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ABSTRACT

Chromium is a multivalent element with very low solubility in silica-based glasses. It is incorporated
into glass via the solubilisation of Cr,O; as cr through an acido-basic reaction, and is in redox
equilibrium with Cr®* and Cr** oxidation states depending on the surrounding atmosphere. The least
soluble form of chromium is Cr®*, which is also the most common form of chromium in glass
elaborated in air. This study investigated the behaviour of chromium in peraluminous glasses, which
are potential matrices for nuclear waste containment. Chromium is often present in nuclear waste
solutions as a corrosion product coming from the waste reprocessing steps. Consequently, it is
important to understand the effect of chromium addition to peraluminous glasses, both in terms of the
microstructure and the processing ability of the glass melt. The study investigated the effect of
chromium added as a Cr,05; chromium (+111) oxide on the homogeneity, the viscosity, and the glass
transition temperature (Ty) of peraluminous glasses. The chromium redox state and its effect on the
incorporation limit of chromium was determined. Peraluminous glasses have an incorporation limit of
between 0.50 and 0.55 wt. % Cr,0s in air, and between 1.25 and 1.50 wt. % Cr,O3 in a reducing
environment. Chromium (+I1) oxide was found to have a limited effect on the viscosity of
peraluminous glasses up to 2 wt.% of Cr,0s, despite the presence of crystals above 0.5 wt. %. The
addition of chromium oxide had no significant effect on the T, of the glass, except after a slow cooling
of the sample containing the highest content of 2.0 wt. % Cr,O; Two forms of chromium were
identified under UV-visible spectroscopy for the glasses elaborated in air: Cr** (6-fold) and Cr®* (4-
fold).
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1. Introduction

Chromium is often added to glass as a nucleating agent to form glass-ceramics [1]. This is mainly due
to the very low incorporation limit of Cr** in most glasses [2-3]. It may also be introduced as a
colouring agent, as Cr** gives a bright green colouring at low content, Cr** a light blue colour, and
Cr®* a yellow colour [4]. It may also be present in nuclear glasses when stainless steel corrosion occurs
in reprocessing facilities [5-6], or in situations where chromium is added for a specific purpose, for
example as a stabilizing agent for a UO, fuel microstructure [7]. Glass crystallization cannot be
allowed in certain types of nuclear glass, when the presence of crystals exposed to irradiation could
damage the containment matrix properties. It is therefore important to investigate chromium



incorporation in glass, since its low solubility in that medium is a constraint limiting the nuclear waste
incorporation rate, and thereby increasing the final number of waste canisters produced.

The effect of chromium addition on the physical properties of glass is not well documented.
However, the impact of chromium on glass crystallization has been described [5, 8-11], as well as its
speciation in glass and glass ceramics [2, 4, 12-16].

It has been demonstrated that peraluminous glasses have a high incorporation rate for rare earth
elements, making them interesting candidates for the containment of nuclear waste [17-18]. Rare earth
elements are present in the waste and are also used as surrogates for actinides in non-radioactive
glasses. Typically, peraluminous glasses have larger amounts of alumina than of modifier oxides like
alkaline oxides and alkaline earth oxides. The parameter describing the peraluminous nature of the

glass is called the Rp ratio:
_ modifiers
Rp - Al203+modifiers (1)

An Rp ratio lower than 0.5 means a deficit in modifiers to compensate for the negative charge of
aluminium as a network intermediate, and makes the glass a peraluminous glass. An Rp ratio higher
than 0.5 makes the glass a peralkaline glass. Since the behaviour of chromium in peraluminous glass is
almost unknown, this work first focused on determining the incorporation limit of chromium (+111)
oxide Cr,0s in peraluminous glasses, taking into account thermal history of the glass. The valence and
coordination of chromium were studied, as chromium solubility was expected to be strongly
dependant on its valence. The effect of chromium on the viscosity and glass transition temperature
were also investigated. Finally, the impact of the oxygen partial pressure on chromium solubility in
peraluminous glass was evaluated through comparative measurements performed in air atmosphere
and in a reducing environment.

2. Experimental

2.1. Glass elaboration

An optimized composition for peraluminous glass taken from Piovesan et al. [18] was used as a
reference for this work, as this composition has demonstrated potential interest for nuclear waste
conditioning. From the initial composition, re-named EH BASE 0, glass compositions were designed
with a Cr,03 content increasing from 0.25 wt. % to 2.00 wt. % (Table 1).

Table 1: Glass compositions (wt. %)

o | o, | e | e | enee [ e [ aner | cuce | Be [ anees
Sio, 30.96 30.89 30.81 30.79 30.78 30.73 30.65 30.50 30.35
CaO 2.95 2.94 2.94 2.93 2.93 2.93 2.92 291 2.89
Li,O 0.59 0.59 0.59 0.59 0.59 0.59 0.58 0.58 0.58
La,O, 26.11 26.05 25.98 25.97 25.96 25.92 25.85 25.72 25.59
Al,O3 20.44 20.39 20.33 20.32 20.31 20.28 20.23 20.13 20.03
B,0O; 16.11 16.07 16.03 16.02 16.01 15.99 15.95 15.87 15.76
Na,O 2.84 2.83 2.83 2.82 2.82 2.82 2.81 2.80 2.78
Cr,03 0.00 0.25 0.50 0.55 0.60 0.75 1.00 1.50 2.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Nine 200g glass batches were prepared at 1350° in a muffle furnace. The glass samples were
obtained from two preparation paths, either after a fast cooling rate (as-quenched samples), or after a
slow cooling rate (slowly cooled samples). As-quenched glasses can be considered to be representative
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of the steel-glass interfacial layer of a nuclear waste canister, while slowly cooled glasses are more
representative of the canister core. The experimental procedure for glass sample elaboration has been
described by Hansen et al. [19]. The mixture of oxide precursors included SiO,, Ca0O, Li,COs, La,0s5,
Al,O3, H3BO3, Na,CO3, and Cr,0; powders from Sigma Aldrich. The corresponding precursor purities
are 0.994, 0.999, 0.990, 1.000, 1.000, 0.999, 1.000, and 0.990, respectively. The experimental error for
the weighing was +0.002 g. The batches were preheated in Pt-Rh alloy crucibles for decarbonisation at
500°C for 3h, followed by melting at 1350°C for 3h. Due to the highly refractory nature of
peraluminous glasses and chromium oxide, a double fusion process was used to avoid unmelted
particles. The resulting glasses were cast onto a stainless steel plate before being crushed. They were
then milled down into powder in a tungsten carbide (WC) mill with WC marbles (300t/min, 3x2min).
Following this step, the glasses were melted again at 1350°C for 2h. The samples obtained after
guenching were the as-quenched glasses (AQ). Approximately 40g of these as-quenched glasses were
re-melted for 45 minutes at 1350°C in a Pt-Au crucible before being slowly cooled at 1°C/minute until
room temperature was reached. The glasses obtained from this second treatment were the slowly
cooled glasses (SC).

Reduced glasses with controlled oxygen partial pressure were prepared in fused silica tubes
containing the glass and a Fe/FeO redox buffer. This buffer ensues an oxygen partial pressure of 10™
atm at 1350°C [20]. 100 mg glass beads were initially shaped by melting them in graphite crucibles.
To ensure that the beads were representative of the bulk glasses, preliminary tests were carried out at
1350°C in the silica tubes in order to determine the amount of time needed to replicate the bulk state.
The use of small sized beads enabled a fast equilibration with the surrounding atmosphere and a
constant Surface/Volume ratio, ensuring reproducible experiments. The silica tubes containing the
glass beads and the buffer were sealed and heated for 5h at 1350°C, before air quenching. The device
is shown in Figure 1.

Silicatube SETT
sealedunder  / \\
vaccum \/ \ Alumina rod
to hold the Pt
wire
Platinum
WIEE i Alumina
e :
Glass __| = crucible
bead
\_’/
.
Fe/FeO
Buffer in
— S Alumlna
| Crucible
/
\\ o/
" Y,

Figure 1: Experimental setup for glass elaboration under controlled oxygen partial pressure, reproduced from [20]

The amorphous or partially crystallized natures of the samples were investigated using optical
microscopy, Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD) analyses. The



crystalline phase composition was determined by comparing EDS (Energy Dispersive X-Ray
Spectroscopy) measurements and XRD results.

2.2. Glass characterization

The XRD spectra were measured with a conventional Bragg-Brentano diffractometer (Paralytical
X’Pert MPD Pro — Cu anti cathode). The samples were crushed into a powder finer than 100 microns
in a WC mill, and placed into stainless steel holders. The data collection range was 20 = 10-90°. The
XRD peaks were compared to crystalline phases detailed in the Joint Committee on Powder
Diffraction Standards (JCPDS) PDF4+ database, using the 5.0 version of the EVA software.

Optical microscopy was carried out with a ZEISS Axio Imager.M2 microscope. It was connected
to an Axiocam 305 camera and EC Epiplan-Neofluar x1.25, x5, x20, x50 and x100 HD DIC M27
lenses. The samples had been polished to mirror quality. Images were taken and analysed with the
Zen2Core v2.5 software.

Scanning Electron Microscopy (SEM ZEISS SUPRA 55, 15kV) and EDS analysis were
performed on polished, carbon covered (in a 10 nm layer) samples. Significant amounts of data on
crystalline phase composition were collected through EDS measurements which, in combination with
XRD patterns, allowed hypotheses to be made regarding the composition of the crystalline phases
present. Data collection and processing were carried out using the ESPRIT 2.0 software.

UV-Visible spectra were obtained using a CARY50SCAN spectrophotometer, with a wavelength
range of 200-1100 nm. The CARY WINUYV software was used for the data processing, and the UV-
Visible spectra were deconvoluted using the OriginPro2015 software. Due to the high absorbance of
Cr®* in this wavelength range, thin lamella samples were made (thickness about 100um).

Viscosity measurements were performed using a LAMY RM300i imposed-stress rheometer. The
rheometer was placed on top of a vertical tubular furnace, with a functioning range of 1000-1500°C.
The glass samples were first melted at 1200°C in Pt-Rh crucibles (crucible radius R, = 13.5 mm). Then
each crucible was placed in the centre of the furnace. The temperature gradient measured from top to
bottom of the sample was lower than 2°C. A Pt cylinder suspended from the rheometer was immersed
and rotated in the melt. Rheological measurements were carried out in a steady state regime by
imposing successive shear stress values, ranging from 1 to 500Pa, for 60s. Angular
velocity measurements were averaged when the signal was stationary, i.e. during the last 10s. The
rheological behaviour was measured for temperatures ranging from 1050°C to 1500°C. The relative
standard error on viscosity measurements was estimated to be +10%, based on historical data obtained
for the setup.

Glass transition temperatures (Tg) were extrapolated from Differential Thermal Analysis (DTA).
About 50g of glass powder were heated in alumina crucibles. A SETSYS Evolution DTA furnace
from SETARAM was used to make the DTA measurements, and the associated software was
SETSYS-1750Cs Evol.-TG-DTA 1600°C. The Tg was obtained from the DTA data using SETARAM
CALISTO Processing software. The standard error on Tg was estimated to be + 6°C.

3. Results

3.1. Incorporation limits of chromium in glasses elaborated in air



The incorporation limits for Cr,Os in peraluminous glasses were determined taking into account
the thermal history of the glass. The incorporation limits were thus determined for both as-quenched
glasses cast at 1350°C, and glasses slowly cooled at 1°C/minute. The incorporation limits of Cr,O5 for
both thermal scenario were determined to be between 0.50 wt % and 0.55 wt %.

3.2. Crystallization behaviour of glasses elaborated in air

The crystalline phases observed in both as-quenched and slowly cooled glass samples appeared for
the same amounts of Cr,0;, and had similar morphologies and compositions. The principal crystalline
phase had a layered shape, with a pure Cr,0O; core and a surrounding layer of Cr,,Al,Oz (with 0 < x <
0.6).

K Cr,0,
CORE
Na Ca La
4 L% - 4 &= /
- \

3 pm

Figure 2: Crystal cartography in EH Cr-1.5 as-quenched sample, showing a Cr,0;3 core and a Cr,,Al,Ozouter layer

The XRD diffractograms were peak-matched to the Cry,5Aly7,05 phase detailed in the JCPDS
card n°04-007-6151 (Figure 11, in Appendix), which had also been studied and elaborated using
different techniques by Zhang et al. [21]. The pure Cr,0; phase was not detected under XRD analysis.

3.3. UV-Visible study of chromium valence and coordination
UV-Visible spectroscopy identified two valences for the glasses elaborated in air: Cr** and Cr®* (

Figure 3). The absorption spectra were very similar for both as-quenched and slowly cooled glasses,
showing the same transitions. The spectra were deconvoluted using Gaussian curves to fit with the
respective contributions of Cr®* and Cr®*. The evolutions of these contributions with increasing Cr,O;
contents are shown in Figure 4. The molar extinction coefficients of Cr® and Cr®* are widely different,
and therefore comparisons of peak areas can only be qualitative. They may however highlight certain
trends. The relative contribution of Cr®* was stronger in slowly cooled glasses than in as-quenched
glasses (70% and 50%, respectively). Additionally, the contributions of the Cr®* and Cr** valence and
coordination appear to be dependant on the Cr,O; content. From the peak positions on the
deconvoluted curves and data from the literature [22-26], Cr*" was identified as having a 6-fold
coordination and Cr® as having a 4-fold coordination. Two peaks were identified for Cr®, around
420nm and 630nm, corresponding respectively to the “A; 2 *“Ty(F) and *A, = *T,(F) transitions. The
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Figure 3: UV-visible spectra of (A) as-quenched glasses and (B) slowly cooled glass samples

6+ Cré* As-quenched Glasses
Az D HAxg « EH Cr-0.25
5 - - EH Cr-0.5
A EH Cr-0.75
g - EHCr-15
541 o
15
Pl J
% 34
5 | Cr'
E ) 1078 sAx > Ta(P)
T |\ cr
Y \ A3 3 THF)
2 2
14 o0as %
0 . : |
400 600 800
Wavelength (nm)
AQ Glasses
100-_ A 4a6la:
O 1)
90_- e Cr(2)
80
704
60
1 o -
50 - -
A 0. -
40 - N pe g
30 5 o Cri4(1)
10 * T Cr+(2)
0 r : :
0.0 0.5 1.0 1.5

wt. % chromium oxide

Area %

100 SC Glasses
] B ey
90 i O Cr3(1)
80 - o. e C(2)
70 4
) =0
60 + B
] o Cré+
50 +
40 -
30 O... Cr+(1)
) O
20 4 .
1 o
+. -t
104 0 TTee e
- cr(2)
0 T T T T
0.0 0.5 1.0 1.5
wt. % chromium oxide



Figure 4: Evolution of the contribution of the several forms of chromium in (A) as-quenched, and (B) slowly cooled glass
samples — dotted lines have been added as visual guidelines

3.4. Glass transition temperature

The glass transition temperatures (Tg) of the peraluminous glass samples were measured as a
function of Cr,0; content and taking into account the thermal history of the glass (Figure 5). It was
found that Cr,O; addition left the T, unchanged at around 655°C, taking into account the possible
experimental error. For the slowly cooled glass samples, a slight decrease of T, (~20°C) was observed
for the glass containing 2.0 wt. % of Cr,O;.

A AQ Glass
7007 o SC Glass

680

"o
540-_ %

620

—[>—

Tg
-

600 T T T v T T T v
0,0 0,5 1,0 1,5 2,0 2,5

wt. % chromium oxide

Figure 5: Glass transition temperature evolution with Cr,0; content for as-quenched (AQ) and slowly cooled (SC) samples

3.5. Rheological properties

The addition of chromium oxide up to 2.0 wt. % Cr,0s in the peraluminous glass left the viscosity
almost unchanged, when experimental error was taken into account (Figure 6). This remained true
despite the presence of crystals above 0.5 wt. % Cr,0s. Nevertheless, there was a slight tendency for
the viscosity to decrease with a Cr,O3 content below 0.50 wt. %, followed by an increase when the
Cr,03 content was between 0.50 and 1.00 wt.%, and then a very slight decrease between 1.00 and 2.00
wt. % Cr,0s. Again, this may not be meaningful, due to experimental error. However the trend might
be related to the behaviour of the melt and the presence of crystals, as detailed in the Discussion
section below.
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Figure 6: Glass melt viscosity evolution with Cr,03 content

3.6. Influence of the oxygen partial pressure

In silicate glasses, the least soluble form of chromium is known to be Cr**, whereas Cr® and Cr*
are more soluble in a glass melt [2]. Cr®" is the other predominant form of chromium for oxidizing
atmospheres, whilst Cr?* can be present only under very reducing conditions. In order to determine the
influence of a reducing environment on the solubility of chromium in peraluminous glasses at 1350°C,
glass beads were made with a chromium (+I11) oxide content beyond its incorporation limit as
determined under air, i.e. under an oxygen partial pressure of 0.2 atmosphere. Glass beads containing
0.75, 1.00, 1.25, and 1.50 wt. % Cr,O3; were made under reducing conditions using a Fe/FeO buffer as
described before, providing an oxygen partial pressure of 10™° atm.

Among the beads made under reducing conditions, the beads containing 0.75, 1.00, and 1.25
wt.% Cr,0; were homogeneous and fully amorphous, while the bead containing 1.50 wt.% Cr,0;
presented crystalline phases. The results are given in Table 2. The incorporation limit of chromium
oxide in peraluminous glass under reduced conditions is therefore between 1.25 and 1.50 wt. %.

Table 2: Crystallized (C) or homogeneous (H) nature of the glass beads with respect to Cr,0,
content and oxygen partial pressure (pO,)

wt. % Cr,05 0.75 1.00 1.25 1.50
pO, = 0.2 atm C C C C
pO, = 10" atm H H H C

Cr-, Al-, and O-rich crystals could be seen in the glass containing 1.50 wt. % Cr,0O5 elaborated in a
reducing environment. Their compositions are given in Table 3. XRD could not be carried out on this
glass, as the sample amount was too small. Based on our previous observations of similar crystals in



glass elaborated in air, we made the assumption that these were Cr,,Al,O3 crystals. Several crystal
shapes were observed, including rectangles and straw-like dendrites, as seen in Figure 7. No pure

Cr,0; cores were found in the crystals.

Table 3: SEM/EDS analyses of several crystals in the glass containing 1.50 wt.% Cr,0O3; made
under reducing conditions (pO,=10" atm)

Cr (mol %) Al (mol %) O (mol %)
Crystals with high Al content 27.4 12.6 60
Crystals with low Al content 31.6 8.4 60
Average 28.6 114 60
Equivalent Cr,,Al,O3 stoichiometry Cry43Aly 5,04

B (RAEpO2¢
MAOE S008I (6 W1 86

2 I BHCRAS pO2 M
. IOVG 9050 I DY WO( B4 me

Figure 7: Several Cr,.,Al,O; crystal shapes in the EH Cr-1.5 reduced glass

4. Discussion

The solubilisation of Cr,0zin the glass melt initially occurs based on the acido-basic reaction:

Cr,0; = 2Cr'"0, @3- + (3-2x) 0%

(2)

The Cr® formed is in redox equilibrium with the other oxidation states, Cr** and Cr®*. The Cr**, the
most prevalent form of chromium in glasses elaborated in air, is the least soluble of the oxidized forms
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of Cr. Because of this low solubility, only a few mass percent of chromium were added to the glass
composition for this study. Hence, the intrinsic properties of the glass were not greatly modified.

4.1. Chromium incorporation limit

The incorporation limit of chromium in peraluminous glass elaborated at 1350°C in air was
determined to be between 0.50 and 0.55 wt. % Cr,O3. As a comparison, the incorporation limits of
other corrosion elements such as Fe and Ni in similar glasses are much higher, and show significant
differences between as-quenched and slowly cooled glasses [19, 27].

This incorporation limit of chromium under reducing conditions was determined to be between 1.25
and 1.50 wt.% Cr,0Qs, significantly higher than the limit in glasses elaborated in air. Under reducing
conditions, chromium was present under its +11 valence which is known to be much more soluble than
the Cr** valency [2].

When the chromium incorporation limit was exceeded, glasses elaborated under both conditions, i.e.
in air or under a reducing atmosphere, formed the same kind of crystalline phase, Cr,AlOs (Figure
2).

For the glasses elaborated in air, the stoichiometry of this phase was matched to Cry,3Alp 7,03 from
XRD analysis (Figure 11 in appendix). This composition evolved from the centre of the crystal to its
periphery, with the amount of Al gradually increasing (Figure 10 Table 6 in appendix). These
chromia-like crystals were very small in size, never exceeding 10 microns, and very numerous. The
fact that crystals were present at 0.55 wt. % Cr,O3 in both as-quenched and slowly cooled glasses lead
to inferring that the crystalline phase was already present in the glass melt at high temperature. This is
also in accordance with the high liquidus temperatures of chromium oxide containing crystals [5]. A
slight difference in morphology could be observed between the crystalline phases in as-quenched and
slowly cooled samples, typically in the global size of the crystals and in the Cr,0; core size. A Cr,0;
nucleus could serve as a site for nucleation, from which the crystalline growth would incorporate
aluminium from the surrounding glass.

Under reducing conditions, the Cr** valence did not appear in the final crystals, as the only phase
observed was a chromia-type phase made of Cr**. The crystals were rather massive compared to those
present in the glasses elaborated in air. They also had different shapes and did not have the layer/core
dual composition. They could span over 25 microns as rectangles, and over more than 100 microns as
straw-like crystals. Even though what could cause such a difference in morphology is uncertain, the
main changing parameter was that the crystallizing Cr** was no longer mainly in equilibrium with
Cr®, but would be in equilibrium with Cr*. The fact that Cr** did not appear in the final crystals does
not mean that it was not involved in the crystallization process. A two-step mechanism involving both
Cr®*and Cr®* species has already been described in the literature [2]:

(1) acido-basic reaction of Cr,0j; dissolution into Cr** species
and
(i)  reduction of Cr* into Cr**

Cr,.Al,O; crystal growth is determined by the availability of both chromium cations (i.e. Cr**, Cr**,
and Cr®) and AI** in its vicinity. It has been shown that the Cr** diffusion coefficient in glass is two to
three orders of magnitude higher than that of Cr®*, and is comparable to that of Cr** as reported by
Schmucker et al. [28]. Furthermore, crystal enlargement under reduced conditions can be fostered by
the atomic transport of Cr** in the vicinity of Cr,05 crystals, which are then oxidized into cr and
inserted into Cr,0s. Conversely, the lower diffusion of Cr®* in glasses elaborated under air could
contribute to smaller crystal sizes. A schematic view of the process is given in Figure 8.
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Figure 8: Difference in the hypothetical growth mechanisms in glasses elaborated in air and under reducing conditions
(equations taken from [2])

4.2. Glass structure and physical properties

The glass structure was investigated through UV-Visible spectroscopy to better understand the
chromium impact on the glass physical properties. UV-Visible spectroscopy could be carried out on
the glass samples elaborated in air but not under reducing conditions, as the glass beads were too small
to be shaped into lamella.
Cr® was identified in a 6-fold coordination with peaks located around 420nm and 630nm. Cr®*
was identified in a 4-fold coordination with a typical intense band around 360nm (
Figure 3). Cr*" is hence expected to play a network modifier role [23-25, 29] and Cr®* is expected to be
present as CrO,” tetrahedrons, acting more as a network former [24, 29].
It appears from the results that the as-quenched glasses had higher amounts of Cr** compared to the
slowly cooled glasses, which is consistent with the stabilization at higher temperature of the quenched
glasses favouring the reduced forms of Cr (here Cr** in equilibrium with Cr®*). In slowly cooled glass,
the kinetics allowed a re-oxidization of the Cr®" into Cr°*.
The Cr®/Cry, ratio decreased with the addition of Cr,0s in the as-quenched glasses before
crystallization occurred (
Figure 3). The hypothesis of an influence of the basicity on the Cr®*/Cry, ratio was discarded, as the
variation of the glass basicity with the addition of chromium was negligible (Table 7 and Table 8 in
Appendix). The hypothesis of a competition between the CrO,* form of Cr®* and the AlO, form of
AI** for charge compensators (Li*, Na*, Ca®*, La**), which would lead to a destabilisation of Cr®* and
the formation of Cr®* was also discarded given the calculation of the charge balance in the glass. At
0.75 wt. % Cr,0;, i.e. beyond the incorporation limit, the Cr®*/Cr ratio increased (Figure 4). From
0.75 to 1.5 wt.% Cr,0s, the Cr®*/Cr,, ratio in the glass once again decreased. These results could be
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discarded as being artefacts related to the deconvolution process. However this trend was observed for
both as-quenched and slowly cooled glasses. These variations of the Cr®/Crq,7 ratio are difficult to
understand but could to be correlated to the slight variation in the glass viscosity with the addition of
Cr,03, as explained hereafter.

The main aim of the viscosity measurements was to evaluate the influence of chromium oxide and
crystals on the rheological behaviour of the glasses. Two aspects were considered:

(i) The variation of the viscosity with the addition of chromium oxide, due to glass structure
modification and the apparition of crystals.

(ii) The modification of the glass rheological behaviour due to the presence of crystals in the melt,
leading to a potential loss of Newtonian behaviour.

As reported in Figure 6, Cr,03; addition up to 2 wt. % did not lead to significant variations in
viscosity when the experimental error was taken into account. For these small amounts of Cr,O3 added
to the glass, the viscosity variation was moderate, but the slope was not negligible. At 1250°C, the
slopes were 32 dPa.s per wt.% between 0 and 0.5 wt. % Cr,0O3, and 54 dPa.s per wt. % between 0.5
and 1.0 wt. % Cr,03. As a comparison, the slopes obtained by Hansen et al. [19] for NiO addition to
the same peraluminous glass were 19 dPa.s per wt.% between 0 and 1.0 wt. % NiO, and 7 dPa.s per
wt.% between 1.0 and 6.5 wt. % NiO. Nevertheless, NiO was identified as having a fluidifying effect
because of the large amounts (up to 15 wt. %) that could be added.

The following hypotheses have been made regarding the role of chromium on peraluminous glass
viscosity:
- Cr* plays the role of a weak network former, which is in accordance with the Cr-O bond
energy around 429+29 kJ/mol [33] (compared to 800 kJ/mol for Si-O and 502 kJ/mol for Al-O
[34]
- Cr* plays the role of a network modifier, according to the literature [23-25, 29]. The modifier
Cr®* should lead to a stronger decrease in viscosity than Cr®*.

From 0 to 0.5 wt. % Cr,0s, the dissolution of Cr,0O; into Cr** and Cr®* lead to a decrease in
viscosity. This decrease in viscosity is coherent with the network modifier role expected for Cr®* and
also for the weak network former role that Cr® should play, according to UV-visible spectroscopy (

Figure 3).

Above 0.5 wt. %, a viscosity increase took place that is related to the crystallization of Cr,0O;
above its solubility limit.

Above 1 wt. %, the viscosity very slightly decreased again, despite the fact that chromium was no
longer incorporated into the glass matrix. This reveals that the crystallization of the Cr,.,Al,O; phase
did not lead to major modifications in the rheological behaviour of the glass. This slight viscosity
decrease could be explained by the increase of Cr** as observed (Figure 9), or (less likely) by the
extraction of aluminium from the matrix to the crystalline phase Cr,.,Al,Oa.

Lastly, it appears that even for glasses containing up to 2 wt. % Cr,O3, i.e. far above the
incorporation limit, the amounts of crystals were too small to lead to a loss of Newtonian behaviour in
the range of temperature studied (1500-1050°C). This might be linked to their shape and size
distribution, as they did not form macroscopic aggregates from the microscopic crystals. This would
have lead to a strong modification in the rheological behaviour. A change in the workability of the
melt due to crystallization is to be avoided for any possible evolution of the nuclear waste vitrification
process that might allow crystallization to occur.
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Figure 9: Comparative evolution of viscosity at 1250°C and cr’ with respect to the Cr,0; content. Arrows have been added
as visual guidelines

This is further supported by the DTA measurements (Figure 5). They reveal that the addition of
chromium oxide only lead to a drop in the glass transition temperature (T,) for the slowly cooled glass
containing 2 wt. % of Cr,0s. For other glasses, the T, seemed to remain stable, given the measurement
uncertainty. This discrepancy might be caused by the fact that, because of chromium oxide
crystallization, aluminium was extracted from the glass matrix to form Cr,,Al O3 This was especially
the case for the slowly cooled and Cr-rich glass. Hence aluminium, which is an element that increases
the T, was extracted from the glass matrix, and the T, of the residual glass was lowered.

Despite this small variation, the glass transition temperature T, remained high enough to represent
a nuclear waste reprocessing context, and met the requirement for sustaining high temperatures
induced in glass from the energy released by radioactive decay.

5. Conclusions

As already observed in peralkaline silica glass compositions, chromium (+I11) oxide has a very
low incorporation limit in peraluminous glasses, even at high temperatures. Both quenched and slowly
cooled glasses have an incorporation limit between 0.50 and 0.55 wt. % Cr,0O;. Above the
incorporation limit, chromia-like crystals were observed, with a pure chromia core and an aluminium-
enriched layer. This crystalline phase remained dispersed with very small crystallites (below 10
microns). The addition of chromium oxide up to 2.0 wt. % only had a slight influence on the glass
viscosity within the range studied, with no major influence on the rheological behaviour or on the
glass transition temperature. Chromium was found to be in Cr¥*(6-fold) and Cr®*(4-fold) forms in the
glasses elaborated in air. An increase of the incorporation limit up to 1.25 wt. % without
crystallization has been demonstrated in glasses elaborated under reducing conditions in oxygen
partial pressure around 10™° atm, confirming the high solubility of Cr** compared to Cr**.
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Figure 10: Composition of a crystal of the EH Cr-1.5 CP glass
Table 6: Composition of the crystal in the EH Cr-1.5 CP glass
Distance to 6 3 15 0 15 25 4
center
Al,O3 22.8 20.6 17.9 0 16.7 21.6 23.3
Cr,03 0.7 11.0 82.1 100 83.3 9.0 0.6
SiO, 335 27.2 28.9 34.3
Na,O 2.2 3.8 1.8 2.3
Cao 4.0 35.5 3.9 3.8
La,O3 36.7 15 34.9 35.7

Table 7: Optical basicity table of the glass components in terms of oxides: * from Yang et al. [30],

** from Duffy [31], *** from Honma et al. [32]

Oxide | A (optical basicity derived from Pauling) A (optical basicity derived from average
electron)

SiO; 0.48* 0.47*

Ca0 1 (reference)* 1 (reference)*

Li,O 1.07* 1.05*

La,O; 1.18** 1.07***

Al,O, 0.61* 0.68*

B,03 0.42* 0.42*

Na,O 1.15* 1.1*

Cr,03 0.55* 0.69*
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Table 8: Basicity of the glasses calculated using the Pauling and Average electron method factors

for oxides

Glass (Cr,03 wt. %)

0 (base
glass)

0.25

0.50

0.75

1.50

Basicity (Pauling)

0.582

0.582

0.582

0.582

0.582

Basicity (average electron)

0.583

0.583

0.584

0.584

0.584
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Figure 11: XRD diffractogram of the EH Cr-2 slowly cooled glass with the Cr,_ Al,O; phase
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