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ABSTRACT In order to increase the waste loading efficiemcyguclear waste glasses, alternate
glass ceramic (GC) materials are sought that trapl@matic molybdenum in a water-durable
CaMoQ, phase within a borosilicate glass matrix. In ordetest the radiation resistance of these
candidate wasteforms, accelerated external radiatéam be employed to replicate long-term
damage. In this study, several glasses and GCssyatbesized with up to 10 mol% Me@nd
subjected to 92 MeV Xe ions with fluences rangiegaeen 5 x 18 to 1.8 x 16% ions/cnf. The
main mechanisms of modification following irradati involve: (i) thermal and defect-assisted
diffusion, (ii) relaxation from the ion's added eme (iii) localized damage recovery from
overlapping ion tracks, and (iv) the accumulatiérmpaint defects or the formation of voids that
created significant strain and led to longer-ranglifications. Most significantly, a saturation
in alteration could be detected for fluences gretitan 4 x 1& ions/cnf, which represents an
average structure that is representative of theirmar damage state from these competing
mechanisms. The results from this study can thezetwe used for long-term structural

projections in the development of more complex @GEsuclear waste applications.



1.0 Introduction

In order to increase waste loading efficiency ilaar waste glasses, alternate glass ceramic
(GC) compositions are receiving a resurgence ar@st as the use of civil nuclear reactors
continues to grow. These structures are a usdkrinaltive as they utilize an amorphous matrix
to encapsulate the majority of shorter-lived ragtbdpes, while enabling actinides and poorly
soluble waste components such as sulfates, chiprasel molybdates to be contained in a more
durable crystalline phase [1-3]. These compositeemnads are of industrial interest for future
wasteforms as they can reduce the final volume asdtevfor storage in a geological repository,
accommodate waste from fuel with a higher burnhustincreasing fuel efficiency, or be used
for existing waste streams high in insoluble specseich as those arising from post-operation
clean out or legacy waste from military application

Vitrification of high-level nuclear waste (HLW) iota glass is the widely accepted technique
used for the immobilization of radioisotopes [4,8% glasses show good thermal and radiation
resistance, chemical durability when exposed teaqs environments, and they can incorporate
a wide variety of radioisotopes [1,5,6]. While thexre many benefits to using these structures
for long-term radioisotope storage, waste loadsdimited to ~ 18.5 wt% in French nuclear
waste glass R7T7 [7] in order to prevent phase raéipa [3,8,9], which can lead to a
degradation of the wasteform’s physical properti2sl0]. Molybdenum is a particularly
problematic fission product that limits waste loggli as it can lead to the crystallization of
water-soluble alkali molybdates (Ma00O,;, C$Mo0QO,), known as yellow phase [9,11]. Yellow
phase can act as a carrier for radioactive cesimnsgrontium [1,12], and hence its formation
can severely alter the safety case for geologicabge. While alkali molybdates are undesired,

alkaline earth molybdates such as CaMa®e comparatively water-durable (13,500 x less



soluble than alkali molybdates [13]), and can tfeeeebe used to trap insoluble molybdenum
into a stable phase within a borosilicate glassrimasimplified GCs limiting the formation of
NaMoO;, relative to CaMo@have been successfully synthesized [9,14—-16]maue important

to determine is the radiation response of theseposite frameworks given that nuclear waste
will undergo internal radioactive decay for milléan

Accumulated radiation damage created during thamndation of radioisotopes can alter the
composition and structure of both crystalline antbgphous phases, which can therefore affect
the long-term durability of any glass or compositasteforms. Internal radiation created by
decay of minor actinides and Ridecay of fission products, and transitiopalecay processes
can cause atomic displacements, ionization, anttreld@c excitations. In glasses, these events
can result in changes to volume and mechanicalepties, composition, stored energy, and can
also induce phase transformations, such as dasaitidn, bubble formation, glass-in-glass phase
segregation, or clustering of cations [4,5,17,18he range of effects is dependent on
composition [19] and can sometimes result in fablargproperties, such as an increase in
fracture toughness, or re-vitrification of unwantegstalline phases [4,5]. In crystals, radiation
can cause a similar range of effects, in additmrcdausing significant dislocation within the
crystal lattice and possible amorphization [20,21].

Thea-decay process, and specifically the heavy reaaile, is theorized to be responsible for
the greatest disruption of structural order, andckethe bulk of observed macroscopic changes
[4,5]. Thisa-recoil (70 — 100 keV) interacts primarily throughllistic collisions resulting in
atomic displacements, while the high-enecgparticle (Hé") interacts predominantly through
electronic collisions that can initiate recoverpgasses through the creation of latent ion tracks

[4,5,22]. A generally accepted model used to dbsdiis process is the thermal spike model, in



which energy is transferred to the host latticdecteons via electron-electron and electron-
phonon coupling. These interactions translate éngmall cylinder of energy characterized by a
temperature of ~ 1000 K [23]. Theoretically, eleaic stopping can lead to defect annealing, or
structural reorganization and precipitate formatidrhermal spikes associated with high
electronic energy loss will lead to damage genenatihrough the creation of ion tracks, while
lower electronic energy loss can cause damage eegov

Experimentally, borosilicate glasses subjected m@diation have thus far remained
amorphous, but some changes to mechanical progertiernal energy, and density properties
have been observed [4,24]. Interestingly, a saturan property modifications could be detected
for irradiation doses between 2 to 4 x'®@/g [5,19]. A similar saturation in structural
modifications has also been observed in MD simmhesti [25], which further supports the
formation of a equilibrium state when the procesdesefect formation occur at a rate similar to
that of self-healing from overlapping ion tracksvéh current waste loading standards and waste
streams, this saturation in structural modificagigexpected to occur following 1000 years of
storage [4,5,24]. By replicating the damage ocogrrwithin this timeframe, it is therefore
possible to estimate long-term damage structureis. Khowledge is essential for the evaluation
of any candidate materials for nuclear waste starag

In this paper, the damage predicted to occur arahis 1000 year timeframe is replicated to
assess the durability of GCs with CaMo@ystallites embedded in a borosilicate matrixs la
fundamental approach that mimics the effactdecay using external swift heavy ion (SHI)-
irradiation in compositions that are simplifieddomponents known to affect the formation of
CaMoQ, [26,27]. This study attempts to identify if long+te radiation damage will: (i) induce

phase separation in homogenous systems, (ii) pabdpagxisting phase separation, (iii) cause



remediation of glass-in-glass phase separationnarghization of crystallites through local
annealing, or (iv) some combination of the abovéurther seeks to identify if the saturation in
modifications observed for homogeneous systemsatsm be detected in GCs. It therefore
attempts to provide long-term structural projectiari alternative nuclear waste materials in an
effort to develop wasteforms with a higher wastadiog efficiency that are equally resistant to
internal radiation damage.

2.0 Materials and experimental methodology

2.1 Composition and synthesis techniques

For this study a series of non-active glasses #ambgeramics (GCs) were synthesized to test
the formation and durability of powellite (CaMgQwithin a borosilicate glass network when the
materials were subjected to external radiation. mbmemalized glass and GC compositions are
given in Table 1. In order to trap molybdenum ipavellite phase, Mo®was added in a 1:1
ratio to CaO in a borosilicate glass normalize@&@N68 (non-active form of R7T7) with respect
to Si0G,, B,O3 and NaO. A simplified borosilicate glass was also prepate test the glass-in-
glass phase separation tendencies induced byati@diin systems without molybdenum. In
most cases, compositions also included 0.15 mol¥0¢dsadolinium can act as an actinide
surrogate, and therefore it can serve as a maokeéndorporation of active species within either
the glassy or crystalline phase. One GC did notude gadolinium in order to differentiate
changes to crystallization processes following mekirradiation in systems with and without a
dopant.

Table 1. Sample composition in mol%.

Sample SiQ B,0s Na,O CaO MoQ Gd,0O3

CNO 63.39 16.88 13.70 6.03 - -



CNG1 61.94 16.49 13.39 7.03 1.00 0.15

CNG1.75 60.93 16.22 13.17 7.78 1.75 0.15
CNG2.5 59.93 15.96 12.95 8.52 2.50 0.15
CNG7 53.84 14.34 11.64 13.03 7.00 0.15
CN10 49.90 13.29 10.78 16.03 10.00 S

Glass batches of ~ 30 g were prepared using a doodlt of SiQ, HsBO3, NaB4O7, N&CO;,
CaCQ, MoOs and GdOs powders in air within a platinum/ruthenium crueilbleated to 1500°C.
The first melt was held for 30 min, after which gd@s were crushed and re-melted for 20 min
to ensure homogeneity of element distribution. Belere then cast at room temperature on a
graphite-coated iron plate and annealed for 2492@atC.

For the irradiation experiments, samples were ouiatthickness of 1 mm with surface
dimensions o~ 4 mm x 4 mm tailored to fit the beamline samplédbn Each piece was hand
polished successively with P600, 800, 1200, 2400 4000 SiC grit paper, followed by 8n
and 1um diamond polishing to achieve a thickness of agprately 500um and a surface apt
for analytical techniques.

2.2 Irradiation experiment

External SHI-irradiation can be used to replicdte damage state induced by electronic and
nuclear collisions resulting from internaldecay processes on an accelerated scale in waste
glasses [4,26,28]. It is predicted that a simikares of damage processes will occur in glass
ceramics from accumulated ion tracks, though tlaeeeyet no active implanted experiments to
verify this hypothesis. However, the high ion emesgand fluences achieved through SHI-
irradiation will create significant disorder indtoae of the maximum possible damage resulting

during long-term storage.



In this experiment, 92 MeV X&' ions, with an average flux of 2.3 x%li@ns/cnf-s were used
to irradiate five different sample sets with fluesof 1.8 x 1, 8 x 16° 4 x 13° 1 x 133 and
5 x 10 ions/cnt on the IRRSUD beamline in Ganil. According to TRdIculations [29], this
resulted in an estimated penetration depth of nrhidsee Supplementary Information Al.1 for
plots of energy losses with depth).

Multiple fluences were collected in order to pravishformation on the origins of structural
transformations, as well as testing if a saturatiostructural modifications could be detected. In
homogeneous sodium borosilicate glasses, thisamroccurs for fluences around 1 x40
ions/cnt for high-energy ions, and around 1 x*1ns/cnf for low-energy (keV scale) ions,
which is roughly equivalent to ~ 1000 years of ag@r given current waste loading standards
[5,19]. Therefore, the fluences achieved in thisdgtshould be able to detect a plateau in
modifications, if one exists for these compositmpositions.

2.3 Characterization techniques

The mechanisms of structural modification followimgadiation were investigated using
several analytical techniques in order to charagerhanges occurring in both the amorphous
and crystalline phases. Morphology, compositiord erystal phase and size determination were
examined using X-ray diffraction (XRD) and ScanniBtgctron Microscopy (SEM), while
changes to bonding was investigated using Ramastrepeopy. Together these techniques were
able to assess the bulk and phase specific responsadiation, as well as determining if any
cationic substitution into powellite or additior@kcipitation took place.

XRD was performed with Culf (A = 0.15406 nm) and Cuk (A = 0.15444 nm) wavelengths
on a Bruker D8 ADVANCE equipped with Goébel mirrds a parallel primary beam and a

Vautec position sensitive detector. Spectra welleated for a 8 = 10 — 90° range with a 0.02°



step size and 10 s per step dwell time. Samples walyzed as monoliths to isolate irradiation
effects at the surface, and rotated to find the imam diffracting orientation before final
acquisition, as a means to compare samples camgarandomly orientated crystals with some
accuracy. Structural analysis and Scherrer cryigtaize (CS) valuations were performed using
whole pattern Rietveld refinements with the sofevdropas v4.1 [30]. A single parameter
approach was utilized based on the quality of @iz large amorphous content, as has been
thoroughly discussed elsewhere [14,31]. In thignfit method, CS is presumed to incorporate
contributions from both size and strain, as coti@ta issues prevented the independent
deconvolution and quantification of these two pbgkproperties.

SEM backscattered electron (BSE) imaging and endigpersive X-ray spectroscopy (EDS)
were performed on a FEI Quanta-650F operating &t yvacuum (0.06 — 0.08 mbar) or in
environmental scanning electron microscopy (ESEMJden(0.10 mbar) with a 5 — 7.5 keV
beam and a 40m aperture. This configuration resulted in a pexten depth of~ 1 um. EDS
results were collected using a 8 mm cone in orderetiuce skirting effects, thus providing
information on the relative composition of eachnitifeable phase. Six to ten measurements were
collected for each phase and then averaged to dwostatistical certainty. Owing to the
heterogeneous nature of the samples and the needrfgparison, ratios were used as a metric
between phases, instead of absolute values. Images collected using FEI Maps software,
while acquisition and analysis for EDS was perfatmesing Bruker ESPRIT software.
Quantification of particle size and density at theface were determined by image analysis
using ImageJ.

Raman spectroscopy was a complementary analyticathod to the aforementioned

techniques, as it is able to determine changeletdoical environment induced by irradiation in



both crystalline and non-diffracting amorphous @safkaman spectra were collected with a 300
um confocal Horiba Jobin Yvon LabRam300 spectrometgripped with a holographic grating
of 1800 grooves per mm and coupled to a Peltieledoimont illuminated CCD detector resulting
in a spectral resolution of ~ 1.4 €mper pixel (1024 x 256 pixels in size). The exditatine at
532 nm was produced using a diode-pumped solid-taaer (Laser Quantum) with an incident
power of 100 mW focused on the sample with an OlysrfpOx objective. Spectra were collected
over the 150 — 1600 chrange with a 2um spot size. The given equipment configuration
resulted in an estimated penetration depth of r@2based on depth profile analysis. While this
set-up still results in a contribution from the gpine layer under the irradiation zone, the
parameters chosen were based on a number of factgling acquisition time, spectral
resolution, minimization of damage, and desire &sadibe the amorphous phase. Multiple
acquisitions (3 - 4) were made for each samplerdvige some reliability, and all spectra were
analyzed using PeakFit software, where charadtehands were fit with pseudo-voigt profiles.

3.0 Results

3.1 Pristine samples

The synthesized GCs (CNG1.75, CNG2.5, CNG7, and GFNuccessfully prevented the
formation of NaMoO, for up to 10 mol% Mo®@in a soda lime borosilicate glass, with a MoO
solubility limit around 1 mol%, as previous workave indicated [14]. In these GCs, CaMoO
crystallites form particles that are free of gadiolm substitution and are evenly distributed
within a homogeneous glassy matrix. The particike gPS) for these GCs is proportional to
[MoOg] with two groups of PS and CS identified by SEMIaRD, respectively. One PS is in
the range of 200 — 400 nm with CS ~ 50 nm for [Mo©2.5 mol%. The other PS is in the range

of 0.5 — 1.0um with CS ~ 140 nm for [Mog)> 7 mol%.
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In samples with [Mog] < 1 mol% or without molybdenum, the systems were dgenously
amorphous and single phased as characterized lmmadeneous grey surface through SEM
imaging. Furthermore, no diffraction peaks or aifste Raman bands could be detected in
these glasses. Additional images and spectra fstin@ samples are detailed elsewhere [14].

3.2 Morphology and composition following irradiation

Following Xe-irradiation, the amorphous samples Caltd CNG1 remained fully amorphous
according to all analytical techniques used in &xiperiment, while CaMogfree of any Na-Gd
substitution was the only detectable crystallin@agghin GCs according to XRD, SEM and
Raman spectroscopy results.

For GCs with [MoQ] < 2.5 mol%, the size of particles remained fairlpstant within a 200 —
450 nm range following irradiation, indicating tdarability of the crystalline phase. There was
however a shift to smaller, but more populous pkesifor a fluence of 8 x ibions/cnf (Figure
1 (e)). At this fluence, the size range of parcteecreased by ~ 100 nm, but the number of
particles increased by roughly>3that observed in the unirradiated sample. It igdtlyesized
that changes within the amorphous network, suclo@d viscosity changes or a reduction in
stress induced during synthesis enabled partigistitoents to migrate or crystallites to dissolve
into the bulk, thus resulting in the observed clesng particle size and distribution.

The non-uniform PS changes observed with respedbse could be a result of pre-existing
differences in poured GCs. Alternatively they colbda result of radiation-induced relaxation of
local stresses or competing processes of amorpvizaind re-precipitation, which have a
dependence on dose. As a similar anomaly of smdilgr more populous particles was also
observed for CNG2.5, it implies that radiation dgmar the high electric current induced by

external SHI-irradiation at the surface is likebusing this change in microstructure, as opposed

11



to sampling. Given that the scale at which thesagls occurred is reaching the SEM detection
limits, the key consideration to note is that somggration or dispersion of crystallites is

detected, but that these changes to PS followinigir&ktliation are minor for compositions with

low MoOs, as Figure 1 indicates.

Figure 1. BSE images of CNG1.75 at (a) pristine conditicarg] following Xe-irradiation with
fluences of: (b) 5 x 16, (c) 1 x 185 (d) 4 x 18> (e) 8 x 1&°, and (f) 1.8 x 1Y ions/cnf. The
particle densities determined by image analysisaaréollows: (a) 5.27um?, (b) 3.39um?, (c)
3.50um?, (d) 4.57um?, (e) 17.6%um?, and (f) 4.56um?. Micrograph dimensions: 1m x 7

um.

For compositions with high MoO(> 7 mol%), particles also appeared to become more
uniformly distributed with the range of PS becomisigaller by ~ 40 — 75 nm following
irradiation. For fluences greater than 8 **ins/cnf, BSE imaging also revealed the distortion
of some originally spherical particles to thosehmablong geometry, as Figure 2 indicates. These

distortions could be attributed to surface rougbkniesthese specific specimens, or to defect-
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associated changes within crystal clusters aloegctlstal to glass interface. A tertiary option

would be a relaxation phenomena at the surface ghets the viscosity of the surrounding

amorphous network thereby influencing radiationdicet] crystallization kinetics.

Figure 2. BSE images of CN10 at (a) pristine conditions, #&oltbwing Xe-irradiation with
fluences of (b) 8 x 18, and (c) 1.8 x 1 ions/cnt. The particle densities determined by image
analysis are as follows: (a) 1.8t% (b) 2.39um?, and (c) 2.24im. Micrograph dimensions:

10 pum X 7 pum.

Compositionally, there are several changes indigede-irradiation, as Figure 3 illustrates.
The results suggest migration of ionic species betwthe sample bulk and the surface. At low
doses, an increase in the amount of Mo, Ca and Natially observed at the surface, followed
by diffusion of Ca and Na atoms towards the bulkisTis represented by an increase in the
[Si)/[Ca] and [Si]/[Na] ratios. As the BSE analyslspth is roughly~ 1 um, migration towards
the “bulk” may still fall within the~ 12 um irradiation zone.

This flux of ionic species could indicate ionizatimduced migration and clustering of ions in
which motion is driven by the added energy to th&tesn, or by migration in a liquid phase
following the creation of a thermal spike. Undee first process, it is assumed that a minimum
fluence is required to exceed the activation bafaemotion. Furthermore, the rate of migration
is different for each species owing to the size elmakrge of each respective element, hence why

[Mo]/[Ca] changes. This difference subsequentlyitssin a maximum [Mo] at the surface for

13



fluences< 4 x 103 ions/cn‘?, after which Mo ions also diffuse towards the bdlke inflection

points observed for the trends in Figure 3 indi@atzitical dose at which Ca atoms that initially

moved away from the surface re-precipitate at higluences. A similar trend is also found for

Na atoms in the amorphous phase, but the rateasfgehis larger for this more mobile alkali ion.
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Figure 3. [Mo]/[Ca] and [Ca]/[Si] ratios for Mo-bearing glsss and GCs following Xe-

irradiation with fluences between 5 x'4@0 1.8 x 16 ions/cnf. Although not shown in the

plots, Na ions follow a similar trend to Ca ionsi lvith larger magnitudes of change observed

owing to the greater mobility of the ion. For thegemn plots, a saturation in modifications can be
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observed around 8 x f0ions/cnf. Note that crystalline measurements in low-Mo lvepr

samples also measure the surrounding amorphoushaeee why there is a higher [Si] and a
lower [Mo]/[Ca] than would be expected. The relativends with respect to dose are primarily
of interest as opposed to the absolute valuesistitat error for calculated average ratios is <

1% (smaller than data points).

This re-precipitation is also true for Mo migratidsut the rate of change is slower, and the
magnitude of change smaller. At dose8 x 1032 ions/cnf, a stabilization in composition is
observed. These results suggest that surface-ko-itfision and re-precipitation reach an
equilibrium state, or that diffusion pathways beeohindered, thus making ions less mobile
within this small volume near the surface. Thisx@d to say that the trends observed by EDS
planar analysis are true throughout the whole iatazh zone, but they may be indicative of
some of the processes occurring within this damagadne.

These trends are evident for low Mo-bearing samplas the induced alteration in high Mo-
bearing GCs are much more erratic with a largernitade of change observed. For starters,
there is a much larger decrease in [Ca] and [N#jiwithe amorphous phase following initial
irradiation. In some cases, [Mo]/[Ca] of the amaps phase also exceeds one following initial
irradiation. This result could indicate a changecamposition of the local amorphous network
surrounding particles owing to a scattering of talysonstituents, or it could be influenced by
measurements that included subsurface particlegshwivere partially identifiable by BSE
imaging. Alternatively, it could imply the formahoof defects or voids within crystals that
released Ca atoms, which subsequently migrate lyagvday from the surface. For dosedl x

10" ions/cnd, trends imply some dissolution of Mo complexesrfrthe surface towards the

15



bulk. In CN10, this is likely accompanied by soneeprecipitation of Ca and Na atoms, hence
why ratios return to values similar to those foamgristine conditions.

A general mechanism of surface-to-bulk migrationagsumed for all compositions as the
[Mo]/[Ca] trends with respect to fluence are similar measurements of different compositions,
and in both the crystalline and amorphous phaseach composition. These trends are also
evident for the [Mo]/[Na] ratios within the amorpi®phase. It is therefore predicted that some
initial surface-to-bulk migration of CaMo-speciesdaNa ions takes places, followed by re-
precipitation at higher doses. The initial surfdepletion of cations is presumed to be associated
with a charge driven migration of ions into thelbulhis response has previously been seen for
Na’ ions following irradiation [28,32]. It is prediadeto occur from electric field-assisted
diffusion, along with a kinetic energy transferrfrahe incoming ions.

The initial migration of Ca and Na atoms at low f{eences is particularly pronounced in the
amorphous phase of high Mo-bearing GCs (CNG7 antiOENr'his result indicates the network-
modifying role of these cations when dispersechamdamorphous phase, as opposed to acting as
a network former, hence why migration is easilyl#ed. The formation of larger particles in
high Mo-bearing GC compositions also appears tcehavabled easier migration of Ca ions,
hence why a larger change in magnitude is obselvasdggests that radiation can more easily
affect Ca in the crystalline phase, as opposedatinGhe amorphous phase. While the cause of
these compositionally dependent alterations ileatr from these results alone, the general ratio
patterns with respect to dose suggest a saturaticompositional changes in both crystalline
precipitates and the amorphous phase within thiagsl surface for doses8 x 10 ions/cnt

(see Figure 3). This effect may vary as a functibdepth owing to changes in the ion stopping
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power, with current results only providing effeofselectronic interactions at the surface where a
large thermal spike is expected.

3.3 Changesto crystallinity following irradiation

XRD confirmed the existence of a single tetragoseheelite-type powellite (CaMaD
structure with a Ida space-group following irradiation. This indicatéhat no cationic
substitution or formation of N&oO, took place (see Supplementary information Al1.2)isT
result implies that molybdenum can be trappedriedgation-resistant powellite structure without
converting to yellow phase constituents in simedtfisystems during simulated long-term
storage.

There was however a marginal whole CaMgiattern amplitude dampening indicative of
partial amorphization or increased disorder (segpBmentary Information for XRD spectra).
There were also observed changes to the CaMt@cture and size following Xe-irradiation.
This was determined by whole pattern Rietveld exfients using Topas v4.1 [30] and the
crystal structure for powellite (22351-ICSD), whepeak broadening was fit with a single
Scherrer CS parameter and peak position was usedetermine the tetragonal unit cell
parameters. The results of this analysis are suipethin Table 2.

Table 2. CS in diameter and cell parameter of powellitX@irradiated GCs.

Sample Fluence CS (nm) a(A) c(A)
(ions/cnf)

CNG1.75 0 51.27 (£2.26)  5.2289 (+0.0011)  11.4@06.0034)
5 x 1032 47.24 (+1.61)  5.2332 (+0.0005)  11.4603 (+ 0.0023
1x10° 38.49 (+1.31)  5.2328 (+0.0011)  11.4678 (+ 0.0036
4 x 10° 50.48 (+ 1.66)  5.2341 (+0.0008)  11.4625 (+ 0.0025
8 x 10° 50.15 (£ 1.99)  5.2313 (+0.0009)  11.4606 (+ 0.0028
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1.8 x 16°

45.89 (+ 1.30)

5.2310 (+ 0.0007)

11.4610 (+ 0.0023

CNG2.5 0 55.09 (£2.08)  5.2280 (+ 0.0080)  11.4598.0025)
5 x 132 59.85 (+2.52)  5.2311 (+ 0.0080)  11.4695 (+ 0.0027
1x10° 39.77 (x2.51)  5.2327 (¥ 0.0019)  11.4576 (+ 0.0066
4 x 13° 47.46 (£ 2.44) 5.2336 (+ 0.0013)  11.4658 (+ 0.0038
8 x 1¢° 42.38 (+5.38)  5.2275 (+0.0020)  11.4548 (+ 0.0081
1.8 x 16° 50.90 (+ 5.23)  5.2292 (+ 0.0017)  11.4614 (+ 0.0059
CNG7 0 143.38 (+ 2.54)  5.2265 (+ 0.0001)  11.4558.(3003)
5 x 132 175.14 (+ 7.42)  5.2332 (+0.0002)  11.4688 (+ 0&)00
1x10° 53.05 (+ 0.91)  5.2330 (+ 0.0004)  11.4611 (+0.0012
4 x 13° 49.11 (+0.74)  5.2302 (+ 0.0004)  11.4553 (+ 0.0012
8 x 10° 52.24 (£ 0.91)  5.2323 (+0.0004)  11.4585 (+ 0.0012
1.8 x 16° 56.27 (+0.91)  5.2320 (+ 0.0003)  11.4586 (+ 0.0009
CN10 0 125.24 (+1.94)  5.2264 (£ 0.0001)  11.4558.3030)
5 x 1032 61.93 (+1.90)  5.2316 (+ 0.0003)  11.4582 (+ 0.0014
1x 10° 45.23 (£ 0.76) 5.2336 (+ 0.0004)  11.4613 (+ 0.0015
4 x 13 48.29 (+0.83)  5.2325 (+0.0004)  11.4577 (+0.0013
8 x 1¢° 50.12 (+ 0.83)  5.2332 (+ 0.0005)  11.4604 (+ 0.0016
1.8 x 16° 51.20 (+0.87)  5.2334 (+ 0.0004)  11.4613 (+ 0.0011

For all GCs, CS decreases and the cell parametergaise from pristine conditions to the
highest fluence of 1.8 x 1Dions/cnf, although a non-linear trend is observed with eespo
dose. In general, CS was observed to exponentialtay in most compositions, while the cell
parameters initially increased and then decreaséatéd reaching a plateau in modifications as

the graphical representations in Figures 4 & Silate.
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In CNG7 and CNG2.5, an initial small increase in\W&s observed following irradiation with
5 x 102 ions/cnf, before decreasing and saturating for doses batdee 16°to 1.8 x 16
ions/cnt. In contrast, CNG1.75 and CN10 showed an immediaterease in CS following
irradiation, followed by a similar saturation foosks between 1 x ¥0to 1.8 x 16 ions/cnf.
Within this saturation regime a small growth in 8B®bserved, but this can still be considered an
equilibrium state of crystallinity given that théfdrences observed are relatively small within a
significantly large fluence range, and that thegegally fall within uncertainity. The changes do
however indicate that small defects are still forgnin and around crystallites with increasing
fluence, but that some sort of competing processgsbe limiting their formation or stability.

For high Mo-bearing GCs, the CS and cell paranteteids with respect to fluence are easy to
identify (see Figure 4). Both treeandc cell parameters are observed to first increasle wvitial
radiation before decreasing at medium fluences e 4 x 18 ions/cnf). They then increase
again before saturating at higher fluence$ < 13° ions/cnf). The uniform trends between the
a andc cell parameters as a function of fluence indidhtd the processes of expansion and
contraction are directionally uniform. However, timagnitude of change is always larger in the

c-direction.
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Figure 4. Changes to powellite CS and cell parameters fatigwKe-irradiation with fluences
between 5 x 1 to 1.8 x 16 ions/cnf in high Mo-bearing GCs (with [Mog)> 7 mol%). Top

to bottom: CSc¢ cell parameter, analcell parameter.

In contrast, the trends observed for low Mo-bearsagnples are more difficult to discern
owing to the large margin of error, as Figure Bsitates. A similar trend for the cell parameters
with respect to dose is observed, although thlsss notable for tha cell parameter where it
first increases and then gradually decreases #@iugasion point. It is worth noting that in both
cases the observed changes could fall within eltr@, however, interesting to identify that both
the cell parameters and CS approach pristine donditfollowing irradiation with 1.8 x 16
ions/cnf. Therefore, it can be assumed that most structirahges to the powellite unit cell

created by initial irradiation were recovered witbreasing dose in these low Mo-bearing GCs.
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Figure 5. Changes to powellite CS and cell parameters fatigwKe-irradiation with fluences
between 5 x 16 to 1.8 x 1&* ions/cnf in low Mo-bearing GCs (with [Mog) < 2.5 mol%). Top

to bottom: CSc cell parameter, analcell parameter.

3.4 Changesto bonding following irradiation

Raman spectroscopy was used to determine bondiagges in both the amorphous and
crystalline phases. Within the powellite phasegtae six relevant internal modes for Mé0n
crystalline CaMoQ@. The vibrations relate to symmetric elongation tbE molybdenum
Dtetrahedravy(Ag) 878 cni; asymmetrical translations(By) 848 cm' and bridgingvs(Eg) 795
cm* of molybdate chains; asymmetric-@0-O bending modes,(E;) 405 cmt' andv,(Bg) 393
cm’; and symmetric bending(As+Bg) 330 cnt. Additionally there are three external modes
vaet (Ag) at[1 206 cni, 188 cnt, and 141 cm assigned to translational modes of Ca-O and
MoO, [33-36]. Following irradiation all of these intainand external Mog3” modes are still

visible indicating rigidity of the molybdenum tetwedron, but the bands experience peak shifts
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and broadening, which thus implies increased siratt disorder (see Figure 6 and

Supplementary Information A1.3 for additional spa)t

Vi) CNG1.75

Vo (Ag+By) ~910 Cm-l

va( Bg)
V4(Eg)

1.8x10'* Xe ions/cm’

8x10" Xe ions/cm2
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Raman Intensity (a.u.)

1x10° Xe ions/cmZ

5x 1012 Xe ions/cm2
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200 400 600 800 1000 1200
) -1
Raman Shift (cm ')

Figure 6. Raman spectra of irradiated CNG1.75. Fluences amtld of interest have been
labeled. A general broadening of internal MéOmodes, along with growth of the band
associated with dissolved molybdenum in the amarphwetwork (~ 910 cH) is observed as
dose increases.

In all GCs, internal Mo@” modes experience a peak shift to lower wavenumheggther
with peak broadening of approximately 2 — 37cnThis is quantified for the symmetric
elongation modes(Ag) in Figure 7. Radiation is initially observed taluce a peak shift of 1.2 —
2.0 cm® to higher wavenumbers following a dose of 5 *?%ibns/cnf, after which the peak
approaches its position at pristine conditionsldater wavenumbers) through an exponential
decay. Correspondingly, the greatest change in jpea&dening was observed at the lowest
fluence, but the peak full-width half maximum (fwhmontinues to grow with increasing
fluence. The continual increase in peak broadersnigdicative of an increased disruption in

long-range ordering.
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Figure 7. Changes to the position and broadening of theriateMoQ;> Raman mode for
crystalline powellite assigned to symmetric elorgati(Ay) in Xe-irradiated GCs. Pristine data
points are not given in these plots, but the redatesults are described in the text (pristine peak
position between 877.5 — 877.1 ¢mand fwhm 8.6 — 7.7 cihfor high — low Mo-bearing
samples) . Dashed lines represent plateaued genvaldecay, but they deviate from data points

on several occasions.

For most of the samples, the rate of change in buthpeak position and fwhm decreased
significantly around a fluence of 8 x *fdons/cnf. A plateau in modification was recognizable
around this fluence for CNG7, with a similar pattevident for CN10 and CNGL1.75 despite
some fluctuations. While the same general trendbmaiseen for CNG2.5, there was a greater

scatter in the data, introducing some uncertainty wegards to the radiation response of this
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composition. The changes to peak position appetrdoe delayed, which suggests that the
ficitive temperature of this system following syatiis was different than the other GCs despite a
uniform methodology. Discrepancies arising frons thypothesis of the initial state of relaxation

have been observed for similar compositions to CS®@2en subjected to-irradiation [14,37].

While the greatest change to peak broadening efriat MoQ* modes was observed at the
lowest fluence, the opposite trend was found falemsal modes. In most compositions the
external mode at ~ 188 ¢hreached a maximum with respect to peak broademirgyx 10°
ions/cnf, after which the peak fwhm was similar to thoseni for samples irradiated with 1 to
4 x 102 ions/cnf. The collective results indicate that irradiatiinst impacts the bonds within
MoO,* tetrahedra, before altering the bonds within @iyshains. They also indicate that there
was some recovery of defects within M@Qetrahedra and between tetrahedra (external modes)
hence why the rate of change decreases in Figangl & saturation in peak broadening and peak
position shifts are observed for fluences8 x 1@° ions/cnf. This implies that there are
competing processes that cause and anneal damags) i8 why a plateau in changes is
observed. This theory can be similarly applied ® @sults in Figures 4 & 5 that similarly
display an equilibrium state. However, it is im@ort to outline that this equilibrium state still
contains many defects, as compared to the pristimeture.

In GCs with [MoQ] < 2.5 mol%, Raman spectra also show growth of arrainoois band at ~
910 cm' that is associated with symmetric stretching \ibres of MoQ?  tetrahedral units
located in amorphous systems [38] with increasingrinadiation. The trends in Figure 8
indicate that the area of this peak continues twemse until reaching saturation for fluences
between 4 to 8 x THions/cnf, which coincides with a ~ 43% increase in the afethis band.

This result suggests that some crystallites matyaityi be amorphizing at low doses, or that
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increasing disorder is significantly effecting tstacking of unit cells, and therefore causing the
isolation of some Mo@ tetrahedra. However, this process appears tontigetl given that a
saturation period appears at higher doses, fuitligcative of competing damage creation and
recovery processes following radiation.

Given that the Raman spot size of wurh is larger than particles in this low [Mg[Qrange,
measurements were randomly made and likely incatpdrboth crystalline particles and the
surrounding amorphous phase. In order to ensurettbads were accurate for each sample
multiple measurements were made, where the Rameactrapappeared the same for each
measurement. Therefore, growth of the band at ~c&1tis representative of changes within the

bulk surface (both the amorphous and crystallireessph as a collective).

® CNGT
CNG1.75
o3 ® CNG2.s

400 4

200 -

Peak area of 910 cm™' (x10°)

0.0 0.5 1.0 1.5 2.0

Dose (x1 0]4 ions/cmz)

Figure 8. Area evolution of the Raman peak at ~ 910*cassociated with Mog) tetrahedra

dissolved in an amorphous network for samples CNgdss), CNG1.75 and CNG2.5 (GCs)

following Xe-irradiation.

In addition to the changes within the molybdenummiremment, the amorphous network in
both GCs and pure glasses also exhibited seveaalels following irradiation. The glass CNG1
similarly exhibited growth of the band at ~ 910 trbefore a plateau in modifications could be

detected for fluences greater than 4 ¥*16ns/cnf. This result implies that there may have been
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very small crystallites existing in CNG1 beyond SEktection limits that dissolved following
irradiation. Or it could be indicative of a reorgaation of clustered Mo§ tetrahedra within the
amorphous phase that caused isolation of many f10@its.

Previous works have indicated that although molylode groups are interspersed in a

homogeneous glass, molybdenum is still tetrahgdcaibrdinated as Moy and exhibits some

2+
general order with local Caions. Therefore, molybdenum that does not crystaliemains

trapped in an amorphous form ofx{]sAoO4]y, which produces similar vibrational bands to the

crystalline phase of powellite [14,39,40]. Usingsttheory, growth of the band at ~ 910 tm
could indeed be isolation of Ma® units within the amorphous phase from an initiabtered
arrangement.

CNG1, in addition to CNO, also exhibited severahrelcteristic bands for the borosilicate
network (see Supplementary information A1.3 forcsgzg. These include a broad band around ~
450 cm® attributed to Si-O-Si and Si-O-B bending and ragk[19,41], a band at ~ 633 &m
assigned to Si-O-B vibrations in danburite-likegxB-Si,O groups [19,42], a low intensity broad
band at ~ 1445 cthassigned to B-Obond elongation in metaborate chains and ring$ |9
narrow band around ~ 807 &nmassigned to the symmetric vibrations of 6-membérexy!
rings of BQ-triangles [43-45] with a broader band at ~ 800" @ssigned to O-Si-O stretching
[46], as well as bands between ~ 700 — 800 atributed to the vibrations of rings containing
one or two tetrahedrally coordinated boron cenfg®45,47], and Si-O stretching vibrational
modes forQ" entities that represent Si@nits withn bridging oxygen between 845 — 1256tm
While the spectral shape of these amorphous bardaimed similar, growth in the area of the
band at ~ 1445 cil) together with dampening of the band attributecdamburite-like rings

occurred in all glasses. In compositions withoutylndenum there was also dampening of the
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characteristic band assigned to metaborates (-3 while a growth in the area of the band
at ~ 910 crit was found for CNG1 (glass with molybdenum).

Irradiation also caused an emergence of thé-3606 cri) defect band, which is assigned to
the breathing of 3-membered Sifngs [48]. This occurred alongside a shift of 8ieD-Si band
to higher wavenumbers, which indicates smalleritégahedral angles. This shift can be caused
by the formation of smaller rings, or by the disitmm of existing ring structures. These changes
can also be observed to occur following irradiationlow Mo-bearing GCs. Therefore, the
results suggest the cleavage and reformation ofienmorosilicate rings that may be aiding in
the increased solubility of Ma® tetrahedra. This process is associated with dénmiaf the
borosilicate network, and possible glass-in-gldsssp separation.

4.0 Discussion

In this study, we were primarily testing the duliépiof CaMoO, embedded in a borosilicate
matrix against amorphization or cationic substatifollowing irradiation that simulated the
damage created lydecay events consistent with storage over ~ 1@@0sy It was also used to
assess whether the added energy from ion bombatdoosiid cause either precipitation of
additional crystalline phases, or the amorphizatibpre-exiting separated phases. The behavior
of the residual glass matrix was also of interestee if it responded to radiation in the same
manner with and without interspersed molybdatetattes.

The results indicate that Xe-irradiation causednges to both the amorphous and crystalline
phase, but that these changes appeared to sdtutagebulk for doses 8 x 13 ions/cnf. This
is an important observation, which indicates thailevthe mechanisms of alteration may be
continuous, an average damage structure can betac€bor long-term assessment.

4.1 Changesto the amor phous phase
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The initial aims of this study were to identifyldng-term radiation damage would: (i) induce
phase separation in homogenous systems, (ii) pabd@axisting phase separation, or (iii) cause
the amorphization of crystallites through local ealing. Using the results from the amorphous
sample CNGL1 it can be determined that irradiatiash ribt cause the precipitation of any
molybdates at the surface, which would have credif@ction peaks and Raman vibrations if it
occurred. In fact, irradiation was observed to éase the disorder of Ma® tetrahedral units.
This is exemplified by a broadening of internal Mé@Raman vibrations, along with growth of
the band at ~ 910 chattributed to dissolved monomers in the amorphoessvork. This
increase in disorder is combined with changes & rthg structures within the borosilicate
framework, which shows the formation of smalledatorted rings with smaller intertetrahedral
angles following irradiation. This latter resultshalso been observed to occur in glasses without
molybdenum [5,19,26,28], which suggests that tredtal amorphous network behaves in a
similar manner with and without embedded CaMao@stallites.

4.2 Radiation-induced amor phization

While precipitation of crystallites in glasses wessy to assess, changes to crystallization in
GCs was more complex. Growth of the Raman band &t6- cmi' and a small uniform
dampening of XRD spectra (see Supplementary InfoomaAl.2) indicate possible
amorphization of small CaMaofcrystallites, or at the very least local damagat ttauses a
reduction in the average crystal quality in GCéofeing irradiation. This statement is supported
by EDS analysis, which suggests that Ca atoms niov@a crystal particles towards the
amorphous matrix, in addition to some Mo dissolvimg the glassy matrix or towards the bulk
for doses exceeding 5 x fGons/cnf. However, the EDS results presented here only septe

changes at the surface, while XRD and Raman residtse a much larger volume.
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Electric field induced diffusion has been previgusbserved to occur in irradiated alkali-
containing glasses, which would subsequently ctheseoncentration of alkalis and alkali earths
at the surface to change following ion interactip#®,50]. Therefore, the migration of Ca and
Na ions theorized to occur in this study is verysgble. The deposited energy from Xe-
irradiation could also be contributing to a changéhe void population, which could thus affect
diffusion processes following irradiation.

While radiation-induced amorphization of powell@iystals has not been previously observed
[14,15,31,51], it has been noted to occur in otlradiated ceramics [21,52]. In these systems,
partial amorphization was predicted to occur follogvradiation-induced atomic displacements
and the formation of isolated defects. This proaasamorphization is theoretically different
from temperature-induced amorphization where atarascompletely random in configuration.
In radiation-induced processes, amorphization actwaterogeneously when a critical defect
population is reached [21]. As a result, these dsfean often be thermally annealed at
temperatures lower than the crystallization temipeex(Tc).

Alternatively, another theory indicates that amaphon could be proceeding through
thermal-like eventsNaguib and Kellypredicted that amorphization of non-metallic stuues
could occur following SHI-irradiation for doses ween 16° to 10 ions/cnf. This hypothesis

was based on a physical model involving thermakespiwith a criticality condition for
amorphization O% > 0.3 [53]. Given that;—:l - 0.8 for synthetic powellite, and that some of
the fluences in this study fall within the predattamorphization range, it is possible that this
process of amorphization through thermal spikes dale place.

If amorphization is occurring in these GCs, theme several possible mechanisms. Previous

studies have indicated that amorphization fromiroediation can occur through direct-impact
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within an ion track, from overlapping collision casles that create a high defect population, or
through a nucleation and growth process in whicknaall amorphous nuclei initiates the
transformation [20,54,55]. A combination of anytbése processes could also be occurring, as
the type of mechanism is generally dependent orcohneposition under irradiation. In general,
direct-impact processes would have a logarithmigaich on amorphization with respect to dose,
while overlapping collision cascades (or ion trgckeuld have a sigmoidal relationship to dose.
In contrast, nucleation and growth would requiggaificant incubation period that necessitates
the accumulation of defects in a given area, and thas a more exponential relationship with
dose.

Given that a saturation in [Mo] and the Raman bassbciated with dissolved Mg®in the
amorphous network is found within the fluence raaghkieved in this study, it is predicted that
any amorphization of powellite crystals occurs tlgio direct-impact collisions or from
overlapping cascades. As Xe ions primarily repécalectronic interactions, it can further be
predicted that ion tracks, as opposed to collis@scades, are the driving force of amorphization
in these GCs.

It is assumed that where amorphization did occaty eamall crystallites dispersed in the
amorphous network were affected, as opposed te tfovming larger particles. Furthermore, it
is predicted that a saturation in this processarihkie to parallel diffusion and re-precipitatién o
CaMo-rich particles at the surface with increasthgence, as EDS analysis implies. It is
hypothesized that this process of diffusion isteglato the formation and stability of defect-
enabled pathways, and to an increase in the kieegcgy within the system from temperature-

like effects of overlapping ion tracks that wouldbsequently initiate ionic movement.
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Therefore, it is predicted that modifications tomadlite crystals involve minor defect-assisted
amorphization and diffusion driven re-precipitatiamd particle growth at high doses.

4.3 Alterationsto crystalline phase

Following irradiation powellite was the only crylitee phase detected. The more water-
soluble NaMoO, phase was not produced, nor was 3 48d, sCaMoQ, phase. If Naor Na-Gd
substitution of C& ions took place, refinement of the calcium siteupancy would have
detected markers for the new complexes, as hasopsdy been used for rare-earth substitution
where the covalent size of elements differs sulisign[15,56].

As discussed in the previous section, heterogeneouerphization of some powellite
crystallites may be taking place in low Mo-beari@@s. That being said, this is likely only a
minor process, as the particle density of samplésot vary significantly following irradiation,
according to SEM imaging. Furthermore, only a midampening of diffraction peaks was
observed, indicative of a lasting population of pdiite. Yet, the results suggest that the
individual crystallites experienced structural ofpas following irradiation.

XRD results suggest a mechanism in which isolatefé@ats rapidly accumulate within the
lattice structure of crystallites following initian bombardment. This accumulation caused an
expansion of the unit cell, and an initial expansio CS, followed by a reduction. This reduction
in CS is caused by a disruption in the coherenngtlhe which occurs when crystals become
significantly disordered through atomic displacetsgiine or plane defects. Therefore, it is
deduced that initial radiation replicates thermék |lexpansion or CS growth through the
annealing of defects created during synthesis, evaitcumulated radiation damage causes
irreparable damage to the order within crystalse d@agree of damage for fluences greater than 1

x 10" ions/cnf is however limited by recovery processes more prent at lower fluences,
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which is why a saturation is observed as opposea ¢tontinual CS decrease leading to full
amorphization.

In terms of the unit cell expansion, a similar ttemas been previously observed to occur
following Ar-irradiation of powellite single cryst [51], with thermal expansion similarly
occurring for single crystals subjected to high penature [57,58]. Therefore the trends for the
tetragonal powellite unit cell parameters followimgadiation are logical, but little to no data
exists for CS alteration following irradiation.

When these GCs are initially irradiated, the ratd mmagnitude of change for both CS and the
a andc cell parameters are found to be dependent on csitiggoand the relative structure of
the residual amorphous matrix. Larger particlesampositions with [Mo@ > 7 mol% show
the clearest shifts in cell parameters with respedbse, while those with a higher concentration
of MoO,* units dissolved in the matrix show relatively simathanges. This is because CS and
PS were very small to begin with in compositionshwiMoOs] < 7 mol%, and therefore less
susceptible to ion interactions on a probabilitgiba

As Xe-irradiation increases, the unit cell gengralbntracts again, as accumulated defects
cannot be indefinitely supported and must be reliehrough transformations, such as
dislocations [59]. This process would enable theseoled relaxation of the unit cell.
Alternatively, a contraction of the unit cell coudtso be caused by a localized pressure-induced
stress [60]. In this scenario, the accumulatiordefiect-created vacancies within crystal chains
could exert a small force on adjacent unit celsist resulting in unit cell contraction. This
process has been previously predicted to occypatitas followinga-decay [20].

Thermal annealing of existing defects through @ming ion tracks could also be

contributing to the observed unit cell contractadrhigh Mo-bearing samples (see Figure 4). In
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this case, thermal-like processes could enableattan of the unit cell by removing associated
defects, versus causing thermal expansion. Thes djen repeats, but it is predicted that the
defect population is being constantly controlled'tbgrmal’ annealing processes, as the density
of overlapping ion tracks increases with increaglungnce. This is why a saturation in both CS
and the cell parameters is detected for dosesegréwn 4 x 18 ions/cnf. This mechanism of
alteration is predicted to occur in high Mo-bearaognpositions with an original CS > 100 nm.

A similar interplay of processes causing unit @&{pansion and contraction with increasing
fluence is also assumed to occur in low Mo-bearsagmples (see Figure 5). In these
compositions, the formation of dislocations is hearepredicted to occur less frequently, and
when it does, a much higher fluence is requiredaose the same structural transformations.
Therefore, the only mechanism of recovery againstumulated point defects in these
compositions comes from overlapping ion tracks. magnitude of change in CS for these low
Mo-bearing samples is very small from pristine dbads to the maximum Xe fluence. This
result implies that any modifications to the crystmucture within these compositions will be
minor. Therefore, it can be assumed that the btilgowellite crystals are fairly stable against
Xe-irradiation, the exception being minor amorphima Furthermore, EDS and Raman results
indicate that any amorphization of small crystafliteaches a plateau in modifications around 4
to 8 x 132 ions/cnf. Therefore, this process is also limited and will imglefinitely continue to
grow with increasing dose.

While several changes to the crystallinity of pdikelare observed following irradiation, it can
be concluded that Xe-irradiation did not induce phecipitation of additional molybdates, nor
did it induce the substitution of the Nmto powellite on an identifiable scale. This i®yen by

XRD and Raman results, which would have shown audit peaks if either transformation took
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place. Furthermore, the identification of a saioratin modification implies that competing
processes are limiting crystallite alteration. Tédgiilibrium in crystallinity can therefore be used
as a representation of the maximum modificationseeted during long-term storage of nuclear
waste in similar GCs.

4.4 Applicability and limitations of results

While these results represent an important indiatovery to a possible maximum damage
state within these GCs, these results are true torlythese simplified compositions when
subjected to external SHI-irradiation. Results ¢atle that although modifications in both the
amorphous and crystalline phase are small for itengloses and dose rates, they may vary with
higher doses and slower dose rates typical for peadesses, or integrated radiation types that
replicate ballistic collisions as well fisdecay.

In this paper, a significant mechanism of defesisted Ca and Mo bulk-to-surface migration
was observed by surface EDS analysis. This isyliketesult of the high dose rate used and the
associated charge of large impinging ions thataraate an electric field gradient at the surface
or a large thermal spike, as opposed to the fieplodited energy. Therefore, in real internal
decay processes, this type of charge-assisted tioigrenay be less significant with internal
radiation events proceeding in all directions, ppased to ion bombardment perpendicular to
the sample surface. Additionally, the crossingsoofs tracks in real internal decay processes
may enable some annealing of defects, which waulbdexquently further dampen defect-assisted
migration. Although the migration of atoms is piedd to result primarily from the formation of
structural defects, the kinetic energy depositedhigher-energy external radiation may also

assist with atomic motion in these SHI-irradiatexperiments.
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In order to validate the use of SHI-irradiation @C materials and to determine if these
structural modifications caused by external irridiaare true for internal decay, doping GC
compositions witha-emitters such a$*Cm may be beneficial to understanding processes at
slower dose rates. The use of additional analyteahniques that examine the cross section of
SHI-irradiated samples as a function of depth nag prove useful to understanding how the
mechanisms of radiation damage will vary with iovergy. This can also be used to isolate the
effects of electronic interactions from those olliséc nuclear events, which can be associated
with self-healing and damage [22].

In addition to dose and dose rate effects of iatholn, composition must also be considered. In
real nuclear waste materials, compositions willnmgch more complex, which can alter phase
separation tendencies of the base glass, as weligration of cationic species. However, the
initial results suggest that the residual glassalied in a similar manner with and without
embedded CaMofparticles. This implies that the crystalline phasay be stable with
increasing additives, with the exception of rargfeancorporation or cationic substitution. It
further suggests that the majority of changes ¥alg an increase in composition complexity
may occur within the amorphous phase, which iscairally suited for a range of ions.

Incorporation of G&' into the CaMo@ structure as a Na-Gd complex was not detectekisn t
paper, which implies that substitution of activenari actinides or lanthanides would not take
place in radioactive systems. However, as onlyetratnounts were used in this study,
incorporation of rare earths, which can act asnaf#i surrogates, could take place for
concentrations exceeding 0.15 mol%. Therefore, auldr be useful to increase the dopant
amount in future investigations.

5.0 Conclusions
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The aim of this work was to investigate the radiatresistance of new materials that could
increase nuclear waste loading by trapping probiemaolybdenum in a water-durable
crystalline phase. In this study, several simplifieorosilicate glasses and GCs containing
powellite were irradiated with 92 MeV Xe ions tglieate the damage arising fromdecay
events predicted to occur during long-term storagke mechanisms of alteration were
investigated using XRD, SEM imaging and quanti@tianalysis, as well as Raman
spectroscopy. Together these techniques were alidedcribe changes to crystallinity, particle
morphology, the relative composition of differemtages, and any possible cationic substitution
into powellite. The results indicate that radiatidoes not cause precipitation of additional
molybdates or cationic substitution, but amorpharabf some small precipitates is predicted to
occur following the accumulation of defects. Thisgess is minor, with the bulk of crystallites
experiencing structural reorganization that caysasicles to be more evenly distributed, and
powellite CS to decrease in parallel to a unit eadpansion. Despite a non-linear trend with
respect to fluence, Ca and Mo migration, changekdaconnectivity of network formers, along
with powellite CS and cell parameter changes reashturation in modification around 8 x*10
ions/cnf, at which point it can be assumed that every phthe system has been damaged
despite ongoing localized changes. The formatiorthed saturation zone implies competing
processes induced by irradiation between accuntuldéects, and annealing of said defects by
overlapping ion tracks that replicated thermal-fkecesses. This conclusion indicates that while
the mechanism of alteration may involve variousdtiral changes, an average damage structure
can be predicted for these compositions during-tengn storage of nuclear waste. Furthermore,
the results support the durability of a powelliteape within glassy matrices when subjected to

significant external SHI-irradiation damage. Thislicates that increased waste loading within
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similar frameworks is a possibility for future neal waste steams and worthy of further

investigation.
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