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Abstract

Vitrification of TRISO-coated gas reactor fuel particles was achieved via two methods: glass melting and sintering. Inert
TRISO-coated fuel particles and a borosilicate glass were used. With glass melting at 1200-1300 °C floatation and decom-
position of carbon and silicon carbide occurred. Thermal pre-treatment of the particles for oxidation of pyrocarbon did
not improve the coating properties of the glass. During cooling most of the particles floated and sorbed on the crucible
or mold walls. The sintered glass at 700 °C showed better coating properties of the TRISO-coated fuel particles despite
higher porosity compared to glass made by melting. Aqueous leaching properties of glass with particles are similar regard-
less the mode of fabrication, indicating the good chemical durability of the sintered glass. Sintered glasses may constitute a

good technique for TRISO-coated fuel particles immobilization for an eventual deep geological disposal.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

High temperature gas cooled reactors (HTR) are
receiving more interest around the world due to
their advantages including high thermal efficiency
and safety advantages due to low-power density
and large thermal capacity of the core [1,2]. Deve-
lopment of these reactors is being conducted in
Germany, China, Russia, South Africa, United
States, United Kingdom and Japan [2]. HTRs use
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sub-mm sized coated fuel particles embedded in
the graphite matrix of fuel pebbles or block type
fuel. The small fuel particles (kernels) surrounded
by buffer carbon (BC), inner pyrolytic carbon
(IPyC), silicon carbide (SiC) and outer pyrolytic
carbon (OPyC) [3,4] are called ‘TRISO fuel
particles’. All coatings are designed to better confine
gaseous and metallic fission products formed during
the operation of the reactor.

Up to today and over the last 30 years works on
TRISO-fuel particles were conducted for fuel fabri-
cation technologies, fuel testing and performance
under irradiation conditions [1-12]. Hence, in Ger-
many the fabrication process of the fuel is so strict
that only about a 100 defects were found in 3.3 mil-
lion particles produced [11]. For a HTR power plant
(with a thermal output of 200 MJs™!) and below
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1620 °C the TRISO-particles with SiC were found
to ensure a high confinement of fission products
[11]. Higher temperatures treatments of TRISO-
particles (up to 2100 °C) have shown a 4-5 order
of magnitude increase in Xe-133, I-131 and Cs-137
release [13,14] due to SiC deterioration. In Japan,
TRISO-particles with zirconium carbide (ZrC)
showed better confinement properties at high tem-
perature compared to particles with SiC [15].

In Germany and the United States reprocessing
of fuel for **U extraction constituted a recycling
option since the 1960s. In Germany reprocessing
of fuel was successful at a semi-technical test facility
to make U fresh fuel [2,16]. However, for non-
proliferation aspects the reprocessing option was
terminated in early 1980s. Merz et al. [16] demon-
strated that the fuel particles embedded in the
graphite matrix of the fuel pebbles could be directly
stored in a salt mine in Germany. However, the
direct disposal of fuel pebbles requires a very large
disposal volume and more compact disposal config-
urations seem to be beneficial.

In the present work, we report on the immobili-
zation of TRISO-UOQO, particles in glass for an even-
tual geological disposal. The glass constitutes an
additional barrier for particles protection against
groundwater corrosion and radionuclides dispersion
in environment. Industrial glasses were proven to be
efficient matrixes for fission products and actinides
immobilization in most of the countries reprocess-
ing civilian and military spent nuclear fuels (France,
Germany, Belgium, United Kingdom, United
States, Japan, Russia, etc.) [17]. The main objective
was to study the feasibility of embedding the TRISO
particles in glass matrix. Optimization of process
and determination of the maximum load of TRISO
particles in the glass are not parts of this work.

2. Materials and methods

Inert TRISO-UO; fuel particles were supplied by
Forschungszentrum of Jiillich, Germany within the
framework of the European project ‘Raphael: reac-
tor for process heat, hydrogen and electricity pro-
duction’ (Fig. 1). The overall diameter of the
particles is 895 + 11 um and density measured by
helium picnometry is 3.59 & 0.1% g cm . The glass
used for particles immobilization is a borosilicate
glass provided by CEA and that is being used as
glass matrix for long-lived high-level waste vitrifica-
tion in France; the R7T7 glass (Table 1). The glass
density is 2.48 gcm 3, T, is 528 £8°C and the

melting temperature is about 1200 °C. The glass
was used in the form of two powders prepared by
CEA: J <63 um and 40 um < <140 um corre-
sponding to a BET surface area of 0.49 and
0.27 m? g~ !, respectively. The procedure of glass
powder preparation can be found in [18].

2.1. Vitrification by melting

The glass powder was melted under oxic condi-
tions in an alumina crucible placed in a high temper-
ature furnace at 1250-1300 °C during 30 min for
complete degassing. The TRISO-particles were then
added to the melt right before pouring into a stain-
less steel mold (35 x 22 x 10 mm?). Melting of the
glass powder in presence of TRISO-particles lead
to a deterioration of the fuel coatings. For each
batch we used 10-20 TRISO-particles together with
5 g of glass powder. Samples (10 x 10 x 1 mm?) were
cut from the ‘glass + TRISO-particles’ composite
and were polished down to 3 um for microscopy
and leaching experiments. Detailed observation of
the glass/TRISO particle interface was conducted.

2.2. Vitrification by sintering

Sintered glasses offer several advantages in par-
ticular low processing temperatures. Glass powder
and TRISO-particles were mixed before pressing
at 400 bars. The resulting pellets were placed on
an alumina plate in a furnace and the temperature
was raised above the T, up to 700 °C for a few
minutes. At this temperature the pellet begins to
swell and then to collapse but the porosity was sig-
nificantly decreased. The temperature was then
decreased and maintained at 680 °C for 3 h where
sintering took place. In these experiments inert
and pretreated (without OPyC) TRISO-particles
were used. Composite chips were prepared for
microscopy and leaching experiments.

2.3. Solid analysis

Polished ‘glass + TRISO-particles’ composite
were analyzed under a JSM 5800 LV JEOL scan-
ning electron microscope (SEM) equipped with a
Kevex Energy Dispersive X-ray spectrometry
(EDS) system. Thin sections of standard phases
were used to obtain quantitative analyses. Corroded
glass and composite samples were also observed
under the microscope. On polished thin section the
error is about +5%.
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Fig. 1. SEM micrograph of a TRISO-UQ, particle showing (a) the carbon and SiC coatings, (b) UO, kernel and (c) details of kernel

surface.

Table 1
Chemical composition of glass used for TRSIO-fuel particles
immobilization

Oxide Wt%
SiO, 58.84
B,0O; 18.15
Na,O 7.00
CaO 5.23
Li,O 2.56
Al,O4 4.28
ZnO 3.24
ZrO, 0.70
Total 100

Heat treatment of TRISO-particles for OPyC
oxidation was conducted to test whether the SiC
facilitates the vitrification of the particles via oxida-
tion of Si and formation of SiO,. The resulting SiO,
is then supposed to sinter well with the borosilicate
glass. Thermogravimetric analyses were performed
using a Setaram TG-DSC 111 instrument. Oxida-

tion experiments were conducted at 600 °C under
oxygen flux for more than 20 h. Also, heat treat-
ments were conducted at 1100 °C to obtain rapid
oxidation of OPyC.

2.4. Corrosion experiments

Standard corrosion tests of ‘glass + TRISO-
particles’ composite in water were conducted to test
the chemical durability (quality) of the product. In
addition, initial glass powder was corroded to deter-
mine the corrosion rate of the glass close to satura-
tion of the aqueous solution (representing situations
during final disposal). Experiments were conducted
with glass powder or composite materials and pure
water in 50 mL Teflon® containers at 90 4 2 °C.
Experiments with low surface area of glass (or com-
posite) to solution volume (SA/¥V) of 10-100 m !
were performed to determine the initial corrosion
rate of the solid while tests conducted with SA/
V' =40.000 m~' aimed to determine the corrosion
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Fig. 2. Mass loss of a TRISO-fuel particle during heating at
600 °C under oxygen atmosphere (TGA).

Fig. 3. SEM micrograph of a heat-treated TRISO-UO, particle
showing the complete oxidation of OPyC layer.

rates at saturation conditions. In the latter case, the (BET specific surface area of 0.27 m* g~ ') was used.
glass powder with diameter 40 um < J < 140 pm Tests durations ranged between 1 and 56 days.

a b

Fig. 4. TRISO-particles immobilized in melted glass (a). The TRISO-particle is surrounded by gas bubbles due to oxidation of OPyC
(b) and (c).
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The leached quantities of boron and lithium from
the glass, used as corrosion tracers, were analyzed
by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) with an error of +5-10%. The normalized
mass loss of the elements released from the glass
were calculated with the following formula:

NL(Z) - (Ci_solution X fc)/(Fi_glass X SA/V)7

where

NL(i) normalized mass loss of element i (g m~?)

Ci somtion €lement concentration in solution (g m~?)

fe Conversion factor element-oxide; f.=
(oxide molar mass (in the form CO,, where
C is the cation)/element molar mass)

Fi g1ass mass fraction of element oxide in the glass

SA/V (in m™") ratio of the glass surface (m?) to
solution volume (m?)

The thickness of the corroded glass layer was fur-
ther estimated using the following relation:

E(i) = NL(i)/d,

where

E(i) the thickness of the corroded glass layer

(m)

NL(i) normalized mass loss of the ith element
(gm™?)

d glass density (2.48 gcm™>)

3. Results

3.1. Vitrification by melting

All vitrification attempts with untreated TRISO-
particles were unsuccessful because of floatation
and sorption of particles on the crucible or the steel
mold because the glass melt does not wet the carbon
coating. Thus, the TRISO-particles were heat-trea-
ted in a TGA apparatus to remove the OPyC coat-
ing without removing the SiC layer. The results are
shown in Fig. 2 as mass loss as a function of heat
duration. Four cycles of heating at 600 °C over
24 h were necessary to complete oxidation of OPyC.
No significant mass loss occurred between 20 and
24 h. The mass loss (0.16 mg) for a single TRISO-
particle is similar to the theoretical one (0.185 mg).
SEM examination of the heat-treated TRISO-parti-
cle showed the absence of the OPyC layer (Fig. 3),
confirming the complete oxidation to likely carbon

monoxide CO [7]. EDS analysis of the particle sur-
face showed that the SiC layer was little affected by
the oxidation as indicated by presence of only traces
of SiO; due to SiC oxidation. For most of the par-
ticles rapid oxidation of OPyC was obtained in a
furnace heated at 1100 °C for 3 h. Complete oxida-
tion of OPyC was confirmed by EDS analysis of the
particle surface under the SEM.

Light microscope images of vitrified and
untreated TRISO-particles are shown in Fig. 4.
Some particles are completely embedded in the glass
matrix (Fig. 4(a)) while others floated on the glass
surface and caused some fracturing (Fig. 4(b)). Nev-
ertheless, the SiC was prevented from rapid oxida-
tion. All around the particles gas bubbles of CO [7]
developed, thus increasing the mechanical stress at
the glass/particle interface during cooling (Fig. 4(c)).

Detailed SEM images of the glass/particle inter-
face are given in Fig. 5, showing large gas bubbles
around the TRISO-particle. Higher magnification
shows no direct contact between the glass and the

Fig. 5. SEM micograph of a TRISO-particle immobilized in
melted glass (a). Interface glass/TRISO-particle (b).
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SiC, which may be due to quenching revealing the
difference between the thermal expansion coefficient
values of glass and SiC (Fig. 5(b)). Partial oxidation
of SiC and SiO, formation did not improve the
adherence between the glass silica network and
TRISO-particle surface. Fractures in the glass
matrix and low coating capability of melted glass
may facilitate exposition of TRISO-particles to
environmental agents such as air or water humidity.
Extended exposition (1-2 h) of TRISO-particles to
the glass melt had led to the complete oxidation of
TRISO-coatings. The remaining bare fuel kernels
settled down in bottom of the crucible.

3.2. Vitrification by sintering

Because of difficulties encountered in experi-
ments with melted glass due to high processing tem-

peratures (1200-1300 °C), we studied the possibility
of using sintered glass for TRISO-particles immobi-
lization. The particles are expected to be stable at
lower temperature (<700 °C). The prepared sintered
glass-TRISO-particles composite can be seen in
Fig. 6. Unlike the melted glass, the sintered glass
presents a homogenous morphology without frac-
tures. A cross section through the composite shows
good coating properties of the glass without macro-
scopic bubbles around the TRISO-particle
(Fig. 6(b)). The cold pressing did not cause any frac-
tures in the particles. Furthermore, the results
obtained with inert (Fig. 6(b)) and heat-treated
TRISO-particle (Fig. 6(c)) are similar, suggesting
that no heat treatment is necessary to immobilize
the particles in the sintered glass.

SEM observation of the interface of the TRISO-
particles with the sintered glass shows a direct glass

Fig. 6. Sintered glass-TRISO-particles composite (a). Inert (b) and heat-treated (c) TRISO-particle embedded in the sintered glass.
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Fig. 7. SEM micrographs showing the good coating properties of the glass for the inert (a) and heat-treated (b) TRISO-particle.
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Fig. 8. Normalized mass loss of B and Li of initial glass corroded
at 90 °C in pure water with SA/V = 40.000 m~'.

coating of the OPyC (Fig. 7(a)) or the SiC
(Fig. 7(b)), due to cold pressing. The sintered glass
contains some remaining microporosity.

3.3. Chemical durability of melted and sintered
glasses composites

Leaching experiments were conducted with initial
glass powder to determine its chemical durability
under near saturation conditions. The results are
given in Fig. 8 in the form of normalized mass loss
of B and Li as a function of time. The glass dissolu-
tion rate is 5.9x 10> gm > d ™', in good agreement
with results obtained by Tovena [19] for a glass with
similar composition and corroded in similar condi-
tions (9.8 x 107* gm 2 d™'). The observed difference

Fig. 9. Sintered glass chips with/without TRISO particles used for corrosion experiments.
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may easily be a result of different surface area esti-
mations. This dissolution rate corresponds to a total
thickness of corroded glass of about 0.87 mm per
1000 years, indicating the good chemical durability
of the glass at 90 °C.

Examples of sintered glass chips used in corro-
sion experiments are given in Fig. 9. The results of
glass-TRISO-particles corrosion experiments are
given in Fig. 10, which shows dissolution rates of
glasses below 1 gm~2d~!. The dissolution rate of
sintered glass is higher than that of melted glass.
This can be attributed to underestimation of calcu-
lated geometric surface area due to the presence of
microporosity in sintered glass. Nevertheless, both

6.0
@ Melted glass

L 4.0 A Sintered glass 1
)
=
. 4

2.0 =

§/§/" LS
0.0 T T T
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Fig. 10. Normalized mass loss of B for sintered and melted glass-
TRISO-particles composite corroded at 90 °C in pure water with
SA/V'=100m™".

Hydrated glass

2 pm

Fig. 11. SEM micrograph of corroded glass surface showing
hydrated glass and a smectite-like phase.

dissolution rates of composite products are similar
or a little lower than those obtained for glasses with
similar compositions [19] and indicate good chemi-
cal durability of melted and sintered composite
materials. The corrosion rates were too low to allow
for the detection of any uranium in the leaching
solution.

The SEM examination of the leached glass
surface shows dissolution pattern and a clay-like
secondary phase formed after 8d of reaction
(Fig. 11). EDS analysis of glass surface is given in
Table 2. B and Li are not detected by EDS, which
explains the sum of the oxides in the pristine glass
of 77.3%. Compared to the pristine glass, the lea-
ched glass has lost silica and gained water, which
is indicated by the decrease of the sum of oxides
(73.6%). The clay-type phase has even lower silica
content but high content of Zn. Similar phase was
described by Crovisier et al. [20] and Abdelouas
et al. [21] on the SON 68 French nuclear waste glass
corroded in water at 250 °C. The authors identified
the phase as a smectite. It is expected that the
altered glass constitutes itself a confinement matrix
for the coated particles. More work is necessary to
identify its confinement properties with respect to
corrosion of coated particles.

4. Summary and conclusions

The preliminary results described in this work
show that confinement of TRISO-fuel particles in
a glass matrix is possible. With the present data
using an oxidizing melt process, immobilization of
the particles in sintered glass appears to be
more promising than in melted glass. Identified
advantages of sintered glass are: (1) low processing
temperature in air that better preserves the TRISO-
particles, (2) good coating properties, (3) no heat
treatment of TRISO-particles is required prior to vit-
rification and (4) good chemical durability. The qual-
ity of sintered glass can still be improved to reduce
the porosity by optimizing the sintering time, pro-
cessing temperature and perhaps sintering under
pressure and at temperature. Vitrification by melting
is possible but requires high processing temperatures

Table 2
EDS chemical compositions of pristine and corroded glass average of 10 analyses (wt%)

SiO, Al,O3 Na,O CaO ZnO 710, Total (%)
Smectite 459+ 1.5 53+0.5 54+0.5 42+02 7.1+0.7 2.8+0.2 70.7
Hydrated glass 53.0+24 42402 6.2+04 48+0.1 3.2+0.7 22402 73.6
Pristine glass 558 +0.6 45+0.2 6.0+0.3 52+0.2 33408 25+0.3 77.3
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of about 1150 °C in inert atmosphere conditions to
prevent rapid oxidation of TRISO-coatings and ulti-
mately fuel kernels. Oxidation of the particle coating
may release volatile radionuclides including '*C, '*1,
341351375 and maybe **Cl. In an industrial vitrifica-
tion plant it is expected that Cs can easily be incorpo-
rated into the glass but this is much more difficult for
4C and 1.

Though vitrification of irradiated TRISO-parti-
cles was not tested it is expected that the sintered
glass remains stable under high radiation doses. In
fact, this glass is being used as additive for high-level
waste vitrification in France (R7T7 nuclear waste
glass). The R7T7 glass holds an initial specific activ-
ity of alpha emitters of 1.7 TBq, a beta—gamma
activity of 110 TBq and a thermal load of 13.5W
per liter of glass. If similar activity loading and heat
production is envisioned for coated particle loaded
glass this suggests that each liter of our sintered
composite glass can be used to immobilize 2.7 X
10° TRISO-particles (UOX fuel, burnup 19%
FIMA, initial enrichment 10%, 3 years of decay,
H. Werner — personal communication) correspond-
ing to volume fraction of coated particles of about
16% and an average distance between the surfaces
of two particles of 0.8 mm. Nevertheless, tests with
real active material and high load of TRISO parti-
cles are necessary to confirm this argumentation.
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