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ABSTRACT In order to increase the waste loading efficiency in nuclear waste glasses, alternate 

glass ceramic (GC) materials are sought that trap problematic molybdenum in a water-durable 

CaMoO4 phase within a borosilicate glass matrix. In order to test the radiation resistance of these 

candidate wasteforms, accelerated external radiation can be employed to replicate long-term 

damage. In this study, several glasses and GCs were synthesized with up to 10 mol% MoO3 and 

subjected to 92 MeV Xe ions with fluences ranging between 5 × 1012 to 1.8 × 1014 ions/cm2. The 

main mechanisms of modification following irradiation involve: (i) thermal and defect-assisted 

diffusion, (ii) relaxation from the ion's added energy, (iii) localized damage recovery from 

overlapping ion tracks, and (iv) the accumulation of point defects or the formation of voids that 

created significant strain and led to longer-range modifications. Most significantly, a saturation 

in alteration could be detected for fluences greater than 4 × 1013 ions/cm2, which represents an 

average structure that is representative of the maximum damage state from these competing 

mechanisms. The results from this study can therefore be used for long-term structural 

projections in the development of more complex GCs for nuclear waste applications. 
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1.0 Introduction 

In order to increase waste loading efficiency in nuclear waste glasses, alternate glass ceramic 

(GC) compositions are receiving a resurgence of interest as the use of civil nuclear reactors 

continues to grow. These structures are a useful alternative as they utilize an amorphous matrix 

to encapsulate the majority of shorter-lived radioisotopes, while enabling actinides and poorly 

soluble waste components such as sulfates, chlorides, and molybdates to be contained in a more 

durable crystalline phase [1–3]. These composite materials are of industrial interest for future 

wasteforms as they can reduce the final volume of waste for storage in a geological repository, 

accommodate waste from fuel with a higher burn-up thus increasing fuel efficiency, or be used 

for existing waste streams high in insoluble species, such as those arising from post-operation 

clean out or legacy waste from military applications. 

Vitrification of high-level nuclear waste (HLW) into a glass is the widely accepted technique 

used for the immobilization of radioisotopes [4,5], as glasses show good thermal and radiation 

resistance, chemical durability when exposed to aqueous environments, and they can incorporate 

a wide variety of radioisotopes [1,5,6]. While there are many benefits to using these structures 

for long-term radioisotope storage, waste loading is limited to ~ 18.5 wt% in French nuclear 

waste glass R7T7 [7] in order to prevent phase separation [3,8,9], which can lead to a 

degradation of the wasteform’s physical properties [2,10]. Molybdenum is a particularly 

problematic fission product that limits waste loading, as it can lead to the crystallization of 

water-soluble alkali molybdates (Na2MoO4, Cs2MoO4), known as yellow phase [9,11]. Yellow 

phase can act as a carrier for radioactive cesium and strontium [1,12], and hence its formation 

can severely alter the safety case for geological storage. While alkali molybdates are undesired, 

alkaline earth molybdates such as CaMoO4 are comparatively water-durable (13,500 x less 
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soluble than alkali molybdates [13]), and can therefore be used to trap insoluble molybdenum 

into a stable phase within a borosilicate glass matrix. Simplified GCs limiting the formation of 

Na2MoO4 relative to CaMoO4 have been successfully synthesized [9,14–16], but more important 

to determine is the radiation response of these composite frameworks given that nuclear waste 

will undergo internal radioactive decay for millennia.  

Accumulated radiation damage created during the encapsulation of radioisotopes can alter the 

composition and structure of both crystalline and amorphous phases, which can therefore affect 

the long-term durability of any glass or composite wasteforms. Internal radiation created by α-

decay of minor actinides and Pu, β-decay of fission products, and transitional γ-decay processes 

can cause atomic displacements, ionization, and electronic excitations. In glasses, these events 

can result in changes to volume and mechanical properties, composition, stored energy, and can 

also induce phase transformations, such as devitrification, bubble formation, glass-in-glass phase 

segregation, or clustering of cations [4,5,17,18]. The range of effects is dependent on 

composition [19] and can sometimes result in favorable properties, such as an increase in 

fracture toughness, or re-vitrification of unwanted crystalline phases [4,5]. In crystals, radiation 

can cause a similar range of effects, in addition to causing significant dislocation within the 

crystal lattice and possible amorphization [20,21]. 

The α-decay process, and specifically the heavy recoil nuclei, is theorized to be responsible for 

the greatest disruption of structural order, and hence the bulk of observed macroscopic changes 

[4,5]. This α-recoil (70 – 100 keV) interacts primarily through ballistic collisions resulting in 

atomic displacements, while the high-energy α-particle (He2+) interacts predominantly through 

electronic collisions that can initiate recovery processes through the creation of latent ion tracks 

[4,5,22]. A generally accepted model used to describe this process is the thermal spike model, in 
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which energy is transferred to the host lattice’s electrons via electron-electron and electron-

phonon coupling. These interactions translate into a small cylinder of energy characterized by a 

temperature of ~ 1000 K [23]. Theoretically, electronic stopping can lead to defect annealing, or 

structural reorganization and precipitate formation. Thermal spikes associated with high 

electronic energy loss will lead to damage generation through the creation of ion tracks, while 

lower electronic energy loss can cause damage recovery. 

Experimentally, borosilicate glasses subjected to irradiation have thus far remained 

amorphous, but some changes to mechanical properties, internal energy, and density properties 

have been observed [4,24]. Interestingly, a saturation in property modifications could be detected 

for irradiation doses between 2 to 4 x 1018 α/g [5,19]. A similar saturation in structural 

modifications has also been observed in MD simulations [25], which further supports the 

formation of a equilibrium state when the processes of defect formation occur at a rate similar to 

that of self-healing from overlapping ion tracks. Given current waste loading standards and waste 

streams, this saturation in structural modifications is expected to occur following ~	1000 years of 

storage [4,5,24]. By replicating the damage occurring within this timeframe, it is therefore 

possible to estimate long-term damage structures. This knowledge is essential for the evaluation 

of any candidate materials for nuclear waste storage.  

 In this paper, the damage predicted to occur around this 1000 year timeframe is replicated to 

assess the durability of GCs with CaMoO4 crystallites embedded in a borosilicate matrix. It is a 

fundamental approach that mimics the effects α-decay using external swift heavy ion (SHI)-

irradiation in compositions that are simplified to components known to affect the formation of 

CaMoO4 [26,27]. This study attempts to identify if long-term radiation damage will: (i) induce 

phase separation in homogenous systems, (ii) propagate existing phase separation, (iii) cause 
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remediation of glass-in-glass phase separation or amorphization of crystallites through local 

annealing, or (iv) some combination of the above. It further seeks to identify if the saturation in 

modifications observed for homogeneous systems can also be detected in GCs. It therefore 

attempts to provide long-term structural projections of alternative nuclear waste materials in an 

effort to develop wasteforms with a higher waste loading 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 and glass ceramics (GCs) were synthesized to test 

the formation and durability of powellite (CaMoO4) within a borosilicate glass network when the 

materials were subjected to external radiation. The normalized glass and GC compositions are 

given in Table 1. In order to trap molybdenum in a powellite phase, MoO3 was added in a 1:1 

ratio to CaO in a borosilicate glass normalized to SON68 (non-active form of R7T7) with respect 

to SiO2, B2O3 and Na2O. A simplified borosilicate glass was also prepared to test the glass-in-

glass phase separation tendencies induced by irradiation in systems without molybdenum. In 

most cases, compositions also included 0.15 mol% Gd2O3. Gadolinium can act as an actinide 

surrogate, and therefore it can serve as a marker for incorporation of active species within either 

the glassy or crystalline phase. One GC did not include gadolinium in order to differentiate 

changes to crystallization processes following external irradiation in systems with and without a 

dopant. 

Table 1. Sample composition in mol%. 

Sample  SiO2 B2O3 Na2O CaO MoO3 Gd2O3 

CNO 63.39 16.88 13.70 6.03 - - 
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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 - 

       

Glass batches of ~ 30 g were prepared using a double melt of SiO2, H3BO3, Na2B4O7, Na2CO3, 

CaCO3, MoO3 and Gd2O3 powders in air within a platinum/ruthenium crucible heated to 1500°C. 

The first melt was held for 30 min, after which samples were crushed and re-melted for 20 min 

to ensure homogeneity of element distribution. Melts were then cast at room temperature on a 

graphite-coated iron plate and annealed for 24 h at 520°C.   

For the irradiation experiments, samples were cut to a thickness of 1 mm with surface 

dimensions of ~ 4 mm × 4 mm tailored to fit the beamline sample holder. Each piece was hand 

polished successively with P600, 800, 1200, 2400 and 4000 SiC grit paper, followed by 3 µm 

and 1 µm diamond polishing to achieve a thickness of approximately 500 µm and a surface apt 

for analytical techniques. 

2.2 Irradiation experiment 

External SHI-irradiation can be used to replicate the damage state induced by electronic and 

nuclear collisions resulting from internal α-decay processes on an accelerated scale in waste 

glasses [4,26,28]. It is predicted that a similar series of damage processes will occur in glass 

ceramics from accumulated ion tracks, though there are yet no active implanted experiments to 

verify this hypothesis. However, the high ion energies and fluences achieved through SHI-

irradiation will create significant disorder indicative of the maximum possible damage resulting 

during long-term storage. 
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In this experiment, 92 MeV Xe23+ ions, with an average flux of 2.3 × 109 ions/cm2
∙s were used 

to irradiate five different sample sets with fluences of 1.8 × 1014, 8 × 1013, 4 × 1013, 1 × 1013, and 

5 × 1012 ions/cm2 on the IRRSUD beamline in Ganil. According to TRIM calculations [29], this 

resulted in an estimated penetration depth of ~ 12 µm (see Supplementary Information A1.1 for 

plots of energy losses with depth).  

Multiple fluences were collected in order to provide information on the origins of structural 

transformations, as well as testing if a saturation in structural modifications could be detected. In 

homogeneous sodium borosilicate glasses, this saturation occurs for fluences around 1 × 1013 

ions/cm2 for high-energy ions, and around 1 × 1014 ions/cm2 for low-energy (keV scale) ions, 

which is roughly equivalent to ~ 1000 years of storage given current waste loading standards 

[5,19]. Therefore, the fluences achieved in this study should be able to detect a plateau in 

modifications, if one exists for these composite compositions. 

2.3 Characterization techniques 

The mechanisms of structural modification following irradiation were investigated using 

several analytical techniques in order to characterize changes occurring in both the amorphous 

and crystalline phases. Morphology, composition, and crystal phase and size determination were 

examined using X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM), while 

changes to bonding was investigated using Raman spectroscopy. Together these techniques were 

able to assess the bulk and phase specific response to irradiation, as well as determining if any 

cationic substitution into powellite or additional precipitation took place.  

XRD was performed with CuKα1 (λ = 0.15406 nm) and CuKα2 (λ = 0.15444 nm) wavelengths 

on a Bruker D8 ADVANCE equipped with Göbel mirrors for a parallel primary beam and a 

Vautec position sensitive detector. Spectra were collected for a 2θ = 10 – 90° range with a 0.02° 
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step size and 10 s per step dwell time. Samples were analyzed as monoliths to isolate irradiation 

effects at the surface, and rotated to find the maximum diffracting orientation before final 

acquisition, as a means to compare samples containing randomly orientated crystals with some 

accuracy. Structural analysis and Scherrer crystallite size (CS) valuations were performed using 

whole pattern Rietveld refinements with the software Topas v4.1 [30]. A single parameter 

approach was utilized based on the quality of data and large amorphous content, as has been 

thoroughly discussed elsewhere [14,31]. In this fitting method, CS is presumed to incorporate 

contributions from both size and strain, as correlation issues prevented the independent 

deconvolution and quantification of these two physical properties. 

SEM backscattered electron (BSE) imaging and energy dispersive X-ray spectroscopy (EDS) 

were performed on a FEI Quanta-650F operating at low vacuum (0.06 – 0.08 mbar) or in 

environmental scanning electron microscopy (ESEM) mode (0.10 mbar) with a 5 – 7.5 keV 

beam and a 40 µm aperture. This configuration resulted in a penetration depth of  ~ 1 µm. EDS 

results were collected using a 8 mm cone in order to reduce skirting effects, thus providing 

information on the relative composition of each identifiable phase. Six to ten measurements were 

collected for each phase and then averaged to provide statistical certainty. Owing to the 

heterogeneous nature of the samples and the need for comparison, ratios were used as a metric 

between phases, instead of absolute values. Images were collected using FEI Maps software, 

while acquisition and analysis for EDS was performed using Bruker ESPRIT software. 

Quantification of particle size and density at the surface were determined by image analysis 

using ImageJ. 

Raman spectroscopy was a complementary analytical method to the aforementioned 

techniques, as it is able to determine changes to the local environment induced by irradiation in 
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both crystalline and non-diffracting amorphous phases. Raman spectra were collected with a 300 

µm confocal Horiba Jobin Yvon LabRam300 spectrometer equipped with a holographic grating 

of 1800 grooves per mm and coupled to a Peltier cooled front illuminated CCD detector resulting 

in a spectral resolution of ~ 1.4 cm-1 per pixel (1024 × 256 pixels in size). The excitation line at 

532 nm was produced using a diode-pumped solid-state laser (Laser Quantum) with an incident 

power of 100 mW focused on the sample with an Olympus 50x objective. Spectra were collected 

over the 150 – 1600 cm-1 range with a 2 µm spot size. The given equipment configuration 

resulted in an estimated penetration depth of ~ 22 µm, based on depth profile analysis. While this 

set-up still results in a contribution from the pristine layer under the irradiation zone, the 

parameters chosen were based on a number of factors including acquisition time, spectral 

resolution, minimization of damage, and desire to describe the amorphous phase. Multiple 

acquisitions (3 - 4) were made for each sample to provide some reliability, and all spectra were 

analyzed using PeakFit software, where characteristic bands were fit with pseudo-voigt profiles. 

3.0 Results 

3.1 Pristine samples 

The synthesized GCs (CNG1.75, CNG2.5, CNG7, and CN10) successfully prevented the 

formation of Na2MoO4 for up to 10 mol% MoO3 in a soda lime borosilicate glass, with a MoO3 

solubility limit around 1 mol%, as previous works have indicated [14]. In these GCs, CaMoO4 

crystallites form particles that are free of gadolinium substitution and are evenly distributed 

within a homogeneous glassy matrix. The particle size (PS) for these GCs is proportional to 

[MoO3] with two groups of PS and CS identified by SEM and XRD, respectively. One PS is in 

the range of 200 – 400 nm with CS ~ 50 nm for [MoO3] ≤ 2.5 mol%. The other PS is in the range 

of 0.5 – 1.0 µm with CS ~ 140 nm for [MoO3] ≥ 7 mol%.  
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In samples with [MoO3] ≤ 1 mol% or without molybdenum, the systems were homogenously 

amorphous and single phased as characterized by a homogeneous grey surface through SEM 

imaging. Furthermore, no diffraction peaks or crystalline Raman bands could be detected in 

these glasses. Additional images and spectra for pristine samples are detailed elsewhere [14]. 

3.2 Morphology and composition following irradiation 

Following Xe-irradiation, the amorphous samples CNO and CNG1 remained fully amorphous 

according to all analytical techniques used in this experiment, while CaMoO4 free of any Na-Gd 

substitution was the only detectable crystalline phase in GCs according to XRD, SEM and 

Raman spectroscopy results.  

For GCs with [MoO3] ≤ 2.5 mol%, the size of particles remained fairly constant within a 200 – 

450 nm range following irradiation, indicating the durability of the crystalline phase. There was 

however a shift to smaller, but more populous particles for a fluence of 8 × 1013 ions/cm2 (Figure 

1 (e)). At this fluence, the size range of particles decreased by ~ 100 nm, but the number of 

particles increased by roughly 3 × that observed in the unirradiated sample. It is hypothesized 

that changes within the amorphous network, such as local viscosity changes or a reduction in 

stress induced during synthesis enabled particle constituents to migrate or crystallites to dissolve 

into the bulk, thus resulting in the observed changes to particle size and distribution.  

The non-uniform PS changes observed with respect to dose could be a result of pre-existing 

differences in poured GCs. Alternatively they could be a result of radiation-induced relaxation of 

local stresses or competing processes of amorphization and re-precipitation, which have a 

dependence on dose. As a similar anomaly of smaller, but more populous particles was also 

observed for CNG2.5, it implies that radiation damage or the high electric current induced by 

external SHI-irradiation at the surface is likely causing this change in microstructure, as opposed 
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to sampling. Given that the scale at which these changes occurred is reaching the SEM detection 

limits, the key consideration to note is that some migration or dispersion of crystallites is 

detected, but that these changes to PS following SHI-irradiation are minor for compositions with 

low MoO3, as Figure 1 indicates. 

 

Figure 1. BSE images of CNG1.75 at (a) pristine conditions, and following Xe-irradiation with 

fluences of: (b) 5 × 1012, (c) 1 × 1013, (d) 4 × 1013, (e) 8 × 1013, and (f) 1.8 × 1014 ions/cm2. The 

particle densities determined by image analysis are as follows: (a) 5.27 µm-2, (b) 3.39 µm-2, (c) 

3.50 µm-2, (d) 4.57 µm-2, (e) 17.69 µm-2, and (f) 4.56 µm-2. Micrograph dimensions: 10 µm × 7 

µm. 

For compositions with high MoO3 (≥ 7 mol%), particles also appeared to become more 

uniformly distributed with the range of PS becoming smaller by ~ 40 – 75 nm following 

irradiation. For fluences greater than 8 × 1013 ions/cm2, BSE imaging also revealed the distortion 

of some originally spherical particles to those with oblong geometry, as Figure 2 indicates. These 

distortions could be attributed to surface roughness in these specific specimens, or to defect-
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associated changes within crystal clusters along the crystal to glass interface. A tertiary option 

would be a relaxation phenomena at the surface that alters the viscosity of the surrounding 

amorphous network thereby influencing radiation-induced crystallization kinetics. 

 

Figure 2. BSE images of CN10 at (a) pristine conditions, and following Xe-irradiation with 

fluences of (b) 8 × 1013, and (c) 1.8 × 1014 ions/cm2. The particle densities determined by image 

analysis are as follows: (a) 1.80 µm-2, (b) 2.39 µm-2, and (c) 2.24 µm-2. Micrograph dimensions: 

10 µm × 7 µm. 

Compositionally, there are several changes induced by Xe-irradiation, as Figure 3 illustrates. 

The results suggest migration of ionic species between the sample bulk and the surface. At low 

doses, an increase in the amount of Mo, Ca and Na is initially observed at the surface, followed 

by diffusion of Ca and Na atoms towards the bulk. This is represented by an increase in the 

[Si]/[Ca] and [Si]/[Na] ratios. As the BSE analysis depth is roughly ~	1 µm, migration towards 

the “bulk” may still fall within the ~	12 µm irradiation zone.  

This flux of ionic species could indicate ionization-induced migration and clustering of ions in 

which motion is driven by the added energy to the system, or by migration in a liquid phase 

following the creation of a thermal spike. Under the first process, it is assumed that a minimum 

fluence is required to exceed the activation barrier for motion. Furthermore, the rate of migration 

is different for each species owing to the size and charge of each respective element, hence why 

[Mo]/[Ca] changes. This difference subsequently results in a maximum [Mo] at the surface for 
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fluences ≤ 4 × 1013 ions/cm2, after which Mo ions also diffuse towards the bulk. The inflection 

points observed for the trends in Figure 3 indicate a critical dose at which Ca atoms that initially 

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

Na atoms in the amorphous phase, but the rate of change is larger for this more mobile alkali ion. 

 

Figure 3. [Mo]/[Ca] and [Ca]/[Si] ratios for Mo-bearing glasses and GCs following Xe-

irradiation with fluences between 5 × 1012 to 1.8 × 1014 ions/cm2. Although not shown in the 

plots, Na ions follow a similar trend to Ca ions, but with larger magnitudes of change observed 

owing to the greater mobility of the ion. For the given plots, a saturation in modifications can be 
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observed around 8 × 1013 ions/cm2. Note that crystalline measurements in low-Mo bearing 

samples also measure the surrounding amorphous area, hence why there is a higher [Si] and a 

lower [Mo]/[Ca] than would be expected. The relative trends with respect to dose are primarily 

of interest as opposed to the absolute values. Statistical error for calculated average ratios is < 

1% (smaller than data points). 

This re-precipitation is also true for Mo migration, but the rate of change is slower, and the 

magnitude of change smaller. At doses ≥ 8 × 1013 ions/cm2, a stabilization in composition is 

observed. These results suggest that surface-to-bulk diffusion and re-precipitation reach an 

equilibrium state, or that diffusion pathways become hindered, thus making ions less mobile 

within this small volume near the surface. This is not to say that the trends observed by EDS 

planar analysis are true throughout the whole irradiation zone, but they may be indicative of 

some of the processes occurring within this damaged volume. 

These trends are evident for low Mo-bearing samples, but the induced alteration in high Mo-

bearing GCs are much more erratic with a larger magnitude of change observed. For starters, 

there is a much larger decrease in [Ca] and [Na] within the amorphous phase following initial 

irradiation. In some cases,  [Mo]/[Ca] of the amorphous phase also exceeds one following initial 

irradiation. This result could indicate a change in composition of the local amorphous network 

surrounding particles owing to a scattering of crystal constituents, or it could be influenced by 

measurements that included subsurface particles, which were partially identifiable by BSE 

imaging. Alternatively, it could imply the formation of defects or voids within crystals that 

released Ca atoms, which subsequently migrate rapidly away from the surface. For doses ≥ 4 × 

1013 ions/cm2, trends imply some dissolution of Mo complexes from the surface towards the 
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bulk. In CN10, this is likely accompanied by some re-precipitation of Ca and Na atoms, hence 

why ratios return to values similar to those found at pristine conditions.  

A general mechanism of surface-to-bulk migration is assumed for all compositions as the 

[Mo]/[Ca] trends with respect to fluence are similar for measurements of different compositions, 

and in both the crystalline and amorphous phase of each composition. These trends are also 

evident for the [Mo]/[Na] ratios within the amorphous phase. It is therefore predicted that some 

initial surface-to-bulk migration of CaMo-species and Na ions takes places, followed by re-

precipitation at higher doses. The initial surface depletion of cations is presumed to be associated 

with a charge driven migration of ions into the bulk. This response has previously been seen for 

Na+ ions following irradiation [28,32]. It is predicted to occur from electric field-assisted 

diffusion, along with a kinetic energy transfer from the incoming ions. 

The initial migration of Ca and Na atoms at low Xe fluences is particularly pronounced in the 

amorphous phase of high Mo-bearing GCs (CNG7 and CN10). This result indicates the network-

modifying role of these cations when dispersed in the amorphous phase, as opposed to acting as 

a network former, hence why migration is easily enabled. The formation of larger particles in 

high Mo-bearing GC compositions also appears to have enabled easier migration of Ca ions, 

hence why a larger change in magnitude is observed. It suggests that radiation can more easily 

affect Ca in the crystalline phase, as opposed to Ca in the amorphous phase. While the cause of 

these compositionally dependent alterations is not clear from these results alone, the general ratio 

patterns with respect to dose suggest a saturation in compositional changes in both crystalline 

precipitates and the amorphous phase within this planar surface for doses ≥ 8 × 1013 ions/cm2 

(see Figure 3). This effect may vary as a function of depth owing to changes in the ion stopping 
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power, with current results only providing effects of electronic interactions at the surface where a 

large thermal spike is expected. 

3.3 Changes to crystallinity following irradiation 

XRD confirmed the existence of a single tetragonal scheelite-type powellite (CaMoO4) 

structure with a I41/a space-group following irradiation. This indicates that no cationic 

substitution or formation of Na2MoO4 took place (see Supplementary information A1.2). This 

result implies that molybdenum can be trapped in a radiation-resistant powellite structure without 

converting to yellow phase constituents in simplified systems during simulated long-term 

storage.  

There was however a marginal whole CaMoO4 pattern amplitude dampening indicative of 

partial amorphization or increased disorder (see Supplementary Information for XRD spectra). 

There were also observed changes to the CaMoO4 structure and size following Xe-irradiation. 

This was determined by whole pattern Rietveld refinements using Topas v4.1 [30] and the 

crystal structure for powellite (22351-ICSD), where peak broadening was fit with a single 

Scherrer CS parameter and peak position was used to determine the tetragonal unit cell 

parameters. The results of this analysis are summarized in Table 2. 

Table 2. CS in diameter and cell parameter of powellite in Xe-irradiated GCs. 

Sample Fluence 
(ions/cm2) 

CS (nm) a (Å) c (Å) 

CNG1.75 0 51.27 (± 2.26) 5.2289 (± 0.0011) 11.4606 (± 0.0034) 

 5 × 1012 47.24 (± 1.61) 5.2332 (± 0.0005) 11.4603 (± 0.0023) 

 1 × 1013 38.49 (± 1.31) 5.2328 (± 0.0011) 11.4678 (± 0.0036) 

 4 × 1013 50.48 (± 1.66) 5.2341 (± 0.0008) 11.4625 (± 0.0025) 

 8 × 1013 50.15 (± 1.99) 5.2313 (± 0.0009) 11.4606 (± 0.0028) 
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 1.8 × 1013 45.89 (± 1.30) 5.2310 (± 0.0007) 11.4610 (± 0.0023) 

CNG2.5 0 55.09 (± 2.08) 5.2280 (± 0.0080) 11.4593 (± 0.0025) 

 5 × 1012 59.85 (± 2.52) 5.2311 (± 0.0080) 11.4695 (± 0.0027) 

 1 × 1013 39.77 (± 2.51) 5.2327 (± 0.0019) 11.4576 (± 0.0066) 

 4 × 1013 47.46 (± 2.44) 5.2336 (± 0.0013) 11.4658 (± 0.0038) 

 8 × 1013 42.38 (± 5.38) 5.2275 (± 0.0020) 11.4548 (± 0.0081) 

 1.8 × 1013 50.90 (± 5.23) 5.2292 (± 0.0017) 11.4614 (± 0.0059) 

CNG7 0 143.38 (± 2.54) 5.2265 (± 0.0001) 11.4558 (± 0.0003) 

 5 × 1012 175.14 (± 7.42) 5.2332 (± 0.0002) 11.4688 (± 0.0008) 

 1 × 1013 53.05 (± 0.91) 5.2330 (± 0.0004) 11.4611 (± 0.0012) 

 4 × 1013 49.11 (± 0.74) 5.2302 (± 0.0004) 11.4553 (± 0.0012) 

 8 × 1013 52.24 (± 0.91) 5.2323 (± 0.0004) 11.4585 (± 0.0012) 

 1.8 × 1013 56.27 (± 0.91) 5.2320 (± 0.0003) 11.4586 (± 0.0009) 

CN10 0 125.24 (± 1.94) 5.2264 (± 0.0001) 11.4554 (± 0.0030) 

 5 × 1012 61.93 (± 1.90) 5.2316 (± 0.0003) 11.4582 (± 0.0014) 

 1 × 1013 45.23 (± 0.76) 5.2336 (± 0.0004) 11.4613 (± 0.0015) 

 4 × 1013 48.29 (± 0.83) 5.2325 (± 0.0004) 11.4577 (± 0.0013) 

 8 × 1013 50.12 (± 0.83) 5.2332 (± 0.0005) 11.4604 (± 0.0016) 

 1.8 × 1013 51.20 (± 0.87) 5.2334 (± 0.0004) 11.4613 (± 0.0011) 

 

For all GCs, CS decreases and the cell parameters increase from pristine conditions to the 

highest fluence of 1.8 × 1014 ions/cm2, although a non-linear trend is observed with respect to 

dose. In general, CS was observed to exponentially decay in most compositions, while the cell 

parameters initially increased and then decreased before reaching a plateau in modifications as 

the graphical representations in Figures 4 & 5 illustrate.  
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In CNG7 and CNG2.5, an initial small increase in CS was observed following irradiation with 

5 × 1012 ions/cm2, before decreasing and saturating for doses between 1 × 1013 to 1.8 × 1014 

ions/cm2. In contrast, CNG1.75 and CN10 showed an immediate decrease in CS following 

irradiation, followed by a similar saturation for doses between 1 × 1013 to 1.8 × 1014 ions/cm2. 

Within this saturation regime a small growth in CS is observed, but this can still be considered an 

equilibrium state of crystallinity given that the differences observed are relatively small within a 

significantly large fluence range, and that they generally fall within uncertainity. The changes do 

however indicate that small defects are still forming in and around crystallites with increasing 

fluence, but that some sort of competing processes may be limiting their formation or stability.  

For high Mo-bearing GCs, the CS and cell parameter trends with respect to fluence are easy to 

identify (see Figure 4). Both the a and c cell parameters are observed to first increase with initial 

radiation before decreasing at medium fluences (~ 1 to 4 × 1013 ions/cm2). They then increase 

again before saturating at higher fluences (≥ 8 × 1013 ions/cm2). The uniform trends between the 

a and c cell parameters as a function of fluence indicate that the processes of expansion and 

contraction are directionally uniform. However, the magnitude of change is always larger in the 

c-direction. 
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Figure 4. Changes to powellite CS and cell parameters following Xe-irradiation with fluences 

between 5 × 1012 to 1.8 × 1014 ions/cm2 in high Mo-bearing GCs (with [MoO3] ≥ 7 mol%). Top 

to bottom: CS, c cell parameter, and a cell parameter. 

In contrast, the trends observed for low Mo-bearing samples are more difficult to discern 

owing to the large margin of error, as Figure 5 illustrates. A similar trend for the cell parameters 

with respect to dose is observed, although this is less notable for the a cell parameter where it 

first increases and then gradually decreases to a saturation point. It is worth noting that in both 

cases the observed changes could fall within error. It is, however, interesting to identify that both 

the cell parameters and CS approach pristine conditions following irradiation with 1.8 × 1014 

ions/cm2. Therefore, it can be assumed that most structural changes to the powellite unit cell 

created by initial irradiation were recovered with increasing dose in these low Mo-bearing GCs. 
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Figure 5. Changes to powellite CS and cell parameters following Xe-irradiation with fluences 

between 5 × 1012 to 1.8 × 1014 ions/cm2 in low Mo-bearing GCs (with [MoO3] ≤ 2.5 mol%). Top 

to bottom: CS, c cell parameter, and a cell parameter. 

3.4 Changes to bonding following irradiation 

Raman spectroscopy was used to determine bonding changes in both the amorphous and 

crystalline phases. Within the powellite phase there are six relevant internal modes for MoO4
2- in 

crystalline CaMoO4. The vibrations relate to symmetric elongation of the molybdenum 

�tetrahedra ν1(Ag) 878 cm-1; asymmetrical translation ν3(Bg) 848 cm-1 and bridging ν3(Eg) 795 

cm-1 of molybdate chains; asymmetric O−Mo−O bending modes ν4(Eg) 405 cm-1 and ν4(Bg) 393 

cm-1; and symmetric bending ν2(Ag+Bg) 330 cm-1. Additionally there are three external modes 

νdef (Ag) at � 206 cm-1, 188 cm-1, and 141 cm-1 assigned to translational modes of Ca-O and 

MoO4 [33–36]. Following irradiation all of these internal and external MoO4
2- modes are still 

visible indicating rigidity of the molybdenum tetrahedron, but the bands experience peak shifts 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22

and broadening, which thus implies increased structural disorder (see Figure 6 and 

Supplementary Information A1.3 for additional spectra). 

 

Figure 6. Raman spectra of irradiated CNG1.75. Fluences and bands of interest have been 

labeled. A general broadening of internal MoO4
2- modes, along with growth of the band 

associated with dissolved molybdenum in the amorphous network (~ 910 cm-1) is observed as 

dose increases. 

In all GCs, internal MoO4
2- modes experience a peak shift to lower wavenumbers, together 

with peak broadening of approximately 2 – 3 cm-1. This is quantified for the symmetric 

elongation mode ν1(Ag) in Figure 7. Radiation is initially observed to induce a peak shift of 1.2 – 

2.0 cm-1 to higher wavenumbers following a dose of 5 × 1012 ions/cm2, after which the peak 

approaches its position at pristine conditions (at lower wavenumbers) through an exponential 

decay. Correspondingly, the greatest change in peak broadening was observed at the lowest 

fluence, but the peak full-width half maximum (fwhm) continues to grow with increasing 

fluence. The continual increase in peak broadening is indicative of an increased disruption in 

long-range ordering.  
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Figure 7. Changes to the position and broadening of the internal MoO4
2- Raman mode for 

crystalline powellite assigned to symmetric elongation ν1(Ag) in Xe-irradiated GCs. Pristine data 

points are not given in these plots, but the relative results are described in the text (pristine peak 

position between 877.5 – 877.1 cm-1, and fwhm 8.6 – 7.7 cm-1 for high – low Mo-bearing 

samples) .  Dashed lines represent plateaued growth and decay, but they deviate from data points 

on several occasions. 

For most of the samples, the rate of change in both the peak position and fwhm decreased 

significantly around a fluence of 8 × 1013 ions/cm2. A plateau in modification was recognizable 

around this fluence for CNG7, with a similar pattern evident for CN10 and CNG1.75 despite 

some fluctuations. While the same general trend can be seen for CNG2.5, there was a greater 

scatter in the data, introducing some uncertainty with regards to the radiation response of this 
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composition. The changes to peak position appeared to be delayed, which suggests that the 

ficitive temperature of this system following synthesis was different than the other GCs despite a 

uniform methodology. Discrepancies arising from this hypothesis of the initial state of relaxation 

have been observed for similar compositions to CNG2.5 when subjected to β-irradiation [14,37]. 

While the greatest change to peak broadening of internal MoO4
2- modes was observed at the 

lowest fluence, the opposite trend was found for external modes. In most compositions the 

external mode at ~ 188 cm-1 reached a maximum with respect to peak broadening at 8 × 1013 

ions/cm2, after which the peak fwhm was similar to those found for samples irradiated with 1 to 

4 × 1013 ions/cm2. The collective results indicate that irradiation first impacts the bonds within 

MoO4
2- tetrahedra, before altering the bonds within crystal chains. They also indicate that there 

was some recovery of defects within MoO4
2- tetrahedra and between tetrahedra (external modes), 

hence why the rate of change decreases in Figure 7 and a saturation in peak broadening and peak 

position shifts are observed for fluences ≥ 8 × 1013 ions/cm2. This implies that there are 

competing processes that cause and anneal damage, which is why a plateau in changes is 

observed. This theory can be similarly applied to CS results in Figures 4 & 5 that similarly 

display an equilibrium state. However, it is important to outline that this equilibrium state still 

contains many defects, as compared to the pristine structure.  

In GCs with [MoO3] ≤ 2.5 mol%, Raman spectra also show growth of an amorphous band at ~ 

910 cm-1 that is associated with symmetric stretching vibrations of MoO4
2- tetrahedral units 

located in amorphous systems [38] with increasing Xe-irradiation. The trends in Figure 8 

indicate that the area of this peak continues to increase until reaching saturation for fluences 

between 4 to 8 × 1013 ions/cm2, which coincides with a ~ 43% increase in the area of this band. 

This result suggests that some crystallites may initially be amorphizing at low doses, or that 
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increasing disorder is significantly effecting the stacking of unit cells, and therefore causing the 

isolation of some MoO4
2- tetrahedra. However, this process appears to be limited given that a 

saturation period appears at higher doses, further indicative of competing damage creation and 

recovery processes following radiation.  

Given that the Raman spot size of ~ 1 µm is larger than particles in this low [MoO3] range, 

measurements were randomly made and likely incorporated both crystalline particles and the 

surrounding amorphous phase. In order to ensure that trends were accurate for each sample 

multiple measurements were made, where the Raman spectra appeared the same for each 

measurement. Therefore, growth of the band at ~ 910 cm-1 is representative of changes within the 

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

 

Figure 8. Area evolution of the Raman peak at ~ 910 cm-1 associated with MoO4
2- tetrahedra 

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

following Xe-irradiation.  

In addition to the changes within the molybdenum environment, the amorphous network in 

both GCs and pure glasses also exhibited several changes following irradiation. The glass CNG1 

similarly exhibited growth of the band at ~ 910 cm-1, before a plateau in modifications could be 

detected for fluences greater than 4 × 1013 ions/cm2. This result implies that there may have been 
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very small crystallites existing in CNG1 beyond SEM detection limits that dissolved following 

irradiation. Or it could be indicative of a reorganization of clustered MoO4
2- tetrahedra within the 

amorphous phase that caused isolation of many MoO4
2- units.  

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

homogeneous glass, molybdenum is still tetrahedrally coordinated as MoO4
2- and exhibits some 

general order with local Ca
2+

 ions. Therefore, molybdenum that does not crystallize remains 

trapped in an amorphous form of Ca
x
[MoO

4
]
y
, which produces similar vibrational bands to the 

crystalline phase of powellite [14,39,40]. Using this theory, growth of the band at ~ 910 cm-1 

could indeed be isolation of MoO4
2- units within the amorphous phase from an initial clustered 

arrangement. 

CNG1, in addition to CNO, also exhibited several characteristic bands for the borosilicate 

network (see Supplementary information A1.3 for spectra). These include a broad band around ~ 

450 cm-1 attributed to Si-O-Si and Si-O-B bending and rocking [19,41], a band at ~ 633 cm-1 

assigned to Si-O-B vibrations in danburite-like B2O7-Si2O groups [19,42], a low intensity broad 

band at ~ 1445 cm-1 assigned to B-O- bond elongation in metaborate chains and rings [19], a 

narrow band around ~ 807 cm-1 assigned to the symmetric vibrations of 6-membered boroxyl 

rings of BO3-triangles [43–45] with a broader band at ~ 800 cm-1 assigned to O-Si-O stretching 

[46], as well as bands between ~ 700 – 800 cm-1 attributed to the vibrations of rings containing 

one or two tetrahedrally coordinated boron centers [19,45,47], and Si-O stretching vibrational 

modes for Qn entities that represent SiO4 units with n bridging oxygen between 845 – 1256 cm-1. 

While the spectral shape of these amorphous bands remained similar, growth in the area of the 

band at ~ 1445 cm-1, together with dampening of the band attributed to danburite-like rings 

occurred in all glasses. In compositions without molybdenum there was also dampening of the 
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characteristic band assigned to metaborates (~ 703 cm-1), while a growth in the area of the band 

at ~ 910 cm-1 was found for CNG1 (glass with molybdenum). 

Irradiation also caused an emergence of the D2 (~ 606 cm-1) defect band, which is assigned to 

the breathing of 3-membered SiO4 rings [48]. This occurred alongside a shift of the Si-O-Si band 

to higher wavenumbers, which indicates smaller inter-tetrahedral angles. This shift can be caused 

by the formation of smaller rings, or by the distortion of existing ring structures. These changes 

can also be observed to occur following irradiation in low Mo-bearing GCs. Therefore, the 

results suggest the cleavage and reformation of smaller borosilicate rings that may be aiding in 

the increased solubility of MoO4
2- tetrahedra. This process is associated with de-mixing of the 

borosilicate network, and possible glass-in-glass phase separation. 

4.0 Discussion 

In this study, we were primarily testing the durability of CaMoO4 embedded in a borosilicate 

matrix against amorphization or cationic substitution following irradiation that simulated the 

damage created by α-decay events consistent with storage over ~ 1000 years. It was also used to 

assess whether the added energy from ion bombardment could cause either precipitation of 

additional crystalline phases, or the amorphization of pre-exiting separated phases. The behavior 

of the residual glass matrix was also of interest, to see if it responded to radiation in the same 

manner with and without interspersed molybdate crystallites.  

The results indicate that Xe-irradiation caused changes to both the amorphous and crystalline 

phase, but that these changes appeared to saturate in the bulk for doses ≥ 8 × 1013 ions/cm2. This 

is an important observation, which indicates that while the mechanisms of alteration may be 

continuous, an average damage structure can be predicted for long-term assessment. 

4.1 Changes to the amorphous phase 
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The initial aims of this study were to identify if long-term radiation damage would: (i) induce 

phase separation in homogenous systems, (ii) propagate existing phase separation, or (iii) cause 

the amorphization of crystallites through local annealing. Using the results from the amorphous 

sample CNG1 it can be determined that irradiation did not cause the precipitation of any 

molybdates at the surface, which would have created diffraction peaks and Raman vibrations if it 

occurred. In fact, irradiation was observed to increase the disorder of MoO4
2- tetrahedral units. 

This is exemplified by a broadening of internal MoO4
2- Raman vibrations, along with growth of 

the band at ~ 910 cm-1 attributed to dissolved monomers in the amorphous network. This 

increase in disorder is combined with changes to the ring structures within the borosilicate 

framework, which shows the formation of smaller or distorted rings with smaller intertetrahedral 

angles following irradiation. This latter result has also been observed to occur in glasses without 

molybdenum [5,19,26,28], which suggests that the residual amorphous network behaves in a 

similar manner with and without embedded CaMoO4 crystallites. 

4.2 Radiation-induced amorphization 

While precipitation of crystallites in glasses was easy to assess, changes to crystallization in 

GCs was more complex. Growth of the Raman band at ~ 910 cm-1 and a small uniform 

dampening of XRD spectra (see Supplementary Information A1.2) indicate possible 

amorphization of small CaMoO4 crystallites, or at the very least local damage that causes a 

reduction in the average crystal quality in GCs following irradiation. This statement is supported 

by EDS analysis, which suggests that Ca atoms move from crystal particles towards the 

amorphous matrix, in addition to some Mo dissolving into the glassy matrix or towards the bulk 

for doses exceeding 5 × 1012 ions/cm2.  However, the EDS results presented here only represent 

changes at the surface, while XRD and Raman results probe a much larger volume.  
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Electric field induced diffusion has been previously observed to occur in irradiated alkali-

containing glasses, which would subsequently cause the concentration of alkalis and alkali earths 

at the surface to change following ion interactions [49,50]. Therefore, the migration of Ca and 

Na ions theorized to occur in this study is very possible. The deposited energy from Xe-

irradiation could also be contributing to a change in the void population, which could thus affect 

diffusion processes following irradiation.  

While radiation-induced amorphization of powellite crystals has not been previously observed 

[14,15,31,51], it has been noted to occur in other irradiated ceramics [21,52]. In these systems, 

partial amorphization was predicted to occur following radiation-induced atomic displacements 

and the formation of isolated defects. This process of amorphization is theoretically different 

from temperature-induced amorphization where atoms are completely random in configuration. 

In radiation-induced processes, amorphization occurs heterogeneously when a critical defect 

population is reached [21]. As a result, these defects can often be thermally annealed at 

temperatures lower than the crystallization temperature (TC).  

Alternatively, another theory indicates that amorphization could be proceeding through 

thermal-like events. Naguib and Kelly predicted that amorphization of non-metallic structures 

could occur following SHI-irradiation for doses between 1013 to 1017 ions/cm2. This hypothesis 

was based on a physical model involving thermal spikes with a criticality condition for 

amorphization of 
��

��

> 0.3 [53]. Given that 
��

��

→ 0.8 for synthetic powellite, and that some of 

the fluences in this study fall within the predicted amorphization range, it is possible that this 

process of amorphization through thermal spikes does take place.  

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

studies have indicated that amorphization from ion irradiation can occur through direct-impact 
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within an ion track, from overlapping collision cascades that create a high defect population, or 

through a nucleation and growth process in which a small amorphous nuclei initiates the 

transformation [20,54,55]. A combination of any of these processes could also be occurring, as 

the type of mechanism is generally dependent on the composition under irradiation. In general, 

direct-impact processes would have a logarithmic impact on amorphization with respect to dose, 

while overlapping collision cascades (or ion tracks) would have a sigmoidal relationship to dose. 

In contrast, nucleation and growth would require a significant incubation period that necessitates 

the accumulation of defects in a given area, and thus has a more exponential relationship with 

dose.  

Given that a saturation in [Mo] and the Raman band associated with dissolved MoO4
2- in the 

amorphous network is found within the fluence range achieved in this study, it is predicted that 

any amorphization of powellite crystals occurs through direct-impact collisions or from 

overlapping cascades. As Xe ions primarily replicate electronic interactions, it can further be 

predicted that ion tracks, as opposed to collision cascades, are the driving force of amorphization 

in these GCs. 

It is assumed that where amorphization did occur, only small crystallites dispersed in the 

amorphous network were affected, as opposed to those forming larger particles. Furthermore, it 

is predicted that a saturation in this process arises due to parallel diffusion and re-precipitation of 

CaMo-rich particles at the surface with increasing fluence, as EDS analysis implies. It is 

hypothesized that this process of diffusion is related to the formation and stability of defect-

enabled pathways, and to an increase in the kinetic energy within the system from temperature-

like effects of overlapping ion tracks that would subsequently initiate ionic movement. 
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Therefore, it is predicted that modifications to powellite crystals involve minor defect-assisted 

amorphization and diffusion driven re-precipitation and particle growth at high doses. 

4.3 Alterations to crystalline phase 

Following irradiation powellite was the only crystalline phase detected. The more water-

soluble Na2MoO4 phase was not produced, nor was a Gd0.5Na0.5CaMoO4 phase. If Na+ or Na-Gd 

substitution of Ca2+ ions took place, refinement of the calcium site occupancy would have 

detected markers for the new complexes, as has previously been used for rare-earth substitution 

where the covalent size of elements differs substantially [15,56].  

As discussed in the previous section, heterogeneous amorphization of some powellite 

crystallites may be taking place in low Mo-bearing GCs. That being said, this is likely only a 

minor process, as the particle density of samples did not vary significantly following irradiation, 

according to SEM imaging. Furthermore, only a minor dampening of diffraction peaks was 

observed, indicative of a lasting population of powellite. Yet, the results suggest that the 

individual crystallites experienced structural changes following irradiation. 

XRD results suggest a mechanism in which isolated defects rapidly accumulate within the 

lattice structure of crystallites following initial ion bombardment. This accumulation caused an 

expansion of the unit cell, and an initial expansion in CS, followed by a reduction. This reduction 

in CS is caused by a disruption in the coherence length, which occurs when crystals become 

significantly disordered through atomic displacements, line or plane defects. Therefore, it is 

deduced that initial radiation replicates thermal like expansion or CS growth through the 

annealing of defects created during synthesis, while accumulated radiation damage causes 

irreparable damage to the order within crystals. The degree of damage for fluences greater than 1 

× 1013 ions/cm2 is however limited by recovery processes more prominent at lower fluences, 
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which is why a saturation is observed as opposed to a continual CS decrease leading to full 

amorphization. 

In terms of the unit cell expansion, a similar trend has been previously observed to occur 

following Ar-irradiation of powellite single crystals [51], with thermal expansion similarly 

occurring for single crystals subjected to high temperature [57,58]. Therefore the trends for the 

tetragonal powellite unit cell parameters following irradiation are logical, but little to no data 

exists for CS alteration following irradiation.  

When these GCs are initially irradiated, the rate and magnitude of change for both CS and the 

a and c cell parameters are found to be dependent on composition and the relative structure of 

the residual amorphous matrix. Larger particles in compositions with [MoO3] ≥ 7 mol% show 

the clearest shifts in cell parameters with respect to dose, while those with a higher concentration 

of MoO4
2- units dissolved in the matrix show relatively smaller changes. This is because CS and 

PS were very small to begin with in compositions with [MoO3] < 7 mol%, and therefore less 

susceptible to ion interactions on a probability basis.  

As Xe-irradiation increases, the unit cell generally contracts again, as accumulated defects 

cannot be indefinitely supported and must be relieved through transformations, such as 

dislocations [59]. This process would enable the observed relaxation of the unit cell. 

Alternatively, a contraction of the unit cell could also be caused by a localized pressure-induced 

stress [60]. In this scenario, the accumulation of defect-created vacancies within crystal chains 

could exert a small force on adjacent unit cells, thus resulting in unit cell contraction. This 

process has been previously predicted to occur in apatites following α-decay [20].  

Thermal annealing of existing defects through overlapping ion tracks could also be 

contributing to the observed unit cell contraction of high Mo-bearing samples (see Figure 4). In 
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this case, thermal-like processes could enable relaxation of the unit cell by removing associated 

defects, versus causing thermal expansion. The cycle then repeats, but it is predicted that the 

defect population is being constantly controlled by ‘thermal’ annealing processes, as the density 

of overlapping ion tracks increases with increasing fluence. This is why a saturation in both CS 

and the cell parameters is detected for doses greater than 4 × 1013 ions/cm2. This mechanism of 

alteration is predicted to occur in high Mo-bearing compositions with an original CS > 100 nm.  

A similar interplay of processes causing unit cell expansion and contraction with increasing 

fluence is also assumed to occur in low Mo-bearing samples (see Figure 5). In these 

compositions, the formation of dislocations is however predicted to occur less frequently, and 

when it does, a much higher fluence is required to cause the same structural transformations. 

Therefore, the only mechanism of recovery against accumulated point defects in these 

compositions comes from overlapping ion tracks. The magnitude of change in CS for these low 

Mo-bearing samples is very small from pristine conditions to the maximum Xe fluence. This 

result implies that any modifications to the crystal structure within these compositions will be 

minor. Therefore, it can be assumed that the bulk of powellite crystals are fairly stable against 

Xe-irradiation, the exception being minor amorphization. Furthermore, EDS and Raman results 

indicate that any amorphization of small crystallites reaches a plateau in modifications around 4 

to 8 × 1013 ions/cm2. Therefore, this process is also limited and will not indefinitely continue to 

grow with increasing dose. 

While several changes to the crystallinity of powellite are observed following irradiation, it can 

be concluded that Xe-irradiation did not induce the precipitation of additional molybdates, nor 

did it induce the substitution of the Na+ into powellite on an identifiable scale. This is proven by 

XRD and Raman results, which would have shown additional peaks if either transformation took 
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place. Furthermore, the identification of a saturation in modification implies that competing 

processes are limiting crystallite alteration. This equilibrium in crystallinity can therefore be used 

as a representation of the maximum modifications expected during long-term storage of nuclear 

waste in similar GCs.  

4.4 Applicability and limitations of results 

While these results represent an important initial discovery to a possible maximum damage 

state within these GCs, these results are true only for these simplified compositions when 

subjected to external SHI-irradiation. Results indicate that although modifications in both the 

amorphous and crystalline phase are small for the given doses and dose rates, they may vary with 

higher doses and slower dose rates typical for real processes, or integrated radiation types that 

replicate ballistic collisions as well as β-decay.  

In this paper, a significant mechanism of defect-assisted Ca and Mo bulk-to-surface migration 

was observed by surface EDS analysis. This is likely a result of the high dose rate used and the 

associated charge of large impinging ions that can create an electric field gradient at the surface 

or a large thermal spike, as opposed to the final deposited energy. Therefore, in real internal 

decay processes, this type of charge-assisted migration may be less significant with internal 

radiation events proceeding in all directions, as opposed to ion bombardment perpendicular to 

the sample surface. Additionally, the crossings of ions tracks in real internal decay processes 

may enable some annealing of defects, which would subsequently further dampen defect-assisted 

migration. Although the migration of atoms is predicted to result primarily from the formation of 

structural defects, the kinetic energy deposited by higher-energy external radiation may also 

assist with atomic motion in these SHI-irradiation experiments. 
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In order to validate the use of SHI-irradiation in GC materials and to determine if these 

structural modifications caused by external irradiation are true for internal decay, doping GC 

compositions with α-emitters such as 244Cm may be beneficial to understanding processes at 

slower dose rates. The use of additional analytical techniques that examine the cross section of 

SHI-irradiated samples as a function of depth may also prove useful to understanding how the 

mechanisms of radiation damage will vary with ion energy. This can also be used to isolate the 

effects of electronic interactions from those of ballistic nuclear events, which can be associated 

with self-healing and damage [22]. 

In addition to dose and dose rate effects of irradiation, composition must also be considered. In 

real nuclear waste materials, compositions will be much more complex, which can alter phase 

separation tendencies of the base glass, as well as migration of cationic species. However, the 

initial results suggest that the residual glass behaves in a similar manner with and without 

embedded CaMoO4 particles. This implies that the crystalline phase may be stable with 

increasing additives, with the exception of rare-earth incorporation or cationic substitution. It 

further suggests that the majority of changes following an increase in composition complexity 

may occur within the amorphous phase, which is structurally suited for a range of ions. 

Incorporation of Gd3+ into the CaMoO4 structure as a Na-Gd complex was not detected in this 

paper, which implies that substitution of active minor actinides or lanthanides would not take 

place in radioactive systems. However, as only trace amounts were used in this study, 

incorporation of rare earths, which can act as actinide surrogates, could take place for 

concentrations exceeding 0.15 mol%. Therefore, it would 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 radiation resistance of new materials that could 

increase nuclear waste loading by trapping problematic molybdenum in a water-durable 

crystalline phase. In this study, several simplified borosilicate glasses and GCs containing 

powellite were irradiated with 92 MeV Xe ions to replicate the damage arising from α-decay 

events predicted to occur during long-term storage. The mechanisms of alteration were 

investigated using XRD, SEM imaging and quantitative analysis, as well as Raman 

spectroscopy. Together these techniques were able to describe changes to crystallinity, particle 

morphology, the relative composition of different phases, and any possible cationic substitution 

into powellite. The results indicate that radiation does not cause precipitation of additional 

molybdates or cationic substitution, but amorphization of some small precipitates is predicted to 

occur following the accumulation of defects. This process is minor, with the bulk of crystallites 

experiencing structural reorganization that causes particles to be more evenly distributed, and 

powellite CS to decrease in parallel to a unit cell expansion. Despite a non-linear trend with 

respect to fluence, Ca and Mo migration, changes to the connectivity of network formers, along 

with powellite CS and cell parameter changes reach a saturation in modification around 8 × 1013 

ions/cm2, at which point it can be assumed that every part of the system has been damaged 

despite ongoing localized changes. The formation of this saturation zone implies competing 

processes induced by irradiation between accumulated defects, and annealing of said defects by 

overlapping ion tracks that replicated thermal-like processes. This conclusion indicates that while 

the mechanism of alteration may involve various structural changes, an average damage structure 

can be predicted for these compositions during long-term storage of nuclear waste. Furthermore, 

the results support the durability of a powellite phase within glassy matrices when subjected to 

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

investigation.  

Supporting Information. The included file contains raw XRD patterns along with Raman 

spectra, the trends of which are described in the main text. It also includes the results of TRIM 

calculations. 
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