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Abstract

Physical parameters and structural characteristics are reported for the mixed alkali borosilicate glass system,
xCs2O(100 � x)(MW) (0 6 x 6 9.66) where MW is the BNFL wasteform glass (10.29 mol% Li2O, 10.53 mol% Na2O,
18.57 mol% B2O3, 60.61 mol% SiO2). Glass density was found to increase with x whilst the glass transition temperature (Tg)
decreased. The fraction of four-coordinated boron (N4) determined from 11B magic angle spinning nuclear magnetic resonance
(MAS NMR) increased with x in a manner consistent with previous reports on the sodium–lithium–borosilicate system and contrary
to the Dell model. 29Si MAS NMR was used to identify the fraction of Q4 (B) and Q3 units as a function of x. Raman spectra indi-
cated the presence of reedmergnerite and danburite superstructural units. Mass loss measurements showed a non-linear variation
with x, having a maximum between 7 and 8 mol% Cs2O and a correlation was found between the amount of Q3 units in the solid
and the volatilization loss from the melt.
� 2005 Elsevier B.V. All rights reserved.

PACS: 61.43.F; 61.18.F; 28.41.k; 78.30
1. Introduction

A mixed alkali borosilicate glass of composition
10.29 mol% Li2O, 10.53 mol% Na2O, 18.57 mol%
B2O3, 60.61 mol% SiO2, is currently used as a wasteform
for the vitrification of high level nuclear waste (HLW)
[1–3]. A significant problem associated with the process
is the evolution of a volatile species at the glass melt
stage. Although the volatile species is known [4] to be ce-
sium-containing, its overall composition and the condi-
tions controlling its formation have still to be
established. We have sought to identify those structural
changes which occur in the solid glass when Cs2O is
added to the wasteform and attempt to relate these to
the measured volatilization losses from the melt.
0022-3093/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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Many studies have been made of borosilicate glasses
using MAS NMR, Raman spectroscopy and thermal
analysis techniques [5–21]. These have focused on varia-
tions in the structure of the borate and silicate glass net-
works, as a function of alkali content, which lead to
changes in density and thermal character.

Structural studies, using 11B, 29Si and 17O magic an-
gle spinning nuclear magnetic resonance (MAS NMR),
have led to widely accepted models for both the borate
and borosilicate systems [5–19]. The addition of a glass
modifier to a borate/borosilicate glass network initially
converts trigonal planar, three-coordinated boron in
[BO3] units (B3) to tetrahedral, four-coordinated boron
in [BO4]

� units (B4). At higher modifier concentrations,
B4 are replaced by B�

3 i.e. trigonal planar borons with
one non-bridging oxygen (NBO) [5,6]. The trend in the
fraction of four-coordinated boron (N4) differs between
the borate and borosilicate glass systems although both
are non-linear in nature. The most accurate N4 model to
date for the borosilicate glass system is that of Dell et al.
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[7] although recently 11B NMR measurements [8] have
shown this model to be incorrect for R > 0.5, where R

is the ratio of alkali oxide to boron oxide content. 29Si
MAS NMR of borosilicate glasses has enabled the iden-
tification of the Qn fractions (n denoting the number of
bridging oxygens). Most commonly these are observed
as Q4, Q3 and Q4 (B) units, where (B) indicates
3Si + 1B next nearest neighbors. Q2 sites are only possi-
ble when there is sufficient alkali oxide associated with
the silicate network that the ratio of alkali oxide to silica
exceeds 1:2. Raman spectroscopy has been used to de-
tect superstructural units in alkali borate glasses which
relate to those seen in the corresponding crystals [20].
However, limited work has been carried out on alkali
borosilicate glass systems [21]. This study aims to pro-
vide an understanding of how volatility is affected by ce-
sium oxide concentration by identifying changes in the
types and fractions of silicon and boron units using
11B and 29Si MAS NMR, and Raman spectroscopy, as
well as highlighting changes in thermal behavior as a
function of composition.
2. Experimental

2.1. Sample preparation and physical property

measurements

Six mixed alkali borosilicate glasses (Table 1) were
made at compositions xCs2O(100 � x)MW, (x = 0,
2.42, 3.62, 4.83, 7.25 and 9.66), where MW represents
the sodium oxide–lithium oxide–borosilicate base glass
used by BNFL Ltd. to vitrify HLW. One hundred gram
batches were made with reagent grade lithium carbonate
(99.9%), sodium carbonate (99.95%), sodium tetra-
borate (99.5%) and Wacomsil� quartz (99.9%) with
0.1 mol% iron (III) oxide (99.5%) added to reduce
NMR T1 relaxation times. Samples were mixed on roll-
ers for 24 h before being transferred to 90%Pt/10%Rh
crucibles and heated to between 1350 �C and 1400 �C
(depending on composition) for 20 min before being cast
into de-ionized water to form a frit. Samples were then
re-melted at the same temperature, cast and annealed
at 50 �C below the glass transition temperature, mea-
sured from the frit using DTA. Samples were analyzed
Table 1
Nominal compositions of the glasses (mol%)

Cs2O Li2O Na2O B2O3 SiO2

0 10.29 10.53 18.570 60.610
2.42 10.041 10.275 18.121 59.143
3.62 9.918 10.149 17.898 58.416
4.83 9.793 10.021 17.673 57.683
7.25 9.544 9.767 17.224 56.216
9.66 9.296 9.513 16.776 54.755
with X-ray diffraction (XRD) to confirm their amor-
phous character.

Differential thermal analysis (DTA) was carried out
with approximately 0.2 g of each sample ground and
loaded into a 90%Pt/10%Rh crucible. Samples were
heated at 10 �C/min to 1000 �C, in air, in a Stanton-
Redcroft DTA 673-4 with a quartz reference.

Density measurements were made using the Archime-
des method, with glycerol being used as the displacement
fluid to avoid moisture attack on the high alkali-content
glasses.

2.2. Nuclear magnetic resonance

133Cs MAS NMR spectra were obtained using a
Varian Infinity 360 NMR spectrometer operating at
47.24 MHz with a Doty MAS 4 mm probe spinning at
10 kHz. A one pulse program was used with a pulse
delay of 5 s, a 1.3 ls pulse width (B1 � 67 kHz) and
1000 acquisitions. Samples were referenced against solid
CsCl taken as 223.2 ppm, with respect to the primary
reference of 1 M aqueous CsCl. 11B MAS NMR spectra
were obtained on a Varian/Chemagnetics Infinity 600
NMR spectrometer operating at 192.04 MHz with a
Chemagnetics MAS 4 mm probe spinning at 15 kHz.
For each sample 1000 acquisitions were taken with a
pulse delay of 1 s and a 0.7 ls pulse width (B1 �
60 kHz). Samples were referenced against BPO4 solid
taken as �3.3 ppm with respect to the primary reference
Et2O:BF3 at 0 ppm. 29Si MAS NMR was carried out
using a CMX Infinity 360 NMR spectrometer operating
at 71.25 MHz with a 6 mm probe spinning at 6 kHz. A
5 s pulse delay and 2 ls pulse width (30� tip angle) were
used with 1000 acquisitions. Samples were referenced to
tetramethylsilane (TMS) at 0 ppm. Peak fits were made
using the DMfit2002 NMR program [22].

2.3. Raman spectroscopy

Raman spectra were obtained at room temperature
with a Renishaw Invia Raman spectrometer equipped
with a 20 mW Argon Laser operating at 514 nm. Mea-
surements reported here were acquired at room temper-
ature with 10 mW incident laser power and a 50·
objective. The spectrometer resolution was approxi-
mately 2 cm�1.

2.4. Volatilization measurements

Mass loss measurements were made by heating
�0.2 g of sample in a 90%Pt/10%Rh crucible at
1000 �C for 30 min with a heating rate of 10 �C/min.
Volatile species were condensed onto an alumina lid
placed over the crucible and then subjected to energy
dispersive X-ray analysis (EDX) in an EDAX Genesis
scanning electron microscope.
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for the cesium oxide–sodium oxide–lithium oxide borosilicate glasses.
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3. Results

The samples were amorphous within the limits of
detection by XRD. The results from DTA and from
density measurements are presented in Table 2. Apart
from the glass transition, the DTA traces are featureless,
reflecting the stability of these glasses. The values of the
glass transition temperature Tg are listed in Table 2 and
plotted as a function of x in Fig. 1. The density values
are plotted as a function of x in Fig. 2 along with the
values for molar volume MV, calculated from MV =
M/q where M is the molar mass of the glass in grams
and q is the density in g cm�3.

The 133Cs MAS NMR spectra are shown in Fig. 3.
There is insufficient detail in the broad, rather Gauss-
ian-like resonances to be able to fit a detailed lineshape,
therefore only the peak maximum positions and half
widths are reported (Table 3). The position of the peak
maximum was observed to increase approximately line-
arly with Cs2O content (Fig. 4). 133Cs is a quadrupole
nucleus which might be expected to produce asymmetric
lines from the residual second-order quadrupolar broad-
ening of a distribution of quadrupole interactions [23].
Table 2
Densities, molar volumes and glass transition temperatures for the
cesium oxide–base glass system

Cs2O (mol%) Density
(±0.07 g/cm3)

Molar volume
(±0.9 cm3/mol)

Tg

(±5 �C)
Mass loss
(±0.4%)

0 2.32 26.4 494 0
2.42 2.40 26.8 478 0.3
3.62 2.52 26.5 467 1.0
4.83 2.47 28.2 463 1.6
7.25 2.62 28.7 454 2.0
9.66 2.65 30.4 453 0.7
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Fig. 1. Glass transition temperatures (Tg) as a function of Cs2O
content for the cesium oxide–sodium oxide–lithium oxide borosilicate
glasses.
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Fig. 3. 133Cs MAS NMR spectra for the cesium oxide–sodium oxide–
lithium oxide borosilicate glasses. Sharp peak at +220 ppm is from the
CsCl (solid) used as a reference. Origin of peak at 290 ppm is
unknown.

Table 3
133Cs MAS NMR peak maximum positions and peak half widths

Cs2O (mol%) Position (±5 ppm) Half width (±5 ppm)

2.42 16 175
3.62 23 183
4.83 34 176
7.25 41 168
9.66 45 172
However, 133Cs has a very small quadrupole moment
so that the linewidth is likely to be dominated by chem-
ical shift dispersion which produces a symmetric line.
The sharp line observed in the 9.66 mol% Cs2O spec-
trum at +210 ppm is from the cesium chloride reference.
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The origin of the second sharp line at +290 ppm is
unknown but it does not interfere with the main line-
shape from the glass.

The 11B MAS NMR spectra (Fig. 5) show a large, rel-
atively narrow peak from [BO4] at �2.5 ppm and a small
broader peak from [BO3] at �17 ppm. N4 values were
calculated from resolved peak areas obtained from the
DMfit2002 NMR peak fitting program [22]. Spectra
were fitted with three peaks; one symmetric and one
asymmetric [BO3] peak and a single symmetric [BO4]
peak. A typical fit is shown in Fig. 6. N4 values were cor-
rected with the resolved [BO3] fraction being increased
by 4%. This increase is necessary due to the loss, under
MAS, of central (1/2, �1/2) transition intensity from the
[BO3] centerband into the spinning sidebands. This does
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Fig. 5. 11B MAS NMR spectra for the cesium oxide–sodium oxide–
lithium oxide borosilicate glasses.
not happen for the [BO4]
� sites with their much smaller

quadrupole interaction so that all of the central (1/2,
�1/2) transition intensity appears in the centerband
[24].

The 29Si MAS NMR spectra (Fig. 7) were fitted with
four Gaussian lines: two Q3-MAS sideband peaks; one
Q3 peak constrained to be equidistant between the two
Q3-MAS sideband peaks; and one Q4 (B) peak, a silicon
with 3 Si and 1 B next nearest neighbors. Contributions
from units with fewer than 3 bridging oxygens were as-
sumed not to exist due to insufficient alkali content. A
typical fit is shown in Fig. 8. Resolved Q3 fractions were
observed to increase non-linearly (between 0.55 and
0.88) across the range of compositions, with a maximum
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Fig. 7. 29Si MAS NMR spectra for the cesium oxide–sodium oxide–
lithium oxide borosilicate glasses.
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at 7.25 mol% Cs2O (Table 4). This was mirrored by a
non-linear decrease in the fraction of Q4 (B) units.

The Raman spectra from the cesium-mixed alkali
borosilicate glasses are shown in Fig. 9. Baseline correc-
tions were made to all data such as to give a horizontal
baseline above 1200 cm�1. A typical fit to a Raman
spectrum using Gaussian peak shapes is shown in
Fig. 10.

Mass loss values for the samples are presented in Ta-
ble 2 and a typical EDX spectrum from the deposit is
shown in Fig. 11. This shows that, in addition to cesium,
silicon and sodium are also present in the deposit. Light
elements such as lithium and boron are not easily detect-
able by EDX.
200 400 600 800 1000 1200 1400 1600

Raman Shift (cm-1)

Fig. 10. Typical Raman plot (3.62 mol% Cs2O glass composition) of
resolved peaks.
4. Discussion

The decrease in Tg with x (Fig. 1) is consistent with
the increase in modifier in the system though N4 also in-
creases (see below), which can produce an increase in Tg

as a consequence of increased network connectivity. An
additional factor may be the reduced heat of formation
for cesium oxide (�345.8 kJ/mol) compared to the other
Table 4
Positions, half-widths and fractions for the resolved 29Si MAS NMR peaks

Cs2O (mol%) Q3

d (±0.5 ppm) D (±1 ppm) Resolved fraction

0 �92.4 17 0.57 ± 0.07
2.42 �92.1 18 0.57 ± 0.04
3.62 �91.9 18 0.59 ± 0.04
4.83 �91.9 17 0.66 ± 0.04
7.25 �92.6 17 0.79 ± 0.04
9.66 �91.7 16 0.71 ± 0.07
two alkali oxides present (sodium oxide, �414 kJ/mol,
lithium oxide, �597.9 kJ/mol) indicating weaker bonds.
Q4 (B)

d (±0.5 ppm) D (±1 ppm) Resolved fraction

�104.5 16 0.43 ± 0.07
�104.2 17 0.43 ± 0.04
�103.8 16 0.41 ± 0.04
�103.8 16 0.36 ± 0.04
�105.1 14 0.19 ± 0.04
�103.8 13 0.29 ± 0.02
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The linear increase in density (Fig. 2) is a conse-
quence of the dominating cesium oxide density (4.25
g/cm3 compared to 2.27 (Na2O), 2.01 (Li2O), 2.65
(SiO2) and 2.46 (c-B2O3)). The molar volume also in-
creases linearly with cesium oxide content, with the glass
having to expand to accommodate the insertion of large
Cs+ ions into the limited space available.

The linear change of peak maximum with Cs2O con-
tent in Fig. 4 is a trend common to all alkalis in borate
glasses [25]. If the positions are plotted against total
alkali oxide content and compared with the values ob-
tained for binary cesium borate glasses, then it can be
seen that there is little effect from the type of alkali
ion or indeed the network. This trend is due to reduction
in shielding, suggesting increasing charge transfer to the
network by whatever alkali ions are present.

The change in N4 fraction with R, the ratio of total
mol% alkali oxide to mol% boron oxide content, is
shown in Fig. 12 and compared with values obtained
by Roderick [8] and with the Dell [7] model. It can be
seen that there is good agreement (±0.01) with values
obtained for the lithium sodium borosilicate glass sys-
tem [8], for similar compositions. This adds weight to
the argument that the value of N4 is independent of al-
kali type. Values differ significantly from the Dell model
Table 5
Raman peak positions, assignments and some intensity relations

Cs2O
(mol%)

300–600 (±4 cm�1)
Reedmergnerite-Q4

600–1000 (±4 cm�1) 1000–120
(±4 cm�1

Reedmergnerite Danburite/Q4

0 489 626 791 1061
2.42 515 626 796 1076
3.62 532 626 792 1079
4.83 540 629 792 1085
7.25 546 626 782 1085
9.66 552 623 782 1093
[7] for R > 0.5, with the quantity of four-coordinated
boron initially being less than predicted and then, when
R > 1.0, increasing in contrast to the theory, which pre-
dicts N4 should decrease as the result of an increase in
Q3 silicon units.

The Raman peaks in the spectra in Fig. 10 have been
identified by comparison with reports by Utegulov et al.
[26] and Bunker et al. [21] on the Al2O–SiO2–Na2O–
MgO–Eu2O3 and Na2O–SiO2–B2O3 glass systems
respectively (Table 5). Peaks due to reedmergnerite
(four-membered rings containing three [SiO4] and one
[BO4]) and danburite (four-membered rings containing
two adjacent [SiO4] and two adjacent [BO4]) units are
observed. Their presence explains the high N4 values
compared to binary borates since the [BO4] units are sta-
bilized by adjacent [SiO4] units. The lack of any resolv-
able Q2 units in the 29Si MAS NMR data is confirmed
with no Q2 Si–O Raman vibrational mode present at
950 ± 4 cm�1. The positions of both the reedmergne-
rite-Q4 (B) and the Q3 peaks (initially at 489 ± 4 and
1061 ± 4 cm�1 respectively) increase as a function of
cesium oxide content. The spectrum below approxi-
0
) Q3

Resolved Raman Q3

fractional intensity
Resolved NMR
Q3 fraction

Ratio of NMR
Q3/Raman Q3 (±0.2)

0.20 0.57 2.9
0.21 0.57 2.7
0.21 0.59 2.8
0.24 0.66 2.8
0.27 0.79 2.9
0.29 0.71 2.5
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mately 200 cm�1 is truncated by equipment filters and so
has been ignored in any analysis.

The intensity of the resolved Q3 peak (�1080 cm�1) is
compared with the resolved Q3 fraction from the 29Si
MAS NMR data in Table 5. The ratio of the two frac-
tions is constant in the compositional range studied ex-
cept for the highest Cs2O content where the resolved Q3

fraction from the Raman data is greater than expected.
This may be due to the increasing uncertainty in fitting
the Raman Q3 peak because of the increasing impor-
tance of peak 3 in Fig. 9. The shoulder of the Q3 peak
(peak 3 at �920 cm�1) has been identified as a Q2 peak
by Utegulov et al. [26] in an aluminosilicate glass. How-
ever, there is no evidence for Q2 from the 29Si MAS
NMR.

Mass loss measurements revealed a non-linear varia-
tion with composition which matched that of the re-
solved Q3 fraction from 29Si MAS NMR data and the
change in certain Raman peaks (Fig. 13). EDX measure-
ments have shown the deposit from the vapor to contain
Cs, Na, Si, and B, suggesting the volatilization process is
more complex than simple removal of cesium borate.
The indication from Raman spectroscopy that there
are borosilicate super-structural units present in the so-
lid, of the type Si2B2O

2�
8 and Si3BO

�
8 , could explain the

complexity of the volatilized species, though this pre-
sumes that these species are retained in the melt. It is
not clear whether the presence of Cs2O is a necessary
condition for volatilization to occur or whether an in-
crease in any alkali content would produce the same ef-
fect. The lower Cs–O bond strength compared with
other alkalis may be significant but further work is
needed to confirm this and structural studies on the melt
are required to establish if the structural units detected
in the solid glass are carried over into the melt.
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5. Conclusions

133Cs MAS NMR measurements have shown these
glasses to behave in a similar manner to binary cesium
borate glasses with total alkali oxide content being the
dominating factor. The N4 data, 29Si MAS NMR data
and Raman spectra presented here do not support the
Dell model for the range of xCs(100 � x)MW glasses
studied. Both the trends in Cs2O chemical shift and
the variation of N4 values with total alkali content (or
R) show that it is the amount of alkali rather than the
nature of the alkali which is important. Super-structural
units similar to those in reedmergnerite and danburite
have been detected with Raman spectroscopy, indicating
that the borate and silicate networks are not separated
and accounting for the high (�0.7) values of N4. The ra-
tio of the Q3 intensity resolved from 29Si MAS NMR to
that from Raman spectroscopy for each composition is
shown to be constant in the compositional range stud-
ied. The dependence of mass loss and hence glass vola-
tility on the fraction of Cs2O, x, appears to mirror the
change from Q4 (B) to Q3 units, suggesting a direct link
between the formation of non-bridging oxygen sites and
glass volatility, although the mechanism may be more
complex than this, involving both the reedmergnerite
and danburite structural units. Interestingly, the aque-
ous corrosion of mixed alkali borosilicate glasses has
also been shown to be linked to the Q3 content of the
glasses [27].
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