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Abstract

Borosilicate glasses are generally used as matrix to immobilize nuclear fission products
resulting from spent fuel reprocessing. In the high-temperature vitrification process (1200 °C),
most elements to be confined react chemically with the vitrification additives to form a
homogeneous glass melt. Some elements however, such as the Platinum Group Metals particles
(PGM: RuO., Pd, Rh), are not incorporated chemically in the molten glass and are present as
suspended needle-like or spherical particles of a few microns in the glass melt. The presence of
these suspended particles has an impact on the rheological properties of the system leading to
a non-Newtonian behavior, which influences the vitrification process. Their impact on the

process is the object of characterization and modeling studies.

Studies have established that these suspensions present a shear-thinning and thixotropic
behavior. At high shear rate, they behave as suspensions of individual particles, which
rheological behavior is controlled by the viscosity of the matrix. On the other hand, at low shear
rate, below a stress threshold, and above a certain volume fraction in PGM nparticles, the
formation of aggregates, composed of needle-like Ru/RhO: chains and Pd-Rh-Te spherical

particles, strongly influences the viscosity of the system.



In the present work, the aggregation mechanisms of a simulated nuclear glass melt containing
3.0 wt% (1.02 vol%) of PGM particles are investigated. The impact of the shear stress and time
on PGM aggregation degree is determined using an imposed-stress rheometer at high
temperature and imaging analyses via Scanning Electron Microscopy (SEM). Given the
difficulties of in situ analysis at 1200 °C, a post-mortem approach is adopted, in which each
sample is first submitted to a different shear stress for a certain time interval and then quenched,
so that the PGM particles rearrangement can be investigated. For the first time, the interplay
between the rheological behavior of the system and the aggregation degree is provided. Based
on the acquired experimental data, a force balance computation is executed to illustrate the
different aggregation scenarios. This work provides an important input for the modeling and

controlling of the vitrification process.

Keywords: Melt, Suspension, Platinum Group Metals (PGM), Aggregation, Rheology.

1 Introduction

The vitrification of high-level radioactive waste is the standard immobilization treatment used
in France. After the extraction of uranium and plutonium from the spent fuel, the remaining
waste is conditioned in a glass matrix in a two steps process. First, the nitrates salts of the waste
are converted to oxides at high temperature yielding the calcinate, which is then fed into the
melter along with a glass frit leading to the production of a complex amorphous material, that
contains around 40 different elements. The melter crucible can be heated by direct induction
(hot crucible), indirect induction (cold crucible) or in the Liquid Fed Ceramic Melter with
electrodes. The nuclear glass is then poured into metal containers and then stored in wells before

their future storage in deep geological formations [1], [2].



Elements and their oxides from the Platinum Group Metals (PGM) such as palladium, rhodium
and ruthenium are insoluble in the nuclear glass melt and in the cast glass [3]. They can be
found as alloys of palladium and rhodium with tellurium in a spherical form (1 to 5 pum)
alongside with needle-like ruthenium oxide particles (10 to 20 um), as shown in Figure 1. The
presence of these suspended particles has an impact on several physical properties of the glass
melt such as its viscosity or its electrical conductivity [4]. In addition, even if the PGM particles
are in small quantities (3 wt%), their tendency to aggregation and sedimentation can lead to the
formation of layers of high volume fraction at the bottom of the crucible which can interfere in

the process [5][6].

Figure 1 — Scanning Electron Microscopy (SEM) micrographs taken using back-scattered electrons (BSE) mode
under 1000X magnification for the technological nuclear glass containing 3 wt% PGM particles after vitrification.

It is therefore essential to understand the impact of the PGM particles on the physical properties
of a nuclear glass melt. In particular, the rheological behavior of a fluid can be strongly
influenced by the particle aggregation kinetics as well as the flow, which has an impact on the
particles collision and clusters destruction. Although the PGM particles lead to significant

changes in the rheological behavior of the melt, the literature on the subject is limited due to



the difficulties of high temperature rheological measurements, since most apparatus available
are mainly designed to operate with high accuracy at room temperature [7]. Nonetheless, some
authors discovered an increase of the system viscosity in the presence of PGM and a non-
Newtonian behavior of the material [4], [5], [8]-[10]. Aiming to explore a broader shear rate
range needed for the cold crucible melter development, recent studies proposed a new

phenomenological model for the rheological behavior of these materials [8], [11].

Puig et al. and Hanotin et al. studied the viscosity of simulated nuclear glass melts containing
PGM particles as a function of the particles content and the temperature [8], [11]. The obtained
rheograms showed a shear-thinning behavior and two Newtonian plateaus at low and high shear
rates, which were well described by a simplified Cross model with n=1 [12]. At low shear rates
and above a certain content of PGM particles, macroscopic aggregates appear, made of RuO>
and Pd-Te chains, separated by thin layers of liquid which strongly increase the viscosity of the
systems. Temperature in this first case favors aggregation through Brownian motion and
consequently, an increase in temperature increases the viscosity of the system. At high shear
rates, the system behaves as a suspension of small clusters and individual particles and its
viscosity is entirely controlled by the viscosity of the matrix, decreasing for higher

temperatures.

Particles aggregation can be induced by external and internal factors, but the aggregation is an
inherent behavior of any colloid system, though the extent to which this aggregation prevails
may largely differ depending on the particles nature [13]. For the PGM system, authors [8]
stated that particle aggregation is a result of an interplay of different forces, such as van der
Waals forces and hydrostatic forces. For identical particles, the former is always attractive and

the latter, depending on their intensity, may favor or not particle aggregation [14], [15].



Several in situ methods are available to study aggregation phenomena by combining rheometry
with different characterizations such as ultrasonic velocimetry, X-ray computed tomography,
image analysis, and others [16]-[18]. Nonetheless, these techniques are available at room
temperature or below 100 °C, which is much lower than the temperatures of glass melts (900
°C — 1250 °C). In this work, techniques adapted to the high temperatures are employed to
characterize particle aggregation in charged glass melts. The impacts of time and shear stress
on the PGM particles aggregation are studied for a simulated nuclear glass melt at 1200 °C. A
deep analysis of the aggregates and their contribution in the proposed rheological model based
on the phenomenology of the system is presented. It consists in estimating the aggregation
degree of the PGM particles as a function of time and shear stress. The interplay between the
rheological behavior of the system and the aggregation degree is presented for the first time. It

provides an important input for the modeling and control of the vitrification process.

2 Experimental Method

2.1 Materials

The material used in this study is a simulated nuclear glass containing 3 wt% of PGM particles.
The glass was elaborated on the full-scale pilot unit installed at CEA Marcoule [19]. The
process followed the two steps vitrification protocol at 1200 °C using the indirect induction
technology. The glass was cooled at room temperature and the studied material was extracted
from the middle of the canisters. During the vitrification, the ruthenium presented in the glass
as needle-like RuO> ranging from 10 to 50 um, while Pd-Te alloys appeared as spherical
particles with diameter ranging from 1 to 10 um. The theoretical chemical composition of the

nuclear glass is shown in Table 1.



Table 1 — Chemical composition of the nuclear glass samples containing 3 wt% of PGM particles.

Glass with 3 wt% PGM

SiO, By0O3 Na,O AlLOs; Alkali metal Alkaline earth Rare earth RuO; Pd Others

(wt%) (wt%) (wt%) (wt%) oxides (wt%) metal oxides oxides (wt%)  (wt%) (wt%)
(Wt%) (Wt%)
437 132 9.2 4.2 3.3 5.0 7.0 1.8 1.2 11.4

2.2 Rheological measurements

Different aggregation degrees were generated by submitting the samples to several shear
stresses during different time intervals at 1200 °C, followed by a fast cooling of the sample to
“freeze” the particles rearrangement for further image analyses. The high temperature
experimental apparatus used for this work is showed in Figure 2 [11]. It consists of a stress-
imposed rheometer (Rheometrics Scientific SR5000) above a tubular furnace that can be heated
up to 1500 °C. A tool was designed to ensure the torque transmission from the rheometer to the
crucible without disturbances effects. The characterization cell consists of an alumina crucible
(diameter, height, and wall thickness equal to 27, 40, and 2 mm respectively) previously filled
with glass, centered inside the furnace. The rotor is a multiblade agitator, used in order to
maintain a uniform distribution of particles in the glass and avoid settling phenomena [11].
From the top to the bottom of the crucible, the temperature gradient is lower than 2 °C. For
these experiments, disposable alumina crucibles are adopted, so that the frozen charged glass
and the crucible can be cut at the end of the experiment in order to analyze the PGM distribution

in the glass. The rheological parameters such as shear stress (c), shear rate (y ), and shear strain
(y) are linked to measured parameters, namely the torque (C) and the angular velocity ()
through geometrical factors K, and K, ,

c=K,C y =K, Q
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Figure 2- a) High temperature rheological experimental set-up (dimensions in mm), b) Multiblade rotor. [11]

The combination of the crucible and the multiblade geometry forms a virtual Couette cell,
therefore factors K,; and K;, may be determined through the Couette analogy [20], solving the
equation of motion. The boundary conditions are imposed by the geometrical dimensions of a
virtual inner cylinder (the rotor) and the outer cylinder (the crucible), in the case of Newtonian
fluid or a well-characterized power law fluid [21]. A complete description of the equipment and

calibration procedure was provided in Puig et al [11].

In order to establish the overall rheological behavior of the material, a first measurement was
made in steady state regime by imposing successive shear stress values, from 0.3 to 300 Pa
during 600 s, using the Platinum crucible. The temporal evolution of the aggregates was then
investigated along with the viscosity. In order to create the different aggregation degrees, the
measurements are carried out in transient state regime by imposing to each sample a different
shear stress during different time intervals. All samples were first submitted to a pre-shear of
200 Pa during 300 s to disperse completely the PGM particles in the glass melt. Then, the
sample was subjected to a given shear stress, between 0.1 to 200 Pa. The experiment duration

for each selected stress was chosen considering the thixotropic behavior of the glass melt. For



a given stress level, experiments were repeated 3 to 4 times during different times from 300 s
to 7200 s. Table 2 shows the chosen shear stresses and time intervals. Each stress/time pair
corresponds to a different experiment and to a new crucible, totaling in the end twenty different

experiments.

Table 2 — Operating conditions (shear stress level and duration) for the 20 performed experiments.

Stress (Pa) Duration (s) (All samples were first pre-sheared at 200Pa for 300s)
0.1 - 1200 3600 - 7200
2 - 1200 3600 5400 7200
5 300 1200 3600 - -
10 300 1200 3600 - -
100 300 1200 3600 - 7200
200 300 1200 3600 - -

After the shearing period, the rotor is slowly removed from the crucible at a low ascensional
velocity of 8 mm.min to avoid significant changes in the melt during the withdrawal. The
same velocity is used for all the samples, and the cooling of the crucible is performed at the
same constant speed for all the samples. The crucible is located on an alumina holder that comes
out from the bottom of the furnace. Aiming for a compromise between a quick temperature
drop and the preventing of a thermal shock [22], this descent is conducted at a speed of
2 cm.min’, equivalent to a cooling rate of 35 °C.min™. At this rate, no significant changes in
the particles rearrangement are expected due to the rapid increase of the glass viscosity at lower

temperatures.

2.3 Sample preparation



To relieve residual internal stresses introduced during the cooling and avoid breakage during
the sample preparation, the glass is submitted to an annealing at 580 °C for 2 h followed by a
slow cooling at 10 °C.h'! until room temperature is reached. To observe the PGM particles
distribution in the crucible, it was filled with epoxy resin and cut with a circular diamond saw
in two halves as displayed in Figure 3. One of the halves was cut again horizontally and covered
with epoxy resin to fit and to facilitate its support in the SEM measurement cell. The face to
analyze was polished and coated with a thin film of carbon for SEM analysis. Each experiment
thus produces two samples: the top and the bottom of the crucible (P1 and P2, as shown in

Figure 3). The second half of the crucible is kept in case further characterization is needed.

Figure 3 — Samples preparation protocol: the glass melt in the alumina crucible is sheared for a certain time (a).
After annealing, the crucible is cut vertically (b), and then cut again horizontally (c), yielding two samples for each
crucible (d): top (P1) and bottom (P2).

2.4 Scanning Electron Microscopy (SEM) imaging

The Scanning Electron Microscopy (SEM) was performed using a Zeiss Supra 55 FEG. The
image of the whole surface was reconstructed from a mosaic of small images automatically
acquired using the commercial SEM software to describe the PGM particles rearrangement in
the most representative area. The most representative zone of P1 and P2 was then selected. To
ensure a standardization of the procedure, the same rectangular region of each crucible was

chosen for all experiments. A final surface of 1.75 cm? was selected for the bottom and the top



samples. The union of both surfaces corresponds to the middle of the crucible, i.e., the zone
where the rotor was located during the rheological measurement. The analyzed area of the upper
sample P1 is located 0.3 cm below the crucible top while the analyzed area of the lower sample
P2 lies 0.3 cm above the crucible bottom. Each image that composes the mosaic was acquired
at BSE mode under a magnification of x 100, an acceleration of 15 kV and a 1024 x 768-pixel
resolution. Each mosaic contained an average of 320 images, with an acquisition time of
10.3 s/image. Due to the size of the sample, a compromise was made between image capturing
time and resolution. The Fiji software was used to treat and analyze all mosaics. The
methodology of image acquisition and treatment was borrowed from crystallization studies
involving image analysis found in the literature [23][24]. Subsequently, the obtained
information on the PGM particles were used as input in a Python script, developed to quantify

the aggregation degree of the samples for different studied situations.

3 Results and Discussion

3.1 Generation of different aggregation degrees

From the first steady state viscosity measurements performed on the glass with 3.0 wt% of
PGM at 1200 °C (Figure 4), six different conditions are selected, expected to produce six
different aggregation degrees. The viscosity curve shows three distinct zone: a Newtonian
plateau at low shear rates (marked as M1 in Figure 4), a shear-thinning behavior at intermediate
shear rates (M2), and a second Newtonian plateau at higher shear rates (M3). Two shear stresses
are chosen in each zone, yielding six different representative stress values, marked with grey
stars in Figure 4: 0.1 Paand 2 Pa in zone M1, 5 Paand 10 Pa in M2, and 100 Pa, and 200 Pa in

M3.
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One of the main obstacles of a non “in situ” measurement is to guarantee the reproducibility of
the experiment since for each combination of stress and time, a different sample (in a new
crucible) is submitted to the protocol. This is why the tests are repeated at least 3 times, leading
to twenty experiments. Figure 5 shows the viscosity of the melt under a shear stress of 5 Pa
during three different times: 300, 1200, and 3600 s. It appears that all three curves overlap,
which indicates that the three experiments give the same rheological response and the
methodology reproducibility is guaranteed. It also shows that three main events were captured
by the experiments: the beginning of particles rearrangement, the increase of viscosity and its
stabilization. The thixotropic behavior is less pronounced for the higher stresses, but all studied

samples showed the same reproducibility.
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Figure 5 — Evolution of viscosity in time at the imposed stress of 5 Pa for three different samples tested during
300, 1200 s and 3600 s. The zoom focuses on the overlap of the three curves, indicating the reproducibility of
the experiments.

3.2 Determination of the aggregation degrees

All samples were analyzed via scanning electronic microscopy technique. For each experiment,
an image was extracted from the bottom and from the top of the crucible, as explained in
section 2.4. Although the SEM images give details of the PGM particles in the glass, it is
difficult to identify the aggregates only visually. The RuO2 needles and the Pd-Te spheres are
dispersed in the glass matrix normally in groups, as shown in Figure 6a. They are rarely found
separately. It was established that the union of these particles forms a structural unit (SU), which
may in turn aggregate with other SUs. Thus, if the goal is to observe the aggregation degree of

a sample, an image treatment is necessary to detect the individual SUs, as shown in Figure 6b.

The image treatment consists in detecting the contours of these clusters so that they can be

counted and characterized by the software (Figure 6¢). In the end, important characteristics of



the sample are obtained such as total area and position of the SUs, using the image analysis
tool. Since they do not have a specific format when grouped, the SUs are analyzed as in terms
of Féret characteristics (Figure 6d), where their diameter is calculated, as well as the perimeter,
mass center, position, and circularity. These properties obtained by the image treatment can be
used as an approach for defining the aggregation degree of the samples as will be specified later

on.

\ Féret Min

Féret Max

©

Figure 6 — Example of the image treatment applied to the SEM images to identify the structural units of PGM
particles: a) Raw image from SEM. b) The same image after treatment with the Fiji program. ¢) Contours of the
SUs after treatment. d) An example of the Féret form.

Another advantage of the image treatment is the contrast that is created between the particles
and the glass matrix by binarizing the mosaic. It produces a resourceful way to analyze by a
visual approach the aggregation degree of the samples. Figure 7 shows an example of the
obtained mosaics after image treatment for samples subjected to a 5 Pa stress during three
different times (300, 1200, and 3600 s). In the images, the PGM particles are shown in white
and the glass matrix is black. All samples started from a dispersed state after a strong pre-shear

(200 Pa during 300 s). As shown in Figure 7a, after 300 s at 5 Pa, a slight rearrangement of the



particles starts, but the sample is still homogenous comparing the top and the bottom. The
particles regroup more significantly after 1200 s, as shown in Figure 7b, where a large glass
matrix area (black) is observed, separating the particles in large groups. Besides, the top and
the bottom of the crucible is more heterogeneous than the previous situation. For the last sample
(5 Pa stress imposed during 3600 s), the sample is completely aggregated and the difference
between the top and bottom clearly indicates a sedimentation of the particles (Figure 7c).
Although the images were taken from different crucibles, they seem as if they originate from
the same crucible but at different times, which helps understanding the impact of time in the
rearranging of the PGM. For all studied stresses, mosaics of images were made for each time
interval, but the particles evolution was different, highlighting different mechanisms. The
aggregation Kinetics is strongly influenced by the imposed stress and the forces acting in the
melt. For stresses in a close range, these differences may be hard to distinguish using only SEM

images. Hence, a numerical tool is necessary to deepen the analysis.
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Figure 7 — Top and bottom SEM images (left column) of the sample subject to 5 Pa stress for 3 different durations,
binarized via image treatment, along with their corresponding Cartesian representations (right column) of the PGM
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3.3 Impact of time and shear stress in the aggregation degrees

A Python script was then developed to post-process the treated SEM images, in order to
quantify particle aggregation and the macrostructural characteristics of the suspension. This
script uses as input the Cartesian coordinates of the SUs in the images and through special
geometry calculations, aggregation parameters are obtained, in particular the average distance
distribution of the particles to their first neighbor (D1stN), which is a measurement of the
distance between the SUs. This distance distribution provides an idea of the level of
rearrangement of the particles and an information on the aggregation degree. Indeed, the
aggregates are formed by a reunion of smaller clusters that do not necessarily touch one another.

The script consists in three steps:

1. Reading of the SUs positions from the image in a Cartesian plane, as shown in Figure 7

for the samples at 5 Pa.

2. Random selection of n SUs belonging to the population of particles.

3. Calculation of the average distance distribution of the particles first neighbor (D1stN)

The amount of SUs in each image is around 40000 for all experiments. In order to limit the
computational effort required to evaluate such a large matrix, n = 8000 random SUs were
chosen. The calculation is repeated five times for each image and the standard error associated
is calculated. For each stress, two samples are produced from which two D1stN are calculated:
one for the top (T) and one for the bottom (B) of the crucible. Figure 8a presents the results for

the 5 Pa samples over time. As previously mentioned, when analyzing the 5 Pa images, there is



a difference between the top and the bottom of the crucibles, probably due to sedimentation
effects. Nonetheless, the D1stN shows the same evolution in time for both parts of the crucible.
If considering the particles aggregation shown in Figure 7 for the same samples, it is coherent
that the distance decreases with time since the particles are approaching each other. The longer
the crucible is submitted to 5 Pa, the more the particles rearrange to form larger and fewer
aggregates. This also illustrates the validation of the average distance distribution of the

particles first neighbor as one method to characterize the aggregation degree of the samples.
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Figure 8- a) Average distance distribution of the particles first neighbor for the 5 Pa samples as a function of time
for the top (T) and the bottom (B) of the crucible. b) Average distance distribution of the particles first neighbor
for all the studied stresses as a function of time.

For all analyzed samples, both parts of the crucible exhibited the same tendency. The average
D1stN was thus calculated for the two crucible parts to indicate the general behavior of the
sample and to simplify the data analysis.

In Figure 8b, the D1stN is shown as a function of time for all the experiments. Firstly, a
decreasing tendency of the distance with time and with stress is noticed for stresses up to 10 Pa.
For an imposed stress of 100 Pa, a fast decrease first occurs in time followed by a stabilization

of the D1stN. Lastly, at 200 Pa, the D1stN value increases with time from the beginning of the



experiment. By comparing these results with the images obtained, it can be concluded that

different aggregation mechanisms are governing the PGM particles behavior in the glass melt.

3.4 Aggregation mechanisms

As shown in Figure 4, we can separate the conducted experiments in three different shear
regimes: low shear (M1), medium shear (M2) and high shear (M3). They represent also the
different aggregation mechanisms involved in the glass melt. The image analysis alone does
not allow to differentiate the distinct kinetics that the material undergoes for the different
imposed stresses. By associating the images with the D1stN, a detailed scenery is clarified.
Figure 9 presents the average distance distribution of the particles first neighbor for all studied
stresses, separated in three groups. The distance value is normalized by the initial distance
(D1stNm) (at time t = 1200 s for 0.1 Pa and 2 Pa, Figure 9a; and t = 300 s for the other stress
values, Figure 9b and c) versus the normalized time (t/tm). tm is the final experimental time for
each investigated situation. The distance points are illustrated by the associated images

produced via the Python code described in section 3.2.
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To interpret the behavior, we base this discussion on the so-called DVLO theory [14], [15].
This theory was developed to explain the aggregation of aqueous dispersions. In DLVO theory,
aggregation of dispersed particles is explained by the interplay between attractive (including
van der Waals, electrostatic attractive, hydrophobic, bridging, and depletion) and repulsive
(including electrostatic double-layer force, steric, hydration, and structural) forces. Van der
Waals forces, between identical particles, are always attractive and consequently promote
aggregation, while double-layer force stabilize the dispersion keeping the particles apart. Their
intensities do not depend on the external shear rate imposed by the rheometer. Thus, once
aggregation is taking place in the investigated scenario, one can state that attractive forces
predominate over repulsive ones. However, in the presently studied case, the shear stress
imposed by the rheometer generates hydrodynamic forces, which influence the aggregation of
the PGM particles. These forces, depending on their intensities, might favor or prevent particle

aggregation as we are going to see.

For the low shear stress regime (M1), represented by Figure 9a, a decrease of the normalized
D1stN with time is noticed for both stresses. In this regime, the hydrodynamic forces imposed
by the rheometer are weak and not enough strong to push the particles away from each others,
so that van der Waals attraction dominates in this situation. Therefore, in this M1-scenario,
particles can undergo aggregation and clusters are formed. Focusing on the images at t/tm = 1
under low shear stresses, the sample at 2 Pa exhibits a blatant heterogeneity. It indicates that
for this shear stress range, the low hydrodynamic forces promote positive collisions and favor
particle aggregation. In this first regime, the higher the stress, the quicker is the aggregation
kinetics leading to a smaller distance between the clusters (D1stN). This particles
rearrangement is correlated to the Newtonian plateau at low shear, which was observed in the

steady state rheological tests (Figure 4). The particle-particle interactions that lead to the



aggregation have dramatic effects on viscosity since not only are the aggregates larger than the
individual particles, and hence more resistant to flow, but they also enclose, and so immobilize
some of the liquid phase, increasing their effective volume fraction, resulting in a higher

viscosity at low shear rates [25].

Figure 9b shows the results for the medium shear stress regime (M2). This shear range is
characterized by a decrease on viscosity when compared to the low shear regime M1, but with
a steeper descent. Nonetheless, the same dynamic is observed as in the M1 regime: a decrease
in D1stN with time. Although the dependence is the same, the difference lays in the kinetics of
the phenomenon. When the shear is increased above a critical stress, the hydrodynamic forces
increase enough to counteract the aggregation phenomena, controlled by Brownian motion. The
imposed shear stress is not high enough to disperse completely the particles but it enhances the
local reorganizations. Differently from the first mechanism, when the stress is increased, the
aggregates size reached after one hour decreases.

At a given shear stress or shear rate, the steady state is reached when a dynamical equilibrium
is established between breakdown and reformation of the aggregates, leading to a mean
equilibrium of the clusters radius. It will reach its maximum equilibrium size at the maximum
imposed stress that it can support without breaking [26]-[28]. This radius will decrease as the
shear increases, and consequently the viscosity will also decrease, which is associated to the
shear-thinning behavior of suspensions. Even though the aggregates are smaller, the distance
between particles keeps decreasing. This is due to a competition between cohesive forces

caused by the fluid and rupture forces caused by the flow [29].

The results concerning the third studied regime (regime M3) are presented in Figure 9c. This

regime is also characterized by a Newtonian plateau at high shear on the steady state rheograms.



Contrarily to mechanism M1 explained earlier, in which particles aggregation dominates, for
high shear flow the hydrodynamics forces control the behavior of the suspension, causing the
rupture of the aggregates. The distance between the SUs stabilizes over time at this range. As
shown in Figure 9c, the PGM particles are completely dispersed in the glass matrix. This

dispersion leads to greater first neighbor distances of the particles compared to the other

regimes.
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for experimental durations t = 3600 s and t = 1200 s. b) Surface percentage as a function of the cluster diameters
for all the 3600s-samples studied.

In order to analyze the overall impact of the shear stress in the aggregation degree of the
material, the three regimes were compared at two experimental durations for varying applied
shear stress. Figure 10a shows the dependency of the normalized D1stN (D1stN/D1stNm)
versus the normalized shear stress (¢ /oC) at two different experimental times: t = 3600 s and t
= 1200 s. The first neighbor distance is normalized by the initial value (D1stNm) of sample o
= 0.1 Pa. The critical shear stress is chosen at the end of the first Newtonian plateau, ¢ ¢ =3 Pa
as shown in Figure 4. The distance to the first neighbor decreases with the stress for the low
and medium shear flows. For both regimes M1 and M2, as previously mentioned, aggregation

predominates, unlike for the high shear regime (M3), the first neighbor distance starts to



increase again. Figure 11 shows the corresponding Cartesian representations for each case
presented in Figure 10a. It is noticed that the particles aggregation increases with the shear
stress up to 10 Pa; above 10 Pa, further increase of the stress produces particles dispersion as

shown in Figure 10a, even though images at 10, 100 and 200 Pa seem similar in Figure 11.

At this point, it is important to recall the definition of the structural units previously proposed.
If we consider the SUs as small clusters composed of a few RuO2 needles and Pd-Te spheres,
the aggregates are clusters composed of SUs. Hence, the aggregates exhibit larger radii than the
SUs. With the image analysis, it is possible to extract the size of the clusters present in the
sample, or more precisely their maximum Féret diameter. In Figure 10b, the surface percentage
occupied by the clusters as a function of their diameters is plotted for all the 3600 s samples.
At first, it is noticed that all samples show a similar particle size distribution. This confirms the
SU hypothesis since all samples would have a majority of small clusters of approximately
50 um dispersed in the matrix, which correspond to the average size of the SUs previously
measured by SEM in the glass [4]. It is paradoxically found that the average distance to the first
neighbor at low and high shear are similar, so the clusters diameter presented in Figure 10b
helps explaining this paradox. For the medium and low shear stresses, contrary to the high shear
stress regime, clusters of diameters greater than 300 and 450 um, that is to say aggregates, are
observed. The same tendency appears when the normalized mean diameter of the clusters
(D/Dm) is plotted in Figure 10a as a function of the normalized shear stress for the 1200 and
3600 s experiments. After reaching a maximum size at 5 Pa, the diameter drops reaching a
smaller cluster size than at 0.1 Pa. Therefore, when comparing the D1stN for the low and high
regimes, the values correspond to the D1stN between aggregates and structural units,
respectively. Even though the values are similar, for higher shear stresses, the structure is a

collection of small clusters and individual particles.
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3.5 Force balance and aggregation mechanisms

As mentioned earlier, the aggregation mechanisms experienced in this work can be explained
based on DVLO theory [14], [15]. The three different mechanisms consist in a balance between
the forces acting on the material, and for this work only two are considered: the hydrodynamic
forces generated by the shear flow and the attractive van der Waals potential between the
particles [30][31]. These two forces are estimated through the relations provided by Allain et
al. [30]. The electrostatic forces are ignored in the present section, due to their difficult

evaluation. The hydrodynamic force is calculated as Fy = nsyR? , where 1 is the viscosity of
the continuous phase, y is the shear rate and R is the aggregate radius. For the van der Waals

potential, the relation F, 4y, = % was considered, where A is the Hamaker constant, a is the

particle radius and h is the mean distance between the particles.

Figure 12 shows the ratio between both forces as a function of y/y., where y. = a./n, is the
critical shear rate at which the viscosity abruptly decreases (the critical stress o, and the low
shear viscosity n, are indicated in Figure 4). The forces were approximated using the data
obtained for the 3600 s experiments at all studied shear stresses. To adapt the equations to
experimental reality, the viscosity of the continuous matrix was considered the viscosity of the
technological molten glass without PGM particles (1, = 3.6 Pa.s) and the radius of the particles
a as the mean size of the SUs (a = 50 um). The aggregate radius (R) and the mean distance
between the particles (h) are the mean Féret radius of the SUs and the D1stN for the 3600 s
experiments, respectively (showed in Figure 10a). Since there is a lack of information on

Hamaker constant for silicate melts in the literature, a range of values was scanned.
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When analyzing the graph, it is noticed that below the critical shear rate (y/y, < 1), the van der
Waals potential has a greater impact on the melt, as predicted for mechanism M1. For a shear
above the critical value, the impact of the hydrodynamic force increases but the ratio Fn/Fyaw
is still under one, indicating that van der Waals attraction is still affecting the particles
reorganization in the melt. Hence the critical shear rate indicates only the limit between the two
recognized rheological behaviors of the material (Newtonian and the shear thinning), not being
directly connected to the moment where the hydrodynamic forces surpass the binding forces
between particles. Considering a Hamaker constant between 10°2° and 10t J, the force balance
corresponds to the hypothesis that the increase of the hydrodynamic forces and beginning of
the mechanism M3 happens when the shear is more than a hundred times the critical shear,
corresponding to the shaded region of the graph. In terms of shear stress, it corresponds to more
than 10 Pa, which matches with the smaller clusters showed in Figure 11 that are formed after

3600 s due to the competition between the aggregation and dispersion of the SUs in the melt.



4  Conclusions

The aggregation mechanisms of a simulated nuclear glass melt containing 3 wt% of PGM
particles was studied in this paper. The impact of the shear stress and time on the PGM particles
aggregation degree was determined using a stress-imposed rheometer working at high
temperature, and an SEM image analysis method. Given the impossibility of in situ analysis at
1200 °C, a post-mortem approach was chosen where each sample was submitted at 1200°C to
different shear stresses and for different durations. The choice of durations aimed to capture the
evolution of the particles rearrangement with the viscosity, from the early stages of the regime
to the steady state. For a same stress applied for different durations, the samples showed the
same rheological behavior as a function of time, validating the reproducibility of the employed

protocol.

Image mosaics obtained for each sample were submitted to an image treatment aiming to
highlight the structural units (SU) made of RuO2 needles and Pd-Te spherical particles, and
their distribution in the glass. This image analysis was an important tool to evidence the
aggregation degree of each sample, highly influenced by the experiment time. Although
visually the aggregation was clear, a numerical approach was developed translating the distance
between the first near neighbor of the particles in a parameter to quantify the aggregation in
each sample. The overall data showed that the PGM glass behaves in three different ways
depending on the flow regime at which it is imposed i.e., low, medium and high shear flow
regime. An explanation of the three mechanisms is proposed in this work.

The three mechanisms differentiate themselves by the intensity of the forces acting in the
particles. For the first regime, a combination of the low hydrodynamics forces and van der

Waals attractive forces on the PGM particles contributes for the aggregation phenomenon,



translated by the decrease in the distance between clusters. It affects the viscosity by increasing
the volume fraction leading to a higher viscosity at low shear rates. At a medium flow, the same
forces are acting in the particles, but in a different ratio than the low shear regim: the
hydrodynamics forces have also an impact, enhancing local reorganizations but are not strong
enough to dissipate the particles in the glass. The viscosity decreases significantly, but the
aggregation still occurs, which is showed by the continuous drop of distance values. At high
shear flow, the particles are completely dispersed in the melt due to the effects of the
hydrodynamic forces, leading to a higher distance between the particles and a low viscosity.
The experimental challenges of observing the aggregation kinetics of PGM particles in a glass
melt are overcome thanks to a numerical approach that allows to quantify the evolution of
aggregation and its impact to construct the general idea of what influences the phenomena. A
balance between the hydrodynamic forces and van der Walls potential was estimated using the
collected data to support the work hypothesis. The information collected can be linked directly
to the rheological behavior of the PGM glass, adding a deeper comprehension of the material

and consequently to the vitrification process.
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