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The effect of c-radiation on a variety of model vitreous wasteforms applied to, or conceived for, immo-
bilisation of UK intermediate and high level radioactive wastes was studied up to a dose of 8 MGy. It
was determined that c-irradiation up to this dose had no significant effect upon the mechanical proper-
ties of the wasteforms and there was no evidence of residual structural defects. FTIR and Raman spectros-
copy showed no evidence of radiation directly affecting the silicate network of the glasses. The negligible
impact of this c-irradiation dose on the physical properties of the glass was attributed to the presence of
multivalent ions, particularly Fe, and a mechanism by which the electron–hole pairs generated by c-irra-
diation were annihilated by the Fe2+–Fe3+ redox mechanism. However, reduction of sulphur species in
response to c-radiation was demonstrated by S K-edge XANES and XES data.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction and background

Vitrification is the currently accepted technology for the immo-
bilisation of the high level radioactive wastes arising from the
reprocessing of nuclear fuels and has been deployed on an indus-
trial scale since at least 1977 [1]. Radioactive waste vitrification
has been applied by the USA, UK, Russia, France and Germany
[2–4], and to date has been used in the production of at least
11,000 canisters of vitrified waste [5]. The purpose of these vitri-
fied wasteforms is to function as the primary barrier to the release
of radionuclides to the environment, within a multi-barrier geolog-
ical disposal facility. A vitrified wasteform must therefore be ex-
pected to withstand a range of adverse conditions over periods of
102–106 years, with a minimal and quantifiable deterioration in
chemical or mechanical integrity which could result in the release
of radionuclides to the environment [6–8].

The decay of fission products and actinides in radioactive waste
glasses results in the emission of ionising radiation which may
interact with the vitreous material through several mechanisms,
potentially leading to an adverse impact on the long term physical
and chemical stability of the material [9,10]. Ionising radiation has
been linked to changes in the coordination environment of the spe-
cies comprising the glass network in alkali-borosilicate glasses,
ll rights reserved.

tt).
which typically results in a small increase in density, with a con-
comitant effect on mechanical properties [11]. The interaction of
ionising radiation with alkali-borosilicate glasses has also been
linked to the formation of oxygen bubbles, the formation of various
defect centres [11], and, at very high radiation doses, even phase
separation [12]. Such c-radiation induced changes in structure
and constitution may adversely affect the long term mechanical
integrity and chemical durability of the wasteform [12]. These ion-
isation interactions are commonly associated with b- and c-radia-
tion; a-particles and neutrons typically interact with glasses
through ballistic processes which result in atomic displacements
[11]. As such, these ballistic processes result in stronger effects at
equivalent doses, and can even produce cracking and crazing in
glasses, as well as significant densification [11], however, these ef-
fects are not generally observed in response to c-radiation.

b-Decay of fission products leads to the emission of c-ray pho-
tons which interact with the glass matrix primarily through Comp-
ton Scattering and the photoelectric effect [9]. Absorption of c-ray
photons results in the formation of mobile electron and hole pairs
which can lead to metastable defects associated with a change in
element valence state and coordination. These effects are compara-
ble to some extent with the effects of electron irradiation [13]. Fur-
thermore, since c-radiation is more penetrating than other forms
of ionising radiation, its effects typically permeate the entirety of
a glass wasteform instead of being limited to structural regions lo-
cal to the radiation source. The impact of c-irradiation on the prop-
erties of a glass can be diverse and depends heavily upon the
composition of the glass in question. Experiments involving ion
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Table 1
Glass compositions (mol%) and processing temperatures (�C).

Component G11 G73 G78 MW-25%

SiO2 58.2 50.2 58.8 48.4
B2O3 9.1 2.2 17.8 17.2
Al2O3 2.5 0.4 – 5.1
Fe2O3 5.2 2.9 3.9 3.4
CaO – 10.7 – –
BaO – 17.6 – –
Li2O 10.6 7.6 10.4 4.2
Na2O 13.3 3.0 8.0 8.7
MgO – – – 8.4
Other oxides – – – 4.6
SO3 1.1 5.4 1.1 –
Melting temperature 1200 1200 1200 1060
Annealing temperature 450 480 480 500
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beam irradiation of amorphous silica revealed that ionising radia-
tion resulted in the formation of crystalline regions and overall
increase in density, as result of bond modification in the amor-
phous silica network [14]. These effects were also noted to be
strongly dependent upon the precise chemical composition [15].

In borosilicate glass compositions, similar to those used for
radioactive waste vitrification, it was observed that c-radiation in-
duced the formation of boron-oxygen hole centre (BOHC) defect
sites, which were detectable by electron paramagnetic resonance
(EPR) spectroscopy [16]. However, the impact of c-irradiation is
not limited to defect formation and, typically, in borosilicate
glasses, a range of effects have been reported to occur: the forma-
tion of colour centres occurs at low doses of c-radiation
(0.018 MGy) [18]; and at higher doses (>1 MGy) an increase in sil-
icate network polymerisation and decrease in average Si–O–Si
bond angle, leading to an increase in glass density and mechanical
strength [17,19]. c-Radiation might therefore be expected to cause
a range of detectable effects in borosilicate glasses due to the in-
duced defects and changes in bonding of the borate and silicate
networks caused by electron and hole pairs.

Research has demonstrated that the presence of transition me-
tal species in silicate glasses, such as Fe, Cr, Zr, and some actinides
such as U, may inhibit the accumulation of b-radiation induced de-
fects, similar to those noted above [15,16]. The mechanism of this
effect, proposed by Debnath [20], is linked to the ability of these
elements to effectively ‘trap’ the excitons (electron and hole pairs)
produced by ionising radiation via changes in oxidation states,
such as the ferrous and ferric oxidation states of iron [13]. As the
different oxidation states of these elements usually coexist in oxide
glasses, the excitons produced by the incident radiation are pre-
vented from forming structural defects because they are removed
from the system by the coupled redox changes of these elements
[13]. Whilst the effects of electron beam and b-radiation cannot
be directly compared to the effects of c-radiation, due to the differ-
ence in energy loss mechanisms, qualitative comparison between
mechanisms which inhibit radiation damage may be useful. In-
deed, it has been shown that in the case of c-irradiation of iron
containing glasses, iron redox can act to trap electron and hole
pairs, depending on iron content and on radiation dose [9,20].

The aim of the current study was to investigate the effect of
c-radiation on a variety of model vitreous wasteforms applied to,
or conceived for, immobilisation of UK intermediate and high level
radioactive wastes, up to a dose of 8 MGy.
2. Experimental procedures

Irradiation experiments employed a selection of glass composi-
tions which are either in consideration for use in the vitrification
UK ILW (Intermediate Level Wastes), namely glasses G11, G73
and G78, or are already used for UK HLW (High Level Waste vitri-
fication), namely glass MW-25%. All of the glasses were loaded
with appropriate inactive simulated wastes. The compositions of
these wasteforms and key preparation details are listed in Table 1.

Glasses G11 and G78 are similar to several of the mixed alkali
borosilicate glasses, including the ‘‘MW’’ base glass developed
and used for vitrification of UK HLW [22]. In contrast, glass G73
is distinct as it is an alkali–alkaline earth borosilicate. These three
glass compositions were designed for ILW waste vitrification
[23,24], and all contain quantities of Fe2O3 in their compositions
for improved compatibility with the intended waste stream
through control of glass redox. These three glasses were loaded
with simulated ILW waste (an ion exchange resin) with high or-
ganic and sulphur contents. MW-25% is an inactive simulant UK
HLW glass, the composition of this material corresponds to 25%
of HLW waste oxides from spent Magnox fuel, incorporated within
an alkali borosilicate (MW) base glass.

Glasses were melted in recrystallised alumina crucibles using
an electrical muffle furnace. Melting temperatures ranged from
1060 �C to 1200 �C depending on glass composition. Glasses were
melted for 2 h before pouring into a steel mould and annealed in
a muffle furnace, set close to the glass transition temperature (Tg)
for the glass composition. The melting and annealing temperatures
are given in Table 1.

Annealed glass prisms, measuring approximately
10 mm � 10 mm � (100 � 200) mm, were subsequently exposed
to a c-radiation dose of 4 or 8 MGy, a control specimen (0 MGy)
was retained for each composition. The c-radiation source was
60Co (2.824 MeV) and irradiation was carried out at the UK AEA
Harwell Site.

The 8 MGy dose represents the approximate accumulated c-
dose expected for wasteforms G11, G73 and G78 over the first
8.7 years of lifetime, and the first 0.13 years of lifetime for the
wasteform MW-25%. The estimates for G11, G73 and G78 are
based on the c-irradiation produced by the decay of 0.1 wt%
137Cs, which is the proportion expected in the optimum 35 wt%
loading of ILW simulant waste (Cs loaded, sulphonated ion ex-
change resin). The estimate for MW-25% is based on values pub-
lished by Marples et al. for this type of wasteform (loaded with
25 wt% of an HLW simulant waste) [22]. Post-irradiation, the sam-
ples were stored in a dark and refrigerated environment (approxi-
mately �15 �C) to reduce the potential for the annealing of
radiation induced defects.

A wide selection of experimental techniques was implemented
to determine the effect of c-irradiation upon the glasses, for the
purpose of this communication they are divided into two broad
categories: mechanical techniques and spectroscopic techniques.

2.1. Mechanical techniques

A resonant frequency technique was applied to determine the
effect of c-radiation on Young’s modulus, shear modulus and Pois-
son’s ratio. Vickers indentation, utilising a diamond tipped inden-
ter, was applied to determine the effect of c-radiation on glass
hardness and fracture toughness.

Davis [25], demonstrated that the shear and Young’s modulus of
a material can be determined non-destructively by measuring the
resonant frequency of an internal standing acoustic wave, gener-
ated by mechanical excitation using an electrostatic drive. The res-
onant frequency can be connected to the elastic constants of the
material through the following equations:
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where E is the Young’s modulus, G the shear modulus, f0 the reso-
nant frequency, l the length of the sample, q the material density,
m the Poisson’s ratio, h the height of the sample and b is the width
of the sample; assuming the sample is a regular prism. By finding
the resonant frequency of the material both in the longitudinal
mode (i.e. the resonant frequency of a first order standing wave par-
allel to the length of a prism) and the flexural mode (i.e. the reso-
nant frequency of a first order standing wave passing diagonally
across the length of a prism) the Young’s modulus and shear mod-
ulus can be experimentally determined; a comprehensive experi-
mental description has been published elsewhere [25]. Poisson’s
ratio can be determined from the resulting shear and Young’s mod-
ulus results (Eq. (3)).

Micro-indentation experiments were performed based upon the
work of Connelly et al. [28] using a Mitutoyo HM hardness testing
machine. Experiments were performed on sample surface polished
and finished with 0.25 lm diamond paste. Polishing was under-
taken after the irradiation process. Indentations were created
across a range of forces, 1–50 N, with a minimum of five measure-
ments taken at each value of force. Force was applied for a period of
20 s. The size of the resultant indentation was measured and used
to calculate the hardness, H (in MPa), using Eq. (4). The lengths of
the fractures radiating from the indentation were utilised to calcu-
late the indentation fracture toughness, KIc using Eq. (5).

H ¼ 1:854mg

d2 ð4Þ

Klc ¼
0:0824m

c
3
2
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where m is the applied mass (in kg), d is the size of the indentation (in
m), measured from the central point to the furthest point and c is the
size of the fractures (in m), measured from the central point to their
furthest extent. The indentation fracture toughness is not necessarily
equal to fracture toughness measured by more conventional tech-
niques, however, the indentation fracture toughness can be used suc-
cessfully to rank the toughness of materials within a class or the
effect of specific treatments on the toughness of a given material.

2.2. Spectroscopic techniques

Spectroscopic techniques were implemented to determine the
effect of c-irradiation upon glass structure and redox. Optical
absorption spectroscopy was utilised to identify the colour gener-
ating absorption bands in the glasses. A Perkin Elmer Lambda 900
optical absorption spectrometer collected spectra over a range of
300–3300 nm. Experiments were performed on thin (30–100 lm
thick), optically transparent glass slides which were polished to
1 lm. Differences in sample thickness were accounted for utilising
the Beer–Lambert law.

FTIR (Fourier Transform Infra-Red) spectroscopy and Raman
spectroscopy were used to quantify changes to the silicate network
in response to c-irradiation. A Perkin Elmer Spectrum 2000 FT-IR
spectrometer was used with spectra being collected over 500–
1500 nm. Experiments were performed by reflectance off the
sample surface which had been polished to 1 lm. The subsequent
results were then corrected through a Kronig–Kramers transform.
A Renishaw InVia Raman microscope was used to collect spectra
over a range of 0–1800 cm�1. Results were acquired utilising laser
(514 nm) excitation of samples polished to 1 lm.

Room temperature 57Fe Mössbauer spectroscopy was applied to
probe changes in Fe valence and coordination in response to c-irra-
diation. A WissEl 57Fe Mössbauer Spectrometer was used, operat-
ing in a constant acceleration mode and a 57Co source (activity
9000 lCi, accounting for the decay of the source at time of exper-
iment) was used as a radiation source. Samples were mixed with
graphite to prevent excess absorption, and mounted in a perspex
holder suitable for transmission, perpendicular to the incident
radiation and the detector. Mössbauer spectra were fitted using
two Lorentzian doublets, one each to represent the Fe2+ and Fe3+

environments, using the software package Recoil 1.03. The recoil
free fraction was assumed to be equal in the Fe2+ and Fe3+ environ-
ments. Consequently, the area of the Lorentzian line shapes could
be equated to the relative abundance of these oxidation states.

EPR spectroscopy was applied to characterise potential defect
sites formed by c-irradiation. An X-band Brüker EPR spectrometer
with a field sweep of 0–800 mT at room temperature (�291 K) was
used. Additional scans were performed over a field sweep of 330–
350 mT at higher resolution in some samples. EPR experiments
were performed on samples which were powdered to 75 lm. Sam-
ples were contained within a high purity silica tube during the
experiment.

XAS (X-ray absorption spectroscopy) at the S K-edge and XES
(X-ray emission spectroscopy) utilising S Ka emission were utilised
to determine changes in sulphur valence and coordination within
samples with significant sulphur content. These experiments were
carried out at the ID26 beam line at the European Synchrotron
Radiation Facility (ESRF), Grenoble. Samples were powdered to
75 lm and mounted onto an Al plate using acetone. The incident
energy was controlled on the beamline utilising a fixed-exit double
Si (111) crystal monochromator. Collimating and harmonic rejec-
tion mirrors were used to remove higher order harmonics. The the-
oretical resolution of the XAS experiment was 0.36 eV at the S K-
edge. The energy was calibrated by using the absorption edge of
natural S at 2472.0 eV. For XAS experiments the data were col-
lected utilising a fluorescence detector mounted at 45� from the
incident X-ray beam. The incident X-ray energy was varied over
a range of 2450–2550 eV. XES experiments were carried out utilis-
ing a Johansson type crystal spectrometer employing a Si (111)
crystal which was curved cylindricaly to meet a 500 mm Rowland
circle radius, and a thermoelectrically cooled CCD detector (pixel
size 22.5 � 22.5 lm2) [29,30]. The incident photon energy was
tuned to 2.52 keV. The sample surface was mounted at 45o, and
the X-ray fluorescence was collected at 90� with respect to the
incident beam direction. The energy calibration was performed
relative to the Ka line of native S (2307.89 eV) which was used
as a reference. The overall experimental energy resolution was
�0.4 eV, which was high enough to separate clearly between the
S2� and S6+ emission lines and quantitatively determine the pro-
portion of reduced sulphur species in the sample. The latter was
performed by fitting the measured XES spectra with a combination
of two individual Lorentzian line shape doublets, corresponding to
the emission lines associated with S2� and S6+, respectively [29,30].
3. Results

3.1. Mechanical techniques

3.1.1. Moduli
Figs. 1 and 2 show the Young’s and shear moduli of the sample

prisms as determined by the resonant frequency method described
previously. The values of both moduli determined for the control



Fig. 1. Comparison of Young’s modulus of control (0 MGy) and c-irradiated (4 and
8 MGy) glasses determined by the resonant frequency technique. Error bars denote
three standard deviations, as described in text.

Fig. 2. Comparison of shear modulus of control (0 MGy) and c-irradiated (4 and
8 MGy) glasses, determined by the resonant frequency technique. Data for G73 and
MW-25% 4 MGy could not be obtained due to the dimensions of specimens for
which a reliable standing wave could not be measured. Error bars denote three
standard deviations, as described in text.

Fig. 3. Comparison of Poisson’s ratio for the control (0 MGy) and c-irradiated (4 and
8 MGy) glasses. Derived from the Young’s and shear modulus using Eq. (3). Data for
G73 and MW-25% 4 MGy results are not shown due to absence of satisfactory shear
modulus data. Error bars denote three standard deviations, as described in text.

Fig. 4. Comparison of hardness values in control (0 MGy) and c-irradiated (4 and
8 MGy) glasses. Determined through Vicker’s indentation experiments across a
range of indentation forces from 1 N to 50 N. Error bars denote three standard
deviations, as described in text based on at least 30 measurements, as described in
text.
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samples (0 MGy) are in good agreement with previous research
[26], in which values of 78–81 GPa and 31–32 GPa respectively
were reported for similar waste loaded compositions. The c-irradi-
ated specimens when compared with the un-irradiated control
specimens show no significant change, within the precision of
the measurements. In contrast, previous c-irradiation studies of al-
kali-borosilicate glasses reported a significant increase in density
and hence Young’s and shear modulus, due to increased network
polymerisation [27], as discussed further in Section 4.1. The error
bars shown in Figs. 1 and 2 represent the propagated errors asso-
ciated with measurement of the dimensions, density and resonant
frequency of the glass prisms, based on at least three independent
measurements.

Fig. 3 shows Poisson’s ratio, m, determined from the Young’s and
shear moduli utilising Eq. (3). Given the agreement between the
values of Young’s and shear moduli for the current and previous
work it is not surprising that the values of Poisson’s ratio deter-
mined for the control glass samples are in good agreement with
values previously reported for glasses of similar compositions
(for which m � 0.25) [26]. In addition, it is not surprising that there
is no significant change in the value of Poisson’s ratio as a conse-
quence of c-irradiation, given that shear and Young’s moduli are
unchanged within precision. The error bars quoted in Fig. 3 repre-
sent the propagated errors associated with measurement of the
Young’s modulus and the shear modulus of the glass prisms.
3.1.2. Hardness
Fig. 4 shows the hardness values as determined from micro-

indentation of the glass surfaces. The hardness values for the con-
trol samples were in good agreement with results from previous
research which reported values of 5.9–7.1 MPa for similar compo-
sitions [28]. The hardness values determined for the c-irradiated
glass samples showed no significant variation from the values ob-
tained for the control samples (0 MGy) within the estimated preci-
sion of the measurements. These results are consistent with past
observations of alkali-borosilicate glasses, albeit at lower doses
(1 MGy) [9,27]. The error bars reported in Fig. 4 were derived from
the standard deviation of the 30–50 results obtained for each
sample.
3.1.3. Indentation fracture toughness
Fig. 5 shows the indentation fracture toughness of the samples

as determined through micro-indentation of the glass surface. The
samples were not annealed prior to the measurement of fracture
toughness which would otherwise heal any defects induced by c-
irradiation. Therefore, although the absolute values of indentation
fracture toughness may be subject to systematic error, relative
changes in indentation fracture toughness are considered mean-
ingful. The indentation fracture toughness values obtained for the



Fig. 5. Comparison of indentation fracture toughness values in control (0 MGy) and
c-irradiated (4 and 8 MGy) glasses. Determined through Vicker’s indentation
experiments across a range of indentation forces. Error bars denote three standard
deviations, as described in text based on at least 30 measurements, as described in
text.
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control glass samples (0 MGy) are in good agreement with previ-
ous research [28] in which values of 0.81–1.06 Nm�3/2 were re-
ported. Within the estimated precision of the measurements, the
c-irradiated glass samples presented no significant variation in
fracture toughness when compared with the results determined
from the control samples. These results are broadly consistent with
previous studies of alkali-borosilicate glasses, albeit at lower doses
(1 MGy) [9,27]. The errors bars reported in Fig. 5 were derived from
the standard deviation of the 30–50 results obtained for each
sample.

3.2. Spectroscopic techniques

3.2.1. Optical absorption spectroscopy
A clear non-linear variation in colour was observed in the sam-

ples MW-25% and G73, in response to increased radiation dose. In
glass G73 the shade increased in darkness in the order
8 MGy < 0 MGy < 4 MGy, and in the order 0 MGy < 4 MGy � 8 MGy
in the MW-25% glass sample. The variation in glass G73 is dis-
played in Fig. 6.

Optical absorption spectroscopy was applied to identify c-radi-
ation induced changes in absorbing species.

3.2.1.1. Optical absorption in glass G11 and G78. Figs. 7 and 8 show
the optical absorption spectra for glasses G11 and G78. Two
absorption bands are apparent in the spectra of both glasses; a
broad band centred at ca. 1000 nm and a comparatively narrow
absorption band at ca. 450 nm. Both of these bands can be attrib-
uted to absorption from Fe species within the glass, the former
Fig. 6. Photographic image of 75 lm powder samples of glass G73 (0, 4 and 8 MGy).
Variation in colour induced by c-irradiation is clearly observed. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
to Fe2+ species, specifically those in distorted octahedral coordina-
tion environments, and the latter to Fe3+ species [31]. The UV edge
in these glasses, visible at the lower extreme of wavelengths, is
prominent at a higher wavelength than is typical in alkali-borosil-
icate glasses. This can be attributed to the high Fe content of these
glasses, which is known to bring the UV edge to longer wave-
lengths [31]. The bands identified are in good agreement with
those reported to be present in similar high Fe content alkali-boro-
silicate glasses, where bands related to Fe2+ have been identified at
1075 nm and at 2000 nm, and Fe3+ bands have been identified at
380 nm, 415 nm, 435 nm, and 445 nm [31–33]. Overall, inspection
of Figs. 7 and 8 demonstrates that the optical absorption spectra do
not show any significant change as a consequence of c-irradiation.

3.2.1.2. Optical absorption in glass G73. Fig. 9 displays the optical
absorption spectra for the glass G73. Three absorption bands are
apparent in the spectra of the control sample (0 MGy); one broad
band centred at approximately 1000 nm, which can be attributed
to Fe2+ in a distorted octahedral coordination, another at 450 nm
which can be attributed to Fe3+ species [33], and a third at approx-
imately 650 nm. This third band is attributable inter-valence
charge transfer between Fe3+ and Fe2+ across a bridging oxygen
(Fe2+–O–Fe3+) [31]. This band has been observed in Fe rich alkali-
borosilicate glasses in previous studies [31].

The c-irradiated G73 samples present only two significant
absorption bands, those at 1000 nm and 450 nm which have been
attributed to Fe2+ and Fe3+ respectively [33]. The inter-valence
transfer band is absent from these samples. In this respect, the
optical absorption spectra of the c-irradiated G73 samples are in
good agreement with the G11 and G78 samples as well as the
majority of comparable reduced high Fe alkali-borosilicate glasses,
such as those reported in [31–33]. Notably, the UV edge is also
apparent at longer wavelengths in the un-irradiated G73 glass
samples.

3.2.1.3. Optical absorption in glass MW-25%. Fig. 10 shows the opti-
cal absorption spectra of the glass MW-25%. One strong absorption
band is present at approximately 450 nm, and three weaker
absorption bands at 580 nm, 745 nm and 805 nm. As in the glasses
G11, G73 and G78, the band at 450 nm can be attributed to Fe3+.
The three weaker bands are consistent with absorption by Nd3+

ions [34]. Notably, the absorption band related to Fe2+ at
1000 nm was absent. These results show, in general, good agree-
ment with published literature relating to high Fe content alkali-
borosilicate glasses as has been reported in [31–33]. The notable
features of this glass, namely the absence of the Fe2+ optical
absorption band and the presence of Nd3+ optical absorption
bands, can be attributed to the HLW simulant waste loading, which
lacks the high organic content of the ILW simulant waste, that acts
as a carbonaceous reductant, but instead contains rare earth ele-
ments, such as Nd. Overall, inspection of Fig. 10 demonstrates that
the optical absorption spectra do not present any significant
change as a consequence of c-irradiation.

3.2.2. FTIR spectroscopy
FTIR spectroscopy was applied to probe potential changes in

glass structure induced by c-irradiation. FTIR spectra were fitted
using Gaussian line-shapes assigned to well established IR absorp-
tion bands, as summarised in Table 2. Fig. 11a–d shows the FTIR
spectra of the samples and the associated fits based on previous lit-
erature assignments. The primary absorption bands were associ-
ated with Si–O–Si bending and stretching modes (�455 cm�1 and
�1000 cm�1), B–O–B bending and stretching modes associated
with BO3 units (�720 cm�1 and �1370 cm�1) and Fe–O bending
modes (�550 cm�1). These assignments are in good agreement
with previous investigations of alkali-borosilicate glasses



Fig. 7. Comparison of optical absorption spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples from glass G11. Data are the sum of three averaged optical
absorption spectra taken from different areas of a transparent section; for clarity data are offset on the y-axis.

Fig. 8. Comparison of optical absorption spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples from glass G78. Data are the sum of three optical absorption
spectra taken from different areas of a transparent section; for clarity data are offset on the y-axis.
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[35,36,38–42], and specifically Fe-rich alkali-borosilicates [39].
Additional bands were present in the G78 and MW-25% glass sam-
ples at 800 cm�1 and 1275 cm�1 respectively; these were fitted to
B–O–B bending and stretching modes in BO4 units [36–38]. The
intensity of this band was observed to be strongly correlated to
higher boron content and the presence of BO4 units.

The position of the broad Si–O–Si stretching mode of the G11,
G78 and MW-25% was always within 7 cm�1 of 992 cm�1, in rea-
sonable agreement with the typical range of 950–970 cm�1 ex-
pected for high Fe alkali-borosilicate glasses [38,39]. The
appearance of this band is characteristic of a distribution of unre-
solved Qn species. In contrast, glass G73 presented two well re-
solved Si–O–Si stretching modes centred at 921 cm�1 and
1017 cm�1. This implies that the Q speciation of glass G73 is
strongly affected by the alkaline-earth content of the glass, which
produces a high proportion of Q2 units that can be distinguished
from the distribution otherwise dominated by the (alkali-associ-
ated) Q3 units typically present in alkali-borosilicate glasses. This
conclusion is consistent with available data for related Ba-rich
borosilicate glasses [43], in which clearly resolved Si–O–Si stretch-
ing modes attributed to Q2 and Q3 species were apparent.
Across all four glasses, no significant variation in the distribu-
tion of IR bands was apparent between the control (0 MGy) and
the c-irradiated samples. As discussed in Section 4.2, previous FTIR
studies of c-irradiated alkali borosilicate glasses pointed to a
marked change in Q speciation and hence network polymerisation
[27]. In the present study, however, the lack of detectable change
in Q speciation, as a consequence of c-irradiation, is wholly consis-
tent with the observed invariance in mechanical properties pre-
sented in Section 3.

3.2.3. Raman spectroscopy
Raman spectroscopy was also applied to probe potential

changes in glass structure induced by c-irradiation. Raman spectra
were fitted using Gaussian line-shapes assigned to well established
Raman modes, as summarised in Table 3. Fig. 12a–d shows the
Raman spectra of the samples and the associated fits. The most sig-
nificant Raman bands were related to Si–O–Si stretching modes as-
signed to specific Q units (�871–1140 cm�1), Si–O–Si bending
modes (490 cm�1), B–O–B stretching modes (�1390 cm�1), to
borosilicate ring breathing modes (�570 cm�1 and �650 cm�1),
and Fe3+–O stretching modes (�920–945 cm�1) [45,53,54]. These



Fig. 9. Comparison of optical absorption spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples from glass G73. Data are the sum of three optical absorption
spectra taken from different areas of a transparent section; for clarity data are offset on the y-axis.

Fig. 10. Comparison of optical absorption spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples from glass MW-25%. Data are the sum of three optical
absorption spectra taken from different areas of a transparent section; for clarity data are offset on the y-axis.

Table 2
Assignment of FTIR bands.

Band position (cm�1) Band assignment References

450–480 Si–O–Si bending [35–39]
555–560 Fe3+–O stretch [38,39]
705–730 B–O–B (BO3) bending [38–40]
798–800 B–O–B (BO4) bending [38–40]
860–870 Si–O–NB Q0 stretching [46]
920 Si–O–NB Q1 stretching [35,41]
985–1020 Si–O–Si stretching [35,39–42]
1135–1160 Si–O–NB Q3 stretching [33,38]
1275 B–O–B (BO4) stretching [33–40]
1365–1385 B–O–B (BO3) stretching [38–40]

O.J. McGann et al. / Journal of Nuclear Materials 429 (2012) 353–367 359
band assignments are in good agreement with Raman observations
of alkali-borosilicate glasses, and Fe-rich alkali borosilicate glasses
[45,46,48–55]. In addition to the aforementioned bands, a strong
band located at 990 cm�1 was detected in glasses G11 and G73,
and fitting of data from glass G78 also indicated a contribution
from a band at �990 cm�1; however, this band was absent from
the glass MW-25%. The 990 cm�1 band is attributed to the S–O
stretching mode in the SO2�
4 oxyanion, typically when associated

with alkali species such as Na, based on previous reports [44–
47,56]. An additional Raman band was apparent at �400 cm�1 in
the spectra of glasses G11, G73, and G78, which was attributed
to the Fe3+–S2� stretch, based on the analysis of Klimm [58] and
several mineralogical examples of metal sulphides [59–61].
Fig. 13 shows the variation in intensity of the fitted 400 cm�1 band.
The absence of the 990 and 400 cm�1 bands in the Raman spectra
of MW-25% glass, is consistent with the negligible sulphur content
of this composition.

Comparison between the control glass samples (0 MGy) and
the c-irradiated samples showed no significant variation between
the bands associated with Si or B derived modes, associated with
the glass network, consistent with the results of FTIR analysis.
Comparison of the G11, G73 and G78 control samples and the
c-irradiated samples show significant band variations at
400 cm�1. This is clearly reduced in intensity post c-irradiation,
most significantly in glass G73. This reduction points to a decrease
in the volume fraction of the Fe3+–S2� species as a consequence of
c-irradiation.



Fig. 11. (a–d) Comparison of FTIR spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples. Data are the sum of three FTIR spectra from each sample; for clarity
data are offset on the y-axis in order of increasing dose (from 0 to 8 MGy). The bold line corresponds to the sum of fitted the Gaussian contributions in grey.

Table 3
Assignment of Raman bands.

Band position
(cm�1)

Band assignment References

400–420 Sulphide (Fe3+–S2�) [44–47]
480–500 Si–O–Si bending mode [46,47,49–53]
570–650 Borosilicate ring breathing

mode
[46,47,49]

860–880 Si–O–Si stretching Q1 [45,49–55]
910–930 Si–O–Si stretching Q2 [45,49,50,52–

54,56,57]
940–950 Fe3+–O stretching [47,55–56]
990 S–O stretching (S6+) [43–45,55]
1020–1040 Si–O–Si stretching Q3 [46,47,49–55,57]
1090–1110 Si–O–Si stretching Q3’ [45–47,49,50,54–55]
1160–1180 Si–O–Si stretching Q4 [45,47,49,51–55,57]
1380–1400 B–O–B stretching [47,49,51]
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3.2.4. 57Fe Mössbauer spectroscopy
57Fe Mössbauer spectroscopy was used to quantify potential

variation in Fe oxidation state induced by c-irradiation. In addition,
examination of the dipole and quadrupole splitting associated with
the fitted Mössbauer spectra was used to determine the possible
change in average Fe coordination induced by c-irradiation.
3.2.4.1. Quantification of Fe oxidation state. Fig. 14a–d shows the
Mössbauer spectra for the glasses G11, G73 and G78. The spectra
show two convoluted doublet signals, indicating the presence of
Fe in mixed valence state in these glasses. Fig. 14d shows the
Mössbauer spectra for the MW-25% glasses, a single doublet was
apparent, showing only Fe3+ is present in these materials. Fig. 15
shows the relative quantity of Fe2+ relative to the overall Fe content
of the glasses, as derived from the areas of the fitted Lorentzian line-
shapes, which can be assigned to Fe2+ or Fe3+ species. Comparison of
the three glasses shows that glass G73 has a volume fraction of Fe2+

that is 25% greater than G11 or G78. These results are in line with
prior expectation, as glasses loaded with highly reducing organic
waste (G11, G73 and G78) contain partially reduced Fe, whereas
Fe in the MW-25% glass is fully oxidised due to the absence of or-
ganic reducing agents in the simulant HLW. The higher extent of
Fe reduction in G73 can be linked to the lower content of Fe in this
glass, compared to G11 or G78, relative to the waste loading which
was equivalent across all three glasses.

Fig. 15 also shows a comparison of the extent of Fe reduction in
the control samples (0 MGy) against the c-irradiated samples.
There was no significant change in the Fe oxidation state between
the control and the c-irradiated samples, within the estimated lim-
its of error, consistent with a previous Mössbauer study of the ef-
fect of c-irradiation on Fe redox in borosilicate glasses [21]. The
errors described were determined from the standard deviation of
the peak areas of three independent measurements.

3.2.4.2. Changes in Fe coordination environment. Fig. 16 shows the
average dipole (d) and quadrupole (D) splitting of the Fe2+ and
Fe3+ species present in the samples, based upon the Lorentzian fit-
ting of the spectra. The splitting values for the Fe2+ environment in
all samples shows there is no significant change within the
estimated error across the range of c-radiation doses. The splitting
values for Fe3+ sites in the glasses G11 and G78 also show no
measurable change within the estimated errors across the range
of c-irradiation doses. Fe3+ environments within the MW-25% glass
present a statistically significant decrease in quadrupole splitting
(0.10 ± 0.02 mm s�1) with c-irradiation between 0 MGy and
4 MGy, no subsequent variation is apparent, within the limits of
precision. Fe3+ environments in glass G73 present no significant
variation in coordination between 0 MGy and 4 MGy, within the
estimated errors, however a significant decrease in quadrupole
splitting is apparent between 4 MGy and 8 MGy (0.11 ± 0.02
mm s�1). The results in G73 and MW-25% results are consistent
with investigation of Eissa et al. [21], which reported comparable
changes in Fe3+ quadruple splitting in Fe rich Na-borosilicate
glasses as a consequence of c-irradiation.

3.2.5. EPR spectroscopy
EPR spectroscopy was used to probe defects produced by the

process of c-irradiation within the glasses. In addition, EPR



Fig. 12. (a–d) Comparison of Raman spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples. The radiation dose increases towards the top of the graph. Data are
the sum of three Raman spectra from each sample; for clarity data are offset on the y-axis in order of increasing dose (from 0 to 8 MGy). The bold line corresponds to the sum
of the fitted Gaussian contributions in grey.

Fig. 13. Variation in 400 cm�1 band area relative to total fitted area of spectra,
between control (0 MGy) samples and c-irradiated (4 and 8) MGy samples, in
glasses G11, G73 and G78. Error bars based on estimated precision of fit.
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spectroscopy allowed the Fe3+ environment to be studied, and
other paramagnetic species to be detected.

Fig. 17 shows the EPR spectra for the glasses G11, G73 and G78
un-irradiated (0 MGy) and c-irradiated (4 and 8 MGy). Previous
studies of c-irradiated alkali-borosilicate glasses [62] reported
the presence of boron oxygen hole centres (BOHCs) identified by
a strong and sharp EPR signal near geff � 2.0. These signals were ab-
sent from the EPR spectra of the c-irradiated glasses reported here,
in both the broad scans shown in Fig. 17 and in high resolution
scans of the geff � 2.0 region. Olivier et al. reported that EPR signals
associated with BOHCs, generated by ionising b-radiation, decrease
in intensity in proportion to increasing Fe content [63]. Thus, the
absence of sharp signals at geff � 2.0 in the plots displayed in
Fig. 17 may be a consequence of the Fe mediated healing of such
defects, as discussed in Section 4.3.
Two intense but broad EPR signals were detected from all sam-
ples at geff � 2.0 and geff � 4.3. The signal at geff � 2.0 was unrelated
to the signature signal of BOHCs. These signals have been attributed
to the Fe3+ species; specifically to Fe3+ in clustered regions in which
Fe3+ ions are in close enough proximity for exchange interactions to
dominate, or to regions in which Fe3+ is in isolated distorted tetra-
hedral or octahedral sites for geff � 2.0 and geff � 4.3 respectively
[31]. A further signal was evident in the glasses at approximately
geff � 6.3 which has also been attributed to Fe3+ environments,
ostensibly in which one or more coordinating anion is not O2�.
Therefore, this signal may be associated with the Fe3+–S2� species,
although a definite connection has not been proven [31]. The pres-
ence of these signals is in general agreement with established
knowledge for Fe containing borosilicate glasses [62–64].

Table 4 shows the intensity ratio of the geff � 2.0 Fe3+ signal
against the Fe3+ geff � 4.3, for each EPR spectrum, based upon the
assumption that there is no significant change in the width of
the observed EPR peaks. By analysing the peak to peak intensity
(Ip–p) of the Fe3+ signal the variation in Fe3+ environment and dis-
tribution of Fe3+ environments can be ascertained for each sample.
The reported variations in Ip–p between the three glasses are in
good agreement with work conducted by Bingham et al. [66] and
can be attributed to the quantity and ionic radius of alkali and alka-
line-earth species which are present in glass compositions. The
presence of alkali ions in the glass can be linked to the increase
in the prevalence of Fe3+ in clustered sites, increasing the signal
at geff � 2.0. This correlates with the known compositions of the
G11 and G78 samples, where increased Na content in G11 leads
to an increase in the geff � 2.0 signal relative to that at geff � 4.3.
The G73 results show a weak geff � 2.0 signal relative to geff � 4.3,
this is attributable to the high Ba content of this glass, since large
alkali-earth ions have been identified as being less effective at
causing Fe3+ cluster formation [31]. In comparing the Ip–p results,
presented in Table 4, for the control glass (0 MGy) and the c-irra-
diated glasses (4 and 8 MGy), it can be seen that there is no signif-
icant variation in Ip–p in response to c-radiation.



Fig. 14. (a–d) Comparison of 57Fe Mössbauer data (solid points) in control (0 MGy) and c-irradiated (4 and 8 MGy) samples fitted with Lorentzian doublets (lines); note, only
a single doublet fitted to spectrum 14d.
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A unique signal was noted in the 4 MGy sample of G78 at
geff � 2.8. Possible explanations for this signal are that it is related
to ferro-magnetic inclusions present in the glass [67], the presence
of anti-ferromagnetic coupling between Fe3+ and Fe2+ [65], both of
which are present in these glasses, or the presence of a high sym-
metry Fe3+ resonant centre [68].
3.2.6. X-ray absorption spectroscopy and X-ray emission spectroscopy
X-ray absorption spectroscopy and X-ray emission spectroscopy

at the sulphur K-edge were applied in order to determine the oxi-
dation state and environment of sulphur within the glasses G11,
G73 and G78. The MW-25% set was excluded as it contained a neg-
ligible quantity of sulphur.



Fig. 15. Comparison of Fe oxidation state in control (0 MGy) and c-irradiated (4 and
8 MGy) glasses derived from Lorentzian fitting of Mössbauer spectra. Error bars
represent an error of ±2% derived from the associated data fitting method.

Fig. 16. (a and b) Comparison of Fe dipole (d) and quadrupole (D) splitting in
control (0 MGy) and c-irradiated (4 and 8 MGy) glasses; open, grey and black
symbols correspond to dose of 0, 4, and 8 MGy, respectively. Errors bars represent
three standard deviations, derived from the fitting of three individual spectra.

Fig. 17. (a–c) Comparison of EPR spectra in control (0 MGy) and c-irradiated (4 and
8 MGy) samples from glass G11, G73 and G78; for clarity data are offset on the y-
axis.

Table 4
Peak to peak intensity ratio variation across radiation doses derived from EPR spectra.
Errors derived from systematic errors based on estimation of peak intensity.

Glass Intensity ratio Ip–p (geff � 2.0/geff � 4.3)

0 MGy 4 MGy 8 MGy

G11 1.54 ± 0.10 1.40 ± 0.10 1.24 ± 0.10
G73 0.18 ± 0.10 0.23 ± 0.10 0.15 ± 0.10
G78 0.77 ± 0.10 0.99 ± 0.10 0.82 ± 0.10
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3.2.6.1. X-ray absorption spectroscopy. Fig. 18 shows the X-ray
absorption spectra for the three glasses over the XANES (X-ray
Absorption Near Edge Structure) region. The spectra are the result
of a convolution of two or more absorption spectra relating to sul-
phur in different oxidation states. The strong feature present in all
spectra at 2482 eV is related to sulphur in the S6+ oxidation state in
good agreement with both sulphate standards and with the work
of Bingham et al. [66]. The features present from 2468 to
2472 eV are associated with sulphur in a more reduced environ-
ment matching closely to spectra of sulphide (S2�) standards re-
ported by Bingham et al. [66]. It is probable the intermediate
oxidation states of sulphur are present in these spectra, such as
sulphite (S4+) which can be attributed to the weak feature present
at �2478 eV [66]. The pre-edge and edge region of the X-ray
absorption spectra were fitted to a range of sulphur standards in
an effort to identify a chemical analogue for the interaction of
the reduced sulphur with the glass. However, fitting was inade-
quate for the quantification of the sulphur oxidation state due to
strong post-edge features seen with the sulphur standards, which
were absent in the glass spectra.

The features associated with reduced sulphate species in glass
G73 are notably different to those observed in G11 and G78. The
features associated with reduced sulphur species in G11 and G78
approximately match those of As2S3, implying the presence of sul-
phide (S2�) [66]. The features associated with reduced sulphur spe-
cies in glass G73 approximately match the spectra of the CuFeS2

and Cu5FeS4 [66]. The features observed in the case of the G73 glass
show good agreement with observations made by Backnaes et al.
[69] which proposed sulphur coordination to transition metals.
This suggests that the reduced sulphur species present in the
G73 glass may be coordinated to the glass network via a transition
metal atom, most probably Fe, and that they are in the sulphide
oxidation state (S2�). This is consistent with Raman spectroscopy
results discussed in Section 5.2.
3.2.6.2. X-ray emission spectroscopy. Fig. 19a–c shows the XES data
collected for the control (0 MGy) samples compared with those
from the c-irradiated (4 and 8 MGy) samples. The proportion of re-



Fig. 18. (a–c) Comparison of SK-edge XANES spectra in control (0 MGy) and
c-irradiated (4 and 8 MGy) samples from glass G11, G73 and G78; for clarity data
are offset on the y-axis.
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duced sulphur species can be seen to vary in all three glasses in re-
sponse to c-irradiation. This variation cannot be quantified by fit-
ting of the XANES region which is more sensitive to the local co-
ordination environment, in contrast to XES. The X-ray emission
spectra in Fig. 19 were fitted with Lorentzian line shape and the
intensity ratio of the Ka1,2 doublets was constrained to be constant
[29,30].

Fig. 20 shows the proportion of S2� relative to the overall pro-
portion of sulphur in the glasses G11, G73 and G78 across all c-
irradiation doses. In the glass G11 no variation is apparent within
the estimated limits of error, whereas, in glass G73 and G78 a clear
variation in the sulphur oxidation state is apparent, which is con-
sistent with the qualitative XAS observations. Glass G78 shows a
linear increase in the proportion of S2� with respect to the applied
radiation dose, whereas glass G73 shows a non-linear trend with
an increase in S2� from 45% to 71% at 4 MGy, and a decrease to
13% at 8 MGy (estimated precision of ± 5%). This trend parallels
the observed variation in colour observed in the powdered sam-
ples, increasing in the order 8MGy < 0 MGy < 4MGy. Variations in
sulphur oxidation state induced by c-irradiation have not been
previously reported to the best of our knowledge.
4. Discussion

4.1. Mechanical property variation

Comparison of the mechanical properties of the control glass
samples (0 MGy) against the c-irradiated samples, Section 3,
showed that there was no significant change in Young’s modulus,
shear modulus, hardness or fracture toughness. This behaviour is
not typically observed in simplified alkali-borosilicate composi-
tions, where c-irradiation typically results in increased density
with concomitant change in the mechanical properties [27].
According to Shelby et al. [27], such an increase in density arises
from an increase in the degree of network polymerisation induced
by c-irradiation, although the mechanism has not been fully eluci-
dated. Boizot has linked similar effects observed as a result of b-
radiation to the migration and clustering of alkali species within
the glass [70]. Such changes in network polymerisation would be
expected to be apparent in both FTIR and Raman spectra, however,
as discussed in Section 4, the FTIR and Raman spectra present no
evidence for a change in network polymerisation induced by c-
irradiation, consistent with the invariance in mechanical
properties.

4.2. Glass structure variation as detected by Raman and FTIR
spectroscopy

Fitting of FTIR and Raman spectra revealed no significant
change between the control and c-irradiated glass samples. There-
fore, it can be concluded that c-irradiation does not induce a signif-
icant change in Q speciation in these glasses up to a dose of 8 MGy.
Fe has previously been linked to negating the deleterious effect of
c-irradiation [18,61,63], consistent with the mechanical property
results, which are determined by the silicate network polymerisa-
tion in the glass.

In considering Raman bands associated with Fe3+–S2� bonds in
G73 glass, a marked decrease in the 400 cm�1 band was observed
with increasing dose applied to G73 glass, implying a decrease in
the volume fraction of the Fe3+–S2� species. Klimm [58] indicate
that this Raman band is uniquely associated with the Fe3+–S2� spe-
cies. Consequently, this result does not necessarily indicate a de-
crease in the overall proportion of S2� species, for which there is
no evidence from S XES data. This is further supported by the
invariant relative intensity of the stretching mode at 990 cm�1

band, characteristic of SO2�
4 species, which is inconsistent with sig-

nificant oxidation of S2� species.

4.3. Fe analysis by optical absorption, EPR and Mössbauer
spectroscopy

4.3.1. EPR spectroscopy
As shown in Section 3.2.5 no evidence of paramagnetic defects,

such as boron oxygen hole centres, were detected by EPR spectros-
copy. However, EPR experiments did provide information about
Fe3+ species in the control glasses, through variation in the inten-
sity ratio of the geff � 2.0 and geff � 4.3 signals. This variation was
attributable to the glass compositions, and is in good agreement
with Bingham et al. [31]. However, no significant variation in the
intensity ratios in relation to c-irradiation could be ascertained.

4.3.2. Mössbauer spectroscopy
Fig. 15 shows that there is no significant variation in the overall

Fe oxidation state, in response to c-irradiation, within the esti-
mated errors, in agreement with the study of Eissa et al. [21].
Fig. 21 shows the dipole and quadrupole splitting values for the fits
of the Fe2+ and Fe3+ environments superimposed onto the



Fig. 19. (a–c) Comparison of XES spectra in control (0 MGy) and c-irradiated (4 and 8 MGy) samples fitted with Lorentzian line-shapes.

Fig. 20. Comparison of S oxidation state in control (0 MGy) and c-irradiated (4 and
8 MGy) glasses derived from Lorentzian fitting of XES spectra. Errors bars represent
three standard deviations, derived from the fitting of three individual spectra.

Fig. 21. (a and b) Comparison of Fe dipole (d) and quadrupole (D) splitting in
control (0 MGy) and c-irradiated (4 and 8 MGy) glasses; open, grey and black
symbols correspond to dose of 0, 4, and 8 MGy, respectively. Errors bars represent
three standard deviations, derived from the fitting of three individual spectra.
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speciation plot devised by Dyar [71], highlighting the features
associated with the tetrahedral and octahedral coordination envi-
ronments. In all glasses it is apparent that Fe2+ is present in 4-fold
coordination sites and Fe3+ species are present in 6-fold coordina-
tion sites. Fe2+ splitting parameters were unaffected by c-irradia-
tion, however, Fe3+ quadrupole splitting results for G73 and MW-
25% glasses showed a decrease in quadrupole splitting in propor-
tion to increasing c-irradiation. This suggests a decrease in the
average population of Fe3+ in 6-fold coordination in these glasses,
and an increased average population of Fe3+ in 4-fold coordination.

Overall, the combined mechanical property and spectroscopic
data support the mechanism first suggested by Debnath [20] for
the remediation of c-radiation induced defects by the capture of
excitons between Fe oxidation states. In this mechanism, effective
annihilation of the excitons, i.e. holes and electrons generated by c
irradiation, is achieved by the following redox couple.

Fe3þ þ e� ! Fe2þ

Fe2þ þ hþ ! Fe3þ
Assuming this mechanism to operate in the present study
would explain the absence of significant induced changes in glass
structure and hence physical properties, preventing the accumula-
tion of radiation induced defects. The mechanism enables the coor-
dination environment of the Fe to undergo a relaxation, for which
evidence has been gleaned from the decreased quadrupole split-
ting observed by Mössbauer spectroscopy, and which has been
previously reported [21].
4.3.3. Optical absorption spectroscopy
Optical absorption spectroscopy identified the presence of Fe

related absorption bands in all four glasses, including a band asso-
ciated with Fe2+–O–Fe3+ inter-valence interactions. Note that the
invariance of these absorption bands and Fe redox determined by
Mössbauer spectroscopy cannot provide an explanation for the ob-
served variation in colour in glass G73. However, a correlation be-
tween the proportion of S2�, as determined by XES, and the
observed variation in colour of G73 glasses was apparent. The
Fe3+–S2� species (the amber chromophore) is known to be optically
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absorbing at wavelengths of 415 cm�1 and provides a possible
explanation for the observed colouration [66]. However, further
evidence is required to support the presence of this species in
the glass G73.
4.4. X-ray absorption and X-ray emission spectroscopy at the SK-edge

The X-ray absorption and X-ray emission experiments con-
ducted on glass G11 showed no significant change in sulphur oxida-
tion within the estimated error. However, glasses G78 and G73 both
exhibited a variation in sulphur oxidation state, most strongly in
G73. The glass MW-25% was not included in these experiments
due to its negligible sulphur content. The changes can be attributed
to the capture of electrons and holes generated by the c-radiation,
based on the mechanism that has been proposed by Debnath [20].
The S2�, S4+ and S6+ oxidation states have been identified in the
glasses by the comparison of XANES results to sulphur reference
standards, but other sulphur oxidation states may also be present.
The variation in sulphur reduction in the glasses can be related to
the compositional variations present in the glasses. The Fe content
of these three wasteforms decreases in the order G11 > G78 > G73,
whereas the sulphur content increases in the order G11 �
G78 < G73. Therefore, it is possible that the greater change in sul-
phur oxidation state observed in G73, and to a lesser extent in
G78, are the result of the sulphur being exposed to a higher propor-
tion of c-radiation derived excitons which would otherwise be
annihilated by the more abundant Fe species in glass G11. S could
be expected to be preferentially reduced by the c-radiation induced
excitons over Fe as it is known to be more susceptible to chemical
reduction, according to the work of Schrieber et al. [72].

The atypical results observed in glass G73 can be explained by
the increased incidence of reduced glass components occurring
in G73 control sample (0 MGy) in which both S2� and Fe2+ are more
populous than in the other control samples. This explains the in-
creased extent of sulphur reduction, as the extent of sulphur reduc-
tion appears to correlate with the Fe content of the glass. The
oxidative step seen at 8 MGy in glass G73, which is atypical of
the observations made of the other glasses, provides evidence of
two competing processes occurring with regards to sulphur oxida-
tion state in response to c-irradiation. This may be linked to either
the environment in which the samples were irradiated or phase
separation occurring at high c-radiation doses. However, there is
insufficient evidence to suggest a likely cause in the reported re-
sults, and further work is required.
5. Conclusion

This work has shown that c-radiation produces no significant
change in mechanical properties of the wasteform materials stud-
ied, up to 8 MGy, within the precision of the techniques applied.
Similarly, c-irradiation was found to have no significant effect on
the glass network as detected through Raman and FTIR spectros-
copy, within the precision of the techniques. This has been attrib-
uted to the presence of a significant proportion of Fe within the
glass compositions, which has been identified providing a mecha-
nism to heal radiation induced defects in glasses of similar compo-
sitions [20,62,64]. Mössbauer and EPR spectroscopies provided
evidence for a small degree of change in Fe environments within
the glasses. This supports the mechanism proposed by Debnath
[20], by which excitons produced by the incident c-radiation are
trapped or annihilated by the capture of electrons and holes result-
ing in oxidation state change in Fe, resulting in no net change in Fe
oxidation state, but effecting some change in Fe environment.

Variation in sulphur oxidation state was observed in glasses
G73 and G78. This was attributed to c-radiation induced reduction
or oxidation of coordinated sulphur. A dependence on redox state
was observed and was most apparent in glass G73. The presence of
the Fe3+–S2� species was implied by Raman and optical absorption
spectroscopy result in glasses G11, G73 and G78. Raman
spectroscopy showed that this species was eliminated by incident
c-radiation in glass G73, which can be connected to the effect of
c-radiation upon S and Fe species within the glass.

These results support past observations of Fe rich alkali-borosil-
icate exposed to c-irradiation [16,17,21,64] and parallel observa-
tion made in b-radiation experiments [63]. However, the data
differs from observations of alkali-borosilicate glasses with low
Fe contents, such as Pyrex and the MW-25% base glass, in which
a correlation exists between c-radiation dose and changes of
mechanical properties and defect formation [17]. This indicates
that the presence of Fe in these glasses, which is present due either
to waste loading or for waste compatibility reasons, has a signifi-
cant and positive effect on the resistance of the wasteform to
c-irradiation. It would be of interest, in future, to investigate this
issue in connection with other redox active elements in radioactive
waste glasses, such as Mo and Se [73–77]. Finally it may be
concluded that c-radiation does not have a significant deleterious
effect on the mechanical stability or composition of simulant
inactive UK ILW and HLW glasses, up to the dose of 8 MGy.
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