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A B S T R A C T   

This research has characterized the effects of P2O5 additions on the physical, chemical, thermal, rheological 
properties and the structure of SiO2-B2O3-Na2O glasses relevant to radioactive waste immobilization. Properties 
analysed include high-temperature viscosity, glass transition temperature (Tg) and structure. X-ray diffraction 
(XRD) confirmed a solubility limit of between 3.0 and 4.0 mol% P2O5 for the onset of crystallinity with formation 
of Na3PO4 and Na4P2O7 in annealed bulk glasses; and between 4.0 and 5.0 mol% P2O5 in unannealed (quenched) 
glasses. This difference in behaviour is attributed to the bulk glass annealing temperature being greater than Tg of 
phase-separated, phosphate-rich droplet phases present in the 4.0 mol% P2O5 glass, which promoted crystalli
zation, where back scattered scanning electron microscopy (SEM) images suggested that phase separation had 
occurred as liquid-liquid phase separation, where there was evidence of a droplet like morphology in glasses 
containing between 4.0 and 6.0 molar % P2O5. However, the exact mechanism cannot be unequivocally 
confirmed as nucleation and growth based purely on phase morphology. Differential Thermal Analysis (DTA) and 
dilatometry showed modest increases in Tg with increasing P2O5 contents below the onset of crystallisation and a 
more substantial increase coinciding with the onset of crystallisation between 3.0 and 4.0 mol% P2O5. High- 
temperature viscosity measurements showed that increasing P2O5 contents led to increases in viscosity, with 
samples containing the highest P2O5 additions displaying non-Newtonian behaviour consistent with the presence 
of crystals in the melt at 950 ◦C. Raman difference spectra showed that the increase in P2O5 content resulted in 
characteristic peak intensities at 729 cm− 1, 937 cm− 1, 1000 cm− 1, 1026 cm− 1, 1109 cm− 1 and 1445 cm− 1 which 
were associated with phosphate species.   

1. Introduction 

The Hanford Site in Washington State currently hosts ~56 million 
gallons of radioactive waste stored in 177 underground steel tanks [1,2]. 
The waste consists primarily of first cycle discharges from the reproc
essing of spent nuclear fuels. The high-level activity waste (HLW), when 
subjected to a pre-treatment regime, allows for the separation of the 
low-level activity waste (LAW) fraction. In the LAW and HLW waste 
treatment plant (WTP) facilities, the wastes will be mixed with 
glass-forming additives and vitrified to form borosilicate glasses [2]. The 
current strategy involves the near-term startup of a direct-feed LAW 
vitrification process planned to vitrify the first 10 M gallons of LAW. 

Phosphorus pentoxide (P2O5) is present in some Hanford site defence 

radioactive wastes that are to be converted into vitrified waste forms 
based on alkali borosilicate glass systems [1,5,6]. The P2O5 in the wastes 
originates from the Bismuth Phosphate, Reduction and Oxidation 
(REDOX) and Plutonium Uranium Reduction Extraction (PUREX) pro
cesses that were used for plutonium extraction from irradiated uranium 
[7]. P2O5 can be problematic because it is poorly soluble in alkali bo
rosilicate glass systems, with concentrations greater than ~3 mol% or 
~4.5 wt% [10,11] leading to phase separation which can affect melt 
viscosity and chemical durability [3,4,12–14]. In some Hanford waste 
glasses, P2O5 will be present at levels that may impact on melter per
formance and wasteform properties [13,25]. Phase separation can be 
undesirable because it can lead to formation of phases possessing 
different chemical and mechanical properties, which may increase the 
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leachability of radionuclides present in the wasteform, and hence reduce 
the integrity of the wasteform. The Na2O-B2O3-SiO2 glass system could 
be considered to comprise three binary systems (B2O3-SiO2, Na2O-B2O3, 
and Na2O-SiO2) which are each prone to immiscibility, and where the 
ternary system Na2O-B2O3-SiO2 exhibits an immiscibility dome [15]. 
Heat treatments of melts in this system serve only to alter the structural 
characteristics of the separated phases present [15]. If the quenched 
glass is heat treated above its Tg, this initiates phase separation where 
spherical droplets enriched in B2O3 are dispersed in a matrix enriched in 
SiO2, where this metastable phase separation is referred to as either 
glass-glass or amorphous-amorphous phase separation [16]. The glasses 
described herein do not have compositions that lie within the Na2O-
B2O3-SiO2 immiscibility dome, with the base (mol%) composition of 
27.91 Na2O-16.28 B2O3-55.81 SiO2. This means that without the addi
tions of P2O5, this glass should not exhibit phase separation, even when 
heat treated. 

The Hanford site wastes are complex mixtures of components and 
understanding the singular effects of P2O5 in these glass systems is 
challenging. Hence, simplification of the system has been undertaken 
here to understand the effects of P2O5 on glasses in the SiO2-B2O3-Na2O 
system. 

The aim of this study is to characterise the effects of P2O5 on phys
ical, chemical, thermal, rheological properties and the structure of SiO2- 
B2O3-Na2O glasses, i.e., high-temperature viscosity, glass transition 
temperature (Tg) and structure. The sodium borosilicate glass compo
sition used in the present study is a simplification of a select series of 
Hanford radioactive glasses based on HLW and LAW, as the original 
compositions were far too complicated, with many components, to 
enable detailed structural analysis, for example by Raman spectroscopy. 
The HLW compositions were based on PNNL and ORP glass systems and 
were taken from the report 245590-HLW-RPT-05-001 [17]. The LAW 
compositions were based on WTP-LAW taken from the reports 
VSL-01R3560-2 [18] and VSL-03R3460-1 [19], and from the Office of 
River Protection (ORP)-LAW compositions taken from the reports 
VSL-04R4960-1 [20], VSL-05R5900-1 [21], VSL-06R6900-1 [22], 
VSL-07R1130-1 [23], VSL-09R1510-2 [24], VSL-10R1790-1 [25]. The 
glass series studied, sodium borosilicate doped with P2O5 (NBSP) has a 
constant molar ratio between Na2O:B2O3:SiO2 with varying P2O5 con
tent. Glasses were characterised in order to determine the effects of P2O5 
on the compositional, thermal, rheological, physio-chemical, and 
structural properties. 

In alkali and alkaline earth silicate glasses, phosphate units do not 
fully incorporate into the silicate network, but instead form phosphate- 
rich regions with low degrees of connectivity, in orthophosphate (PO4

3− ) 
and pyrophosphate (P2O7

4− ) units, which are then charge-compensated 
by sodium cations from the silicate sub-network [25–30]. In an alkali 
borosilicate glass system, P2O5 appears as ortho- and pyrophosphates, 
where the latter has been observed to bond to borate units through 
P-O-B linkages [27,31–33]. The incorporation of increasing concentra
tions of P2O5 in this manner leads to an increase in the ratio of 3-coor
dinated boron ([3]B3+) to 4-coordinated boron ([4]B3+), i.e. the 
[3]B3+:[4]B3+ ratio, accompanied by an increase in the degree of poly
merization of the silicate network [31,34,35] where increasing P2O5 
content saw a decrease in the abundance of Q3

Si units and increase in the 
abundance of Q4

Si units (re-polymerisation) [31–33]. Krishnamurthy 
et al. [31] and Stone-Weiss et al. [35] suggested the P2O5 was 
charge-compensated by Na+ ions from the silicate sub-network and not 
the borate sub-network [31]. When P2O5 is introduced into the sodium 
borosilicate glass system, some of the sodium ions preferentially asso
ciate with non-bridging oxygens (NBOs) of the phosphate tetrahedra 
[31,34,35] depleting the borosilicate network of charge-balancing cat
ions [31,34,35]. 

Polymerisation of the silicate and borate sub-networks refers to the 
distribution of Qn units, which is indicative of the degree of polymeri
sation. SiO2 consists of corner-sharing SiO4 tetrahedra with bridging 
oxygens (BOs) linked to neighbouring SiO4 tetrahedra, where the 

additions of alkali or alkaline earth cations acting as network modifiers 
result in the formation of NBOs via the breaking of linkages between 
SiO4 tetrahedra [36]. The mechanism of polymerisation of the network 
can be written as 2SiO− ⇌ Si-O-Si + O2− [27]. B2O3 consists of 
corner-sharing BO3 triangles, of which a proportion are combined 
together to form three-membered boroxol ring units [36]. When alkali 
or alkaline earth cations acting as network modifiers are added, two 
possible outcomes arise: (i) the creation of a NBO which destroys the link 
between two trigonally-coordinated [3]B3+ units; or (ii) the conversion 
of [3]B3+ to [4]B3+ without the formation of a NBO [36]. 

In borate and silicate glass systems the extent of miscibility gaps can 
be influenced by network modifiers and is related to their polarising 
power [37,44]. Polarising power is expressed as Z/r2, where Z is a 
function of the cationic charge and r is the ionic radius [37,44]. In 
general, the greater the polarising power of the metal cation the stronger 
the attraction between it and non-bridging oxygens (NBOs), and hence 
the greater the tendency towards clustering of these metal cations and 
the occurrence of phase separation [44]. There are two mechanisms by 
which phase separation can occur in a glass melt: (i) spinodal decom
position; and (ii) nucleation and growth [38]. Spinodal decomposition 
typically results in a morphology that is three-dimensionally inter
connected, consisting of two immiscible phases [39]. The nucleation and 
growth mechanism results in a morphology that consists of isolated 
spheres of the equilibrium composition randomly distributed 
throughout the matrix of another equilibrium composition [39], as 
demonstrated by Munoz et al. [33] who reported P2O5-doped sodium 
borosilicate glasses that exhibited opalescence due to amorphous phase 
separation, displaying a droplet-like microstructure when analysed by 
SEM. 

The presence of P2O5 has the effect of de-polymerising pure SiO2 
melts, yet it polymerises more compositionally-complex silicate melts in 
which additional metal cations, such as Na+, are present [13]. Chro
matographic and spectral studies of phosphate and silicate glasses 
indicate that P5+ co-polymerises with the silicate network, decreasing 
silica activity due to the substitution of silica tetrahedra by phosphate 
tetrahedra [13]. When P2O5 is added to pure silica glass systems it has 
been shown to de-polymerise into mono- and diphosphates, resulting in 
the silicate network re-polymerising [25,36]. De-polymerisation also 
occurs when P2O5 is added to alkali borosilicate glass systems, wherein 
some phosphate units can also be bonded to borate units, forming P-O-B 
bonds [33]. The speciation of P5+ has been elucidated by magic angle 
spinning nuclear magnetic resonance spectroscopy (MAS-NMR) inves
tigation with characteristic resonances at 15, 3 and − 7.5 ppm, where 15 
ppm and 3 ppm are attributed to mono- and diphosphates, respectively, 
with − 7.5 ppm being attributed to P-O-B linkages [10,29]. Dupree et al. 
[40] found that in the case of sodium disilicate glasses with P2O5 ad
ditions, there were two distinct MAS-NMR resonances at ~15 and ~2.5 
ppm. As the P2O5 content increased, the 2.5 ppm resonance increased in 
intensity while the 15 ppm decreased in intensity. Similar behaviour was 
observed for potassium disilicate glasses. The initially higher chemical 
shift values (ppm) in the different glasses were associated with alkali 
metal orthophosphates, while the lower chemical shift values were 
associated with pyrophosphates. The concentration of pyrophosphate 
units increases with higher P5+ concentrations, where there is a higher 
degree of polymerisation of the phosphate units. The degree of poly
merisation depends on the changing abundance ratio between alkali 
cations and P5+ cations. Raman spectroscopic data for sodium silicate 
glasses has indicated the presence of phosphate units, i.e., Na3PO4 
(orthophosphate) with higher concentrations (>5 mol%) of P2O5 lead
ing to Na4P2O7 (pyrophosphates) [40]. Stone-Weiss et al. [35] reported 
that for a Na2O-P2O5-B2O3-SiO2 glass system, where the 31P MAS NMR 
spectra were fitted with six Gaussian components, they were attributed 
as follows: component one was attributed to P1

1B(IV), component two was 
P1

1P, component three was P2
2B, components four and five were P2

1B, 1P 
and P3

2B, 1P, and component six was isolated monophosphate (P0) or P2
2P 

chain phosphate species, with no linkages to boron. The superscript 
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refers to how many other structural units the phosphorus is bonded to 
and the subscript refers to the species to which they are bound. Lu et al. 
[41] investigated glasses with the composition 25Na2O-25A
l2O3–10B2O3–40SiO2 (mol%) doped with P2O5 concentrations of 0 to 15 
mol%. The glass compositions were divided into three sub-classes with 
varying P2O5/Al2O3, P2O5/SiO2, and P2O5/B2O3 ratios. In general, the 
31P MAS NMR spectra of all glasses exhibited peaks around − 10 ppm 
and − 2 ppm, which were attributed to PO3

− and P2O7
4− units, respec

tively. Metaluminous glasses with varying P2O5/B2O3 and P2O5/SiO2 
ratios exhibited spectra with peaks at − 10 ppm and weak shoulders at 
–2 ppm. The increase in P2O5 content led to the formation of small 
fractions of P3 and P4 units. There was also little change in the line shape 
of the spectra, suggesting that the increase in P2O5 content had little 
effect on the phosphate environment, which may have been due to the 
unavailability of Na+ cations in the glassy network. 

Munoz et al. [34] established that the relationship between phase 
separation and the nature of phosphate species in sodium borosilicate 
glasses with high concentrations of SiO2 and Na2O, resulted in phase 
separation followed by crystallisation. Sodium borosilicate glasses with 
low Na2O contents contained phosphate units that were mainly con
nected to the borate sub-network via P-O-B linkages and these glasses 
exhibited amorphous phase separation [34]. In such cases, the intro
duction of P2O5 can alter the phase separation mechanism from spinodal 
decomposition to nucleation and growth [14,34]. The occurrence of 
liquid-liquid (L-L) phase separation in silicate glasses is enhanced with 
the addition of P2O5, with its occurrence predicted by the field strength 
of the network-forming ions, using the equation F = Z/r2 [42,43]. The 
ionic field strength of P5+and Si4+have been calculated to be 43.2 and 
23.8 a.u, respectively [43]. Consequently, the competition between the 
P5+ and Si4+in attracting oxygens causes phase separation during the 
cooling period, leading to formation of phosphate-rich and silicate-rich 
phases [42]. 

Taylor [44] reviewed phase separation in borosilicate glasses rele
vant to nuclear fuel waste immobilisation, observing that phase sepa
ration of glasses normally occurs in a liquid that is either stable or 
supercooled, where a phase separated glass is the product of cooling a 
phase separated liquid [28]. The length scale of phase domains within 
the phase separated glass is dependent upon the thermal history of the 
glass and the relationship between viscosity and temperature, where 
high viscosity results in a slower rate of phase growth [44]. Stable 
macroscopic phase separation produces domains that are macroscopic 
and visible to an unaided eye, whilst sub-liquidus phase separation 
produces domains of 0.1-5 μm [44]. Phase separation at this scale is 
detectable by visible opalescence and can be studied in further detail 
using SEM or transmission electron microscopy (TEM) [44]. Ultrafine 
phase separation is unavoidable, even when the glass melt has been 
rapidly quenched through the sub-liquidus miscibility gap to below Tg 
[44]. Hence, this length-scale of phase separation is best detected by 
small angle X-ray scattering (SAXS) [44]. One concern relating to phase 
separation in nuclear waste glasses is that it may reduce the chemical 
durability of the final vitrified wasteform, in which metal oxides and 
fission products can separate into the more soluble alkali + boron rich 
phase [44]. Therefore, phase separation should ideally be avoided at a 
level that causes negative dissolution behaviour by controlling the glass 
composition [44]. Hence, the P2O5 constraint in relevant HLW and LAW 
glass compositions has been outlined in different PNNL reports by 
Langowski [45], McCloy and Vienna [46], Vienna et al. [47], and Kruger 
et al. [6] with values of 3.0 wt% [45], ≤ 4.5 wt% [46,47], and ≤ 3.0 wt% 
[6], respectively. The P2O5 limit proposed by Langowski [45] was based 
on HLW quenched glasses that did not exhibit crystallinity or segrega
tion. However, they also reported that <3.0 wt% P2O5 caused issues in 
PSCM-19 glasses, but in PSCM-9 glasses >4.0 wt% P2O5 was added with 
no melter issues [45]. The P2O5 constraints proposed by McCloy and 
Vienna [46] was based on a full HLW waste glass with 62 components, 
and those proposed by Vienna et al. [47] were based on HLW glass 
simulants with 15 main components, where the results contributed to 

the modelling of glass properties [46,47]. The lower P2O5 value pro
posed by Kruger et al. [6] was a result of calculated 
property-composition models for ILAW-specific compositions with 64 
components, where the maximum model validity range was between 
0.0–3.0 wt% P2O5 [6]. Hence, the limit for P2O5 in HLW glasses is be
tween ~3.0–4.5 wt%, whilst in LAW glasses it is ≤ 3.0 wt%. 

Makishima et al. [48] reported that for a quenched 10 Na2O-50 
B2O3-40 SiO2 (wt%) glass system doped with 5 wt% P2O5, the resulting 
sample was opacified [49]. Similarly, Schuller et al. [11] investigated 
phase separation and crystallisation of borosilicate glasses enriched in 
MoO3, P2O5, ZrO2 and CaO, where glasses that contained 3.7 wt% P2O5 
and were either plate-quenched, roller-quenched or air-blown, produced 
a morphology of spherical separated phases, characteristic of phase 
separation via the nucleation and growth mechanism [11]. Langowski 
[45] described work by Vogel [50,51] stating that the addition of P2O5 
into Na2O-B2O3-SiO2 glasses resulted in a droplet phase rich in P2O5, 
where the phase separation could either be liquid-liquid or 
liquid-crystal. It was noted that additions of CaO to this glass system 
with 2.5 wt% P2O5 increased the phase separated droplet size, where 
CaO was found concentrated in said droplets, causing secondary pre
cipitation of an apatite phase [45,50,51]. Munoz et al. [34] reported the 
effects of P2O5 on an Na2O-B2O3-SiO2 glass system, where the glasses 
were first quenched before being thermally treated at 650 ◦C for 48 h to 
induce phase separation: these glasses incorporated 3.0 mol% P2O5 
[34]. O’Donnell et al. [52] reported on the effects of phosphorus in two 
series of bioglasses in the quaternary system SiO2-Na2O-CaO-P2O5. 
These glasses were annealed overnight and some displayed phase sep
aration and / or crystallisation. Dilatometric measurements that could 
be conducted on non-phase separated / crystallised samples revealed 
Tg’s of 482 ◦C to 515 ◦C [52]. Fábián et al. [53] investigated bioactive 
glasses in the SiO2-CaO-Na2O-P2O5 system with P2O5 contents of 0 to 5 
mol%. The samples were melt-quenched, with Tg of 516–550 ◦C, and Tx 
of 662–754 ◦C. The glasses became phase separated above 3 mol% P2O5 
which was indicated by the fall in Tx for the 5.0 mol% sample [53]. 
Soleimanzade et al. [54] investigated phase separation in SiO2-B2O3-
Na2O-ZnO-Al2O3-P2O5 glasses where opacification occurred at 2 wt% 
P2O5 when the glass was heat treated at 800 ◦C, whilst the 4 wt% P2O5 
sample opacified spontaneously during melt casting. The increase in 
P2O5 content saw a transformation of the immiscibility mechanisms 
from nucleation and growth to spinodal decomposition [54]. Literature 
has thus demonstrated that not only glass composition affects the P2O5 
solubility and subsequent phase separation, but also heat treatment or 
the lack thereof can also affect it, where annealing samples can induce or 
accelerate phase separation and crystallisation due to samples being 
held at T > Tg of one of the phases present, enabling formation of nuclei 
and their subsequent growth [55]. 

The other effects of P2O5 on oxide glass systems include thermal and 
chemical properties. Examinations of silicate melts and glass structure at 
high temperatures show that increasing temperatures above Tg lead to a 
gradual change in the proportion of silicate structural units [56]. Mysen 
[57] investigated Na-silicate melts containing 2.0 mol% P2O5 and found 
that speciation was highly dependent on temperature, with P2O5 species 
converting from orthophosphate to pyrophosphate as the temperature 
increased through the Tg range [57]. Rheological properties of glass 
melts are dependent on the structural arrangements within the melt 
[58]. In a peralkaline melt with metal cations, the additions of phos
phorus leads to the removal of these metal cations from the silicate 
network, resulting in its polymerization, which affects viscosity, causing 
it to increase [29]. The increased polymerization means that there is a 
decrease in abundance of NBOs because of the formation of 
phosphorus-oxygen anionic species and their incorporation into the 
silicate network [59]. The changes in viscosity caused by additions of 
P2O5 may provide indications of change in the average bond strength in 
the melt, implying that: (i) the ‘different solution mechanisms of phos
phorus should have different effects on the melt viscosity’ [29]; and (ii) 
the extent of these effects may be related to the enthalpic consequences 
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of adding P2O5 [29]. Additions of 1 wt% P2O5 to a soda-lime-silica glass 
system led to a slight increase in the dilatometric softening temperature 
(Td), but not in viscosity, coefficient thermal expansion (CTE) and Tg 
[60]. 

2. Materials and methods 

Note regarding nomenclature: In Section 1 concentrations were 
described in either mol% or wt%. In these results and subsequent dis
cussion, the concentrations will use the nomenclature ‘NBSP’ where the 
following number represents the nominal P2O5 content in mol% e.g., 
NBSP1.0 = 1.0 mol%. The ‘NBSP’ initials are derived from the cations in 
the formula Na2O-B2O3-SiO2-xP2O5 of the glass compositions. 

This glass series is a simplification of HLW and LAW Hanford 
radioactive waste glasses [1,5,6] as the original compositions were too 
complex, with many components, to allow meaningful structural anal
ysis, for example by Raman spectroscopy. To understand the effects of 
P2O5 on an alkaline borosilicate glass a simple glass system was needed, 
hence sodium borosilicate was selected. 

100 gramme batches of the NBSP glasses were prepared by using the 
melting-annealing and melting-quenching methods using analytical- 
grade precursors of SiO2, Na2CO3, H3BO3 and NH4H2PO4. The pre
cursors were weighed and transferred to a plastic tub that was thor
oughly shaken to mix the contents, before being milled in an agate mill 
for one minute to achieve a fine, homogenous mixture. The mixture was 
then placed in a (90%:10%) platinum (Pt)-Rhodium (Rh) crucible and 
heated in an electric furnace at 1150 ◦C for one hour, after which part of 
the melt was removed and air-quenched on a steel plate, then left to cool 
to room temperature. The remainder of the melt was cast into a steel 
mould that was pre-heated on a hot plate, before it was transferred to an 
annealing furnace at 500 ◦C to dwell for one hour, then cooled with a 
controlled cooling rate of 1 ◦C min− 1 to 25 ◦C. For electron microscopy, 
the annealed samples were cut using a diamond saw, and then either 
mounted on a scanning electron microscope (SEM) stub or suspended in 
a conductive graphite epoxy. The samples were then ground using 
sandpaper (grit size: 60 mm, 240 mm, 320 mm, 600 mm, 800 mm and 
1200 mm) and polished with polycrystalline diamond slurry suspension 
(15 µm, 9 µm, 3 µm and 1 µm). 

X-ray fluorescence (XRF) samples were prepared by mixing approx
imately one gramme of the sample powder with ten grammes of lithium 
tetraborate fusion flux (doped with 0.5% LiI anti-cracking agent) in a 
platinum crucible, before being placed in the LeNeo automatic fusion 
system at 1065 ◦C for 20 min, then being poured and cooled. The 
samples were then analysed using a Bruker XRF S4-Pioneer X-ray 
Fluorescence spectrometer which employed a modified OXI method 
[61], with the results provided being estimates based on calculated 
values because this XRF cannot report lighter elements such as lithium 
and boron, hence the values were pro-ratad with nominal values of 
B2O3. However, inductively coupled plasma optical emission spectros
copy (ICP-OES) was conducted externally in accordance with the UKAS 
accredited ICP-OES-ATM 83 standard to measure the boron content of 
three samples (NBSP 0.0, 3.0, and 4.0) to confirm that nominal and 
analyzed boron contents were similar. 

X-ray (powder) diffraction (XRD) patterns of powdered annealed and 
quenched samples were recorded using CuKα radiation on a Bruker D8 
Advance diffractometer with step size of 0.015◦2θ; scan step time of 177 
s; and were measured between 5◦ and 70◦2θ and plotted between 10 and 
70◦2θ. The X-ray diffraction patterns of the Canister Centerline Cooling 
(CCC) heat-treated samples were recorded using CuKα radiation on a 
PANalytical X’Pert Pro-MPD with step size of 0.013◦2θ; scan step time of 
199 s; and were measured between 5◦ and 80◦2θ and plotted between 10 
and 80◦2θ. 

The SEM samples were prepared by suspending a shard of glass in 
graphite epoxy resin, after which the samples were ground using grit 
sizes 240–2400 and polished using 6 µm and 1 µm diamond suspension 
to a mirror finish. The samples were then mounted onto an SEM stub 

using silver paint, after which the samples were carbon coated, because 
glasses are non-conductive. Electron micrographs were acquired using a 
FEI Nova Nanosem 200 Field Emission Gun Scanning Electron Micro
scope (FEG-SEM). The images were collected in backscattered electron 
(BSE) mode utilizing a solid-state backscattered electron detector. An 
electron beam energy of 15 keV and spot size between 4 and 5, were 
used in order to maximise resolution and image quality, whilst mini
mizing electron beam damage to the specimens. All images were ac
quired at 60,000 times magnification. 

For Tg measurements, dilatometry and DTA were used to heat the 
sample to 800 ◦C and 625 ◦C, respectively, at a rate of 10 ◦C min− 1. 
Dilatometry also determined three other features: (i) Tg onset, (ii) 
dilatometric softening point, Td, and (iii) the linear coefficient of ther
mal expansion (CTE), α. An SDT Q600 V20.9 build 20 and NETZSCH DIL 
402SE dilatometer were used. High-temperature viscosity (HTV) was 
measured using an Anton Paar FRS (Furnace Rheometer system) 1600. 
Raman spectroscopy was conducted using a Renishaw CCD Camera 
Raman spectrometer with a laser wavelength of 514.5 nm. The samples 
had an exposure of 10 s at 3 accumulations with a laser power of 100% 
using a 2400 L/mm grating and a magnification of 50x. The spectra were 
corrected using the onboard sonic ray removal application. The samples 
had measurements taken at three different locations so that an average 
could be calculated. The spectra were then corrected for temperature 
and excitation line effects using the Neuville and Mysen method [62] 
(1): 

I = Iobs .
[
V3

0 [1 − exp(− hcv / kT)]v
/
(v0 − v)4] (1)  

Where h is the Planck constant, k is the Boltzmann constant, c is the 
speed of light, T is the absolute temperature, v0 is the wavenumber of 
incident laser light, and v is the measured Raman shift. 

3. Results 

3.1. Visual observations 

The sample glasses (Fig. 1) obtained after annealing resulted in 
bubbly, transparent, relatively homogeneous glasses with an amorphous 
structure, as confirmed by XRD (Fig. 4). However, increasing P2O5 
contents led to a decrease in the glass-forming abilities of the material, 
resulting in visually opaque samples (Figs. 1 and 2). Fig. 2 does illustrate 
that the sample is not homogeneous due to the presence of opalescence 
in only part of the sample and not its entirety, and may indicate het
erogeneity in the glass composition and / or a temperature gradient 
during cooling / annealing. Phase separation occurred visually at a 
macroscopic scale as opalescence in samples containing >4.0 mol% 
P2O5, which gives a bluish and creamy-white colour (Figs. 1 and 2). The 
occurrence of opalescence is due to the presence of one or more sec
ondary phases with a different refractive index to the bulk glass matrix, 
and as a result they act as scattering centres [58]. Opalescence often 
occurs as a bluish colour because the Rayleigh scattering associated with 
the size of the crystalline particles is smaller than or similar to the 
minimum wavelength of visible light [58]. Table 1 and Fig. 3 present the 
nominal and analysed compositions of the annealed and quenched NBSP 
samples, as measured by XRF and ICP-OES. 

3.2. X-ray fluorescence (XRF) 

Table 1 contains the nominal and XRF and ICP-OES analysed com
positions of the annealed and quenched glass samples. While both sets of 
glasses originated from the same melts, it can be seen that there are 
small deviations in the analyzed contents of SiO2, Na2O, and P2O5, 
indicating that the melts may have exhibited a degree of inhomogeneity 
although experimental uncertainties associated with the analyses can 
also be expected to play a role. Analysis of the quenched samples were 
performed to better inform understanding of the effects of thermal 
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treatment and any resulting crystallisation behaviour. 
Fig. 3 plots the XRF and ICP-OES analysis results for the annealed 

samples, where the associated uncertainties are recorded in Table 1. ICP- 
OES was only used to measure the boron content of the annealed sam
ples NBSP 0.0, 3.0 and 4.0, due to equipment and time restraints, as they 
were the samples for which the solubility limit was determined to lie 
between. The analysed SiO2, Na2O, and P2O5 contents varied between 

50.7 and 57.4 mol%, 25.2 and 28.0 mol%, and 0.0 and 6.5 mol%, 
respectively. When compared to the nominal compositions, the SiO2 
content of samples NBSP 0.0 and 5.0 were comparable within error, 
whereas for samples NBSP 1.0 and 2.0 they were slightly higher, and for 
samples NBSP 3.0, 4.0, 5.5, and 6.0 they were slightly lower. The Na2O 
content of samples NBSP 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 were 
comparable to the nominal compositions within experimental un
certainties, whereas for sample NBSP 5.5 it was higher by 3.44 mol%. 
The P2O5 contents of samples NBSP 1.0, 2.0, 3.0, 4.0, 5.0, and 5.5 were 
all comparable with their nominal compositions within experimental 
uncertainties, but for the NBSP 6.0 sample it was slightly elevated by 0.5 
mol%. The differences in measured concentrations of the XRF-analysed 
components may be a result of the heat treatment of the glass, for which 
part of the glass melt was poured and analysed, i.e., from the top, middle 
or bottom of the crucible, or any uncertainties associated with prepa
ration and analysis by XRF. Other sources of uncertainty may be due to 
volatilisation of P2O5 and Na2O during melting, the section of the sample 
used for the XRF fused bead, where samples with >3.0 mol% P2O5 
presented evidence of phase separation and crystallisation, meaning the 
sample may not have been completely homogeneous. Another potential 
cause for minor fluctuations in the composition may be contamination 
during sample preparation. 

The ICP-OES analysed B2O3 contents of the NBSP 0.0, 3.0, and 4.0 
samples were 16.3 ± 1%, 19.2 ± 1%, and 15.9 ± 1% mol%, respec
tively. Sample NBSP 0.0 content was comparable to the nominal content 
within experimental uncertainties, whereas for the NBSP 3.0 sample it 
was significantly higher by 3.41 mol% and for the NBSP 4.0 it was 
marginally higher than the nominal content by 0.27 mol%. The varia
tions in B2O3 content of the samples measured by ICP-OES may be due to 
the sample not being completely homogeneous, where the sample used 
had a variation in composition to another section. Another source of 

Fig. 1. Annealed NBSP glass samples (0.0 (left) to 6.0 (right) nominal mol (%) P2O5) with a ruler to act as a scale marker and visual guide of the level of opalescence 
in the samples. 

Fig. 2. Cross-section optical image of sample NBSP6.0 at 50x magnification to 
illustrate opalescence. 

Table 1 
Nominal vs. analysed glass compositions.  

Oxides  Sample   

NBSP0.0 NBSP1.0 NBSP2.0 NBSP3.0 NBSP4.0 NBSP5.0 NBSP5.5 NBSP6.0 

Na2O Nominal (mol%) 27.91 27.63 27.35 27.07 26.79 26.51 24.56 26.23  
Analysed Annealed (mol%) 28.2 ± 1.1 25.2 ± 2.2 26.7 ± 1.6 26.4 ± 1.3 27.53 ± 1.2 25.9 ± 1.2 28.0 ± 1.2 27.4 ± 1.7  
Analysed Quenched (mol%) 28.4 ± 1.1 28.3 ± 1.2 27.7 ± 1.2 27.5 ± 1.2 27.2 ± 1.2 27.9 ± 1.2 28.1 ± 1.2 27.1 ± 1.2 

B2O3 Nominal (mol%) 16.28 16.12 15.95 15.79 15.63 15.47 15.38 15.30  
Analysed Annealed by ICP-OES (mol%) ± 1% 16.3 ± 1% – – 19.2 ± 1% 15.9 ± 1% – – – 

SiO2 Nominal (mol%) 55.81 55.26 54.70 54.14 53.58 53.02 52.74 52.47  
Analysed Annealed (mol%) 55.5 ± 0.5 57.7 ± 0.9 55.2 ± 0.7 51.6 ± 0.6 52.5 ± 0.5 53.9 ± 0.5 50.9 ± 0.5 50.7 ± 0.8  
Analysed Quenched (mol%) 55.4 ± 0.5 54.6 ± 0.5 54.3 ± 0.5 53.7 ± 0.5 53.0 ± 0.5 51.5 ± 0.5 51.0 ± 0.5 52.0 ± 0.5 

P2O5 Nominal (mol%) 0.00 1.00 2.00 3.00 4.00 5.00 5.50 6.00  
Analysed Annealed (mol%) 0.0 1.0 ± 4.3 2.1 ± 2.2 2.7 ± 1.5 4.0 ± 1.2 4.9 ± 1.2 5.7 ± 1.2 6.5 ± 1.7  
Analysed Quenched (mol%) 0.0 1.1 ± 2.2 2.1 ± 1.6 3.0 ± 1.3 4.2 ± 1.1 5.2 ± 1.0 5.6 ± 1.0 6.2 ± 0.9 

* B2O3 nominal values used, due to boron being undetected by the XRF spectrometer used, except for samples NBSP0.0, 3.0, and 4.0 for which ICP-OES analyses were 
obtained. 
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uncertainty may be related to the ICP-OES technique, where signal drift, 
spectral interferences, or the inaccurate signal identification may affect 
the results. 

3.3. X-ray diffraction (XRD) 

3.3.1. Annealed samples 
Fig. 4 shows that samples NBSP 0.0, 1.0, 2.0 and 3.0 were X-ray 

amorphous with no measurable crystallinity, whilst samples NBSP 4.0, 
5.0, 5.5 and 6.0 produced measurable Bragg reflections, evidencing 
identifiable crystalline phases present within the amorphous material. 
Sample NBSP 4.0 exhibited the crystalline phase sodium phosphate 
(Na3PO4, PDF#: 01–071–1918); sample NBSP 5.0 exhibited sodium 
phosphate (Na3PO4; PDF#: 01–071–1918) and (Na4P2O7; PDF#: 
01–073–5982); sample NBSP 5.5 exhibited sodium phosphate (Na3PO4; 
PDF#: 01–071–1918), (Na4P2O7; PDF#: 01–073–5982) and cristobalite 
(SiO2; PDF#: 01–074–9378); and sample NBSP 6.0 exhibited sodium 
phosphate (Na3PO4; PDF#: 01–071–1918) and (Na4P2O7; PDF#: 
01–073–5982). The crystal structure of the Na3PO4 was face centred 
cubic (fcc), where the phosphorus sites are fully occupied while the 
sodium and oxygen sites are only partially filled. The Na4P2O7 possesses 

an orthorhombic crystal structure where all its sites are fully occupied. 
The identification of a strong Bragg peak at ~22◦2θ in the XRD pattern 
for sample NBSP 5.5 was tentatively attributed to SiO2 (visually verified) 
(cristobalite, PDF#: 01–074–9378). 

3.3.2. Air quenched samples 
Fig. 5 shows the XRD patterns for the quenched samples, with sam

ples NBSP 1.0, 2.0 and 3.0 being confirmed to be X-ray amorphous with 
no measurable crystallinity. Samples NBSP 4.0, 5.0, 5.5, and 6.0 
exhibited measurable Bragg peaks and identifiable crystalline phases 
present within the amorphous material. Sample NBSP 4.0 showed evi
dence of a small Bragg reflection at ~22◦2θ. Although this was not 
positively identified, it is consistent with the peaks attributed to cris
tobalite (SiO2; PDF#: 01–071–3839) for the higher-P2O5 samples. 
Samples NBSP 5.0, NBSP 5.5 and NBSP 6.0 contained the phases sodium 
phosphate (Na4P2O7; PDF#: 01–073–5982) and cristobalite (SiO2; 
PDF#: 01–071–3839). There was also a shoulder peak beside the char
acteristic Na4P2O7 Bragg peak (~20◦2θ) at ~20.5◦2θ which, when 
compared with the annealed samples, was consistent with an identified 
Na3PO4 Bragg peak. Hence, these peaks have been labelled as Na3PO4. 
As the P2O5 content increased, the simultaneous presence of Na3PO4 and 
Na4P2O7 characteristic Bragg peaks in the XRD patterns for the NBSP 
5.0–6.0 samples indicated an increase in the relative intensity of 
Na4P2O7 peaks. 

3.3.3. Canister centreline cooling (CCC) samples 
Further to the observation that annealing can impact on phase sep

aration/crystallization behaviour (Sections 4.1.1. and 4.1.2), and in 
order to better understand the behaviour of the studied glasses under an 
imposed heat treatment regime relevant to nuclear waste vitrification, 
we have undertaken Canister Centerline Cooling (CCC) experiments. In 
the steel canisters into which Hanford HLW glasses will be poured, the 
melt is expected to cool slowly from the melter operating temperature of 
1150 ◦C to ambient temperatures [63,108]. The centreline of the 
canister is where it is expected that crystallisation will occur and be at its 
greatest, where cooling is slowest [106]. In the case of HLW glasses, it 
has been shown that the cooling regime promotes crystallisation of 
aluminosilicate phases such as nepheline and spinel [65,67,69,63]. The 
presence of nepheline is problematic in HLW glass because it can 
decrease the chemical durability of the final immobilized vitrified form 
by removing Si and Al from the glass network [65,67,69,63], whilst 
spinel crystallisation during melting may cause shorting of electrodes 
and block the melter discharge port [66,68]. In order to replicate the 
behaviour of the slowest cooled area in the canister, the CCC thermal 
profiles (Tables 2 and 3) were developed by Savannah River National 

Fig. 3. Graphical representation of XRF results for annealed NBSP samples, 
where hollow markers represent B2O3 analysed by ICP-OES, with associated 
errors shown in Table 1. Where error bars are not present, this is because they 
are smaller than the data markers. 

Fig. 4. XRD patterns for annealed NBSP glass samples with identified crystal
line phases listed. 

Fig. 5. XRD patterns for quenched, unannealed NBSP glass samples with 
identified crystalline phases listed. 
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Laboratory (SRNL) [70,71] to model the worst-case scenario for the 
occurrence of crystallisation. Both HLW [71] and LAW [70] CCC heat 
treatment regimes were performed on all NBSP samples. 

Fig. 6 shows the XRD patterns for the HLW CCC NBSP glasses. 
Samples NBSP 0.0, 1.0 and 2.0 were X-ray amorphous, whilst sample 
NBSP 3.0 showed evidence of some degree of crystallinity present within 
the amorphous material (Fig. 6). As the P2O5 content increased, the 
samples gradually became more crystalline. Sample NBSP 3.0 exhibited 
sodium phosphate (Na3PO4; PDF#: 01–071–1918) but also presented a 
peak at ~26◦2θ, which corresponds to the strongest intensity peak of 
quartz (SiO2, PDF#: 01–089–1961), where its presence in this sample 
may be due to unmelted silica. Sample NBSP 4.0 exhibited sodium 
phosphate (Na3PO4; PDF#: 00–031–1318), sample NBSP 5.0 exhibited 
sodium phosphate (Na3PO4, PDF#: 00–03–1318 and Na4P2O7, PDF#: 
04–018–433) with evidence of the characteristic cristobalite peak at 
~23◦2θ albeit weak in intensity; sample NBSP 5.5 exhibited sodium 
phosphate (Na3PO4, PDF#:00–031–1318 and Na4P2O7, PDF#: 
04–018–4331) and cristobalite (SiO2, PDF#: 00–039–142); and sample 
NBSP 6.0 exhibited sodium phosphate (Na3PO4, PDF#:00–031–1318 
and Na4P2O7, PDF#: 00–010–018) and cristobalite (SiO2; PDF#: 
00–039–142). The Na3PO4 exhibited a cubic structure, whilst Na4P2O7 
was either orthorhombic or hexagonal and SiO2 was tetragonal. 

Fig. 7 shows the XRD patterns for the LAW CCC NBSP glasses. 
Samples NBSP 0.0 to NBSP 3.0 are shown to be X-ray amorphous. As 
with the HLW CCC NBSP glasses, as P2O5 content increased the degree of 
crystallinity of the samples increased. However, the “onset” of crystal
linity occurred at higher P2O5 contents in the LAW CCC treated samples 
than the HLW CCC treated samples. Sample NBSP 4.0 exhibited Na3PO4 
(PDF#: 00–031–1318) and a weak intensity peak characteristic of cris
tobalite; sample NBSP 5.0 exhibited Na3PO4 (PDF#: 00–027–0771) and 
Na4P2O7 (PDF#: 00–010–0187); and samples NBSP 5.5 and NBSP 6.0 
exhibited Na4P2O7 (PDF#: 04–018–4331) and SiO2 (cristobalite and 
tridymite) (PDF#: 04–008–4812 and 04–012–1333). There was also 
evidence of similar characteristic Bragg peaks for Na3PO4 as in the 
previous samples, but this phase was not officially identified using 
HighScore Plus because of the weak peak intensity and overlap with 
other peaks. Na3PO4 present in samples NBSP 4.0, 5.0, and 5.5 had the 
same cubic crystal structure. Na4P2O7 in sample NBSP 5.0 had a hex
agonal crystal structure, while in samples NBSP 5.5 and 6.0 it had an 
orthorhombic structure. The SiO2 in the NBSP 6.0 sample was present as 
cristobalite and tridymite which had tetragonal and monoclinic crystal 
structures, respectively. 

3.4. Scanning electron microscopy (SEM) 

Figs. 8-12 show the backscattered SEM images of samples NBSP 3.0, 
4.0 5.0, 5.5, and 6.0 at a magnification of 60000x. Samples NBSP 
0.0–2.0 were X-ray amorphous and so were not SEM-analysed. SEM of 
sample NBSP 3.0 displayed a fully amorphous matrix with no evidence 
of droplets or other characteristics associated with phase separation or 

crystallisation. Samples NBSP 4.0–6.0 exhibited darker droplets in a 
lighter matrix, with small lighter crystal clusters growing from the 
droplets, however, without the use of energy-dispersive X-ray analysis 
(EDS) it cannot be confirmed which phases were present. EDS was not 
used because of the likelihood of beam damage to the samples at these 
high magnifications. However, the formation of these <1 µm, relatively 
uniformly separated droplets suggests that the glass composition is 
located in between the spinodal and binodal lines, where phase sepa
ration occurs as a nucleation-type mechanism [126]. The increase in size 

Table 2 
HLW canister centreline cooling schedule used, from [71].  

Segment Start Temperature 
(◦C) 

Stop temperature 
(◦C) 

Rate (◦C/ 
min) 

Dwell 
(min) 

1 1150 1150 0 30 
2 1150 1050 Furnace –    

quench  
3 1050 980 1.6 – 
4 980 930 0.8 – 
5 930 875 0.6 – 
6 875 825 0.4 – 
7 825 775 0.3 – 
8 775 725 0.3 – 
9 725 400 0.3 – 
10 400 0 Furnace –    

quench   

Table 3 
LAW canister centreline cooling schedule used, from [70].  

Segment Start Temperature 
(◦C) 

Stop temperature 
(◦C) 

Rate (◦C/ 
min) 

Dwell 
(min) 

1 1150 1150 0 30 
2 1150 1114 Furnace 

quench 
– 

3 1114 1000 7.1 – 
4 1000 900 1.8 – 
5 900 825 0.6 – 
6 825 775 0.3 – 
7 775 725 0.2 – 
8 725 600 0.1 – 
9 600 0 0.1 –  

Fig. 6. XRD patterns for all samples and identified crystalline phases in NBSP 
0.0 to 6.0 for HLW CCC heat treatment regime. 

Fig. 7. XRD patterns for all samples and identified crystalline phases in NBSP 
0.0 to 6.0 for LAW CCC heat treatment regime. 
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of some of the droplets with 4.0-6.0 mol% P2O5 additions may have been 
produced by the Ostwald ripening mechanism due to a diffusion process 
[16]. The display of two different shaded droplet types in the residual 
matrix (Figs. 8-12) suggests that they have different compositions. The 
original base glass was determined to not be susceptible to immiscibility 
given its position in the Na2O-B2O3-SiO2 ternary phase diagram, and the 
additions of P2O5 have enhanced the glasses’ susceptibility to phase 
separation and crystallization [16]. 

3.5. Thermal parameters 

DTA and dilatometry were conducted on the annealed samples, 
where the following figures exhibit graphical representations of this 
data. Fig. 8 shows the effects of increasing the P2O5 content on Tg (the 
onset Tg) based on values from Table 4. From analysing Fig. 13, the DTA 
Tg onset exhibits little change, within uncertainties, between 0.0 and 2.7 
mol% P2O5, but not between 2.7 and 6.5 mol% P2O5. Instead, there is 
decrease at 4.0 mol% P2O5 followed by a sharp increase at 4.9 mol% 
P2O5 through to 6.5 mol% P2O5. The dilatometry Tg onset shows a 

similar trend to DTA, where between 0.0 and 2.7 mol% P2O5, the Tg 
onset is the same, within uncertainties. However, this was followed by a 
sharp increase at 4.0 mol% P2O5 onwards, which is the same within 
uncertainties between 4.0 and 6.5 mol% P2O5. The increase at 4.0 mol% 
P2O5 is consistent with the occurrence of the sodium phosphate crystal 
phases that were confirmed by XRD. Both sets of data follow similar 
trends, with an increase in the Tg onset with increasing P2O5 content. 

Fig. 14 shows the effects of increasing the P2O5 content on the DTA 
Tg onset, Td, CTE and viscosity at 950 ◦C based on values from Table 5. 
Td is constant between 0.0 and 2.7 mol% P2O5, within uncertainties, the 
same as the Tg onset. However, there is a sharp increase of 20±5 ◦C 
between 2.7 and 4.0 mol% P2O5, after which the increase between 4.0 
and 6.5 mol% P2O5 is the same, within uncertainties. The CTE shows a 
decrease between 0.0 and 1.0 mol% P2O5. There is then an increase 
between 2.1 and 2.7 mol% P2O5 and between 2.7 and 4.0 mol% P2O5. 
The samples with 4.0 to 6.5 mol% P2O5 exhibit no further change in 
CTE, within uncertainties. The viscosity, exhibited via Td, shows a 
general positive linear relationship with P2O5 content. 

Fig. 8. Backscattered electron image of sample NBSP 3.0 at a magnification 
of 60,000x. 

Fig. 9. Backscattered electron image of sample NBSP 4.0 at a magnification 
of 60,000x. 

Fig. 10. Backscattered electron image of sample NBSP 5.0 at a magnification 
of 60,000x. 

Fig. 11. Backscattered electron image of sample NBSP 5.5 at a magnification 
of 60,000x. 
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3.6. High temperature viscosity (HTV) 

Fig. 15 depicts a line plot illustrating the measured viscosity at 
several temperatures for each NBSP glass melt, highlighting the effect of 
increasing P2O5 content. The general trend is a linear positive correla
tion, in that for a given temperature, as the P2O5 content increases, the 
viscosity of the melt increases. The increase in viscosity as the P2O5 
content increases is indicative that the silicate network is re- 
polymerising, which is also consistent with the increases in both Tg 
and Td (Fig. 14). The plot of the logarithm of viscosity versus the 
reciprocal of absolute temperature (1/T) produced a linear function 
(Fig. 15), and data could be reliably fitted with the Arrhenius-type 
equation (Ln (ƞ) = ln (As) + (Ea/R)*(1/T)), where (Ea/R) is the 
gradient of the straight line, and (Ln(As)) is equal to the intercept of the 
y-axis [73]. The methodology reported by Messaadi et al. [73] was 
adopted, using both linear least-squares fitting and graphical methods in 
the Excel software package to establish the Arrhenius activation energy 
(Ea/R) and entropic factor of Arrhenius (Ln(As)) as a function of P2O5 
content: the values are presented in Table 6. The Arrhenius activation 
energy (Ea) ranged between 16.429–22.826 KJ.mol− 1, whilst the 
entropic factor of Arrhenius (Ln(As)) ranged between − 10.94 and 
− 14.74. The Arrhenius behaviour of the melts suggests that the increase 
in the P2O5 contents increased the activation energy for viscous flow due 
to the re-polymerization of the melt structure [74]. The 
Vogel-Fulcher-Tammann (VFT) equation was not implemented on the 

viscosity data because it is used to fit data ranging between 103 and 1013 

Pa.s and fails when viscosity values are < 102 Pa.s [72]; the viscosity 
data in this investigation ranged between − 0.08495 and 1.72102 Pa.s 
(Table 5). 

Figures S1-S4 in the supplementary material illustrate the rheolog
ical behaviour of the glass melts, with viscosity of a Newtonian fluid 
being independent of the shear rate, displaying a linear relation between 
shear rate and shear stress [76], whilst a non-Newtonian fluid displays a 
non-linear function of the shear rate [77]. Figures S1-S4 present the 
viscosity behaviour of the glass melts at 950 ◦C, 1050 ◦C, 1150 ◦C, and 
1250 ◦C with increasing nominal P2O5 content, respectively. At 0.0 mol 
% P2O5, the glass melt behaves as a fully Newtonian liquid at 950 and 
1250 ◦C. However, there is a slight discrepancy in the data at 1050 and 
1150 ◦C, when the shear rate was between 6.1–7.8 s− 1 and 12.2–12.9 
s− 1, respectively. The function was no longer linear, but instead 
exhibited a slight hysteresis loop, with this behaviour indicating that the 
glass melt was exhibiting shear thickening. Shear thickening is when the 
viscosity of the liquid increases with an increase in shear stress at a 
constant shear rate [76,78]. Such an effect can result in a jump in the 
shear stress on exceeding the “critical” shear rate, where the flow of the 
liquid becomes erratic, suggesting the formation and separation of stress 
supporting structures [75,76,79]. At 1.0 mol% P2O5 at 950 ◦C 
(Figure S1) the data shows little variance in the shear stress when 
compared to 0.0 mol% P2O5, however, the shear stress does increase 
slightly above 300 Pa. It continues to behave as a Newtonian liquid at all 
temperatures. At 2.0 mol% P2O5 at 950 ◦C (Figure S1) the data shows 
little difference from 1.0 mol% P2O5, exhibiting Newtonian behaviour at 

Fig. 12. Backscattered electron image of sample NBSP 6.0 at a magnification 
of 60,000x. 

Table 4 
Experimental DTA and dilatometry thermal properties.  

Sample DTA Tg onset 
(◦C) 

DTA Tg Mid-point 
(◦C) 

Dilatometry Tg onset 
(◦C) 

Dilatometry Tg Mid-point 
(◦C) 

Td (◦C) Coefficient of Thermal Expansion (CTE) ((1/T) 
K) 

NBSP0.0 515 ± 3 532 ± 3 512 ± 5 532 ± 5 550 ±
5 

6.96 ± 0.2 × 10− 6 

NBSP1.0 519 ± 3 537 ± 3 508 ± 5 535 ± 5 550 ±
5 

6.88 ± 0.2 × 10− 6 

NBSP2.0 523 ± 3 540 ± 3 514 ± 5 545 ± 5 551 ±
5 

7.05 ± 0.2 × 10− 6 

NBSP3.0 518 ± 3 536 ± 3 509 ± 5 539 ± 5 550 ±
5 

6.59 ± 0.2 × 10− 6 

NBSP4.0 509 ± 3 540 ± 3 525 ± 5 561 ± 5 570 ±
5 

7.12 ± 0.2 × 10− 6 

NBSP5.0 520 ± 3 550 ± 3 530 ± 5 564 ± 5 575 ±
5 

7.30 ± 0.2 × 10− 6 

NBSP6.0 540 ± 3 562 ± 3 535 ± 5 569 ± 5 581 ±
5 

7.60 ± 0.2 × 10− 6  

Fig. 13. DTA and dilatometric Tg onset temperatures as functions of analysed 
P2O5 content 
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950◦C and the following temperatures (Figure S1-S4). At 3.0 mol% P2O5 
(Figure S1-S4) the data show an increase in the shear stress, reading 
approximately 400 Pa, where it then reduces slightly when the rate 
decreases, demonstrating slightly non-Newtonian behaviour. At 4.0 mol 
% P2O5 the melt viscosity decreases in shear stress from approximately 
400 Pa to 20 Pa between 950 and 1250 ◦C (Figures S1-S4), with some 
variance in the melt behaviour at 1050 ◦C, where there is strong evi
dence of non-Newtonian behaviour. The non-Newtonian behaviour is 
characterised by the slight hysteresis loop approximately between 10 
and 15 s− 1, which has been identified to correspond to thixotropic 
behaviour, where the viscosity of the fluid is dependent on the time of 
shear rate, where viscosity decreases with time [77]. At 5.0 mol% P2O5 
at 950 ◦C (Figure S1) the shear stress has a value of 500 Pa with variance 
in the Newtonian behaviour a 1250 ◦C (Figure S4). At 5.5 mol% P2O5 the 
shear stress increases to above 600 Pa with non-Newtonian behaviour 
being exhibited at 1150 ◦C, specifically thixoplastic behaviour 
(Figure S3). Finally, at 6.0 mol% P2O5 the shear stress at 950 ◦C in
creases to 1000 Pa with evidence of non-Newtonian behaviour, specif
ically thixoplastic behaviour, suggesting that as the P2O5 content 
increased the shear stress of the glass melts increased at 950 ◦C, corre
sponding to the increase in the viscosity. 

3.7. Structural analysis – Raman spectroscopy 

3.7.1. Annealed and quenched NBPS samples 
Figs. 16 and 17 show the Raman spectra of the annealed and 

quenched NBSP glasses, respectively. Tables 7 and 8 list the identified 
peaks in spectra for the annealed and quenched samples, and Table 9 
lists the associations, according to literature, of the identified peaks. The 
spectra can be divided into three main regions: the low frequency region 
(200–800 cm− 1), the mid- frequency region (800–1200 cm− 1), and the 
high-frequency region (1200–1600 cm− 1). The low frequency region 
contains Raman bands that could be associated with either the breathing 
mode of B-O-Si(B) bonds from reedmergnerite- and danburite-like rings 
that consist of [SiO2] and [BO4] tetrahedra in a mixed borosilicate 
phase; or the bending of ring-type metaborate groups, composed mainly 
from boron triangles [8,9,80,81], whilst the mid-frequency region has 
Raman bands associated with the symmetric stretch of Qn species asso
ciated with the silicate network, and the high frequency region is 
associated with symmetric stretching of the borate network [13]. The 
samples are sodium borosilicate glasses, hence they contain two medium 
range sub-networks associated with silicate and borate, with sodium 

Fig. 14. Effects of increasing P2O5 content on viscosity at 950 ◦C, coefficient of 
thermal expansion, Tg onset, and Td dilatometric softening point. 

Table 5 
Viscosity of NBSP samples at different melting temperatures during heating cycle.  

Temperature / (1/T) K Log(ŋ/dPas) ± 0.04  

NBSP0.0 NBSP1.0 NBSP2.0 NBSP3.0 NBSP4.0 NBSP5.0 NBSP5.5 NBSP6.0 

8.18E-04 1.07151 1.18546 1.21373 1.32015 1.32222 1.39844 1.57466 1.72102 
7.56E-04 0.55465 0.65677 0.66388 0.78199 0.75818 0.86162 0.91014 0.92495 
7.03E-04 0.18931 0.28600 0.27684 0.37541 0.35740 0.43249 0.48891 0.46934 
6.57E-04 − 0.08495 − 0.01185 − 0.02384 0.04005 0.03161 0.07562 0.16423 0.14987  

Fig. 15. Effects of temperature on log (viscosity) of NBSP samples at 8.18E-04 
(1/T) K, 7.5E-04 (1/T) K,7.03E-04 (1/T) K, and 6.5E-04 (1/T) K, with varying 
P2O5 content. The data is from a constant shear rate of 10 s− 1. 

Table 6 
Arrhenius parameters of the NBSP glass melts: Arrhenius activation energy (Ea / 
KJ.mol− 1) and entropic factor of Arrhenius (Ln (As/Pa.s)) as a function of P2O5 
content.  

Sample Ea (KJ.mol− 1) Ln (As /Pa.s) 

NBSP0.0 16.429 − 10.94 
NBSP1.0 17.216 − 11.42 
NBSP2.0 17.815 − 11.85 
NBSP3.0 18.433 − 12.08 
NBSP4.0 18.541 − 12.19 
NBSP5.0 18.961 − 12.32 
NBSP5.5 20.242 − 13.05 
NBSP6.0 22.626 − 14.74  
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cations acting as either modifier cations or charge compensators. The 
addition of P2O5 leads to the formation of a phosphate rich sub-network, 
where discrete PO4

3− and P2O7
4− species form outside of the silicate 

network [18]. Phosphorus scavenges metal cations and NBOs to charge 
compensate itself, leading to the re-polymerisation of the silicate 
network [18]. 

The base glass spectra for the annealed and quenched samples 
exhibited low intensity peaks at 495, 534/549, 630, and 729 cm− 1, an 
intense region between 800 and 1200 cm− 1 with identified peaks at 

935/937, 1000, 1026, 1075/1079, 1086, and 1109/1111 cm− 1, and a 
broader, low intensity region between 1200 and 1600 cm− 1 with iden
tifiable peaks at 1315, 1330, 1469, and 1471 cm− 1. 

When 0.0–3.0 mol% P2O5 was present in the annealed glasses, the 
peaks at 534 and 630 cm− 1 increased in intensity before continuing to 
decrease in intensity upon further additions of P2O5 (4.0–6.0 mol%). As 
these peak intensities decreased, a peak at 729 cm− 1 occurred at 5.0 mol 
% P2O5 and continued to increase in intensity to 6.0 mol% P2O5. The 
band at 935 cm− 1 increased in relative intensity between 0.0 and 3.0 
mol% P2O5, but reduced at 4.0 mol% P2O5, then increasing to its highest 
relative intensity at 5.0 mol% P2O5, before decreasing again at 5.5 mol% 
P2O5. The peak at 1000 cm− 1 was present at 2.0 and 4.0 mol% P2O5 and 
decreased in relative intensity upon additions of ≥5.0 mol% P2O5 at the 
expense of the peak at 1026 cm− 1. The broad band with a peak at ~1076 
cm− 1 increased in intensity between 1.0 and 4.0 mol% P2O5, but then 
decreased at 5.0 mol% P2O5, after which there was a sharp peak at 
~1086 cm− 1, which then completely decreased again at 6.0 mol% P2O5. 
The peak at 1109 cm− 1 only occurred in samples with ≥5.0 mol% P2O5 
and its relative intensity did not fluctuate greatly with increasing P2O5 
content. In the high frequency region (1200–1600 cm− 1), the base glass 
spectrum exhibited two peaks centred at 1315 and 1471 cm− 1, where 
the additions of 1.0 mol% P2O5 saw the development of a third peak at 
~1531 cm− 1. This peak shifted to higher and then lower frequencies 
upon the addition of 2.0 and 3.0 mol% P2O5, respectively. At 4.0 mol% 
P2O5, there were only two identifiable peaks centred at ~1311 and 1419 
cm− 1. When 5.0–6.0 mol% P2O5 was present in the sample, there were 
still two peaks present, however, the peak that at ~1419 cm− 1 was 

Fig. 16. Raman spectra of annealed NBSP glasses and sodium phosphate 
crystalline standards, Na3PO4 and Na4P2O7. 

Fig. 17. Raman spectra of quenched NBSP glasses and sodium phosphate 
crystalline standards, Na3PO4 and Na4P2O7. 

Table 7 
Raman peak maxima in the annealed NBSP glasses.  

Sample Raman spectral peak maxima (cm− 1) 

NBSP0.0 534, 630, 937, 1086, 1445 
NBSP1.0 534, 630, 937, 1086, 1445 
NBSP2.0 534, 630, 937, 1000, 1086, 1445 
NBSP3.0 534, 630, 937, 1000, 1086, 1445 
NBSP4.0 534, 630, 937, 1026, 1086, 1445 
NBSP5.0 534, 630, 937, 990, 1026, 1086,1109, 1445 
NBSP5.5 534, 630, 729, 937, 990, 1026, 1086, 1109, 1445 
NBSP6.0 630, 729, 937, 990, 1026, 1109, 1445 
Na3PO4 416, 548, 939, 1022, 1066 
Na4P2O7 343, 733, 1022, 1111  

Table 8 
Raman peak maxima in the quenched NBSP glasses.  

Sample Raman spectral peak maxima (cm− 1) 

NBSP0.0 495, 549, 630, 935, 1000 1078, 1472 
NBSP1.0 495, 549, 630, 935, 1000, 1078, 1472 
NBSP2.0 495, 549, 630, 935, 1000, 1078, 1472 
NBSP3.0 495, 549, 630, 935, 1000, 1078, 1472 
NBSP4.0 495, 549, 630, 935, 1000, 1078, 1472 
NBSP5.0 495, 549, 630, 729, 935, 1000, 1026, 1078, 1111, 1472 
NBSP5.5 495, 549, 630, 729, 935, 1000, 1026, 1078, 1111, 1472 
NBSP6.0 495, 549, 630, 729, 935, 1000, 1026, 1078, 1111, 1472  

Table 9 
Raman peak maxima with associated referenced assignments for the annealed 
and quenched NBSP samples.  

Raman shift (cm− 1) Attribution Reference 

534 (annealed) 
549 (quenched) 

Symmetrical stretching and partial 
deformation vibrations of Si-O-Si bridges 

[49,127] 

629 (annealed) 
628 (quenched) 

Breathing mode of B-O-Si(B) in 
reedmergnerite- and/or danburite- like 
rings with Na2O instead of CaO as a charge 
compensator for [4]B3+ units 
Metaborate vibrations of the ring-type  

[80,82–84, 
127]  

729 (annealed and 
quenched) 

Symmetric stretching of P-O-P [80] 

937 (annealed) 
935 (quenched) 

P-O stretching in PO4
3− Q0 tetrahedra [44,80, 

85–87,114] 
1000 (annealed and 

quenched) 
P-O stretching in P2O7

4− [27,44,94] 

1026 (annealed and 
quenched) 

P-O symmetric stretching vibrations of 
pyrophosphate (P2O7

4− ) Q1 units 
[88–90,114] 

1086 (annealed) / 
1078 (quenched) 

Stretching of the NBO of the Q3 structural 
units in silicate groups 

[49,127] 

1111 (quenched) 
1109 (annealed) 

P-O stretching in P2
(1B) 

PO2 vibrations of P(2) units connected to 
two borons (P2

(1B)) and PO3 vibrations of 
P(1) species 
Si-O− stretching in Q3 units 

[91] 
[92] 
[84] 

1445 (annealed) 
1472 (quenched) 

BO3 units with one bridging bond of BO4 

tetrahedra 
B-O(NBO) stretch 

[93] 
[82]  
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replaced by a peak at ~1432 cm− 1. 
For the quenched glasses, as the P2O5 content increased the Raman 

bands at 495 and 549 cm− 1 decreased in their relative intensities, whilst 
the peak at 630 cm− 1 increased until 3.0 mol% P2O5, before continuing 
to reduce in intensity from 4.0 mol% P2O5 upwards. The peak at 729 
cm− 1 occurred from 5.0 mol% P2O5 upwards, increasing in intensity 
with increasing P2O5 content. The peak at 935 cm− 1 increased in relative 
intensity between 0.0 and 5.0 mol% P2O5, before decreasing at 5.5 and 
6.0 mol% P2O5. The band at 1000 cm− 1 was present in spectra for the 2.0 
and 4.0 mol% P2O5 samples, then it decreased in intensity at the expense 
of the peak at 1026 cm− 1 upon additions of ≥5.0 mol% P2O5. The broad 
peak at 1078 cm− 1 decreased in intensity whilst the peak at 1026 cm− 1 

increased, with increasing P2O5 content. In the high frequency region 
(1200–1600 cm− 1), two discernible peaks were identified, where the 
second peak moved to a lower frequency upon the addition of P2O5. 

3.7.2. Raman difference spectra 
Fig. 18 shows the Raman difference spectra (RDS) of the annealed 

NBSP samples, with Table 10 listing the key intensities and likely as
sociations based on literature. The RDS are produced by subtracting the 
Raman spectrum for the base glass that is common to all the samples i.e., 
sodium borosilicate glass with 0.0 mol% P2O5, from the spectra for the 
other samples that contain P2O5, thereby presenting the effects of P2O5 
additions in the y-axis. However, it should be noted that there are 
contributions from borate and silicate species, but these are being con
voluted by the phosphate-specific intensities, hence other techniques 
such as MAS-NMR would be needed to establish the Qn speciation of the 
borate and silicate units. 

4. Discussion 

4.1. X-ray diffraction 

As the P2O5 contents of the samples increased, they became 
increasingly crystalline, with a change in the nature of the phosphate 
phases present. At lower P2O5 concentrations there were orthophos
phate QP

0 species, [PO4]3− , as indicated by the Na3PO4 phase in the NBSP 
4.0 sample. In sample NBSP 5.0–6.0 there were Na3PO4 and Na4P2O7 
present, which introduced QP

1 pyrophosphate anions, [P2O7]4− . How
ever, the characteristic Bragg peaks associated with Na4P2O7 occurred 
along with Na3PO4, increasing in relative intensity with increasing P2O5 
content. The crystallisation of Na3PO4 and Na4P2O7 is consistent with 
results for other relevant glasses in which Na2O is present at high levels 
(> 20 mol%) [34,96]. Therefore, as the P2O5 content increases, the ratio 

of PO4
3− to P2O7

4− anions changes in favour of the pyrophosphate cations 
(P2O7

4− ). However, this increase means that more Na+ ions are needed to 
charge compensate the P5+ anions, resulting in the increase in the ratio 
of 3-coordinated boron ([3]B3+) to 4-coordinated boron ([4]B3+), and the 
subsequent increase in the degree of polymerization of the silicate 
network through the conversion of NBOs to BOs [9,31,34]. If this were 
the case, Tg could be expected to change. The transition of orthophos
phate to pyrophosphate with increasing P2O5 content is, therefore, 
attributed to the clustering observed as the sodium phosphate crystal 
phases where the ratio of orthophosphate to pyrophosphate increases 
with increasing P2O5 content; this was the case for both the quenched 
and annealed glasses. 

XRD was conducted on both annealed and quenched samples to 
understand whether annealing the samples had any effect on the crys
talline phases in comparison to air quenching. The quenched samples 
presented cristobalite in samples NBSP 5.0, 5.5, and 6.0, while the 
annealed samples only presented cristobalite in sample NBSP 5.5. 
Having cristobalite present in the annealed NBSP 5.5 sample suggests 
that there was a small amount of unmelted silica in the glass arising from 
imperfect melting of the raw materials, meaning that the glass may have 
needed to be heated at either a higher temperature and/or left to dwell 
longer during melting to ensure all batched silica had been incorporated 
into the melt. The presence of SiO2 in the quenched samples also in
dicates that the point at which the glass was poured had an impact on 
the crystallisation behaviour. 

Glasses are non-equilibrium states of matter and move towards their 
equilibrium state when heated at a temperature below Tg. This phe
nomenon, which changes the glass properties, is referred to as structural 
relaxation [97]. During annealing, structural relaxation occurs, thermal 
stresses are removed, and the enthalpy of the glass reduces [98]. Hence, 
the glasses were annealed at 500 ◦C because this is the temperature just 
below the Tg, where literature showed that the Tg of the base glass was 
expected to be approximately 515 ◦C [103]. The annealed samples have 
a lower threshold because the annealing process had a slower cooling 
rate, where the structural relaxation of the glass subsequently leads to 
the nucleation and growth of crystals and/or phase separated droplets 
[99]. 

The heat treatment/thermal history of the glasses, whether annealed 
or quenched, has influenced the crystallisation behaviour, where the 
quenched glasses have X-ray measurable crystalline peaks at 5.0 mol% 
P2O5 as opposed to at 4.0 mol% P2O5 in the annealed glasses. Heat 
treatment (annealing) of a glass melt/matrix can have an effect on 
nucleation and crystallisation processes, where cooling at a constant rate 
or holding at a given temperature, in this case 500 ◦C, can enable any 
nuclei present in the melt/matrix to grow until they have reached a 
critical size, at which point they are retained and allowed to develop, 
resulting in their precipitation as crystals [100–102]. For example, 
formation and growth of a second, initially amorphous, phase and its 
growth during initial cooling of the melt and then heat treatment 
(annealing) at 500 ◦C is consistent with heating at temperatures above 

Fig. 18. Raman Difference Spectra (RDS) obtained by subtracting the Raman 
spectrum for sample NBSP 0.0 (base glass) from the Raman spectra of the other 
NBSP samples (NBSP 1.0 to 6.0). 

Table 10 
Raman peak maxima with associated referenced assignments.  

Raman Intensity, 
cm− 1 

Assignment Reference 

729 Symmetric stretching of P-O-P [80,89] 
937 P-O stretching in PO4

3− Q0 tetrahedra [8,9,56,80,114, 
126] 

1000 P-O stretching in P2O7
4− [26,27,56,94, 

114] 
1026 P-O symmetric stretching vibration of 

pyrophosphate Q1 units 
Asymmetric stretching modes of Si-O- NBO 
Asymmetric stretching of PO3 

[90,93,95,63] 

1109 P-O stretching in P2
(1B) [91,92] 

1445 BO3 units with one bridging bond of BO4 

tetrahedra 
[93]  
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the Tg of this second phase (theoretical Tg ~424 ◦C based on the 
extrapolation of the nominal composition 75Na2O-25P2O5 mol% (ob
tained from XRD showing Na3PO4 as the first crystalline phase that 
forms, and calculated for the 4.0 mol% P2O5 sample from the SciGlass 
software database)) which has consequently placed the sample in a 
temperature regime (above Tg) whereby this second amorphous phase is 
capable of crystallisation. This could explain the presence of crystalline 
sodium phosphate (Na3PO4) at lower nominal P2O5 contents in the 
annealed (heat treated) glass samples compared to the quenched 
(unannealed and thus not heat treated) equivalent samples. This is an 
important finding as it illustrates the need for caution when investi
gating phase separation in glasses. It should also be noted that the 
cooling rate and temperature distribution of the quenched glasses are 
unknown, which could better inform the crystallisation behaviour. 
However, some literature on broadly similar sodium borosilicate glass 
systems has reported cooling rates, such as Yazawa et al. [104], Angeli 
et al. [83], and Peuget et al. [105] who reported the values 600 K/min, 
0.7 × 106 K/min, and 3.0 × 104 K/min, respectively. 

When the samples underwent the CCC heat treatment the sodium 
phosphate crystal phase transitions formed a cubic structure in samples 
NBSP 3.0, 4.0, and 5.0, to orthorhombic in samples NBSP 5.0 and 5.5, to 
hexagonal in sample NBSP 6.0. Interestingly, crystallinity occurred at a 
lower P2O5 content in the CCC regime heat treated glasses when 
compared to the annealed glasses, with X-ray crystallinity observed on a 
macroscale in the NBSP 4.0 sample and measurable in the NBSP 3.0 
sample. These phases have developed because they are closer to their 
high-temperature equilibrium, meaning that during the HLW CCC heat 
treatment regime the samples were held at higher temperatures (e.g. 
>800 ◦C) for considerably longer, allowing the main phase nucleation 
sites to grow and crystallise [106]. 

Comparing the HLW CCC and LAW CCC NBSP glasses, both devel
oped similar sodium phosphate crystalline phases with increasing P2O5 
contents. The heat-treated samples demonstrated that the measurable 
solubility limit of P2O5/onset of crystallization does differ with heating 
regime. The precipitation of the cristobalite and tridymite could 
decrease the chemical durability of the glasses because they strip SiO2 
from the glass matrix and thus can affect the rate of glass dissolution in 
water [106,107]. It should be noted that this data is limited in respect to 
the type and extent of crystallisation that the final Hanford glasses will 
exhibit, because of the reduced number of components in the studied 
glass system, and consequent differences in the overall composition. The 
P2O5 may interact and behave differently when in the presence of cat
ions other than Na+, and with other glass formers and intermediates, 
such as Fe2O3 and Al2O3. For example, a representative waste glass 
simulant composition reported by Achigar et al. [96], in the SiO2-
B2O3-Al2O3-Fe2O3-Na2O-Li2O-CaO glass system, exhibited two different 
crystal phases, NaCaPO4 and NaLi2PO4, where phosphate crystallisation 
occurred at 3.2 mol% P2O5. Hence, the solubility limit of P2O5 and 
crystallisation behaviour strongly depend on glass composition and the 
abundance of each oxide present. However, the sodium borosilicate 
glass system studied here is still of relevance, given its wide use and 
application in common commercial applications, such as Pyrex-type 
glasses [15], in biomedical applications such as bone grafts [32], and 
as a common glass system used to represent and vitrify nuclear waste by 
countries such as the UK, USA, India, Japan and France [109]. A range of 
relevant literature has described the use of sodium borosilicate glasses to 
infer the behaviour and properties of full simulant wastes with respect to 
phosphorus additions, such as Krishnamurthy et al. [31], Schuller et al. 
[11], Rong et al. [109], and Munoz et al. [27,34]. 

4.2. Scanning electron microscopy (SEM) 

The mixture of droplets observed in the SEM backscattered electron 
images (Figs. 9-12) may be indicative of liquid–liquid phase separation 
that may have occurred upon cooling, where one phase may have cooled 
before the other as the P2O5 content increased in the glass system. The 

black and grey dots in the matrix of lighter grey may have been nucle
ation sites for crystals with potentially different compositions. However, 
the exact mechanism by which phase separation occurred is currently 
unknown i.e. whether spinodal decomposition, nucleation and growth, 
or both. Visual inspection of the morphology postulates that the phase 
separation took place via the nucleation and growth mechanism, where 
said mechanism occurred at low supersaturations, near to the immisci
bility limit. However, conclusively stating that the phase separation 
occurred by the nucleation and growth mechanism cannot be under
taken, as it is notoriously difficult to determine the mechanism based 
solely on morphology. Craievich et al. [110] cited work by Seward et al. 
[111] who examined thin films of BaO-SiO2 glass, reporting that com
positions near the centre of the miscibility gap presented fine isolated 
droplets, however, at a later stage two interconnected phases were 
observed, indicating the intersecting growth when the composition was 
within the spinodal region. Vogel [15] reported that the high cation field 
strength of phosphorus allows it to dominate the process in mixed glass 
systems, such as Na2O-B2O3-SiO2-P2O5, where it gathers alkali cations 
from the unmixed borosilicate phase and into an additional phosphate 
rich droplet phase [45]. 

The relationship between crystallisation and liquid-liquid phase 
separation, or immiscibility, is subtle, however, it is generally accepted 
that the origin of immiscibility and crystallisation in silicate solutions 
derives from the thermodynamic driving force [112]. Studies by Uhlman 
[113] reported that local changes in the composition caused by phase 
separation phases:  

(i) Can increase or decrease the thermodynamic driving forces of 
crystallisation; 

(ii) Can enhance crystal nucleation through the existence of in
terfaces in the phase separated regions;  

(iii) This results in one of the liquid phases having a higher atomic 
mobility then the present homogeneous phase;  

(iv) This provides a larger driving force for the nucleation or atomic 
mobility by the interfacial regions between the enriched sepa
rated component in one of the phases. 

It should be noted that crystallisation itself is a two-step process: (i) 
the initial nucleation of the crystal followed by (ii) the growth of the 
nuclei by the addition of more atoms [101]. There are also two types of 
nucleation: heterogenous and homogeneous. The first occurs when the 
nuclei form at an already pre-existing surface or interface, and the latter 
occurs when nuclei form spontaneously in the melt/matrix [101]. When 
the crystals are small the positive surface energy term is dominant, 
making them unfavourable and re-dissolving back into the glass matrix 
[52,50]. When these crystals are larger than the critical nuclear size, the 
bulk free energy dominates instead, meaning the nuclei are stable and 
grow in size [101]. In heterogeneous nucleation, the crystal forms on an 
existing interface/surface, while in homogeneous nucleation the inter
face that is being formed is between the melt/matrix and crystal [101]. 
As a result, the combination of creating and eliminating interfaces leads 
to a reduction in the activation energy needed for crystallisation. Hence, 
heterogeneous nucleation is faster than homogeneous nucleation. 
Therefore, systems with more pre-existing interfaces such as phase 
separation, voids and crystals will have a higher nucleation rate than a 
glass system without such interfaces [101]. In summary, SEM has 
confirmed that the solubility limit of P2O5 in these glasses is between 
2.7–4.0 mol% P2O5, which is consistent with the XRD patterns (Fig. 4). 

4.3. Thermal parameters 

4.3.1. Tg, CTE, and Td 
The decrease of the Tg onset at 2.7 mol% P2O5 in the DTA data may 

suggest that the silicate network is becoming de-polymerised, resulting 
in an increase in NBOs in the glass network, and therefore, there may be 
more planar trigonal borate units in the system and that P2O5 may be 
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promoting the formation of P-O-B species leading to a less connected 
network and, therefore, a decrease in Tg [18]. There is not enough Na+

ions to charge compensate the less polymerised phosphate units, hence 
the bonding of phosphate to a borate unit to form borophosphate species 
[18]. However, to establish whether this is the case, 31P-NMR and 
11B-NMR would be required. Moreover, there is a difference in behav
iour observed between the DTA and dilatometry-measured samples. 

Tg is sensitive to the degree of network connectivity in the glass 
system, and the increase in NBOs in the silicate network decreases it, but 
the conversion of planar trigonal [3]B to tetrahedral [4]B units increases 
Tg [19,23]. Between 0.0 to 2.1 mol% P2O5 the Tg increased then reduced 
at 2.7 mol%, before continuing to increase again up to 6.5 mol% P2O5. 
This observed behaviour of the dual effect of P2O5 has been observed 
previously by other researchers such as Cheng [114], who reported that 
for borosilicate glasses with the addition of 1.0 mol% P2O5, Tg increased 
but after further additions Tg gradually decreased until the glass phase 
separated. The initial increase in Tg suggests this is a result of the 
increased polymerization of the silicate network, and that changes in the 
degree of polymerisation of the network upon further additions of P2O5 
are due to the NBOs and metal cations being scavenged to charge 
compensate the phosphate specific species in the glass network [18]. 
The decrease in Tg in the DTA data may be evidence of the (in this case) 
negative effect of P2O5, where there are not enough excess alkali cations 
to charge compensate the less polymerized PO4

3− and P2O7
4− units, and 

they instead form P-O-B linkages, however, the presence of the units 
needs to be confirmed using MAS-NMR [19,23]. O’Donnell et al. [52] 
reported that P2O5 had this dual effect on bioactive glasses, stating that 
when the P2O5 content was increased, instead of the Tg increasing as 
expected, it decreased which contradicted the theory. They then com
mented on phosphate additions needing to be charge balanced by 
modifier cations such as sodium and calcium, which are taken from the 
silicate network [52]. 

CTE can give qualitative information on glass structure, since CTE 
depends on the glass composition, thermal history and temperature 
range of the dilatometry data from which it is extracted. The presence of 
asymmetrical units in the glass structure will lead to an increase in the 
CTE because they will cause anharmonic vibrations, while a more 
symmetrical network would lead to a decrease in the CTE [115]. In 
Fig. 9, the increase in the CTE between 2.0 and 3.0 mol% P2O5 and 2.7 
and 4.0 mol% P2O5 may be indicative of the network de-polymerising 
due to the formation of “less-symmetrical units” such as pentaborate 
(P-O-B) and triborate ([3]B) groups, which in turn indicates an increase 
in NBOs present in the glass structure [115]. Studies by Klyuev [115] 
concluded, firstly, that if the CTE increased, it was because there was an 
increase in the abundance of NBOs. Secondly, that the glass network 
contained cations whose coordination numbers were changing within 
the temperature range that exceeded the lower Tg range; and lastly, that 
the glass structure contained layered or chain fragments that were 
linked together by Van der Waals bonds [116]. Therefore, there could be 
several reasons as to why the CTE increased in the dilatometry data. 
Minamf & Mackenzie [116] commented that a decrease in the cationic 
field strength led to the observed increase in CTE, because the CTE is 
controlled by the interactions between the cation and NBOs, hence the 
de-polymerisation of the glass network [116]. Both Munoz et al. [34] 
and Kirkpatrick and Brow [117] reported that P5+ attracts Na+ cations 
from the silicate sub-network, resulting in its subsequent 
re-polymerisation [117,118]. This structural change may then result in 
effects on thermal properties and chemical durability. 

Based on the available data, it can be shown that the Td is following a 
broadly similar trend to Tg onset, in that it is steadily rising with 
increased P2O5 content. The softening temperature ranges between 0.0 
to 2.7 mol% P2O5 and 4.0 to 6.5 mol% P2O5 are the same within un
certainties, however, there is a notable increase between 2.7 and 4.0 mol 
% P2O5. In phase separated glasses, the softening of the glass determines 
the value of Td, which is controlled by the more viscous phase. If that 
phase is continuous, then the shift to a higher temperature controlled by 

the continuous high temperature phase [119]. According to Keyvani 
et al. [118], the increase in Tg and Td is a result of the increase in the 
viscosity. Therefore, this suggests that the glasses have begun to phase 
separate between 2.7 and 4.0 mol% P2O5 which affects Td. 

4.4. High temperature viscosity (HTV) 

The viscosity of fluids is a measurement of the its resistance to shear 
deformation, where the viscosity-temperature relationships determine 
the melting parameters, annealing temperatures, refining rate, and 
crystallization rate [120]. Viscosity directly dictates the relaxation 
processes in amorphous materials, and is reliant on the glass composi
tion [120]. In this particular study, the experimental viscosity data will 
contribute to property-composition relationship models that provide 
potential glass compositions for application at the Hanford Waste 
Treatment and Immobilisation Plant and for waste streams high in P2O5 
[121]. Previous authors have highlighted the importance of measuring 
the viscosity of glass melts to better inform not just processing proper
ties, but to provide further information on a glasses’ thermal properties 
such as Tg, and its structure [120,122,123], especially as changes in the 
composition which may reduce structural connectivity reduce the melt 
viscosity and vice versa [124]. 

A fluid’s viscosity behaviour can be described as being Newtonian, 
which is characterised by the linear relationship between the applied 
shear stress and rate of shear, demonstrated in (2) [125]: 

σyx = F
/

A = ηYyx (2)  

Where σ is the shear stress, which is defined as the applied force, F, 
acting over a given unit area, A. The shear viscosity, η, is defined as the 
coefficient of proportionality between the shear rate and shear stress, 
whilst the shear strain, Y, is defined as the displacement gradient across 
the sample. 

When the viscosity of fluid is not constant at a given temperature but 
instead relies on the rate of shear, the fluid is non-Newtonian. Non- 
Newtonian fluids can be grouped into three main categories [125]:  

1. Systems where the value of Y at a certain point within the fluid is 
determined by the current value of σ: these substances are known as 
purely viscous, generalised Newtonian fluids (GNF) or time- 
dependent.  

2. Systems where the relationship between σ and Y show further 
dependence on the duration of shear and the kinematic history are 
known as time-dependent-fluids.  

3. Systems that exhibit a mixture of viscous fluid behaviour and of an 
elastic solid-like behaviour, for example a class of materials that 
show partial elastic recovery, creep recoil etc. These are visco-elastic 
or elastic-viscous fluids. 

Reviewing the viscosity of the glass melts it can be determined that 
samples NBSP 1.0 to NBSP 3.0 and NBSP 5.0 behaved entirely as New
tonian fluids at temperatures 950 ◦C, 1050 ◦C, 1150 ◦C, and 1250 ◦C, but 
samples NBSP 0.0, NBSP 4.0, NBSP 5.5, and NBSP 6.0 acted as non- 
Newtonian fluids depending on the temperature, and may in fact have 
been type-two non-Newtonian fluids, ‘time-dependent fluids’, which 
show further dependence on the duration of shear and the kinematic 
history; or type-3, which is a mixture of viscous fluid behaviour and an 
elastic-solid-like behaviour [126]. However, the viscosity of the samples 
may have increased at higher P2O5 content at the expected Hanford Site 
melting temperature of 1150 ◦C, the majority of the samples still dis
played Newtonian behaviour except for NBSP 0.0 and NBSP 5.5. 

It should be noted that phase separated systems under shear flow can 
have anisotropic morphological evolution, which can even induce 
ordering of the structure [11]. Zhang et al. [11] found that in a binary 
system in which phase separation has occurred, the viscous phase is the 
minor phase and the viscosity of the bulk contribution differs from that 
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of the interfacial contribution, leading to a reduction on the 
non-Newtonian behaviour [11]. When this viscous phase is the major 
phase, the bulk concentration is comparable to that of the interfacial 
contribution and hence the non-Newtonian behaviour is instead 
strengthened [12]. 

The differences in viscous flow observed here have most likely come 
from the differences in the local molecular environments around that of 
the flow species in the glass melt [64]. Simmons et al. [64] proposed a 
model that was based on the concept that the shear structural relaxation 
processes which control viscosity are dependent on the size and type of 
microstructure(s) present in the glass melt [64]. If the system has an 
interconnected microstructure with different viscosities, then there are 
three types of viscosity behaviour that will follow, depending on the 
microstructure size [64]. When there are small microstructures due to a 
space averaging within the relative size, this can lead to the molecules 
having their activation energies and relaxation times equivalent to each 
other, and therefore, the distributions are small, with expected viscosity 
behaviour. However, as the microstructure grows, the areas in the 
microstructure will differ leading to non-equivalent activation energies 
and relaxation times [64]. This broadening of the distribution of mole
cules and increase in viscosity are accentuated as the relative size grows 
[64]. 

Therefore, considering this information and reviewing the viscosity 
results for the NBSP sample glass melts, the increase in viscosity may be 
a result, first of phase separation induced by the increase of the P2O5 
content, and thenwith decreasing temperature, the presence of solid 
sodium phosphate crystalline phases acting as the major viscous phase, 
with the bulk concentration being comparable to the interfacial contri
bution, and hence the non-Newtonian behaviour of the melt. 

4.5. Raman spectroscopy 

The small band at 495 cm− 1 could be associated with the vibra
tionally isolated Si-O-Si or Si-O-B mode of four-membered rings or SiO4 
tetrahedra with four BO ions [126]. The bands at 534/549 cm− 1 have 
been attributed to the symmetrical stretching and partial deformation 
vibrations of Si-O-Si bridges [127,49]. The band at 630 cm− 1, according 
to literature, is potentially caused by the breathing mode of B-O-Si(B) in 
reedmergnerite- and/or danburite- like rings with Na+ ions instead of a 
Ca2+ ions acting as charge compensators for [4]B3+ units [80,82–84], or 
by metaborate vibrations of the ring-type [127]. The band at 729 cm− 1 

has been attributed to the symmetric stretching of P-O-P [80] and occurs 
from 5.0 mol% P2O5 upwards in both the annealed and quenched 
samples and can be matched to the same peak in the Na4P2O7 crystalline 
standard. The band at 935/937 cm− 1 can be assigned to the formation of 
the stretching of a Q0

P unit, which is consistent with the peak in the 
Na3PO4 crystal standard spectrum [44,80,85–87]. The bands at 1000 
and 1026 cm− 1 can be attributed to P-O symmetric stretching vibrations 
of the pyrophosphate Q1

P unit [42,44,88–90,94,114] . The bands at 1078 
cm− 1 and 1086 cm− 1 are in the region where Q3 units are expected, and 
so have been assigned to the stretching of the NBO of the Q3 structural 
units in the silicate groups [38,80]. The bands at 1109/1111 cm− 1 have 
been attributed to the combination of P-O stretching in P2

(1B) [116], PO2 
vibrations of P(2) units connected to two borons P2

(1B) and PO3 vibrations 
of P(1) species [92], and Si-O− stretching in Q3 units [117]. The peaks 
centred at ~1311/1315/1330 and 1453/1469/1471 cm− 1 could be 
attributed to loose [3]B3+ units and [3]B3+ units linked to [3]B3+ units, 
respectively, whilst the peak at 1419 cm− 1 can be attributed to [3]B3+

units linked to [4]B3+ units, and the peak at 1432 cm− 1 can be attributed 
to [3]B3+ units linked to boroxol rings [82,93]. 

The presence of the band at 630 cm− 1 (reedmergnerite- and/or 
danburite- like rings) in both sets of glasses implies that the silicate and 
borate sub-networks are interconnected to some degree, but that the 
reduction in its intensity suggests that with increasing P2O5 content the 
silicate sub-network is re-polymerising and the borate sub-network is 
forming fewer Si-O-B linkages. The increase in the relative intensity of 

the peak at 1026 cm− 1 at the expense and reduction in the band at 
~1000 cm− 1 suggests that there was an increase in the presence of py
rophosphate Q1

P units, which is supported by the presence of sodium 
phosphate crystals in the XRD pattern (Fig. 4) in samples with ≥5.0 mol 
% P2O5. The broad band with peaks centred at ~1076/1078 cm− 1 

decreased as the relative intensity at 1026/1086 cm− 1 increased, sug
gesting that as the P2O5 content increased, there was an increase in the 
presence of Q1

P species at the expense of Q3
Si species. Overall, additions of 

P2O5 have the dual effect of de-polymerising and re-polymerising the 
silicate and borate networks by scavenging metal cations (Na+) and 
NBOs. 

4.5.1. Raman difference spectra 
Detailed study of Raman spectroscopy data on various alkali and 

alkaline earth doped oxide glasses with similar glass formulations to the 
glasses in this study, have been reviewed to give details of the structural 
changes P2O5 can cause. Referring to the intensities produced by the 
RDS (Fig. 18), the 729 cm− 1 intensity has been associated with the 
symmetric stretching of P-O-P bonds, whilst the 937 cm− 1 intensity was 
associated with the symmetric stretching of the P-O bond isolated in 
PO4

3− Q0 tetrahedra [56,80,85,86,95,126]. However, Yadav et al. [80] 
instead associated the intensities at approximately 940 cm− 1 with PO2 
symmetric stretching of NBOs in Q0

1 units [80]. Litasov et al. [128] 
commented that the peak at 987 cm− 1 could also be the symmetric 
stretching of P-O bonds in isolated PO4

3− species, as also suggested by 
Mysen [56,57] and Trimble et al. [126]. When referring to the XRD 
patterns for the annealed NBSP samples (Fig. 4), orthophosphate and 
pyrophosphate species are present in the NBSP 4.0, 5.0, 5.5, and 6.0 
samples, evidenced by the occurrence of sodium phosphate crystals. 
Therefore, it is reasonable to assume that the Raman band at 937 cm− 1 

has been caused by the symmetric stretching of the P-O bonds in isolated 
PO4

3− Q0 tetrahedra. The 729 cm− 1 and 937 cm− 1 intensities can be 
further supported by comparing them with the Na3PO4 and Na4P2O7 
crystal phase standard Raman spectra seen in Fig. 16, where the 729 
cm− 1 intensity is associated with Na4P2O7 and 937 cm− 1 with Na3PO4. 
The intensity at ~1000 cm− 1 could either be attributed to the P-O bond 
stretching in P2O7

4− or the stretching vibration of P-O bonds in the P(Q1) 
chain [56,57,80]. Support for this suggestion is evidenced by the 
occurrence of the pyrophosphate species as evidenced in the XRD pat
terns for samples NBSP 5.5 and 6.0 as sodium phosphate crystals (Fig. 4). 
The peak at 1026 cm− 1 observed for samples NBSP 5.0, 5.5, and 6.0 
could either be attributed to the asymmetric stretching modes of 
Si-O-NBO or the P-O symmetric stretching vibration of pyrophosphate 
Q1 units [90,95]. However, this band only occurs in the 
amorphous-crystalline phase separated samples (samples NBSP 5.0 to 
6.0). The 1026 cm− 1 intensity is most likely the result of the P-O sym
metric stretching vibration of the pyrophosphate Q1 units in the sodium 
phosphate crystals, especially when compared with the Na4P2O7 Raman 
spectrum, which has the characteristic peak at ~1029 cm− 1. The in
tensity at 1114 cm− 1 observed for samples NBSP 5.0, 5.5 and 6.0 can be 
attributed to Na4P2O7 when compared to the Na4P2O7 Raman spectrum 
in Fig. 11. The intensity at 1109 cm− 1 observed for samples NBSP 5.0, 
5.5 and 6.0 may be attributed to P-O bond stretching in P2

(1B) units [91, 
92]. The Raman intensity at 1445 cm− 1 observed in all spectra, from 
samples NBSP 0.0 to 6.0, can be assigned to BO3 units with one bridging 
bond of a BO4 tetrahedron [93]. 

5. Conclusions 

Increasing the P2O5 content in the annealed sodium borosilicate glass 
system studied here increased its susceptibility to immiscibility, where 
at 3.0 mol% the glass matrix was amorphous, but at ≥4.0 mol% there 
was evidence of nucleation-type phase separation, as evidenced by BS- 
SEM images, and the presence of sodium phosphate crystal phases, as 
determined by XRD patterns. The changes in composition were reflected 
in the structural analysis of the samples, where the Raman intensity 
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band at 630 cm− 1, representative of the reedmergnerite- and/or dan
burite- like rings, decreased in intensity with increasing P2O5 content, 
suggesting a change in the polymerisation of the silicate and borate sub- 
networks. This decrease in intensity suggested that the silicate network 
may have been re-polymerising through the conversion of NBOs to BOs, 
which then affected the thermal, rheological, and crystallisation 
behaviour. The Tg both increased and decreased with increasing P2O5 
content, consistent with previous literature. The viscosity of the glass 
melts increased with increasing P2O5 content and decrease in tempera
ture, where ≥4.0 mol% resulted in non-Newtonian fluids. This change 
from Newtonian to non-Newtonian behaviour may have been a result of 
the nucleation-type phase separation, where the presence of solid so
dium phosphate crystals were acting as the major viscous phase. The 
solubility of P2O5 and subsequent occurrence of sodium phosphate 
crystal phases was affected by the thermal history of the glass, i.e. 
annealed or quenched. When the glass melt was quenched, crystalline 
phases were not detected by XRD until 4.0 < P2O5 ≤ 5.0 mol%. When 
the annealed quenched glasses underwent two different CCC heat 
treatments, they exhibited measurable crystalline phases at 3.0 < P2O5 
≤ 4.0 mol%. This difference in the point at which measurable crystalline 
phases occur as a function of heat treatment, informs the understanding 
of the relationship between temperature and viscosity, which is para
mount in determining the correct melting regime in glass production 
and processing. However, it has also revealed that the solubility limit of 
P2O5 could either be regarded as the point at which crystallisation oc
curs or the point at which homogeneous materials develop in
homogeneity at a measurable length scale. Therefore, this study is useful 
in guiding future development of more complex glass systems pertaining 
to radioactive waste streams rich in P2O5, for example those from the 
Hanford Site. 
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