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Abstract
During glass production, phase separation can result in the formation of sus-
pended liquid droplets, which can cause changes in the system rheology. In
nuclear waste vitrification context, some new glassy matrices may present this
phase separation matter, but the mechanisms controlling the viscosity changes
have not yet been determined. Here, we measure the viscosity of a sodium-
borosilicate melt containing dissolved MoO3 at different temperatures and
subject to different applied shear strain rates. We observe that (i) the viscosity
increases sharply as the temperature decreases and (ii) at any constant tem-
perature below 1000◦C, the system presents non-Newtonian response. Using
transmission electron microscope observations coupled with viscosity calcula-
tions, we interpret the cause of the observed changes as the result of phase
separation. We show that the viscosity increase on cooling is in excess of the
predicted temperature dependence for a homogeneous melt of the starting com-
position. The increase is due to the formation of a second phase and is controlled
by chemical and structural modifications of the matrix during the loss of the ele-
ments that form the droplets. This work provides insights into the rheology of a
system composed of two composition sets due to a miscibility gap.
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1 INTRODUCTION

The study of silicate melts is of primary importance in
several natural and industrial processes. For example, sili-
cates play a key role in volcanism.1 Similarly, in industrial
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settings, silicate melts are of paramount importance for
glass production and for the vitrification of wastes.2,3 For
the latter, the use of silicatemelts containing high amounts
of boron oxide (i.e., borosilicate glass) are the most com-
mon for vitrification of nuclear wastes.4 Not only in this
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industrial context, but also in natural contexts, borosili-
cates have been widely investigated and results for density,
viscosity, interfacial tension, and water solubility are
available.5–8 Vitrification is currently recognized as the
standard treatment to immobilize nuclear high-level
wastes (HLWs). To achieve this immobilization, the liquid
waste is dried, calcined, and fed into a melter together
with borosilicate glass frit.9,10 During high-temperature
treatment, the viscosity of these systems plays a funda-
mental role in controlling several phenomena, such as
melting, bath-to-glass conversion, particle aggregation,
mass transfer, bubble removal, and the quality of the final
product.11–19
Glass-ceramic matrices are an alternative way to immo-

bilize nuclear waste because higher amounts of HLWs
can be vitrified and these matrices could offer a higher
flexibility in the management of various waste streams.
In such processes, different physicochemical transfor-
mations, such as bubble formation, liquid-liquid phase
separation, and/or crystallization may take place.20 The
formation of secondary phases may induce modifications
that critically affect the vitrification efficacy or the process-
ing of the wastes.20 First, secondary phases are typically
non-stoichiometric, which means that their formation
results in composition changes in the borosilicate matrix.
Chemical modifications can result in structural changes
that lead to either depolymerization or polymerization
of the borosilicate network, which directly impacts the
viscosity of the melt and the final multiphase material.
Second, the physical presence of the secondary phase may
also cause changes in viscosity via suspension effects.21–23
For instance, the presence of solid particles with immo-
bile interfaces can induce shear-thinning behavior in
silicates.24 Similarly, droplets or bubbles withmobile inter-
faces can be deformed under flow, and shear-thinning
rheological behavior can also be observed.21–23 At low
rates of shear strain, bubbles or droplets may act like
undeformed particles suspended in melts and cause a con-
comitant increase of the overall viscosity of the system.21–23
Whereas at high rates of shear strain the same bubbles
or droplets may deform resulting in lower bulk viscosity
when compared to the single liquid phase.21–23 This inter-
play between deformation and viscosity responses can be
estimated via the capillary number.21–23
In this work, we investigate which of the possible fac-

tors (physical suspension effects or chemical effects in
the melt) dominates the viscosity changes of a particular
glass melt of nuclear interest undergoing phase separation
phenomena. We choose a sodium borosilicate glass melt
containingMoO3, which is a simplified and relevant com-
position for nuclear waste immobilization.25 Molybdenum
is a fission product coming from spent fuel reprocessing
solutions, and has low solubility in borosilicate melts.26
We chose a composition containing 1.5 mol% of molyb-

TABLE 1 Chemical composition of Mo-bearing borosilicate
melts (in mol%)—Error is also displayed and represents the
standard deviation of the mean on repeat measurements. The
analyzed values by EPMA were subsequently converted to mol%.

Oxides

1.5 Mo-bearing glass
(calculated values;
mol%)

1.5 Mo-bearing glass
(obtained via EPMA;
mol%)

SiO2 62.54 62.4 ± 0.3
B2O3 16.65 16.0 ± 0.2
Na2O 19.31 20.1 ± 0.5
MoO3 1.50 1.5 ± 0.1

denum oxide (MoO3) that starts to undergo liquid-liquid
phase separation for temperatures below 1000◦C.25 Weper-
formed viscosity measurements followed by transmission
electron microscope (TEM) analyses after quenching the
material by casting on a cooled copper plate immediately
followed by pressing fromabovewith an upper second cop-
per plate. In this work, using these experimental results
coupled with a rheological approach, we aim to under-
stand the main contributions for viscosity change upon
liquid-liquid phase separation.

2 MATERIAL ANDMETHODS

2.1 Glass synthesis

The glasses were synthesized from a mixture of oxide
reagents (SiO2,MoO3), together with borate (H3BO3), and
carbonate (Na2CO3) precursor powders. These materials
were homogenized at room temperature and 100 g of this
mixture was melted at 1300◦C under air in a Pt80-Rh20
crucible in a muffle furnace. The molten glass was then
quenched by casting in a water-cooled copper hearth fol-
lowed by a crushing on this hearth with a second copper
plate. The theoretical chemical composition obtained by
weighing the starting materials as well as the final glass
composition analyzed via electron proble microanalyzer
(EPMA) are displayed in Table 1.

2.2 Electron microprobe

The chemical composition of the synthetized glass was
measured with a CAMECA SX100 electron microprobe,
using crystals LTAP for sodium and silicon, LPET for
molybdenum, and LPC3 for boron. The electronic beam
operating voltage was 12 kV, while the current was 10 nA.
The analysis conditions were optimized in order to min-
imize sodium migration under the electron beam. The
acquisition time was 70 s and the defocused beam size at
45 μm was chosen for the analysis. The final composition
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PEREIRA et al. 129

is an average of 10 analyses. The chemical composition
obtained using EPMA is displayed in Table 1.

2.3 Viscosity measurements

Viscosity measurements were carried out at high temper-
ature (∼900−1125◦C) under air with a concentric cylinder
viscometer. The sample was melted into a Pt80-Rh20 cru-
cible of ca. 27-mm inner diameter and ca. 54-mm height,
which sits in a mullite cradle brick. A Pt80-Rh20 spin-
dle of 9 mm in diameter, hanging from a rheometer
head is submerged in the melt; the set-up is therefore a
wide-gap system with 18-mm gap width. The viscometer
head controls the rotation rate and measures the result-
ing torque. These measurements require ca. 21 cm3 of
glass melt. The temperature of the system is monitored
using a type B thermocouple calibrated against a type
S platinum-sheathed thermocouple submerged between
measurements in the melt sample. Within the aforemen-
tioned temperature range, viscosity measurements were
performed for 10 different temperatures (1125, 1099, 1074,
1046, 1020, 1000, 979, 958, 939, and 904◦C). At each tem-
perature, after thermal and mechanical stabilization of
the system (ca. 40 min) the rheological behavior of the
liquid was analyzed at increasing rotor speed from 0 to
100 rpm. The duration of each isothermal analysis is about
2 min and a total of 90 viscosity measurements points is
acquired for each sample. The 2-minwait timewas enough
to obtain steady-state viscosity results21,25 The conversion
from torque and rotation rate to shear stress and shear
strain rate is done and the final viscosity at each point is
obtained by dividing the shear stress 𝜎 by the shear strain
rate �̇�.

2.4 TEM

High-resolution transmission electron microscopy anal-
yses were performed with a JEOL JEM 2010F UPR22
microscope (CP2M Aix-Marseille University, France). The
beam diameter is in the nanometer range under an accel-
erating voltage of 200 kV. The samples were crushed and
dispersed in alcohol. Theywere then deposited on a copper
grid. This equipment allows high resolution analyses to be
performed (HRTEM).

3 RESULTS AND DISCUSSION

3.1 Rheological response

In Figure 1, we present the bulk viscosity of theMo-bearing
melts as a function of shear strain rate �̇� normalized by the
maximumshear strain rate value �̇�max (giving a normalised

F IGURE 1 Viscosity 𝜂 of a Mo-bearing melt at different
temperatures as a function of shear strain rate normalised by its
maximum value �̇�∕�̇�max .

rate �̇�/�̇�max) for several temperatures. This normalization
is simply for presentation purposes to align the rheological
responses across all temperatures. In general, the viscosity
of these silicate melts increases as temperature decreases
and this behavior is discussed later (Sections 3.3 and 3.4).
The figure displaying the non-normalized shear strain rate
used in the experiments is presented in Figure S1. For
experiments performed above 1000◦C the viscosity does
not depend on the shear rate, exhibiting a Newtonian
behavior. By contrast, Mo-bearing samples analyzed at
temperatures below 1000◦C appear non-Newtonian with
a viscosity that decreases as shear strain rate is increased,
that is, shear-thinning.21,22 While this shear-thinning effect
is very small, it is clear that the amplitude of the vis-
cosity decrease increases with decreasing temperature for
temperature below 1000◦C. Recently, using in situ scan-
ning electron microscopy and viscosity measurements,
Schuller et al.25 estimated that for this same composi-
tion liquid-liquid phase separation occurs at temperatures
below 1000◦C. We therefore infer that the shear-thinning
behavior may result from phase separation yielding sec-
ondary phase droplets, and that the amplitude of the shear
thinning is likely to be a function of the volume fraction
and size of suspended droplets of the secondary phase.25
This interpretation is tested below.
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130 PEREIRA et al.

F IGURE 2 Transmission electron microscopic images of the
quenched Mo-bearing borosilicate glass reveal a borosilicate matrix
suspending Mo- and Na-rich droplets. The inset shows inter-plane
fringes indicating crystalline character.

3.2 Textural modifications

The quenched glass appears optically transparent and
homogeneous to the naked eye, as observed elsewhere.25
However, TEM analyses confirm that droplets of about
10 nm in diameter are present in a glassy borosilicate
matrix (Figure 2). These nano-structures are spherical
(aspect ratio of ∼1) and unconnected throughout the
silicate matrix, consistent with in situ homogeneous
nucleation and growth.27 The amplitude of the observed
shear-thinning rheological response for system presenting
droplets is small and it can be better understood through
the capillary number which is given by Ca=𝜂liquid a �̇�∕𝜎,
where 𝜂liquid is the suspending liquid viscosity, a is the sus-
pended droplet radius, �̇� is the shear strain rate, and𝜎 is the
surface tension. Under flow, viscous stresses 𝜏v ∝ 𝜂liquid �̇�

may cause mobile droplets to deform, while surface ten-
sion stresses 𝜏s ∝ 𝜎∕a act to restore droplets to spherical.
The capillary number can be understood as Ca = 𝜏v ∕𝜏s
and therefore allows us to quantify the relative importance
of those stresses. The current system has small droplet
radius (cf. Figure 2; a≈ 5 nm). If we take the highest vis-
cosity and shear strain rate measured as 𝜂liquid ≈ 260 Pa.s

and �̇� ≈ 100s−1, respectively (Figure 1 and Figure S1), and
a standard σ∼0.004 N/m for silicate melts and immiscible
substances, then Ca ≲ 3.3 × 10−2.23,28 At the lowest mea-
sured shear strain rates of �̇� ≈ 10 s−1 and lowest values
of melt viscosity of 𝜂liquid ≈ 15Pa.s then Ca ≲ 1.9 × 10−4.
Even acknowledging that these calculations are approxi-
mate and that they do not account for the viscous forces’
interior to the droplets, in all cases here, it is clear that
the likely regime is Ca ≪ 1. In this low capillary num-
ber regime, droplet deformation is difficult because surface
tension stresses act to retain spherical droplets.

In the inset of Figure 2, the presence of interplane fringes
indicates that some of the droplets underwent crystal-
lization upon cooling.29 This ease of crystallization after
liquid-liquid phase separation has been already reported
in the literature for synthetic silicate samples, due to mod-
ifications of nucleation parameters, such as the Gibbs free
energy for nucleation and diffusivity of atoms in the sep-
arated phase.28,30 Several studies have focused on this
family of glass compositions, and by coupling different
experimental techniques, it has been observed that the
droplets formed are composed of sodium molybdate.29 X-
ray diffraction reveals that the phase formed depends on
the Mo content dissolved in the initial borosilicate melt.
At low Mo amounts (less than 2 mol% MoO3), Na2MoO4

is the dominant phase,25,29 while at high Mo amounts
(greater than 2mol%MoO3), it gives way to the emergence
of Na2Mo2O7.29 It is important to emphasize that crystal-
lization takes place under cooling. At high temperatures,
these droplets are found as liquid droplets due to the low
melting point (relative to the experimental temperatures)
ofNa2MoO4 (687◦C).20,31 Therefore, the crystalline phases
observed in the final products represent the quenched
evidence for phase separated liquid droplets that formed
during the high-temperature experiments.
The amount of secondary phases (e.g., crystals, droplets,

or bubbles) can be relatively easy to estimate on quenched
glasses using microscopic techniques, such as optical
microscopy, scanning electron microscopy, or transmis-
sion electron microscopy.18,32 However, at high temper-
atures (in situ), the amount of secondary phases in
silicate melts is more challenging to estimate. Some stud-
ies have used impedance spectroscopic methods at high
temperature to infer the fractions of bubbles and crys-
tals that form.33,34 However, this in situ estimation has
never been achieved for the system under scrutiny here.
For a similar system (containing 2 mol% MoO3) and
using X-ray diffraction coupled with Rietveld refinement,
Nicoleau et al.29 estimated that the droplet volume was
0.9 vol.%. Here, considering a stoichiometric mass balance
which we get from the initial borosilicate melt composi-
tion (𝜌borosilicate ∼ 2.25 g.cm−3)19 and a fixed fraction of
Na2MoO4 (𝜌Na2MoO4 = 3.78 g.cm−3) until the remaining
molybdenum is small enough to cease liquid-liquid phase
separation, we obtain 3.21 vol.% as the maximum volume
fraction of droplets.

3.3 Effect of phase separation on
viscosity

Several glassy materials may undergo phase separation in
industrial or natural contexts; phase separation consists
of the formation of two sets of compositions on the same
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PEREIRA et al. 131

liquid phase, that is, two local minima on the Gibbs
energy curve. This phenomenon is non-stoichiometric
by definition. When the second phase is formed, the
rheological behavior of the system is affected by two main
factors: (i) the physical presence of the secondary phase
changes the rheology of the mixture via suspension effects
and (ii) the chemical modifications that the matrix under-
goes during the phase separation process can result in a
rheological change in the primary groundmass liquid.21,22
In this section, we evaluate which of these factors has the
dominant impact on the viscosity increase observed in our
MoO3-bearing borosilicate melt.
To characterise the single-liquid viscosity, 𝜂liquid, we

apply both the Vogel–Fulcher–Tammann (VFT)35–37 or the
Mauro-Yue-Ellison-Gupta-Allan (MYEGA)38 approach.
These models are respectively:

log10
(
𝜂liquid

)
= AVFT +

BVFT
T − CVFT

, (1)

log10
(
𝜂liquid

)
= AMYEGA +

BMYEGA
T

exp

(
CMYEGA

T

)
.

(2)

In both models, there are three fit parameters, A, B, and
C (where we use a subscript to differentiate these between
the twomodels; see Equations 1 and 2). In both cases, the A
parameter (AVFT and AMYEGA, respectively) represent the
logarithm of the viscosity at infinite temperature, and the
B parameter (BVFT and BMYEGA, respectively) are related
to the concept of an activation energy—here, the activation
energy for viscous flow.Akey difference between these two
models is the physical interpretation of the C parameter
(CVFT and CMYEGA, respectively). In the VFTmodel, the C
parameter represents the low-temperature limit where the
viscosity diverges to infinity. In the MYEGA model, the C
parameter represents the degrees of freedomper atomwith
rising temperature.
In order to reduce the number of variables that must

be minimized in order to use Equation (1) or Equa-
tion (2), we apply the concept of a universal AVFT and
AMYEGA that would be the same value regardless of the
glass composition.39 Russell et al.,39 propose universal val-
ues AVFT = −4.80 and AMYEGA = −3.25 (both in units
of log10(Pa.s)). Using this constraint, we fit both Equa-
tions (1) and (2) to the experimental data collected here.
The fits were constrained by considering the experimen-
tal values for which we have independent evidence (e.g.,
Figure 1) that there was just one liquid phase involved.
Here, this means that the fits are restricted to experi-
mental data collected above 1000◦C. For this purpose,
the viscosity values obtained below the phase separa-
tion temperature onset were eliminated and we use only
temperatures 1020.0, 1045.6, 1074.2, 1099.0, 1124.7◦C. The

TABLE 2 Fitting parameters for VFT and MYEGA equations
for the viscosity data without suspended second phase.

Viscosity equation Aa B C

Units
log10
( Pa.s ) K K

VFT (Equation 1) −4.80 6783.07 ± 78.86 212.49 ± 13.13
MYEGA (Equation 2) −3.25 3271.94 ± 41.13 808.57 ± 16.86

aImposed values using Russell et al.39

results of these fit procedures are given in Table 2 in which
the relative uncertainties relate to the confidence on the fit
result.
In Figure 3, we show the experimental viscosity data as

a function of temperature. The experimental data corre-
spond to the limiting viscosity at low and high shear strain
rates (see Figure 1). Clearly, above 1000◦C, not only do both
of these limiting viscosity values coincide, but the mod-
els (Equations 1 and 2) match well. The data collected at
temperatures below 1000◦C are systematically higher than
the extrapolation of the best-fit viscosity models. We note
that within the errors of the fits, both equations yield the
same result. Deviations of the experimental values from
the fitting curves grow with decreasing temperature. We
attempted to refine the fitting by measuring the viscosity
of the single Mo-bearing supercooled liquid around the
glass transition temperature. However, our sample might
have undergone phase separation during this procedure
and therefore the above-mentioned fitting operation is the
best that we could perform so far. Therefore, we must rec-
ognize here that this extrapolation of the fit performed
using VFT and MYEGA equations may contain associated
errors.
Suspended phases that have mobile interfaces (e.g.,

bubbles or droplets) may be deformed under shear and
consequently change the viscosity of the suspensions. The
net effect may be such that the viscosity is higher than
the single liquid viscosity at low rates of shear strain
where the suspended phase is not significantly deformed.
However, at higher relative rates of shear strain, the sus-
pension viscosity can be lower than the liquid alone.23 Our
data suggest that the viscosity of the samples deformed
at <1000◦C were unlikely to be lower than the liquid vis-
cosity such that �̇�max appears to be sufficiently low that the
suspended phase always increased the viscosity of the sus-
pension. At the lowest measured temperature (∼900◦C),
we observe some shear thinning, implying that �̇�max may
be sufficient to see the onset of droplet deformation during
our experiments. We observe that the difference between
low and high shear viscosity values gets larger as the
temperature decreases, since liquid droplets unmix at
low-temperature conditions.25
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132 PEREIRA et al.

F IGURE 3 Viscosity of MoO3-bearing melts displaying phase separation below ∼ 1000◦C. The colored lines represent the single liquid
viscosity 𝜂liquid estimated using the VFT and MYEGA equations. The squared and circled symbols represent the experimental values obtained
for the system containing droplets of sodium molybdate at low and high shear strain regimes respectively. The suspension viscosity 𝜂suspension
using different models ware estimated considering the maximum droplet fraction obtained via stoichiometric calculation and suspension
effects on viscosity.

In the regime where volume fraction of suspended par-
ticles is small and the particles21–23,40–43 are not deformed
(see the capillary number analysis presented earlier, which
argues that the droplets here are in the Ca ≪ 1 regime),
some models for suspension/emmulsion viscosity can be
applied

𝜂suspension = 𝜂liquid(1 + 2.5𝜙droplet),

𝜂suspension = 𝜂liquid(1 + 2.5

(
𝑘 + 0.4

𝑘 + 1

)
𝜙droplet),

𝜂suspension = 𝜂liquid

(
1 −

𝜙droplet

𝜙max

)−2

, and

𝜂suspension = 𝜂liquid (1 − 𝜙droplet)
−1
;

in which 𝜙droplet, 𝜙max, and, 𝑘 represent the droplet vol-
ume fraction, the maximum packing fraction for spher-
ical particles (𝜙max = 0.585) in which the suspension
becomes ‘jammed’, and the ratio between the suspend-
ing liquid viscosity and the viscosity of the droplet liquid
(𝑘≫1).21–23, 41, 42 In Figure 3, we show the values of
droplet-bearing melt viscosity considering only this phys-
ical effect of the secondary phase according to the just
mentioned equation. These results are displayed as green
(forVFT) and orange (forMYEGA)using different symbols
in Figure 3. Here, we considered the worst-case scenario
for viscosity increase due to the physical presence of the
secondary phase, in which the system consumed all avail-
able MoO3 and formed the maximum possible fraction
of droplets (𝜙droplet = 3.21 vol.%), as previously discussed.
This analysis has been done for both VFT and MYEGA
liquid viscosities. The initial idea was to use current vis-
cosity models to estimate the viscosity evolution while
the system undergoes phase separation. The well-known

viscosity models are not applicable for this present compo-
sition, since they do not consider MoO3 as an individual
input oxide or consider it in the input called “others” (for
which “others” refers to the sum of the minor oxides in
the molten glass). We checked viscosity models for silicate
melts, for example, Hui et al.,44 Giordano et al.,45 and Ferkl
et al.,46 but none of them considers MoO3 as an indepen-
dent input oxide. Recently, Cassar60 published a multitask
neural network that predicts well the evolution of the stud-
ied molten glass composition, but it does overestimate
the single liquid borosilicate viscosity (further analyses in
section 3.5).
It can also be observed from Figure 3 that the difference

between the low and high viscosity experimental values is
significantly lower than the difference between the average
of the calculated suspension values and the expected value
for the viscosity in the case for which no phase separation
occurs (estimated via the VFT and MYEGA equations).
By observing the sole physical contribution to the vis-
cosity increase, green and orange symbols in Figure 3, it
can be stated the physical presence of droplets has minor
effect on controlling the viscosity augmentation observed
during phase separation. Figure 4 illustrates these afore-
mentioned comparisons. It displays that these differences
between low- and high-shear strain rate zones as well as
the difference between the average of the measured vis-
cosity values and the estimated values from the VFT and
MYEGA model fits. We also plot the values representing
the difference between the viscosity of the suspension for
which only the physical contribution of the droplets is
accounted for and the estimated liquid viscosity for the
case of no phase separation, for both the VFT andMYEGA
models. Figure 4 confirms the idea that just the physi-
cal presence of suspended droplets does not explain the
observed viscosity increase upon phase separation. Thus,
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PEREIRA et al. 133

F IGURE 4 Difference between experimental and calculated viscosity values showing that the viscosity change due to the physical
presence of the suspended droplets is less relevant than the viscosity increase due to chemical modification of the remaining matrix.

the structural changes caused by the extraction of sodium
and molybdenum to form sodium molybdate droplets
must have greater impact than the physical presence of
dispersed nano-sized droplets.

3.4 Structural changes caused by the
liquid-liquid phase separation in a
MoO3-bearing melt

We have observed that our calculated bound for the phys-
ical contribution of suspended nano-droplets does not
explain the increase in viscosity observed experimentally,
and that chemical changes in the remaining silicatematrix
must be controlling the observed viscosity increase. In
this section, we present evidence that under the current
secondary phase formation (Na2MoO4), the remaining
borosilicate liquid will be more polymerized, and this
justifies the observed viscosity increase.
Several studies have been devoted to the understand-

ing of the role of molybdenum and sodium in the glass
network.47–52 Molybdenum may have different oxidation
states in glasses, but the most thermodynamically stable
found in oxide glasses synthesized under air conditions
is in the form of Mo6+.53,54 Molybdenum environment
in silicate and borosilicate glasses have been investigated
recently using different spectroscopic techniques.29,49–52,55
Molybdenum is tetrahedrally coordinated to oxygen as
[MoO4]

2− units distributed in depolymerized zones of
the glass rich in charge-compensating cations (e.g.,
Na+).26,27,29,50 These molybdate groups avoid connection
with the borosilicate network.49 This particular structural
environment of molybdenum with no direct connection
with the borosilicate network favors liquid-liquid phase
separation phenomenon to take place.
Martineau et al.52 employed 29Si-11B nuclear magnetic

resonance (NMR) Rotational Echo Double Resonance
spectroscopy, to argue that the borosilicate network sepa-

rates at the atomic scale in the presence of molybdenum
oxide, that is, atomic local segregation. They showed a
decrease of the B-Si(Q4) connections with an increase of
the Mo content and thus the weaker presence of mixing
zones. Nicoleau et al.29 investigated the local structure of
similar glasses using magic angle spinning 29Si and 11B

NMR spectroscopy techniques. Their study confirms the
impact of the addition of molybdenum oxide on the poly-
merization of the silicate network, since during its addition
alkali segregation around theMounits is observed and that
[MoO4]

2− unitsmobilize two sodiumatoms to compensate
their charge leading initially to a decrease of non-bridging
oxygens (NBO) (even for very lowMoO3 contents, that is,
0.5 mol%) as well as BO−

4 species when the amount of
separated phases increases (MoO3 content = 2 mol%). A
further consequence of this polymerization is reflected in
the chemical durability of the glasses in the initial corro-
sion rate regime. It has been observed in their study an
increase of the glass durability with increaseing molybde-
num content, that can be interpreted as resulting from the
decrease of NBOs and thus polymerization of the remain-
ing glassy network. Glass durability increases with MoO3

content, which is consistent with a increase in the network
polymerization of the remaining glassy matrix arising
from a concomitant decrease in NBO. Therefore, this fam-
ily of glass appear to possess a heterogeneous structure
at the nanometer scale, with [MoO4]

2− entities together
with alkali cation regions and other regions with silica
tetrahedra-based polymerized domains.49–51
The heterogeneities in nanoscale, which are not yet

phases with sharp interface such as nano-droplets or
nanocrystals, have been already observed in other sili-
cate systems56–58; however, their effect on viscosity is still
unknown. For the studied case, these nano-heterogeneities
cause local polymerized and depolymerized regions.While
regions near Mo atoms get depolymerized by the alkalis,
the regions far away get polymerized by the absence of
these atoms. Therefore, in a situation prior to the phase
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F IGURE 5 Viscosity of different borosilicate melts as a
function of MoO3 oxide for three temperatures in which
liquid-liquid phase separation is not present. Data show the
dependence of viscosity on MoO3 amount. They were obtained from
Schuller et al.25

separation event, nothing can be stated regarding the vis-
cosity change as a function of these nano-heterogeneities
since a sharp interface between these zones does not exist
yet. However, the formation of a secondary liquid com-
position with a well-defined interface and composed by
sodium andmolybdenumwill certainly cause polymeriza-
tion of the remaining glass matrix, and therefore viscosity
increase.
In order to illustrate the effect of molybdenum on the

viscosity of this family of glass melt, we collated data from
Schuller et al.25 for molten borosilicate glasses with vary-
ing MoO3 mol% (Figure 5). These data were obtained in
the regions of temperature in which no phase separation
happens (i.e., no shear-thinning behavior was detected).25
Moreover, it is important to emphasize that all of these
compositions have excess of alkali and therefore all charges
are compensated. An increase ofmolybdenum content dis-
solved in the melt causes a decrease of viscosity, as would
be expected by the polymerization behavior discussed in
this section. The effect of molybdenum on the melt vis-
cosity is more pronounced for relatively low-temperature
regions. This behavior, which is similar to iron effects in
magmatic liquids, is linked to the chemical and structural
effects that influences the configurational entropy and
therefore viscosity.59–61
The effect of sodium on melt structure and viscosity of

silicate and borosilicate melts is well studied. Sodium can
have two roles in silicate and borosilicate networks. In
the presence of entities that require charge compensation
(e.g., Al3+ ions), sodium generally has a charge compen-
sator function. On the other hand, in scenarios in which
charges are already compensated or there is no need for
compensation, sodium ions have a network modifier role

in silicatemelts, promoting formation ofNBO.48 Neuville62
and Le Losq et al.63 presented data that show the influence
of sodium on structure and viscosity of a family of soda-
silicatemelts for varying sodium content. For glass systems
that do not require charge compensation or glasses with
excess alkali, the addition ofNa2O leads to the breaking of
Si − O − Si bonds and formation of NBO, inducing there-
fore a decrease in viscosity.48 Although there are boron
and molybdenum in the studied system, this current stud-
ied system is an excess of alkali and therefore, sodium
extraction for the borosilicatematrix during droplet forma-
tion will cause strengthen of the network and increase of
viscosity.

3.5 Viscosity increase of
sodium-molybdenum borosilicate
undergoing phase separation phenomenon

So far we have showed that the studied sodium-
molybdenum borosilicate melt (cf. Table 1) shows
liquid-liquid phase separation below 1000◦C and at these
temperatures, the observed viscosity increase was higher
than the expected by the extrapolation of the VFT and
MYEGA viscosity laws. We discussed the structural effects
linked to the formation of droplets of Na2MoO4, and
consequently extraction of MoO3 and Na2O from the
borosilicate matrix. Here, our goal is to present numerical
and experimental evidence that borosilicate samples
depleted on molybdenum and sodium do present an
increase in viscosity proportional to the one observed in
the current studied system.
Cassar40 recently published multitask deep neural net-

work model called “GlassNet” that predicts several glass
properties, including viscosity of molten glasses. This
model is suitable for the study of our system since it has
been trained with enough compositions containing SiO2,

B2O3, Na2O, andMoO3 as independent input parameters.
Figure 6 displays the results of a simulation using this
mentioned model to show the shift in viscosity between
(i) the initial borosilicate melt composition (herein called
‘original’), (ii) the original composition depleted on 1.5
mol% of molybdenum oxide, (iii) the original composition
depleted on 1.5 mol% of sodium oxide, and (iv) the origi-
nal composition depleted on bothNa2O andMoO3 (herein
called ‘depleted’). Here, our goal is to present the gen-
eral trend that occurs in the borosilicate matrix viscosity
upon phase separation of the studied type, in which Na2O
andMoO3 are extracted from the borosilicate composition
upon droplet formation. As expected according to the dis-
cussion part of the previous section, an extraction of these
two elements does cause a viscosity increase of this fam-
ily of glass. It is interesting to observe that for this studied
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F IGURE 6 Viscosity as a function of temperature for the
initial homogeneous molten borosilicate and for the homogeneous
matrix considering the stoichiometric extraction of sodium,
molybdenum, and the stroichimetric deplection of both
together according to the droplet composition and amount given
here in this work. Viscosity values were obtained using GlassNet
neural network published in Cassar.40

TABLE 3 Chemical composition of borosilicate melts (in
mol%): the first column refers to the matrix composition after
subtraction of Na2O and MoO3 (see text for stoichiometry), and
second column is the Mo-free glass obtained from Schuller et al.25

Oxides
Matrix of demixed glass
(calculated values; mol%)

Mo-free glass
(Schuller et al.
2023; mol%)

SiO2 64.47 63.49
B2O3 17.16 16.91
Na2O 18.36 19.60
MoO3 0.00 0.00

temperature range and amount of droplets, the extrac-
tion of these two oxides separated have a similar effect on
viscosity augmentation.
Experimentally, Schuller et al.25 recently published a

data set of viscosity of the same family of glass containing
SiO2, B2O3, Na2O, and MoO3. They progressively added
molybdenum to these materials and the viscosity of these
melts are available therein. We used their data of the Mo-
free borosilicate in order to compare with experimental
data of this cur study that presents phase separation phe-
nomenon. Our goal is to verify if a homogenous melt
with very similar composition to the final matrix com-
position of the samples that presented phase separation
has similar viscosities. This composition from Schuller
et al.25 is very similar to the composition of the homoge-
nous borosilicate matrix after the extraction of sodium
and molybdenum to form the droplets and both of them
are displayed in Table 3. Figure 7 shows the viscosity as
a function of temperature for these two compositions. A

F IGURE 7 Viscosity as a function of temperature for the
borosilicate composition that undergoes phase separation and
contains molybdenum and sodium along with the viscosity data
from Schuller et al.25 for a homogeneous molten Mo-free
borosilicate with similar composition to the borosilicate matrix after
phase separation phenomenon.

excellent agreement for these two similar compositions has
been found, and therefore it also supports our idea that the
chemical composition of the primary groundmass liquid
is the main reason controlling the viscosity of this fam-
ily of melts that undergo liquid-liquid phase separation
extracting molybdenum and sodium.

4 CONCLUSION

We studied the rheological response ofMo-bearing borosil-
icate melt undergoing phase separation phenomenon for
varying temperatures and shear strain rates. We observed
that for the temperature range in which phase separa-
tion takes place, there is an increase of viscosity higher
than that estimated by the extrapolation of viscosity mod-
els as well as superior to the estimation via suspension
effects considering mobile droplets. By combining TEM
observations with calculations on viscosity of silicate
melts containing mobile particles, we inferred the main
factors controlling the observed viscosity increase. The
observed viscosity augmentation for the samples contain-
ing nano-droplets of Na2MoO4 cannot be solely justified
by their physical presence. We discuss these results in
light of the structure of this family ofmolybdenum-bearing
glasses and propose that the observed viscosity increase
is controlled by chemical modification of the remaining
borosilicate matrix. Following this logic, in an industrial
scenario that would present suspended droplets, even if
they form at low volume fractions—too low for a bulk sus-
pension increase in viscosity –, the associatedmodification
of the melt composition may lead to a substantial viscosity
increase. Such phenomena, involving different chemistry,
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may equally well occur in other molten glasses as well as
in natural volcanic systems during eruption.
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