence why molybdenum has a
limited solubility in glasses.

The formation of MoO,>~ alkaline or alkaline earth
complexes can be induced by composition
[22, 26, 27], controlled cooling during synthesis [28],
external heat treatments [14, 29], or through redox
chemistry [30, 31]. These tools can also be used to
increase the solubility of molybdenum. A rapid
quench rate of 10* °C min~' has been found to
increase incorporation up to 2.5 mol% MoO; [28],
while the inclusion of rare earths such as Nd,Oj3 has
had a similar effect by increasing the disorder in the
depolymerized region of the glass [16, 27]. Compo-
sitionally, the preferential charge balancing of BO,~
and MoO,”~ anionic entities by available cations is an
important factor in initiating liquid-liquid phase
separation and determining molybdate speciation.
These processes are a result of shifts in the coordi-
nation of boron, the network-modifying properties of
cations, and the formation of NBOs, which can
change the ring structures in the borosilicate glass
framework [17, 26, 27, 32]. It is this relationship that
will be further examined in this paper.

While chemistry is one factor affecting the incor-
poration of molybdenum in a waste glass composi-
tion, accumulated radiation damage created from the
encapsulation of radioisotopes is another. Internal
radiation constitutes a-decay of minor actinides, -
decay of fission products, and transitional y-decay,
which is a by-product of the other two types of decay.
Collectively, these decay processes can cause atomic
displacements, ionization, and electronic excitations,
which can result in changes to long-range ordering,
composition and phase separation tendencies. In
glasses, phase transformations such as devitrification,
precipitation, bubble formation, amorphous—amor-
phous phase segregation, or the clustering of cations
are known to occur [2, 3, 10, 33], which can subse-
quently alter mechanical properties of the glass
[34, 35].

From these three types of internal irradiation, the
a-decay process causes the greatest disruption to
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structural order and is therefore responsible for most
of the listed modifications [2, 3]. The heavy recoil
nuclei created when o-particles (He*") are ejected
from a parent isotope interact predominantly
through ballistic collisions resulting in a chain reac-
tion of atomic displacements, while the high-energy
o-particle primarily interacts through electronic col-
lisions that will initiate some thermal recovery pro-
cesses [2, 36, 37]. This process of electronic stopping
can be described by the thermal spike model, in
which a collision cascade is translated into a small
cylinder of energy characterized by a temperature of
10% K [38]. In this model, thermal spikes associated
with a high electronic energy loss are responsible for
damage creation, while those with a lower energy
loss can initiate some damage recovery [35, 39].
Theoretically, these thermal spikes could lead to
localized relaxation or defect annealing. They could
also provide the necessary energy required to over-
come the activation barrier for precipitation. There-
fore, the components of a-decay can propagate or
remediate phase separation. Experimentally, single-
phase borosilicate glasses subjected to external irra-
diation used to replicate the damage created by
accumulated o-decay remained amorphous. How-
ever, changes to the connectivity of the borosilicate
network, stored energy, density, and hardness were
detected with a dependence on composition and dose
[40-42]. Modifications to these properties were
interestingly observed to reach a saturation plateau
for a cumulative dose of 4 x 10'® a/g, at which point
it is assumed that the processes of defect formation
and self-healing reach an equilibrium [3, 41]. This
saturation in modifications has been similarly
observed in MD simulations [43], which indicates
that this equilibrium state can be correlated with
bonding metrics at the molecular level. Given current
waste loading standards, this saturation in structural
modifications is expected following ~ 1000 years of
storage [2, 3]. By replicating the damage occurring in
this timeframe, insight can be gained into the possible
long-term structures of candidate wasteforms.
While extensive research exists on homogeneous
glasses, there is a lack of understanding when it
comes to phase-separated wasteforms that result
from a high concentration of relatively insoluble
species, such as molybdenum. This study primarily
sought to comprehend the processes of phase sepa-
ration in heterogeneous glasses containing molybde-
num following irradiation. It aimed at identifying the
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mechanisms of radiation-induced phase transforma-
tions, and determining whether these alterations
would (1) increase phase separation in the borosili-
cate network; (2) induce the precipitation of CaMoOy;
or (3) remediate phase separation by increasing Si-O-
B mixing, Mo retention or causing the amorphization
of CaMoOy precipitates.

Materials and methods
Compositions and sample preparation

Several non-active glasses and glass ceramics (GCs)
were synthesized to test the immiscibility properties
of the CaO-B,O;-SiO, system when MoO; was
introduced into the glass, and the materials were
subsequently subjected to Xe-irradiation, as a means
to test the radiation response to oa-decay. Two series
of glasses that systematically varied [B,Os;] and
[MoOs] were created, the compositions for which can
be found in Table 1.

The CB series contains glasses with increasing
[B,Os] for a fixed [SiO,]/[CaO] ratio, MoOj3 content,
and amount of Gd. In this case, the rare-earth dopant
can be considered as an actinide surrogate and can
therefore be used as an indicator for potential incor-
poration sites of radioactive elements. The second,
the CM series, includes compositions with increasing
[MoOj3] within a calcium borosilicate glass normal-
ized to inactive French nuclear waste glass SON68. It
was used to probe how the molybdenum incorpora-
tion was affected by irradiation when BO,~ and
MoO,*~ groups must compete for limited charge
compensators.

Glass batches of ~ 30 g were prepared by mixing
and then melting powders of SiO,, H3BO3;, CaCO;,
MoO;, and Gd,O; in a platinum-rhodium (90/10)
crucible at 1500 °C for 3 h, before crushing and re-

Table 1 Normalized sample composition in mol%

Series Sample ID SiO, B,O; CaO MoO; Gd,O4

CB CB7 78.07 7.00 1228 2.50 0.15
CBI5 71.16 1500 11.19 2.50 0.15
CB23 64.16 23.00 10.09 2.50 0.15

CM CMO 67.74 2097 1129 - -
CM1 67.07 20.76 11.18 1.00 -
CM2.5 66.05 2044 11.01 2.50 -
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melting glasses for 2 h. A double melt was used to try
and increase homogeneity, but all compositions
remained multi-phased despite various techniques to
increase the quench rate or attempt mixing at high
temperature. The calcium borosilicates were too vis-
cous to be poured, so they were quenched using a
water bath and tapped out of the crucible with a
hammer, after which all glass fragments were
annealed for 24 h at 520 °C to reduce internal stres-
ses. From these fragments, specimens were roughly
cut to ~ 4 mm x 4 mm in surface dimensions and
then were hand polished successively using incre-
mental SiC grit paper, followed by 3 ym and 1 pm
diamond polishing to achieve a uniform thickness of
~ 500 pm.

Irradiation experiments

Swift heavy ion (SHI) irradiation can be used to
replicate the damage resulting from the nuclear and
electronic components of o-decay on an accelerated
timescale with some accuracy [2, 44, 45]. In this
experiment, 92 MeV Xe?** ions, with an average flux
of 2.3 x 10° ions/cm? s, were used to irradiate five
different sample sets with fluences of 5 x 10'%,
1 x 10", 4 x 10", 8 x 10'%, and 1.8 x 10'* ions/cm?
on the IRRSUD beamline at Ganil. According to
TRIM calculations [46], this resulted in an estimated
penetration depth of ~ 13 pm.

Multiple fluences were acquired to provide infor-
mation on the mechanisms of structural transforma-
tions, as well as testing whether a saturation in
modifications could be detected for a timeframe
consistent with ~ 1000 years of storage. In homoge-
neous sodium borosilicate glasses, this saturation
occurs at a fluence of 1 x 10 jons/cm? [3, 41].

Characterization techniques

As this project investigated the effects of radiation
damage in complex structures, several analytical
techniques were required to characterize changes in
the various amorphous phases. Morphology, com-
position, bonding order, and phase transformations
were analyzed using scanning electron microscopy
(SEM), Raman spectroscopy, Magic-Angle Spinning
Nuclear Magnetic Resonance spectroscopy (MAS
NMR), and X-ray diffraction (XRD). These techniques
could provide insight into amorphous—-amorphous
phase transformations, versus precipitation of

@ Springer

J Mater Sci (2019) 54:11763-11783

crystalline phases following irradiation. In this con-
text, a phase transformation refers to changes in
material properties resulting from alterations in the
connectivity of amorphous network formers for a
fixed composition, though the phase itself will
remain amorphous.

SEM backscattered (BSE) imaging and energy-dis-
persive X-ray spectroscopy (EDS) were performed at
low vacuum (0.06-0.08 mbar) on a Quanta-650F with
a 5-7.5 keV beam resulting in a penetration depth of
~ 1 pm. For EDS analysis, measurements were col-
lected with a 8-mm cone in order to reduce skirting
effects, thus providing information on the interface
between phases, and the relative composition of each
identifiable phase. Images were collected using FEI
Maps software, while acquisition and analysis for
EDS was performed using Bruker ESPRIT software.

Raman spectra were collected on a Horiba Jobin—
Yvon LabRam300 spectrometer with a 300-pm con-
focal hole and a holographic grating of 1800 grooves
per mm, coupled to a Peltier cooled front illuminated
CCD detector (1024 x 256 pixels in size), which
resulted in a spectral resolution of ~ 1.4 cm™" per
pixel over the 150-1600 cm™' spectral range. The
excitation line at 532 nm was produced by a diode-
pumped solid-state laser (Laser Quantum) with an
incident power of 100 mW focused on the sample
with an Olympus 50x objective. Multiple acquisitions
(3-10) were made for each phase from a similar
location within each phase to provide some reliability
of detected features.

"B MAS NMR
(1, = 2.6887; y = 8.5847 x 107 rad /Ts) was only per-
formed on samples prior to irradiation, as the irra-
diation volume was small (1:42 of the total sample
volume) and analysis would require monoliths to be
powdered, thus limiting further investigation.
Experiments were conducted on a Varian Infinity
Plus spectrometer with an 11.74 T superconducting
magnet, using 2.5-mm probes, and zirconia rotors. At
this magnetic field, the probe was tuned to the Lar-
mor frequency of ~ 160.37 MHz. Approximately
9-13 mg of packed powdered solids was used for
each measurement, with spinning speeds of 20 kHz.
90° pulses with a 0.7 s pulse delay, and 5 ps receiver
and acquisition delays were used. Chemical shifts
were then measured relative to a secondary solid
standard of NaBH, (— 42 ppm), with the primary
liquid standard being BF;Et,O (0 ppm).



] Mater Sci (2019) 54:11763-11783

Figure 1 Microstructure of sample features in a CM0, b CM1, ¢ CM2.5, d CB7, e CB15, and f CB23. In general, the lighter phase is rich

in Ca (and Mo), while darker phases are richer in Si.

B - C interface

A - Binterface

Figure 2 Schematic of immiscibility within calcium borosilicate
glasses [47]. The residual phase A is rich in Si, while
heterogeneously distributed deposits of varying size called phase
B are rich in Ca (and Mo). Within these phase B regions, there are
additional deposits with varying geometry that are designated as
phase C and are compositionally a mixture of phases A and B.

XRD was performed on a Bruker D8 ADVANCE
equipped with Gobel mirrors for a parallel primary
beam and a Vautec position sensitive detector with a
0.6-mm slit using CuK,; (4 = 0.15406 nm) and CuK,,
(4 = 0.15444 nm) wavelengths. Spectra were collected
for a 20 = 10°-90° range with a 0.02° step size and a
10 s per step dwell (~ 11 h acquisition). This con-
figuration resulted in a penetration depth of ~ 6 pm
around 20° (20) and of ~ 54 pm around 90° (20).
XRD was primarily used to identify potential crys-
tallization or else confirm the amorphous nature of all
heterogeneous phases. Pristine glasses were exam-
ined as both powders and monoliths.

Results
Structure of samples prior to irradiation

The calcium borosilicates synthesized in this study
showed a wunique heterogeneous structure of
embedded immiscibility (see Fig. 1). Microscopy
revealed three phases within this structure that were
confirmed to be amorphous by XRD. The residual
matrix was Si-rich and referred to as phase A, while
several large randomly distributed droplets rich in
Ca (and Mo) of varying size are referred to as phase
B. See schematic in Fig. 2 for visualization of phase
assignments. Within these phase B regions, there
were additional phase C droplets (5-50 um in diam-
eter) that were compositionally a mixture of phases A
and B with a tendency toward phase A.

While phase B deposits were generally spherical or
elliptical, phase C droplets were found in various
geometries, as Fig. 3 illustrates and labels accord-
ingly. In addition to varying droplet geometry, a non-
uniform distribution of phases B and C were found
for varying domain sizes. Medium (75-150 pm) to
large (> 150 um) deposits of phase B had inter-
spersed immiscible phase C droplets (3-50 pm),
while smaller phase B deposits were free of phase C.
Furthermore, the location of phase C droplets within
larger phase B deposits was dependent on
composition.

In the CB series, increasing [B,O3] caused greater
areas of immiscibility to be formed in terms of the
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spherical

*"'

spatters

distended belt of small deposits

Figure 3 Schematic of the various phase C geometries observed
following synthesis. A dashed line represents the equivalent
diameter used for quantification of droplet size.

size of phase B, and the number of phase C droplets
within phase B (see Fig. 1d—f), which were also
observed to become more spherical. This result
indicates that the separated phase B acts as a carrier
for boron. As the size of phase-separated regions
increased, the general order of MoO,”™ tetrahedra in
the amorphous phase also increased and approached
a similar structure to that found for crystalline
CaMoO, according to Raman spectroscopy (see ESI).
Increasing [MoO3] in the CM series similarly caused
areas of immiscibility to grow, and the morphology
of phase B deposits to become more spherical from
originally ellipsoidal geometries (see Fig. 1a—c). This
occurred alongside the formation of smaller phase C
droplets closer to the A-B interface, with the size of
phase C droplets in the center of phase B becoming

J Mater Sci (2019) 54:11763-11783

more uniform. Microstructural changes following
synthesis have been explored in more depth else-
where [47], but a summary of conclusions is provided
above to understand changes following irradiation.

It is evident that the complex microstructures
observed in Fig. 1 are representational of phase sep-
aration within the borosilicate network. This can be
tied to the coordination of boron, which is known to
affect the competition of Ca®" available for charge
balancing MoO,*~ and BO,™ units [22, 26], as well as
the degree of Si-O-B mixing within the borosilicate
framework [15, 48, 49]. The ''B MAS NMR spectra in
Fig. 4 illustrate the concentration effects on boron
coordination. As [B,Os] increased, the proportion of
BO,~ groups centered around — 1 ppm [50, 51]
remained fairly constant. In contrast, the quadrupolar
BO; peak centered around 10 ppm that is composed
of two complex contributions from BOj; in ‘ring’
(primarily boroxyl rings) and ‘non-ring’ (BO3 units
diluted in the glass network) structures [26, 50, 52]
experienced a shift toward the formation of ‘ring’
structures as [B,Os] increased. In contrast, there was
a noticeable decrease in [BO, ] as MoO3 was inclu-
ded in increasing proportions in the CM series. A
minor shift in the distribution of the BO3 group from
‘non-ring’ to ‘ring’ was also observed as [MoOs]
increased. It is important to identify that increases in
[B,Os] and [MoQOs] are concurrent to a decrease in
[CaO], which may therefore be correlated with the
structure of BO; groups.

Figure 4 ''B MAS NMR
spectra of synthesized
samples.

1 | | | |

30 20 10
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Figure 5 Schematic of the
various transformations to the
morphology of phase C
droplets, as well as the two
main mechanisms of alteration
in the distribution of phase C

o-H

edge spattering

*_.

extended edge spattering

within phase B observed
following irradiation. These
terms are used throughout the

paper.

more uniform distribution

Effects of radiation damage

In order to make morphological comparisons in these
heterogeneous structures, analysis focused on the
size and distribution of phase C droplets within
similarly sized phase B regions, and along the A-B
interface between phases. This was used to gauge the
level of mixing between phases and to identify pos-
sible mechanisms of alteration. Several transforma-
tions were observed following irradiation, which are
illustrated and labeled in Fig. 5.

Compositions with changing [B,O3]

Following Xe-irradiation, calcium borosilicate glasses
were still found to be composed of three phases (A, B
and C) with embedded immiscibility. Samples in the
CB series all exhibited changes to the size and dis-
tribution of phase C droplets, as well as minor dis-
tortions to the A-B interface with increasing fluence.
In samples with [B,O;] < 15 mol%, extended edge
spattering of phase C deposits occurred, which lead
to particle segregation and the formation of smaller
droplets (< 12 um) for irradiation doses > 8 x 10"
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dispersion
(of spheres or spatters)

#\’

coalescence
(to spherical geometry or
conglomerate with distended

geometry)

closer to the A - B interface

ions/cm? (see Fig. 6). While smaller phase C droplets
were generally observed following irradiation, dro-
plet geometry varied based on the location within
phase B. Larger (13-17 um) phase C droplets located
near the A-B interface were spattered, while those in
the center of phase B coalesced to a more spherical
geometry, indicative of a non-homogenous mecha-
nism of alteration within phase B. Furthermore, the
location of phase C droplets approached the A-B
interface with increasing irradiation dose as Fig. 6
indicates. Combined, these changes indicate a more
uniform distribution in the location of phase C, along
with the formation of more similarly sized droplets,
which suggests a diffusion based mechanism of
alteration.

For CB23, phase C segregated into smaller particles
in the center of phase B similar to that observed for
CB7 and CB15, but droplets remained spherical in
geometry until a fluence of 1.8 x 10'* ions/cm?, as
Fig. 7 indicates. At this dose, larger phase C droplets
(~ 15 um) located near the A-B interface began to
spatter, and a belt of very small (2-3 um) droplets
formed next to the interface (see Fig. 7d). This result
suggests that radiation-induced changes to the
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Figure 6 BSE images of the
A-B interface in CB15
showing changes to the
distribution and size of phase
C droplets within phase B
regions of immiscibility at
pristine conditions a, and
following Xe-irradiation with
fluences of: b 5 x 10'%,
c8x 10”, andd 1.8 x 10"
ions/cm?.

microstructure of separated phases are delayed as
[SiO,]/[B,O3] decreases.

Despite variations in the geometry and size of
phase C droplets as a function of [B,O3], distortion to
the A-B interface was observed for all samples in the
CB series for fluences greater than 4 x 10" ions/cm?.
This can be correlated with the relative bond strength
at the interface, or phase-specific properties that
promote or prevent ion interactions and therefore
damage and recovery processes toward a specific
phase.

Figure 7 BSE images of
phase B deposits in CB23
showing changes to the
distribution and size of phase
C droplets following Xe-
irradiation with fluences of:
a5x10% b1 x10",
c8x 10”, andd 1.8 x 10"
ions/cm?.
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These morphological changes occurred alongside
changes to the relative concentration of elemental
oxides within the three phases. As Fig. 8 illustrates,
several nonlinear trends for [Si], [Ca], [Mo], and [Gd]
were observed for each of the phases with respect to
dose. At low doses, irradiation caused migration of
Ca, Mo, and Gd to phase C. It is hypothesized that
this occurs through inter-diffusion between phases B
and C, which is why an initial drop in [Si] was con-
currently observed in phase C. The initial growth in
[Mo], and to a larger extent [Ca], was simultaneously
observed across all phases, which is consistent with
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Figure 8 Changes to the normalized composition of Ca, Mo, Si, and Gd within phases A (blue circle), B (red diamond), and C (green
triangle) in atomic % at the surface of CB23 following irradiation according to EDS analysis.

the clustering of Mo and Ca ions from the bulk
toward the surface, in addition to diffusion across
phases. A critical point was observed at 4 x 10"
ions/cm?, at which dose possible dissolution of Ca
and Mo back into the bulk may have occurred, along
with compaction of the silica network. The influx of
[Si] in most of the phases for this dose range could
also be correlated with the relative amount of [B],
which could not be accurately measured using EDS.
For doses greater than 4 x 10'® ions/cm?, both Ca
and Mo returned to the surface with a preference for
phase B, and with increasing fluence, for phase C as
well. In contrast, [Gd] peaked in all phases at

1 x 10" jons/cm?, after which there was a uniform
dissolution into the bulk with the magnitude of
change the greatest in phase B. This result implies
that Gd>* ions were randomly located within the
borosilicate network and primarily acted as a net-
work modifier free to migrate between phases, or to
the bulk following irradiation.

The results in Fig. 8 illustrate the complexities of
cross phase elemental analysis following irradiation.
Overall, results indicate that compositional changes
following irradiation primarily occur through Ca
diffusion between phases, combined with a signifi-
cant mechanism of Ca and Mo bulk-to-surface
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diffusion. This latter effect may be a result of an
electric field gradient created by the impinging Xe***
ions, as has been observed to occur with alkali ions
following p-irradiation [45, 53]. It was further
observed that the relative concentration of each ele-
ment either saturated for doses between 8 x 10'°-
1.8 x 10' ions/cm?, or in the case of Si returned to
values closer to pristine conditions. This result sug-
gests some preservation of the units being charge
compensated at high doses. An assumption was
made here that the general trends observed at the
surface were reflective of those deeper in the irradi-
ation volume, although additional depth profiling
would be required to confirm this assumption.
Raman spectra indicate that modifications to mor-
phology and the normalized concentration of ele-
ments may be originating from local changes in the
bonding of network formers. The spectra in Fig. 9a
illustrate a shift of the R band (~ 450 cm™") attrib-
uted to mixed Si-O-Si and Si-O-B bending and
rocking [41, 50, 54, 55], as well as B-O-B rocking
(~ 500 cm ™) [56] to higher wavenumbers following

(a) Si-rich phase A
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irradiation. This indicates a reduction in the interte-
trahedral angles between network formers, which
implies the formation of smaller or distorted ring
structures. This shift occurred alongside growth of
the D' (~ 490 cm™") and D? (~ 600 cm™') defect
bands, which are assigned to four-membered and
three-membered SiO, rings, respectively [57].
Concurrently, there was also growth of both the
boroxyl ring band (~ 807 cm™') assigned to the
symmetric vibrations of 6-membered BOj;-triangles
[58, 59], and the low intensity broad band around
~ 1445 cm ™! associated with B-O~ bond elongation
in metaborate chains and rings [41], along with the
minor emergence of broad bands assigned to rings
containing one or two tetrahedrally coordinated
boron units (~ 700-800 cm™!) [41, 55, 59] in high
[B,Osl-bearing samples. The formation of defects in
the silica rings structures, along with growth of
borate-like characteristic bands, indicates that irradi-
ation damage promotes phase separation within the
borosilicate network by reducing the Si-O-B con-
nectivity. These network changes are visible in the

(b) Mo-rich phase B

1 2 14 R 2 i 14 R 2
CB23 MoO4 1.8x10 Xeions/cm — 1.8x 10 Xeions/cm
/oy band 8 x 10" Xe ions/em” CB23 — 8 x10" Xeiions/cm’
/ \ boroxyl e J 3 a i
Va | \ i l — 4 x 10‘ Xe ions/cm 4 x10 Xeions/cm
— / \a 9 1x 10" Xe ions/em’ \ 1x10" Xe ions/em’
\__/ | A A 5x lOIZ Xe ions/cmz S \*-'\_ 5x10'% Xe ions/cm’
I \WATS — pristine [ — pristine
. e/ N A
N R —
-~ ~/ I\ . ]
s o’ o | lﬁ\xxﬁ_lﬁx__ -~
« I 3 l
; I | S A -
2 .
g ' S| -
c - 3
c PR B0 £
© 7 /'—f\ \ A Bl c
€ /WS ~910cm © CB7
© e
| 7 0 T [ 5 N
“f// LAV TN \ —
- | \/ [ - - L T — -
2N [ . R A~ o e —
/ N - S
| .,
I
N A e / ) ‘ )
| | | | | | | | | | | |
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

Raman Shift (cm'l)

Figure 9 Raman spectra of a Si-rich and b CaMo-rich phases in
CB7 and CB23 following Xe-irradiation. The bottom spectrum of
each regional collection represents a pristine sample after which
irradiated samples with increasing fluence (5 x 10'%, 1 x 10'3,
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Raman Shift (cm’)

4 x 10", 8 x 10", and 1.8 x 10" ions/cmz) are illustrated in
ascending order, therefore matching the designations presented in
the legend. Radiation-induced shifts have been labeled on the
plots.
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spectra of phase A in Fig. 9, which also shows that
growth of the D' and D? defect bands is more
prevalent for low [B,O;], while growth of borate-like
bands is more significant for high [B,Os]. In low
[B,Os5] compositions, there was also broadening of a
weak band at ~ 800 cm™' attributed to O-Si-O
symmetric bond stretching associated with the
motion of Si atoms against its oxygen cage [50, 60],
further indicating a dominance of silicate-type fea-
tures in phase A of CB7, and the subsequent struc-
tural distortions of SiO, units following radiation
damage.

While phase A contained bands associated with
silicate and borate-type features, phase B primarily
had Raman bands associated with the molybdenum
environment. Several bands associated with vibra-
tions for the internal MoO,*>~ modes in a powellite-
type structure could be identified within phase B.
They are as follows: vi(A) 878 cm ™}, v3(Bg) 848 cm
v3(Eg) 795 cm™', vy(Eg) 405 cm™', v4(Bg) 393 cm™,
and v,(A, + By) 330 cm ™' [61]. These modes repre-
sent symmetric elongation of the molybdenum
tetrahedron, asymmetrical translation of double
degenerate modes, and symmetric and asymmetrical
bending, respectively [62]. Many of these vibrations
can be seen in the spectra for phase B (see Fig. 9b),
but it is important to outline that no crystallization
was detected in these compositions according to XRD
or SEM microscopy utilizing electron backscatter
diffraction (EBSD). It is predicted that while the
molybdenum environment in these compositions has
similar vibrations to crystalline CaMoQOy, a sizeable
number of defects prevents perfect stacking and ori-
entation of anions and thereby diffraction.

Compositionally, increasing [B,O3;] was observed
to increase the degree of ordering and clustering of
MoO,*>" groups within phases B and A. This is evi-
dent from the sharper MoO,*~ bands in CB23 relative
to CB7 (see Fig.9). Following irradiation, these
vibrations were observed to broaden with increasing
fluence for all compositions. This broadening occur-
red alongside growth of a band at ~ 910 cm™/,
which is associated with the symmetric stretching
vibrational modes of isolated MoO,>~ units dissolved
in an amorphous network [27]. This dual modifica-
tion was also observed in phase A of CB23, where a
significant damping of these MoO,*~ bands also
occurred. Collectively, these results suggest increased
disorder within the molybdenum environment,
resulting in the isolation and increased integration of
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MoO,>~ anions within the borosilicate network of
phases A and B that subsequently prevented pow-
ellite crystallization in these heterogeneous amor-
phous phased systems according to XRD.

While this increased disorder in the molybdenum
local environment was a general trend found for high
Xe fluences, initial irradiation appeared to cause
ordering and clustering of MoO,*~ groups, along
with the disappearance of silicate-based features in
small phase B deposits that did not contain phase C
droplets. These types of deposits were common in
compositions with low [B,O3], hence why this
anomaly can be observed for CB7 irradiated with
5 x 10'? jons/cm? in Fig. 9b. However, increasing
the irradiation dose caused a broadening of these
MoO,%~ bands, as was similarly observed for CB23
irradiated with any fluence. It suggests that compo-
sitions with low [B,Os;] experienced a stage of ther-
mal relaxation at low Xe fluences that enabled
MoO,*~ ordering, followed by the creation structural
defects with increasing dose.

Compositions with increasing MoOs

Changes to the morphology of phase C following
irradiation were dependent on the initial size of
phase B. In the glass composition without molybde-
num (CMO0), large phase B deposits (> 150 pm)
developed phase C droplets closer to the A-B inter-
face. For fluences > 1 x 10'® ions/cm?, these phase C
droplets grew to 25-40 um in diameter, while those
in the center of phase B were found in medium
(~ 15 pm) and small (< 5 pm) sizes. For irradiation
doses exceeding 1 x 10" ions/cm? an interesting
dispersion of phase C spherical droplets located near
the A-B interface occurred, as Fig. 10 indicates. The
presence and modification of these large spherical
droplets suggests an initial coalescence of phase C to
form those droplets > 15 um at low doses, followed
by edge dispersion, which indicates an increased
degree of inter-diffusion between phases B and C at
higher doses. The location of these deposits in rela-
tion to the A-B interface also suggests some diffusion
of phase C constituents toward phase A. In smaller
phase B deposits, the formation of very small
(< 5 pm) phase C droplets was also found to occur in
a belt near the A-B interface, along with extended
edge spattering or segregation of larger (1326 pm)
phase C droplets (see first two columns of Fig. 10). As
the formation of a belt of small deposits near the A-B
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Figure 10 BSE images showing various features of small, medium, and larger phase B deposits in CMO following Xe-irradiation with

fluences of: a 4 x 10'3, b 8 x 103, and ¢ 1.8 x 10'* ions/cm?.

interface was also observed in CB23 (see Fig. 7), it
suggests that smaller phase B deposits in CMO0 are
richer in B,O3;, hence why similar modifications are
observed.

When molybdenum was introduced into this sys-
tem, a similar dispersion and segregation of phase C
droplets was observed following irradiation, but to a
larger extent than that seen for CMO. In these com-
positions (CM1 and CM2.5), it appeared that the size
of phase C droplets on average decreased, while the
number of droplets increased (see Fig. 11). In addi-
tion to a shift toward smaller values in the size range
of phase C, a new category of very small deposits was
also observed. Prior to irradiation, phase C droplets
were found to range from 5 to 20 pm in equivalent
diameter, but the following irradiation several
deposits < 2 um were also observed. Moreover, these
phase C droplets also appeared to take on a more
spherical shape from initially spattered geometries
following segregation. In terms of location, phase C
droplets also became more uniformly distributed
within phase B following irradiation. Combined with
the shift in the size of phase C, results suggest that
changes in the structure of phase B enabled a reor-
ganization of phase C particles to take place and that
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diffusion of elements from phase C was a significant
mechanism of alteration.

Comparative analysis from samples in the CM
series suggests that incorporation of MoO; in a cal-
cium borosilicate matrix decreased the heterogeneity
within phase B following irradiation by accelerating
the migration and segregation of phase C into smaller
deposits. This shift in the size distribution of phase C
also appeared to occur in the sample without
molybdenum, but to a lesser extent with the level of
segregation non-uniform across phase B. These col-
lective results imply that inclusion of MoOj; produced
defects within the boron-rich phase B following
synthesis, which created diffusion pathways and
therefore enabled greater microstructural changes
following irradiation. This initial defect population
can be correlated with a higher [BO;] relative to
[BO,4 ] according to Fig. 4.

Quantitatively, the atomic concentration profile at
the surface followed a similar trend to that observed
in Fig. 8 with Ca and Mo cross phase diffusion and
bulk-to-surface precipitation as the main mechanisms
of alteration. Following irradiation with 1.8 x 10'*
ions/cm?, the [Si]/[Ca] ratio in CMO of phase B
increased from 2.03 to 2.54, and it decreased in phase
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Figure 11 BSE images of

a pristine CM2.5 showing the
creation of smaller phase C
deposits following irradiation
with fluences of: b 5 x 10'2,
c8x 10”, andd 1.8 x 10"
ions/cm?.

C from 9.30 to 6.00, as compared to pristine samples.
This result supports a predicted mixing between the
phases with Ca diffusion from phase B to phases C
and A occurring, according to EDS analysis. In
CM2.5, a similar increase in the [Si]/[Ca] ratio of
phase B from 1.25 to 2.02 and a decrease in phase C
from 9.04 to 4.39 (with a maximum estimated stan-
dard deviation of + 0.02 for all ratios) took place
following a fluence of 1.8 x 10'* ions/cm?. The dif-
ferences in these ratios further support the hypothe-
sis that MoO; inclusion created more structural
defects in the borosilicate network, thus enabling
easier release and migration of cations. A general
increase in the [Ca]/[Mo] ratio was also observed
across all phases in CM2.5, which implies bulk-to-
surface Ca diffusion, along with possible changes to
the dissolution of Mo-groups.

These microstructural and compositional changes
can be correlated with alterations in bonding within
the various amorphous phases. Raman spectroscopy
showed similar shifts in the R band to higher
wavenumbers, along with growth of the D' and D*
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defects in all compositions following irradiation (see
Fig. 12). In this series, increasing [MoOs] to 2.5 mol%
appeared to limit the reformation of boroxyl rings,
which suggests remediation of some B-rich and Si-
rich phase separation with increasing fluence. In
contrast, CM0 showed the progressive growth of both
the D? defect and the boroxyl ring band, along with
growth of Q® over Q* where Q" represents the 5i-O
stretching mode for SiO, tetrahedra with n bridging
oxygen (850-1250 cm ™) [50, 60].

In addition to changes in the borosilicate network,
initial radiation was also observed to significantly
dampen internal MoO,4>~ vibrational modes, as well
as induce growth of the band at ~ 910 cm ™' assigned
to MoO,*~ dissolved in amorphous networks of
CM2.5. This change in the molybdenum environment
occurred in both phases A and B (see ESI for addi-
tional Raman spectra). While broadening of the
MoO,> bands between ~ 770 and 970 cm ™}, as well
as those between ~ 300 and 400 cm™' indicate an
increasing degree of disorder in the molybdenum
environment within phase B, the sustained presence

@ Springer



11776

. 2
—— 8x10" ions/cm
. 2
— 1x10" ions/cm
—— pristine

CM1
boroxyl
ring

910 cm’'

Raman Intensity (a.u.)

Si-O-Si

—_—

1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600

Raman shift (cm')

Figure 12 Raman spectra of Si-rich Phase A in CM0, CM1, and
CM2.5 at pristine conditions, and following Xe-irradiation with
1 x 10" jons/em® and 8 x 10" jons/cm>. For each collection of
three spectra, the bottom represents the pristine sample and the top
the highest fluence in accordance with the ordering in the legend.

of these bands suggests that molybdenum remains
tetrahedrally coordinated to oxygen. More to the
point, while some units may become isolated in the
amorphous network, there were still significant vol-
umes of clustered units that gave rise to the internal
MoO,>~ modes, albeit much broader in shape.
Comparatively, sharper MoO,>~ bands in the CB
series (see Fig. 9) suggest that a lower [SiO,]/[B,05]
promotes and sustains greater ordering within the
molybdenum environment following irradiation. It
also suggests that [BO;] has a primary impact on
controlling the modification of separated phases in
terms of network ring structures, order in the
molybdenum environment, and diffusion of phase C
within phase B, while [MoOg3] has a secondary effect.
In contrast to most of the other compositions in this
series, damping of the band at ~ 910 cm™' was
observed in CM1 at low fluence (5 x 10'? ions/ cmz),
which indicates a relaxation stage that increased the
ordering in the molybdenum environment. This
claim is supported by XRD results that identified the
formation of a single crystal in the [0 1 4] direction
(see ESI for diffractogram). With increasing irradia-
tion fluence, no crystallization could be detected by
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XRD, and stabilization in the Raman mode at
~ 910 cm™! was observed.

Discussion

This paper sought to understand how the immisci-
bility properties of heterogeneous structures and the
incorporation of molybdenum would be affected by
irradiation damage. It primarily addressed whether
irradiation could propagate or remediate existing
phase separation, or induce precipitation of CaMoQy,
and the physical processes in which these changes
could occur.

Phase separation within pristine CaO-B,0;-
SiO,

The ability for a glass to incorporate molybdenum is
dependent on the initial amorphous structure, which
can be defined by the short- and medium-range order
of glass constituents. In an oxide glass, components
are generally split into two categories. They are net-
work-forming units within the oxygen sublattice and
network-modifying units [21]. Elements with small
ionic radii and high valencies such as Si, B, Al, or P
generally form the glass network with covalent bonds
to oxygen, while cations such as alkalis, alkaline
earths, or rare earths are further divided into two
main groups. The first is network modifiers, which
break up the network and thus favor phase separa-
tion, and the second is charge compensating network
formers, which counteract the effects of immiscibility.
The coordination and connectivity of the network-
forming oxide units will determine the role of cations
and therefore other properties of the glass
[52, 57, 63, 64].

The base glass for compositions in this study fell
within the immiscibility dome of the CaO-B,05-5i0,
system [65-67], thus resulting in an embedded
microstructure with three amorphous phases in
glasses with and without molybdenum. The forma-
tion of these immiscible microstructures is predicted
to occur through a two-step process. Step one
involves the Si-rich phase A and Ca (and B)-rich
phase B forming two randomly distributed domains
during melt cooling. During step two, phase B dro-
plets coalesce as cooling continues. Concurrently,
phase A immiscible droplets within these larger
regions of phase B mix with the surrounding phase B
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to form a new phase C [47]. The size and shape of
phase-separated domains were dependent on com-
position, with [B,O;] and [MoOs] both found to
increase the size of phase B domains, induce a
reduction in the coordination of boron, and initiate
the formation of boroxyl rings, as well as increase the
ordering within the molybdenum environment.
These changes can be correlated with a predicted
increase in the phase separation temperature (Tps)
during synthesis [30, 47].

In the calcium borosilicate base glass, the origin of
phase separation between network formers can be
connected to the high field strength of Ca>" ions,
which has been noted to cause formation of NBOs
[17, 52, 68, 69]. This implies that Ca** primarily acted
as a network modifier and enabled the BO, -

— BO3; + NBO conversion during synthesis. Fur-
thermore, the insertion of MoOs in the borosilicate
network was observed to further increase formation
of BO; units as "B MAS NMR results indicate, and
thus decrease Si-O-B connectivity and promote the
mobility of Ca ions [32, 70]. This is in contrast to soda
lime borosilicate glasses, which were observed to
have little effect on the [BO, ]/[BO;] ratio with the
inclusion of MoQO; [26]. This indicates that in the
absence of Na' ions, the influence of increasing
[MoOj3] via modifications to the availability of Ca**
ions for charge compensation becomes more signifi-
cant in causing the BO,~ — BOj3; 4+ NBO conversion.
These results are, however, representative of the bulk
glass and give no insight into the relative contribu-
tions from each phase.

Nevertheless, it can be hypothesized that the BO;
group shift from ‘non-ring’ to ‘ring’ as both [B,Os]
and [MoQO;] increased are representative of changes
within the distinct phases, as is the case in Pyrex glass
[51]. In this multi-domain system, BO; in ‘non-ring’
to ‘ring’ structures do not mix, but instead form two
separated networks, where BO,~ groups are con-
nected to BO; ‘ring’ structures. Using this model, it
can be rationalized that two of the phases have dif-
ferent [BO4 1/[BOs3¢1ing)l ratios, while the other is
primarily BO; in ‘non-ring’ formations.

Radiation effects on molybdenum
incorporation

The presence of MoO,”>~ Raman vibration modes,
particularly in phase B of samples with [MoOj3l-
= 2.5 mol%, would suggest CaMoO; crystallization;
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however, this was not detected in most compositions
using multiple diffraction techniques. These obser-
vations suggest that the formation of defects pre-
vented the ordering of MoO,*~ chains and thus the
formation of a scheelite-like crystal structure. How-
ever, it is predicted that crystallization is possible if
enough defects are annealed from these Mo-rich
zones. As previous works support [22, 32], it can
consequently be assumed that MoO,>~ groups are
found in a similar environment whether in the
amorphous or crystalline phase, with the amorphous
structure a precursor to crystallization.

In these heterogeneous amorphous calcium
borosilicates, Xe-irradiation was observed to increase
the integration of MoO,>~ anions according to Raman
spectra that showed an increase in the area of the
band attributed to dissolved molybdenum in the
amorphous network. This is a result of an increase in
the general structural disorder between and within
amorphous phases, which occurred in some part
through defect-assisted diffusion of Ca and Mo ions.
Increased disorder subsequently prevented the pre-
cipitation of crystalline CaMoO, in most systems
according to XRD, which suggests a beneficial out-
come of irradiation in preventing uncontrolled crys-
tallization that can alter physicochemical properties
of the glass during long-term storage. This result was
similarly observed in samples that were B-irradiated
[47], which indicates that in amorphous systems with
molybdenum and without prior crystallization, the
effects of any type of radiation will produce similar
results in preventing crystallization through the cre-
ation of accumulated defects.

While XRD indicates that most of the heteroge-
neous calcium borosilicates (CM1, CM2.5, CB7, CB15,
and CB23) remained amorphous following irradia-
tion, there was one exception. CM1 irradiated with
5 x 10'% ions/cm” showed the formation of a single
crystal with [0 1 4] orientation. This finding indicates
either radiation-induced precipitation, which can be
considered a similar process to the increased order-
ing of MoO,*” units observed by Raman spec-
troscopy in CB7 irradiated with 5 x 10'* ions/cm?®
(see Fig. 9), or initial sampling variations in hetero-
geneous systems that allowed for some specimens to
have crystallites. As bulk powder XRD measure-
ments made prior to irradiation did not show any
crystal peaks, the former explanation is more likely.

Radiation-induced precipitation of molybdate
phases has not been previously observed, but
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CaMoO, formation has been seen following heat
treatments greater than or equal to ~ 630 °C
[14, 29, 71]. Although the bulk is unlikely to reach this
temperature from the deposited energy of Xe ions,
localized areas along ion tracks could theoretically
create the necessary environment needed for nucle-
ation according to the thermal spike model [38]. It is
further predicted that if not ionically bonded,
MoO,*>" anions and Ca®" cations are attracted by
weak dispersion forces by virtue of being in close
proximity to each other within the amorphous phase
following synthesis. Subsequently, the kinetic energy
created along ion tracks from a dose of 5 x 102 jons/
cm” must have been able to initiate the precipitation
of small and isolated crystals without steric hin-
drance. In contrast, more energy consistent with flu-
ences <1 x 10 ions/cm? created significant
disorder and therefore re-amorphized any formed
precipitates, as no crystallization was detected by
XRD at all other doses. This process of radiation-in-
duced amorphization occurs through heterogeneous
defect accumulation for a given defect density [72, 73]
and varies from temperature-induced amorphization,
which would result in a homogeneous random con-
figuration of atoms. Within the system studied here,
it is hypothesized that amorphization of single crys-
tals, and the increased integration of Mo0O,>~ units
occurs by increasing the general disorder within
depolymerized regions of the glass where molybdate
formation is expected [20, 21, 25, 27].

Although CM1 contained less molybdenum than
CM2.5, it was the composition that showed formation
of a crystallite following a dose of 5 x 10'? ions/cm?.
This was predicted to result from the initial distri-
bution of Mo anions following synthesis. In CM1, the
viscosity of phases A and B is predicted to be more
similar given that Tps is found to increase with
[MoOs] [26, 47, 74] and would therefore be lower in
CM1 than in CM2.5. Using this theory, the difference
between Tps and the glass transition (Ty) is smaller in
CM1 than in CM2.5, hence why mixing between and
within each phase is limited during cooling before T
is reached, and the liquid system transitions to an
amorphous solid. This could have resulted in an
increased clustering of MoO42* anions, which
enabled a stage of relaxation and crystal formation
with the addition of irradiation energy. This is in
contrast to CM2.5, where the lower viscosity phase B
had a longer period of time to mix and coalesce, thus
diluting MoO,*~ anions within the amorphous phase.
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Consequently, increasing [MoOj;] appeared to pre-
vent radiation-induced precipitation of CaMoO, at
any fluence.

Phase separation in the borosilicate network
following irradiation

The creation of structural disorder following irradi-
ation damage extends to the borosilicate network
according to Raman analysis, which showed the
creation of smaller or distorted ring structures
through the emergence of the D' and D* defect
bands. This observation implies a process of defect-
assisted breaking of large rings and reformation of
smaller ones, often with a single type of network
former, as has been previously hypothesized to occur
[47, 75]. This process of ring cleavage is predicted to
increase the dissolution of MoO,>~ entities by creat-
ing more diffusion pathways and by altering the
order and size of depolymerized areas within the
glass structure.

The growth of the Raman defect bands D' and D?
and a shift of the R band to higher wavenumbers
indicative of smaller ring structures are typical fea-
tures of irradiated borosilicate glass [3, 41, 44], indi-
cating that the silicate network behaves in a similar
manner with and without molybdenum present,
though the degree of alteration may vary. Specific
intensity changes to the Raman bands assigned to
boroxyl rings, B-O~ bond elongation, and to three-
and four-membered SiO4 rings, which can be used as
metrics for phase separation within the Si-O-B net-
work were primarily dependent on the [SiO,]/[B,Os]
ratio. Compositionally increasing [B,O;] is known to
increase boroxyl rings forming in B-rich domains, as
opposed to increasing the Si-O-B network in unir-
radiated glasses [76]. In this study, increasing [B,Os]
was observed to further increase the intensity of the
boroxyl ring mode following irradiation, but only
marginally alter the intensity of the D* defect, which
saturated at 1 x 10" ions/cm?. This suggests that B—
O--- linkages within the borosilicate network are more
susceptible to ion irradiation cleavage, rather than Si-
O--- bonds, thus enabling the reformation of addi-
tional boroxyl rings as [SiO,]/[B,O3z] approached
~ 2.8. In the CM series, additions of MoQO; also
affected the boroxyl ring band. Growth and satura-
tion of this band at 1 x 10" ions/cm” were observed
for CM0O and CM1, while CM2.5 showed damping
and saturation for these doses. In contrast, growth of
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the D* defect appeared independent of [MoOjs]. These
results suggest that increasing [MoOjs] resulted in the
reformation of B-O--Mo linkages, or NBOs on B
units, rather than B-O-B bonds following irradiation,
while 5iO4 remained unperturbed.

Although "B NMR measurements were not con-
ducted on irradiated samples, it can be assumed that
irradiation caused a reduction in the coordination of
boron (BO,~ — BO; + NBO), as has been previously
observed in many irradiated borosilicate glasses
[44, 77]. This would subsequently suggest a reduction
in Si-O-B4 bonding [78], and therefore creation of
network-modifying cations, which can be correlated
with the increased diffusion of Ca atoms following
irradiation. It is hypothesized that increasing [MoOs]
will accelerate this process by causing an initial
growth of [BO;] and boroxyl rings following syn-
thesis, as results in Figs. 4 and 12 suggest, and
through the continual competition for charge bal-
ancers during irradiation.

It can be concluded from the results that inclusion
of 2.5 mol% MoQO; in the amorphous phase for an
optimal [SiO;]/[B,O3] ratio (~ 3.2) can limit the
extent of single element ring formation following Xe-
irradiation and thus the propensity for additional
phase separation. Decreasing [SiO,]/[B,O3] to ~ 2.8
would result in the reformation of boroxyl rings and
therefore segregation of B-rich domains, while
increasing [SiO,]/[B,0O3] to > 4.7 would cause growth
of three-membered SiO, rings, and therefore Si-rich
domains. This relationship implies a beneficial out-
come of radiation damage, in which an initial struc-
tural defect created by Mo linkages [70] can limit
those created by high-energy ionization, thereby
increasing the radiation tolerance of these calcium
borosilicate glasses to additional phase separation.

Furthermore, the collective results from Raman
and EDS analysis indicate that while many structural
changes are observed representative of lingering
phase separation between boron and silica-rich
regions following irradiation, these modifications
saturate around 4 x 10" to 8 x 10" ions/cm? This
is not to say that no modifications are occurring past
these fluences, as small microstructural changes can
still be observed, rather that there are competing
processes of damage creation and annealing [3, 36]
that result in some preservation of the average short-
range order.
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Radiation-induced diffusion
across interfaces

The greatest modification following irradiation was
observed at the interface between phases in these
heterogeneous glasses. Changes to morphology and
composition suggest that the bonds closer to the A-B
and B-C interface are intrinsically weaker, hence why
greater alteration is always observed in this region
following irradiation. While amorphous systems
primarily contain covalent bonds between network
formers and ionic bonds between cations and net-
work formers, the bonds between phases are inher-
ently weaker due to changes in atomic ordering [79].
This occurs in binary crystalline-amorphous systems,
as well as in some doped polymeric structures where
the bonds at the interface show greater sensitivity to
changes within the electronic structure or to induced
displacements [79, 80]. Analogously, weaker bonds
are predicted to form between compositionally and
structurally different amorphous phases, making the
regions more susceptible to radiation-induced dam-
age and recovery processes.

The mechanism of alteration in these regions is
predicted to primarily occur through cross phase
diffusion of ions, as ionization is known to increase
the mobility of ions [2, 35, 53]. The transport of ions
between phases or from the bulk to the surface could
be occurring through one of two ways: either the
creation of ion channels following the accumulation
of defects where ion diffusion is further escalated by
the release of dislodged cations following the for-
mation of vacancies [23, 81], or through thermal
processes from the added energy of impinging ions.
Given that the rate of change in Ca and Mo atomic
concentrations decreases with dose and approaches
saturation around 8 x 10'3 ions/ cmz, it indicates the
formation of a barrier to diffusion. This can be cor-
related with defect accumulation or damage recovery
processes that subsequently effect diffusion path-
ways. If diffusion occurred principally through
thermal processes, the rate of diffusion would follow
Arrhenius laws, instead of saturating. Therefore, the
diffusion of atoms is predicted to result primarily
from the formation of structural defects, which are
hypothesized to be more numerous at the interface
between phases, although smaller contributions from
thermal energy with a dependence on the energy of
the thermal spikes [38] are expected.
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Conclusions

Calcium borosilicate glasses with systematically var-
ied [MoO3] and [B,Os] were irradiated with 92 MeV Xe
ions to determine how radiation damage would affect
the incorporation of molybdenum and the propagation
or remediation of phase separation in heterogeneous
calcium borosilicates. Five different irradiations were
completed with fluences ranging from 5 x 10'* to
1.8 x 10" ions/cm? and examined using SEM micro-
scopy, Raman spectroscopy, and XRD. With these
analytical techniques, it was determined that Xe-irra-
diation did not induce precipitation of CaMoQOy in
most compositions and for most doses. Where crys-
tallization was detected it was remediated by increas-
ing the irradiation fluence. An increased integration of
isolated MoO,”~ anions by increasing the structural
disorder within and between phases was further
observed by Raman spectroscopy, indicative of phase
separation remediation in the molybdenum environ-
ment. Ion diffusion, alterations to the interface
between phases, and a reduction in the size and
increase in the spatial distribution of immiscible dro-
plets further imply a beneficial integration of phases.
In contrast, the formation of smaller ring structures
into single atom-type rings within the borosilicate
network indicates de-mixing of the Si-O-B network.
However, the initiation and extent of de-mixing were
mitigated by increasing MoOj3 in a glass compositions
where [Si0,]/[B,O3] was fixed at ~ 3.2, which sug-
gests that insertion of MoOj3 into a calcium borosilicate
can limit or in some cases reduce the degree of phase
separation between network formers following Xe-
irradiation.
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