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Abstract

Gamma irradiation-induced defects at doses of 0.5 and 5 MGy were studied in
lithium sodium-borosilicate (LiNaBSi) and sodium barium-borosilicate (NaBaBSi)
glasses, used for high-level radioactive waste immobilisation in the UK and India,
respectively. X-band electron paramagnetic resonance (EPR), Raman and UV-Vis-
nIR spectroscopies were used to characterise the glasses before and after
irradiation. EPR and UV-Vis-nIR absorption spectroscopies revealed the formation of
boron-oxygen hole centres (BOHC), electrons trapped at alkali cations or ET centres
and peroxy-radicals (PORs) as defects common to both glasses. In addition, E or
polaron centres were observed in NaBaBSi glasses, possibly related to formation of
elemental sodium colloids. Time-dependent thermal annealing at a range of
temperatures, including those relevant to canister centreline cooling (CCC), which
may be of relevance to geological disposal in future technical assessments, was
carried out to study thermal stability of these radiation-induced defects. It was
observed that PORs are the most thermally-stable defects in both glasses. The
influence of glass composition on the segregation of sodium; possible formation of

metal colloids upon irradiation has been discussed.
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1. Introduction

High-level radioactive waste (HLW) arises as a by-product from the reprocessing
(extraction of unused fissile U and Pu) of spent nuclear fuel. HLW contains ~95% of
the radioactivity of all the nuclear waste [1][2][3][4][5][6]. It consists of fission
products (e.g. %9Sr,¥’Cs), transuranic elements or minor actinides (e.g. %%'Np,
241243Am, 244245Cm), corrosion products from reprocessing, cladding material (e.g.
Fe, Ni, Cr, Tc, Mo, Zr) and process additives from reprocessing (e.g. Na, K, Li, Ca,
Mg, Fe, S, F, CI) [1][7][3][8][9]. This HLW is immobilized by vitrification in many
countries including USA, France, UK, India, Japan, China, Russia, and S. Korea
[1][4][10]. Following vitrification, the resulting wasteforms are stored safely above-
ground, prior to their planned ultimate disposal in geological repositories.
Understanding the long-term performance and stability of these radioactive
wasteforms is thus vital to underpinning the provision of robust disposal safety cases

to meet both regulatory and public safety concerns.

Whilst the long-term chemical durability of HLW wasteforms in simulated
geological repository conditions has received, and continues to receive, considerable
attention, the effects of self-irradiation of wasteforms have, to date, received less
consideration. HLW wasteforms will experience radiation-induced structural changes
due to B/y-decay of fission products and a-decay of actinides over periods of time

consistent with interim storage and geological disposal [1][3][11][12].

Fission products such as °Sr and '*’Cs undergo B/y-decay that produces
energetic [B-particles, low-energy recoil nuclei and y-rays. Interaction of these
radiations with the wasteforms in which they are present will be the principal sources
of heat generation and accumulated damage for the first few hundred years (~500)
of storage and geological disposal, due to their associated short half-lives (ti2 *'Cs
= 30.2 years and ty; %°Sr = 28.8 years) [11][14]. Over geological disposal periods a-
decay of minor actinides such as 24°Pu,?4!,243Am, 2>’Np and 24*Cm will be principally
responsible for radiation damage, due to their long half-lives (<108 years)
[31[71[8][12][13].

The radiation damage effects can be placed into two main categories: ballistic
(displacement of atom(s) in the glass network upon ballistic collision) and electronic

(ionization processes, producing electron-hole pairs). Transmutation of fission



products upon radioactive decay can also change valences and atomic radii, but
glass wasteforms have been shown to be capable of accommodating such changes
[11[7][14].

Since the glass matrix will experience radiation effects mainly due to ionization
from B/y-decay during the first few hundred (~500) years, it becomes imperative to
study these effects on the glass matrices [3][13][15]. To perform such studies, two
approaches have been widely used on simulated, inactive glass samples: (i)
irradiation with a high-flux electron beam using a TEM/SEM or using an electron
beam in an accelerator facility [13][16][17]; and (ii) irradiation using ®°Co or ¥’Cs
sources [13][15]. TEM/SEM can simulate doses of ~1 GGy in less than one minute
but the irradiation depth that can be accessed is very small, from a few hundred
nanometres to micrometres; and these are mainly surface effects [15]. Moreover, a
large proportion of the incident electrons simply pass through the sample and hence
calculated “doses” can be misleading [18][19]. Using radioactive sources such as
60Co or 1¥’Cs can enable bulk irradiated samples to be obtained, but achieving doses
of a few MGy requires long irradiation times (~10 days for 5 MGy with dose rate of
350 Gy/min, as in the present case), however, they offer realistic simulations of dose
rates. Bulk irradiated samples enable the use of a wider range of characterisation
techniques (e.g. EPR, NMR, Raman spectroscopies) to study defects and structural

changes in glass matrices [3][13][20].

Radiation interaction mechanisms are complex and depend on the nature and
dose of the radiation, glass structure, glass composition (glass forming and
modifying species), bonding and thermal history of the glass [21]. Radiation-induced
microstructural defects / changes can enable the migration of charge compensators
and other atoms under the induced electric field, formation of clusters of alkalis, and /
or formation of molecular oxygen [17][22]. Any changes in the (nano, micro) structure
of glass wasteforms due to the radiation arising from the decay of radionuclides
present in the HLW therein, can translate into changes in the micro- and macro-

scopic properties of the wasteform.

In simple alkali silicate glasses, alkalis act as network modifiers, depolymerising
the =Si-O-Si= network and introducing non-bridging oxygens (NBOSs). In silicate

glasses more generally, the distribution of NBOs depends on the nature of the



modifier cations, their abundance and their cationic field strength, and nanoscale
inhomogeneity can exist in such glasses [23]. Early work by Yun et al. [24] and Dell
et al. [25] used !B “wide-line” nuclear magnetic resonance (NMR) spectroscopy to
study the short-range structure of sodium borosilicate glasses. Followed by many
advancements in spectroscopy, more recent studies have led to models which can
explain the role of alkalis as charge compensators (via conversion of BO3z to BO4
units) or as network modifiers (forming NBOs), variations in the structure based on
their type and content, changes due to the composition, and degree of Si/B mixing
associated with bridging oxygens (BOs) and NBOs [26][27][28][29]. In borosilicate
glasses the mixing of network-forming structural units (Si/B mixing), the distribution
and mixing of modifying species (e.g. alkalis and alkaline earths), and their role in
the glass network are critical factors that determine the mechanical strength,
physical properties and chemical durability of the glass [29]. In a mixed-alkali
borosilicate glass, the distribution of alkalis and the degree of Si/B mixing is even
more complicated. In mono- and mixed-alkali borosilicate glasses investigated by Du
and Stebbins [27][29] using 3Q-MAS (triple-quantum magic angle spinning) ‘B and
70 NMR, it was shown that there is significant heterogeneity in Li-borosilicate glass
in comparison with Na- and K- containing borosilicate glasses. They reported
significant heterogeneity in terms of Si/B mixing for mixed Li-Na and Li-K glasses, as
indicated by a lower fraction of tetrahedral boron (BO4), Si-O-B and higher fraction of
NBOs. They suggested that heterogeneity increases with increasing cationic field
strength, and NBOs are more likely to associate with smaller alkalis. In alkali-alkaline
earth (Na-Ba) borosilicate glass, Mishra et al. [30] suggested that sodium acts as a
charge compensator when Na/B > 0.5, facilitating increased Si/B mixing by charge-
compensating BO4 units. The formation of NBOs was attributed to breaking of Si-O-
Si and Si-O-B bonds with increasing Na* concentration. The Na* ions occupy sites
close to BO4™ units, while Ba?* ions occupy sites less close to NBOs and have more

modest interaction with silicon or boron structural units [30][31][32].

The primary aim of this study was to contribute to developing greater
fundamental understanding of the nature of gamma irradiation-induced defects in
two simple (4-oxide) representative HLW host (base) glasses at two different doses
(0.5 MGy / low and 5 MGy / high) using a multi-spectroscopic approach including

EPR, UV-Vis-nIR optical absorption and Raman spectroscopies. Further aims of this



research included determining how or whether the radiation-induced defect types
and abundances differed between the two base glasses (thereby providing
information on glass compositional effects). Also, this study aims to uncover the
mechanisms of creation of radiation-induced defects (e.g. nano/micro structural
changes which were not present in un-irradiated glasses); and an examination of the
underlying gamma irradiation-induced defect centres which are accessed /
annihilated / recombined upon thermal annealing and hence their stability as
functions of temperature and time. Meeting these aims has thereby provided new
insight into longer-term interim storage and geological repository behaviour of UK
and Indian HLW wasteforms.

2. Experimental Procedures

Bulk samples of UK glass, Li>.O-Na>O-B203-SiO (LiNaBSi) [2] and Indian glass,
Na>O-Ba0O-B.03-SiO, (NaBaBSi) [33] were fabricated using a standard melt-quench-
anneal method. High purity (299.9%) sand (SiOz), sodium carbonate (Na-CO3),
lithium carbonate (Li2COs3), barium carbonate (BaCO3s) and boric acid (HsBO3) were
used to fabricate these glasses. Nominal compositions (mol%) of the oxide glasses
are given in Table 1. All raw materials except boric acid (H3BOs3), which begins to
decompose at temperatures well below 100 °C, were dried, prior to weighing and
mixing, in an electric oven at 110 °C for 24 hours. After weighing using a 3 decimal-
place balance into polymeric sample bags, batches to produce 200 grammes of
glass were mixed thoroughly for 3-5 minutes to attain good mixing. The LiNaBSi and
NaBaBSi glass raw material mixtures were placed in recrystallized Al>O3 crucibles
and then heated in air at 5 °C / minute to 1150 °C (LiNaBSi glass) or 1050 °C
(NaBaBSi glass). The molten glasses were held at these respective temperatures for
2 h and then poured onto a steel mould to form discs. These discs were cooled
slightly then removed from the moulds and annealed at temperatures just below their
glass transition temperatures (Tg) at 480 "C for 2 h in an electric furnace, then cooled
slowly to room temperature. Samples of all glasses were then ground to a 15 um
surface finish using SiC pads, then polished using an aqueous suspension of CeO

to obtain a smooth, mirror-polished surface to <1 pm.

Table 1. Nominal glass compositions (mol%)

Glass SiO» Na-O B2O3 Li.O BaO




NaBaBSi 41.67 21.83 20.83 - 15.62
LiNaBSi 60.50 10.49 18.50 10.50 -

To assess the amorphous nature of the as-fabricated glass samples, X-ray
diffraction (XRD) measurements were performed using an X-Pert Pro diffractometer
equipped with a monochromated Cu-Kq1 X-ray source and a PIXcel 3D detector.
Data collections were performed in theta-theta geometry in the 26 range of 10-70°
with a step size of 0.016°. Figure S1 (Supplementary Information) shows the X-ray
diffraction patterns for the LiNaBSi and NaBaBSi glasses. The presence of only
amorphous humps and no sharp peaks confirms that both glasses were X-ray

amorphous.

The irradiations were performed using a Foss Therapy Services 812 %°Co
Gamma irradiator at the Dalton Cumbrian Facility, The University of Manchester,
which supplies 1.17-1.33 MeV energy gamma photons [34]. The samples were
irradiated with doses of 0.5 and 5 MGy. Absorption of the gamma rays by the Pb
walls of the irradiator means that the temperature in the irradiator chamber reaches
approximately 314 K over the first 45 minutes of each irradiation and, thereafter,
remains stable. The irradiator has gamma sources which can supply absorbed dose
rates of 0.5 to 350 Gy/min. The absorbed dose rates at the centre of each sample
were determined by replacing each sample with a high-dose rate ionization chamber,
model name 10x6-0.18, and Accu-Dose+ base unit, both supplied by Radcal. To
perform annealing studies sister samples were irradiated with equivalent doses.
Thermal annealing of irradiated glasses was performed using a temperature-
calibrated electric oven at 5 different temperatures between 373 K and 773 K for 16
and 24 hours. In total 40 specimens were synthesised, irradiated, and annealed.

Raman spectroscopic measurements were carried out to study changes in the
coordination chemistry of glass constituent units. These measurements were
performed using a Thermo Scientific DXR2 Raman imaging microscope equipped
with a 10 mW 532 nm laser. Raman spectra were acquired in the range of 100-2000
cm using a CCD detector and grating set to 900 lines / mm. The background signal
was corrected using the software package Omnic, and temperature and excitation
line effects were corrected using a method adapted from Long [35] and the data was
normalised to the highest peak at ~1050 cm™. A 50x objective lens and 50 pym

aperture was used for an optimum focus. The in-built software package OMNIC was



used for data acquisition and to perform background corrections. To obtain higher
S/N ratios, 30 accumulations of 15 seconds each were acquired.

First-derivative continuous wave monolithic sample EPR spectra were recorded
for all glass samples at room temperature using an X-band frequency of ~ 9.6 GHz
and a sweep width and centre field of 370 and 250 mT, respectively, using a Bruker
EMXnano EPR spectrometer. The magnetic field modulation used was 100 kHz. The
microwave power used was 0.3162 mW and modulation amplitude was 0.4 mT.
Experimental g-values were calculated using the formula hv = gfH, where h is
Planck’'s constant, H is the applied magnetic field measured at the centre of
resonance, v is the spectrometer frequency and g is the Bohr magneton. Second-
derivative EPR spectra were obtained by differentiating the first-derivative EPR data
to further elucidate the complex resonance absorption signal arising due to the
superimposition of resonances arising from different paramagnetic centres.

UV-Vis-nIR optical absorption spectroscopic measurements were obtained on
flat, polished samples at room temperature using a Varian Cary 50 Scan
spectrophotometer. The measurements were collected in the wavelength range of
190-1100 nm. Measurements were taken in absorption mode with a dual beam scan
rate of 60 nm/min. The in-built software package, Scan, was used to correct the zero

baseline. Data were corrected to a path length of 1 mm.
3. Results

3.1 Glass discoloration under irradiation

Changes in the visible coloration of the glasses following gamma-irradiation are
illustrated in Table 2. The LiNaBSi glass, which was initially transparent and
colourless, turned brown and the NaBaBSi glass, which was initially transparent and
slightly yellow in colour, turned blue, following irradiation. Similar depths of visible
coloration occurred in all glasses. The colour intensity is less pronounced in the
images (Table 2) for the 0.5 MGy-irradiated samples due to differences in sample
thickness (0.5 MGy 3 -4 mm; and 5 MGy ~ 10 mm).



Table 2. Photographs showing the change in transparency and colour after y-
irradiation of LiNaBSi and NaBaBSi glasses. The thickness for pristine and 5 MGy
dose glasses was 10 mm while that for 0.5 MGy dose glasses was 3 — 4 mm.

NaBaBSi Glass

0 MGy (~ 10 mm) 0.5 MGy (~3-4 mm) 5 MGy (~ 10 mm thick)

LiNaBSi Glass

0 MGy (~ 10 mm) 0.5 MGy (~3-4 mm) 5 MGy (~ 10 mm thick)

/\\‘

/

Some of the colour changes are easier to observe in thicker samples, and with

different lighting conditions.

3.2. Electron Paramagnetic Resonance Spectroscopy

Figure 1 shows the first-derivative X-band (~9.6 GHz) room temperature EPR
spectra for pristine and irradiated NaBaBSi and LiNaBSi glass specimens. No EPR
signals were detected in the unirradiated glasses. In the irradiated NaBaBSi glass a
signal is identified with an experimental value of g~1.974 + 0.002 and 1.972 £ 0.002
at 0.5 and 5 MGy, respectively, corresponding to a magnetic field of ~348 mT;
whereas it is not present in the LiNaBSi glass. This is attributed to E~ or polaron
centres (this defect is formed when an electron is trapped on a sodium cation,
converting it into elemental sodium) [22][36][37]. An EPR signal centred at g~2.00

was detected in all irradiated glasses. For both the LiNaBSi and NaBaBSi glasses,



the identified EPR signal at g~2.00 is a four line (quartet) hyperfine structure. This
signal is probably a convolution of signals due to different paramagnetic centres (g
values are calculated using the magnetic field values at which the second derivative
becomes negative, as in Figure 2). This has been attributable to boron-oxygen hole
centres (BOHCs) [38][39][40][41]. A BOHC is defined as a hole trapped on the non-
bridging oxygen (NBO) atom in a trigonal borate unit (=B-O-), formed by radiation-
induced breaking of B-O-B bonds [41][42][43][44]. For the NaBaBSi glass, the signal
at g ~1.991 has been attributed to ET centres, that are either F* centres or electrons
trapped at cations [38][45]. For the LiNaBSi glass a weak isotropic signal at g~1.997
and 1.996, at 0.5 and 5 MGy respectively, can be attributed to the ET centres
[38][45].

Figure 1. Intensity-normalised first-derivative EPR spectra for pristine and irradiated
LiNaBSi and NaBaBSi glasses showing various defect centres created after %°Co y-
irradiations at 0.5 MGy and 5 MGy doses.

T T T J T J T J T J T
1 BOHC (g ~ 2.018, 2.010, 2.003)<*T

g~1.996 ET centre 1
5 MGy LiNaBSi A1

0.5 MGy LiNaBSi

pristine

7| BOHC (g~2.016, 2.007, 2.000 l g =1.991 ET centre .

N g~1.977,1.972 E or polaron
- E" or polaron, g=2.016 -

5 MGy NaBaBSi |

0.5 MGy NaBaBSi |

First Derivative EPR intensity (a.u.)

pristine

325 330 335 340 345 350 355 360
Magnetic Field (mT)

Figure 2 shows the second-derivative EPR spectra for both NaBaBSi and
LiNaBSi glasses irradiated at 0.5 and 5 MGy. These were plotted to enhance
definition and to further investigate any underlying signals due to radiation-induced

paramagnetic defect centres. The four-line hyperfine (quartet) structure which has



been attributed to BOHCs, shown in the first-derivative plots (Figure 1), is slightly
better resolved in the second-derivative plot for NaBaBSi glass, for both 0.5 and 5
MGy irradiated specimens (labelled only for 5 MGy). The signal at g~1.974 = 0.002
and g ~1.972 = 0.002, attributed to E" centres, is also present in the second-derivate
spectra. In addition, the improved definition reveals an isotropic signal at g~ 2.018
and 2.016 (at 0.5 and 5 MGy, respectively) with a linewidth in the range 1.4 - 1.5 mT,
corresponding to a magnetic field of ~ 341 mT. This can also be attributed to the E
centres responsible for formation of elemental sodium colloids [37][46][45]. The
second-derivative EPR spectra for the LiNaBSi glass did not reveal any additional
defect centres. The signal at g~1.997 and g~1.996 (at 0.5 and 5 MGy, respectively)
is attributed to ET centres (Figure 3). The calculated experimental g-values and the

corresponding defect types for the two glasses are given in Table 3.

Figure 2. Intensity-normalised second-derivative EPR spectra for LiNaBSi and
NaBaBSi glasses irradiated with 0.5 and 5 MGy %°Co y-radiation.
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Table 3. Experimental g-values and corresponding defect type for NaBaBSi and
LiNaBSi glasses irradiated with 0.5 and 5 MGy ®°Co y-radiation.

NaBaBSi 0.5 MGy NaBaBSi 5 MGy LiNaBSi 0.5 MGy LiNaBSi 5 MGy
g-values Defect g-values Defect g-values Defect g-values Defect




2.018 E polaron/BOHC 2.016 E" polaron/BOHC 2.019 BOHC 2.018 BOHC
2.009 BOHC 2.007 BOHC 2.011 BOHC 2.010 BOHC
2.001 BOHC 2.000 BOHC 2.004 BOHC 2.003 BOHC
1.993 ET 1.991 ET 1.997 ET 1.996 ET
1.974 E" polaron 1.972 E" polaron - - -

Peak-to-peak first and second-derivative EPR absorption intensities, plotted for
NaBaBSi glasses irradiated with 0.5 and 5 MGy at room temperature and annealed
at 373 -773 K for 16 and 24 hours, are given in Figures S2-S9 (Supplementary
information). All resonance signals due to paramagnetic radiation-induced defect
centres present in the EPR spectra for NaBaBSi glass after 0.5 MGy irradiation
remain after annealing at 373 K for 16 hours, as shown in Figure S3. At
temperatures greater than 373 K the signals disappear upon annealing, which is
attributed to defect recombination / annihilation.

In Figure S5 an underlying signal for the NaBaBSi glass irradiated with 0.5 MGy
appeared after annealing at 473 K for 24 hours. This signal appears to be a
combination of two paramagnetic centres. The g-value calculated from the second-
derivative spectra is g~1.998 and this resonance is attributed to E’ (electrons trapped
on three-fold coordinated Si atoms) centres plus a nearby shoulder [22][38][39]. This
signal did not appear after annealing at 473 K for 16 hours but appeared when
annealed for 24 hours. This suggests that the charged particle (electron in this case)
created in the glass by irradiation, after gaining thermal energy through annealing, is
more mobile, migrates from its original position, and becomes trapped at a different
site: a time-dependent effect. The signal at g ~1.97 £ 0.002, which is attributed to E-
centres, remains stable at 473 K but disappears at higher temperatures [20][33][34].

In Figure S7, EPR shows that the defects present in the NaBaBSi glass irradiated
with 5 MGy remain stable after annealing at 373 K for 16 hours. After annealing at
473 K, the signal which appeared after the recombination of BOHCs appears to be
due to peroxy-radicals (PORs) or interstitial O2 ions (g values g = 2.005, 1.999, as
described in [22][38][39][47]). The POR has a molecular structure (=Si-O-O¢) and is
defined as a hole trapped on a non-bridging oxygen or Oz bonded to one Si atom in
the glass matrix; it is also known as an oxy-defect, and has been reported by several
authors [22][38][43][44][45][48][49][50]. The POR is formed either by the breakage of
the peroxy-linkage (=Si-O-0O-Si=), or by the capture of O, on three-fold coordinated



Si ions. This signal remains stable at 573 K and, at higher temperatures, the S/N
peak-to-peak intensity becomes low, indicating low abundance and different stages
of annealing, as reported by Griscom et al. [51] for PORs (see Figure S7).

In Figure S9, the EPR signal for the NaBaBSi glass irradiated with 5 MGy
remains stable after annealing at 473 K for 24 hours and can be attributed to PORs
[38][45][51]. The peak-to-peak intensities become very weak after annealing at
temperatures higher than 573 K, indicating low abundance or different stages of
annealing. The signal at g~1.97 = 0.002 is attributed to E" centres and remains stable
at 473 K, disappearing at higher temperatures [22][36][37].

Peak-to-peak first and second-derivative EPR absorption intensities for the
LiNaBSi glass irradiated with 0.5 and 5 MGy at room temperature and annealed at
373 - 773 K for 16 and 24 hours are given in Figures S10-S17 (Supplementary
Information). In Figure S11, after annealing at 473 K a new EPR signal arises, which
may be due to PORs with g =2.004, 1.999 (see [22][38][39][47]), along with a low
signal nearby. This resonance remains after annealing at 573 K, with decreasing S/N
and peak-to-peak intensity at higher temperatures again indicating a low abundance
or different stages of annealing of PORs. The changed line shape resembles that for
an E’ centre, although with a broader linewidth than has been reported for E’ centres
(0.25 mT, see Fig. S10 in Supplementary Information) [22][38]. The EPR signal
attributed to the PORs (g = 2.017, 2.005, 2.000) shown in Figure S13 is observed at
473 K, even after annealing at 24 hours, along with a low-intensity signal at g ~1.992
attributable to ET centre. This combination of resonances remains after annealing at

573 K with decreasing S/N and peak-to-peak intensity at higher temperatures.

EPR signals remain stable for LiNaBSi glass irradiated with 5 MGy and annealed
at 373 K at 16 and 24 hours, as shown in Figures S15 and S17, respectively. After
annealing at 473 K the resonance that appears has a shape (see [38][45] for the
shape of PORSs) consistent with PORs (Figure S14 in Supplementary Information).
This resonance remains stable at 573 K, with decreasing S/N and peak-to-peak
intensity at higher temperatures. The change in duration of annealing has no major

impact on the types of defects remaining after annealing at higher temperatures.

Figures S18-S21 (see Supplementary Information) show temperature versus log

(integrated spectral area) plots for NaBaBSi and LiNaBSi glasses irradiated with 0.5



and 5 MGy and annealed at 373-773 K for 16 and 24 hours. There is a decrease in
the integrated area with increasing temperature above 373 K, showing a reduction in
the concentration of paramagnetic defects.

3.3. Raman Spectroscopy

Figure 3 shows Raman spectra for NaBaBSi pristine and gamma- irradiated
glasses with doses of 0.5 and 5 MGy. Spectra can be divided into three main
regions. Spectral features in region 1, between 200 and 850 cm™, are due to mixed
stretching and bending modes of Si-O-Si vibrational units, and ring breathing modes
of borate or borosilicate ring unit groups [52][53][54]. The broad band at ~ 530 cm is
attributable to bending and stretching vibration modes of Si-O-Si units [52][53][54].
The origins of the peak centred at ~ 630 cm™ are debated and it may be due to
vibrations involving danburite units [53][55][56]. The peak at ~ 750 cm™ can be
attributed to 4-coordinated diborate and boroxol ring vibrational units [13][56]
[57][58]. Region 2, 850-1250 cmy, includes peaks from Q" Si vibrational modes
(where Q" denotes a silicate tetrahedron with n bridging oxygens) [52][53]. The peak
at ~ 940 cm™ has been attributed to Q2 (2 bridging oxygens) units and the peak at
~1050 cm* has been attributed to Q3 (3 bridging oxygens) units [55][57][59]. Region
3, from 1200 to 1600 cm?, includes B-O vibrational units [56][57][60]. The peak at ~
1450 cm* is attributed to B-O vibrational units [53][61]. The Raman spectra for 0.5
and 5 MGy irradiated NaBaBSi glasses appear closely similar, with no noticeable

shifts in the peak positions between spectra.



Figure 3. Raman spectra for NaBaBSi Figure 4. Raman spectra for LiNaBSi

glasses: pristine and gamma irradiated glasses: pristine and gamma irradiated

with doses of 0.5 and 5MGy. with doses of 0.5 and 5MGy.
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Figure 4 shows Raman spectra of pristine and gamma irradiated LiNaBSi
glasses. Raman spectra were acquired between 100 and 2000 cm™ and normalised
using the intensity of the highest peak of the appropriate pristine glass spectrum.
Similarly, to the spectra for NaBaBSi glasses, LiNaBSi glass Raman spectra were
also divided into same three main regions and display similar vibrational modes. The
notable differences in the Raman spectra of LiNaBSi glasses compared to NaBaBSi
glasses are: (1) increased intensities of peaks in region 1; increase in the bending
and stretching vibrations modes of Si-O-Si units and increase in the 4-coordinated
diborate and boroxol rings suggesting network polymerisation (2) distinct shoulder at
~ 1150 cm™* which can be attributed to Q* units [53][57]; and (3) decreased intensity
of the peak at ~ 1450 cm™ (decrease in three coordinated boron) [62][63].

3.4. UV-Vis nIR Optical Absorption Spectroscopy

Figures 5 and 6 show UV-Vis nIR optical absorption spectra for NaBaBSi and
LiNaBSi pristine and irradiated glasses specimens, respectively. The pristine glasses
are transparent in the UV-visible region. After gamma irradiation a broad band arises
in the range 560-660 nm in NaBaBSi irradiated specimens and 500-640 nm in
LiNaBSi irradiated specimens. Interactions of gamma photons with the glass
structure cause breaking of the 3D network, leading to the transformation of BO

(bridging oxygen) to NBO (non-bridging oxygen) units [64].



Figure 5. UV-Vis-nIR optical absorption Figure 6. UV-Vis nIR optical absorption
spectra for pristine, 0.5 and 5 MGy spectra for pristine, 0.5 and 5 MGy

NaBaBSi glaSS specimens. LiNaBSi gIaSS specimens.
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Table 4. Band gap energies obtained from Tauc plots for optical bands observed in

pristine and irradiated NaBaBSi and LiBaBSi glass specimens.

Band gap / eV
Dose (MGy) NaBaBSi LiNaBSi

0 3.50 3.90
0.5 2.90 2.20
5 2.70 1.50

The optical band gap energies were calculated and are given in Table 4 from
Tauc-Plots for O (pristine), irradiated with 0.5 MGy and 5 MGy NaBaBSi and LiNaBSi
glass specimens. The decrease in the optical band gap energies with increasing
gamma dose is attributed to the formation of non-bridging oxygens due to irradiation
[64][65]. Tauc-Plots for O (pristine), irradiated with 0.5 MGy and 5 MGy NaBaBSi
glass specimens, are provided in the Supplementary Information (Figures S22 and
S23).

Figures 7 and 8 show the deconvolution of UV-Vis-nIR spectra for NaBaBSi and
LiNaBSi glasses, respectively. Four Gaussian peaks were fitted to spectra for both
glasses irradiated with 0.5 and 5 MGy. Fitting parameters are given in Table S9 in
the Supplementary Information. For NaBaBSi glass irradiated with 5 MGy an
absorption band at 657 nm and a band at 639 nm in 0.5 MGy irradiated glass can be



attributed to an overlap of E- and PORs [66][67]. Griscom et al. [66] reported
absorption bands due to PORs at 629 nm and non-bridging oxygen hole centers
(NBOHC) at 566 nm in fused silica. Mackey et al. [67] reported absorption bands due
to E" centres in the range 600-730 nm in high-purity SiO>-Na>O glasses irradiated
with X-rays. Fayad et al. [68] reported absorption bands between 500 and 600 nm
due to BOHC’s in gamma-irradiated borosilicate glasses and absorption bands at
527 and 568 nm can also be attributed BOHC’s or hole trapped centres [68].
Absorption bands at 319 and 324 nm can be attributed due to trapped electrons of
alkali or Na*ions (plasmon band) as also reported by Jiang et al. [69] and Mackey et
al. [70]; and the bands at 249 and 253 nm can be attributed to Fe trace impurities
[68][71][72]. For LiNaBSi glass irradiated with 0.5 MGy an absorption band at 568
nm can be attributed to a combination of BOHC and POR’s and a band at 622 nm for
glass irradiated with 5 MGy is attributed to BOHC [68][73]. Absorption bands at 354,
376 and 551 nm can also be attributed to BOHC or hole trapped centres [70][73].
Bands at 274 and 289 nm can be attributed to ET centres and a band at 263 nm can
be attributed due to Fe impurities [68][70][71][72].

Table 5. Summary of radiation induced optical absorption band and defects causing
them.

NaBaBSi LiNaBSi
0.5 MGy 5 MGy 0.5 MGy 5 MGy
639 nm (E centres 657 nm (E centres 568 nm (BOHC+ 622 nm (BOHC) [73]
+ PORs) [66][67] + PORS) [66][67] PORS)
[66][68][73]
527 nm 568 nm 354 nm 551 nm (BOHC)[68]
(BOHC)[68] (BOHC)[68] (BOHC)[73]
324 nm (E 319 nm (E 289 nm (ET 376 nm (BOHC)
centre)[69] centre)[69] centres)[70] [73]
253 nm (Fe 249 nm (Fe 263 nm (Fe 274 nm (ET centres)

impurity)[68][71] impurity)[68][71] impurity)[68][71] [70]




Figure 7. Deconvolution of UV-Vis-nIR Figure 8. Deconvolution of UV-Vis-nIR
optical absorption spectra for pristine, optical absorption spectra for pristine,

05 and 5 MGy NaBaBSi glass 0.5and5 MGy LiNaBSi glass specimens.
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4. Discussion

4.1 Radiation-induced defects at room temperature

Radiation effects in different glasses have been studied by many researchers
over the last 50 years using EPR spectroscopy [42][43][74][75][76][77][78]. EPR
spectroscopy is particularly useful in studying paramagnetic radiation-induced
defects in materials, and it can also elucidate information on some transition metal
and lanthanide components, even at trace (impurity) levels, and provide structural
information. Gamma irradiation induced changes in Indian (NaBaBSi) representative
(Trombay nuclear waste) glass have been studied by Mohapatra et al. [38][79] while
McGann et al. [80] studied gamma radiation effects in UK representative HLW and
ILW (intermediate level waste) glasses. Only a few studies are reported in the
literature for the 4-oxide Indian (NaBaBSi) and UK (LiNaBSi) base glasses before

addition of HLW waste (or inactive surrogate waste).

According to Weber et al. [3] and Boizot et al. [81] alkali ions in “base” glasses
can, upon irradiation, act as electron traps [82] and form colloidal metallic clusters
via similar mechanisms to those observed for alkali halide crystals. Griscom [36]
suggested that alkali-ions may cluster in alkali borate glasses and agglomerate to

form bigger complexes after trapping of an electron, making the electron trapped



centres non-paramagnetic (spin-paired). He further suggested that such processes
are thermally-activated i.e. that alkali ions with trapped electrons agglomerate, and
this is one explanation here for the EPR signal we observed at room temperature
arising from hole-trapped centres alone. Brow [83] reported the formation metallic
sodium on the surface of irradiated binary sodium silicate glass. Howitt et al. [84]
proposed mechanisms for the formation of metallic sodium in binary SiO2-Na.O
glasses shown in (1-3) below, and a similar mechanism may arise in borosilicate

glasses.

Si-O-Si or B-O-B (formation of NBOs by irradiation by modifier or radiation) (2)
Si-O-- Na*™ + hv — Si-O: + Na* (breaking of ionic or electrostatic bond) (2)

Si-O: + Na* + hv — Si-O- + Na (creation of oxide radical and metallic Na) (3)

Hassib et al. [85] found an EPR signal at g = 2.011 due to sodium colloids formed
by the collapse of F-centres in sodalite (Nag(AleSisO24)Cl>). Zatsepin et al. [37]
reported the presence of E™ centres at g = 1.97 at higher magnetic fields (~345-350

mT) in Na/K silicate glasses.

In addition to EPR, optical absorption spectroscopy has also long been used to
elucidate radiation-induced defects or “colour centres”. Electrons and holes trapped
at defect sites within the glass structure give optical absorption bands in UV, visible,
and near infrared region [86]. The presence of atomically dispersed metallic sodium
colloids in different materials can be confirmed by the plasmon absorption band and
by the color (typically blue) which they induce to the material and this is reported by
many researchers (Table S10). The plasmon absorption band can be located at
different wavelengths depending on the size and shape of the colloidal particle
[87][88]. Groote et al. [89][86][90][91] reported a broad optical absorption band
centred at 550-600 nm for an electron irradiated NaCl crystal and, based on this and
differential scanning calorimetry (DSC) results, suggested that the metallic colloid
particles present were of different sizes and shapes and show different melting
behaviours (sodium colloids in different shape and size of melt at different
temperatures). Wesetucha-Birczynska et al. [92] reported a plasmon band at 629 nm
for navy blue single crystals for natural halite and at 621 nm for blue samples. Tsai et

al. [93] found an EPR signal at g~2.01 and an absorption band in the range 360-540



nm for gamma irradiated silicate glasses. Jiang et al. [94] found a plasmon band
using electron energy loss spectroscopy (EELS) in electron irradiated sodium silicate
glass. Bochkareva et al. [88] reported a plasmon resonance absorption band at 405-
410 nm in Na containing silicate glasses. Mackey et al. [67][70] also reported a
resonance plasmon absorption band due to Na nanoparticles in silicate glasses. The
list in Table S10 is not exhaustive but presents significant supporting evidence for
formation of metallic colloids in irradiated alkali-halide and glass systems, identified
using mainly EPR and optical absorption spectroscopies. While both NaBaBSi and
LiNaBSi glass specimens studied here, irradiated with 0.5 and 5 MGy, show
formation of BOHCs and ET centres, a broad isotropic signal at g~2.011 and ~1.97
is tentatively attributed to metallic sodium colloids (nanoparticles) in the NaBaBSi
glass alone. The difference (increase with dose) in the intensity of the resonance
peaks suggests that the concentration of defects may be different at different doses.

4.2 Effects of glass composition and structure

The relation between physical properties of a glass and composition is non-linear
when the relative proportion of alkalis is changed in a mixed alkali glass [97][98].
This is called mixed-alkali effect. This may have impacts on glass modifier mixing
(homogenous or clustering), cation diffusivities and nucleation of crystals [29]. The
lower concentration of Na in the LiNaBSi glass compared to NaBaBSi glass
(concentration of Na is almost double in NaBaBSi glass), the high cationic field
strength of Li* and greater association with NBOs than Na*, as reported by Mishra et
al. [30] Kaushik et al. [31] and Mishra et al. [32], and the heterogeneity and
nanoscale immiscibility (due to the mixed-alkali effect) do not favour the clustering of
defects or alkali ions. In the NaBaBSi glass Na* ions are associated with NBOs due
to its high concentration and its smaller ionic radius than Ba?*, which favour the
segregation and formation of metallic sodium colloids via electron capture
[27][29][30][31]. The observations are further supported by the presence of a broad
UV-Vis IR absorption band in the range 560-660 nm, indicative of different sizes of
metallic sodium colloids causing the blue colour of the glass. The position of the
band depends on the environment around the Na nanoparticles and hence different
authors have reported different positions for plasmon resonance absorption band for
different materials. Kordas et al. [75] reported that it is difficult to detect metallic

sodium using EPR as these ionic electron trapping centres cannot be observed at



room temperature because of the short spin-grid relaxation time. Griscom et al. [42]
suggested that at temperatures < 77 K electrons are trapped at alkali and alkali
clusters in sodium and potassium borate glasses. However, we have found these
EPR signals at room temperature and this might be attributable to resonant
absorption of microwaves by conduction electrons within sodium metallic particles of

small size.

4.3 Effects of thermal annealing on radiation-induced defects

In Figures S3 and S5, EPR signals disappeared after annealing at temperatures
higher than 473 K for NaBaBSi glass specimens irradiated with 0.5 MGy and
annealed at 16 and 24 hours, respectively, suggesting that thermal energy enables
electron-hole pair recombination; and there is no paramagnetic defect generated at
the lower dose of 0.5 MGy which is stable at higher temperatures [78]. The signal
due to E  centres at g~1.97 remains stable after annealing at 473 K but the broad,
isotropic signal at g~2.011 disappeared after annealing at 373 K. Both resonances
may be due to metallic sodium colloids. Since sodium colloids of different size and
shape melt at different temperatures [89], this suggests that there may be two

differently-sized distributions of metallic sodium colloids present in the glass.

The appearance of a combination of signals due to E’ and ET centres after
annealing suggests that thermal energy can enable a charged particle to occupy
different sites in the glass structure. At the higher dose of 5 MGy, an underlying
signal appeared when the samples were annealed at 473 K for 16 hours as well as
24 hours. This signal has been attributed to PORs [38][50]. The signal remains
stable at 573 K and at higher temperatures the S/N peak-to-peak intensity
decreases, suggesting low abundance or different stages of annealing. PORs can
form in the glass structure via the breakage of peroxy- linkage by a gamma photon
[99], as shown in (4).

Si-0-0-Si + hv — Si-0O-0O- + - Si 4)
A POR can further form an E’ (Si-) centre and molecular oxygen as shown in (5).

Si-O-O- + hv — Si- + O2 (5)
The possible change of PORs into E’ and molecular oxygen at higher temperature

suggests that thermal energy can also remove PORs [100][101]. For LiNaBSi glass



specimens irradiated with low dose (0.5 MGy) the EPR signals revealed after
annealing at 473 K are due to PORs and a decrease in the S/N peak-to-peak
intensity at higher temperatures [38][50]. The same effects are seen at the higher
dose; however, S/N peak-to-peak intensity is higher, indicating an increased
concentration of number of defects with increased dose. Figures S18-S21 show a
clear decrease of the number of defects, as shown by the decrease in log (area) of
the integral of the first derivative absorption with increasing temperature.

Wasteform canister centreline cooling (CCC) temperature will vary as a function
of time and dimensions and depend on the radionuclides / activity as well as thermal
history of the waste [102]. CCC temperatures can range from 370 K — 570 K and can
be as high as 670 K [13][103]. Gamma-induced defects such as PORs, which can be
the precursors for molecular oxygen and E’ centres in both of the studied glasses,
are stable at CCC temperatures, and this result may thus be of relevance to
geological disposal in future technical assessments that go beyond the current
generic scenario for geological disposal [104]. These microstructural changes relax
with time and temperature, as demonstrated here by their decreasing intensities.
However, there are permanent changes associated with them, in addition to
cumulative effects of beta and alpha decay, which may have major impacts on
structural integrity of the waste form. The glass structure becomes free from any
decoupled modes (vibrating modes decoupled from the glass forming network) much
below the glass transition, however, some modes remain active during cooling and
continue to be active in the glassy state [1]. Near the glass transition temperature
(Ty) the glass network stabilizes, the mobility (migration and annihilation) of the

defects is reduced and thus radiation defects can persist, as shown by this study.

Boizot et al. [105] studied three simple glass compositions under beta irradiation
using Raman spectroscopy. They reported an increased in silicate network
polymerisation due to relative increase of the Q3%Q? species concentration, an
increase in concentration of molecular oxygen O> and decrease in the average Si-O-
Si bond angle under beta irradiation relative to pristine samples. They attributed this
structural evolution to the migration and aggregation of sodium ions. Similar
structural evolution was observed by Abbas et al. [106] in their study of two simple
glasses studied under alpha, and Kr-ion irradiations. In the present study there are

no substantial structural changes or any new bands that could be attributed to the



formation of molecular oxygen; and no large changes in the boron region observed
using Raman spectroscopy. A further investigation of Q" units (n is number of
bridging oxygens in Si tetrahedron) using other techniques such as ?°Si and *'B
MAS-NMR could provide more information on the glass network after irradiation.
Nanoscale structural probing using TEM or another technique to inspect bulk-
irradiated samples for both the glasses would be useful to develop further
understanding of the characteristics of metallic sodium colloids, and 2Na MAS-NMR

may therefore also prove beneficial.

4.4 Effects of multivalent elements on radiation-induced defects

HLW comprises of many multivalent elements. The oxidation-reduction chemistry
of these elements is very complex [107]. During melting and in the vitrified glass
product the behaviour of these multivalent cations depends on the stable oxidation
state. While some of these for e.g. Mo, Ru, S etc. can be problematic in terms of
their solubility, processing, leachability, foaming and so on, many could be
advantageous in mitigating the radiation induced paramagnetic defects [107].
Several studies have shown that multivalent cations like rare earths (Yb, Gd, Eu) and
transition metals (Fe, Mn, Cr) mitigate radiation-induced defect generation and
structural changes by the trapping of free electrons and holes
[38][80][108][109][110][111]. This defect-hopping or electron/holes trapping process
is expected in NaBaBSi and LiNaBSi glasses when doped with actual waste
components under optimum redox conditions. The formation of radiation-induced Na
colloids may also be hindered in NaBaBSi glass doped with actual HLW waste
components; however, it would be interesting to study Indian HLW waste which is

higher in Na concentration [112].
5. Conclusions

The effects of gamma irradiation on NaBaBSi and LiNaBSi glasses were
investigated. Both glass specimens were irradiated with 0.5 and 5 MGy of gamma
radiation. The objective of this study was to improve understanding of the types of
radiation-induced defects and establish a study of their thermal stability at geological
repository relevant temperatures and how/whether these are affected by glass
composition. Room temperature X-band EPR spectroscopy was employed to

investigate gamma irradiation-induced defects along with UV-Vis-nIR optical



absorption and Raman spectroscopies. The paramagnetic defect centres identified
for NaBaBSi glass at both the doses are BOHC, E™ centres (g~1.97) and isotropic
signal at g~2.011 both due to the colloidal metallic sodium particles. UV-Vis-nIR
results for NaBaBSi glass showed absorption bands due to E™ centres at 639 and
657 nm, which confirms the presence of metallic sodium colloids and the associated
blue colour post-irradiation, supported by evidence from the literature. UV-Vis-nIR
also showed absorption bands due to PORs, BOHC and electron trapped centres. In
LiNaBSi glass BOHC, ET centres are identified at both the doses. Thermal annealing
at temperatures above 473 K for 0.5 MGy irradiated NaBaBSi glass enables the
annihilation / recombination of the defects, whereas in the LiNaBSi glass, PORs are
stable at 473 K and show decreasing S/N peak-to-peak intensity with increasing
temperature. PORs or Oy interstitials are stable in the LiNaBSi glass irradiated with
5 MGy at temperatures higher than 573 K, whereas the NaBaBSi glass irradiated
with 5 MGy showed comparatively low S/N peak-to-peak intensity at higher
temperatures. Moreover, it can be expected that increasing the duration of the
thermal annealing can remove / bleach the defects, however, there are permanent
microstructural changes which can have significant impact on the durability of the
waste form. The presence of sodium metallic colloids of differing sizes is a strong
indication of radiation-induced formation of nanoparticles, which should be further
investigated as these may form macroscopic clusters depending on glass

composition, any temperature gradient, or locally-induced electric fields.
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