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Executive summary

An important part of the R&D carried out nowadays in nuclear science is the waste
management of spent fuel. A promising advanced reactor system is the HTR reactor,
which uses coated fuel particles dispersed in graphite spheres or blocks as fuel elements.
One concept for the final disposal of HTR fuel is to remove the graphite matrix and then to
encapsulate the coated particles in a stable matrix, increasing the stability of spent fuel
and reducing the necessary storage volume.

This report is a literature review of different matrices (SiC, Al,O3-, ZrO, and TiO, based
ceramics, SisNs and ZrN) and compares them with respect to their suitability as
encapsulation matrix.
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1 Introduction

The incorporation of spent HTR fuel into a stable matrix can be employed to decrease the risk
of radionuclide release from the final repository. The most promising material classes for this
task are oxide, carbide or nitride ceramics, because of their significant advantages in
comparison with glasses, concrete, bitumen and plastics.

The main criteria to judge the suitability of the selected matrix material are low porosity, high
chemical and radiation stability, mechanical and thermal properties. Low porosity, high
chemical and radiation stability are important factors, providing reliable isolation of spent fuel
from the biosphere on the geological time scale. High mechanical stability should prevent the
product damaging during transport to the repository site or by host rock pressure during
disposal. High thermal conductivity is important to transfer heat generated by highly active
spent fuel in order to prevent matrix/fuel composites from overheating.

However, not only the properties of the pure matrix material do matter. The ability of the
matrix for proper incorporation of spent fuel is also valuable. The incorporation of spent HTR
fuel in a matrix can be performed in different forms, depending on the spent fuel element
disintegration degree, i.e. intact fuel pebbles, coated particles or fuel kernels. The type of the
fuel containing unit to be incorporated, or the material of its outer surface, respectively,
influences the selection of the preferential matrix material. The important role here is the
compatibility of the matrix fabrication procedure with the particle outer layer. Good adhesion
between incorporated particles and matrix is also desirable. The possible types of fuel
containing units are presented below together with the material of their outer surface:

Fuel containing unit: Outer surface material:
Intact fuel pebble Carbon

Coated particle Carbon

TRISO coated particle without outer pyrocarbon layer Silicon carbide (SiC)
Fuel kernel Uranium/Thorium oxide

Usually the fabrication of ceramic products can be divided into two main stages: fabrication of
a green body (powder consolidation) and high temperature treatment. Analysis of existing
methods of ceramic fabrication leads to the selection of the following potential methods for
spent HTR fuel incorporation into a ceramic matrix. The green body can be formed by slip
casting and injection moulding, and uniaxial pressing. The final product can be fabricated from
green body by reaction-sintering, pressureless sintering or hot pressing. The fabrication
procedure is material specific and should be optimised for every selected matrix material.

Additionally, for the task of spent HTR fuel incorporation into a ceramic matrix the following
restrictions should be taken into account. An important factor is the product shrinkage during
fabrication. The absence of shrinkage is the best option, since it prevents a product with
incorporated spent units from cracking and voids formation. If the shrinkage is the inherent
property of the fabrication procedure, special care should be taken to minimise the effects
described above. If the incorporation of spent fuel units takes place in the form of fuel pebbles
or coated particles, favour should be given to the fabrication procedures performing without
significant external pressure. Fuel pebbles and coated particles can be damaged under external
pressure, leading to the release of gaseous fission products. Also, the reaction of matrix
material with inner pyrocarbon layer and buffer of coated particles can bring additional
technological complications. Furthermore, the temperature during fabrication should not
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exceed the maximal temperature allowed for HTR fuel (1600 °C). Higher fabrication
temperatures can lead to an undesirable damaging of the fuel containing units.

2 Selection of potential matrix materials

Based on the criteria presented, and especially on the chemical stability of ceramic materials in
contact with aggressive media, Al,Os;, ZrO,, SisNg and SiC can be proposed for the
incorporation of spent HTR fuel. Another class of potentially suitable materials are TiO,-based
ceramics (Synroc).

Also an attention could be given to carbides and nitrides of Zr and Ti. However, in this case the
use of hot isostatic pressing, providing high pressure and temperature, is required to fabricate
dense products. This makes these materials hardly applicable for the task described.

The fabrication aspects of the materials mentioned are summarised in Table 1.

Table 1. Fabrication aspects of different matrix materials

Type: Material: | Potential fabrication | Compatibility: Advantages / Disadvantages
procedure:
Slip casting or injection | + Fuel pebbles, and | + No shrinkage
Carbides | SiC moulding, reaction-sintering coated particles + Low porosity
at 1400-1600 °C * Oxide kernels
1. Cold pressing or injection | + Oxide kernels
AlLO; ) ) ) + TRISO coated
moulding, sintering up to particles without outer
Oxides 1600 °C pyrocarbon layer | + Low porosity
ZrO,- 2. Hot pressing at moderated (pressure sensitive) — Inherent shrinkage
based temperatures — Fuel pebbles and
S Hot pressing at 1200— coated particles with
ynroc 1300 °C, 20 MPa pyrocarbon outer layer
Slip casting  or }njectlon + Oxide kernels and |~ ng.h. poros.lty .(w1th0ut
moulding,  nitridation  at TRISO coated additional sintering)
Si3Ny 1400-1450 °C; probably . . — High temperature (with
.. e . particles without outer . S
Nitrides additional  sintering  with pyrocarbon layer additional sintering)
oxide additives at ~ 2000 °C + Moderate shrinkage
— Fuel pebbles and
coated particles with oh
Cold pressing, hot pressing at outer pyrocarbon layer | Hig pressure .
ZrN o ’ — Complicated fabrication
~1600 °C, ~ 1GPa
procedure

All materials presented possess high chemical stability in aggressive aqueous media and
advanced mechanical properties. The thermal conductivity varies in a wide range from about
2 W/Km for cubic ZrO; up to about 150 W/Km for SiC at 100 °C. A more detailed description
of properties and fabrication aspects for the most promising materials is presented below.

2.1 Silicon carbide, SiC

Silicon carbide is a chemically very stable material, insoluble in water and acids even at
elevated temperatures [1,2]. The theoretical density of SiC is 3.17 g/cm3, its Vikers hardness
~22-24 GPa, and its thermal conductivity ~150 W/K m at 100 °C [1,3]. Despite the fact that
silicon carbide is a theoretically thermodynamically unstable material it is not likely to cause
serious problems in the case of spent HTR fuel incorporation.
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SiC is readily compatible with the graphite surface of fuel pebbles and coated particles, with
the silicon carbide surface of TRISO coated particles without outer pyrocarbon layer, providing
a good adhesion of the matrix and fuel containing units in the final product. It is not directly
compatible with oxide fuel kernels, because of the formation of gaseous products at high
temperature during fabrication. However, this problem could be partially solved by
maintaining a pressurised CO atmosphere during temperature treatment.

The most suitable option for spent HTR fuel incorporation is the reaction-sintered silicon
carbide [4]. The procedure starts with the mixture of a-SiC powder, carbon, and optionally
binder and additives. The spent fuel units should also be added in this step. The mixture is
formed into the desired shape by slip casting or injection moulding, which are almost
pressureless procedures. The binder, if present, is burned out at temperatures at the range of
300-600 °C. The green body is then exposed to molten silicon at high temperature (1450—
1600 °C [5,6]). The silicon reacts with the carbon (and with the carbon coating of the fuel
containing unit, if present) to form in situ 3-SiC, which binds the original a-SiC particles and
fuel containing units together. The final product is a usually fully-filled solid block. The careful
adjustment of the SiC / C / binder ratio in the original mixture allows to obtain a high-quality
ceramic without inclusions of free carbon or metallic silicon.

The advantages of reaction-sintered silicon carbide are simple pressureless fabrication
procedure (slip casting or injection moulding), the possibility to obtain fully dense material,
and a direct compatibility with fuel pebbles and coated particles to be incorporated.

2.2 Silicon nitride, SizN4

Silicon nitride is a very chemically stable material, which does not react with water, acidic or
basic solutions [1,2]. The theoretical density of SisN4 is 3.19 g/em’, its Vikers hardness
~16-18 GPa, and its thermal conductivity ~28 W/Km at 100 °C [1,3].

The use of an appropriate atmosphere during fabrication makes silicone nitride compatible with
oxide fuel kernels and the silicon carbide surface of TRISO coated particles without outer
pyrocarbon layer. However, the fabrication of composites from Si3N4 and carbon coated fuel
pebbles and coated particles seems to be problematic and requires additional investigations. In
any case a good adhesion of Si3N4 and the fuel containing units cannot be expected.

The fabrication of reaction-sintered silicone nitride starts from a mixture of silicon powder,
optionally with silicon nitride seeds, and sintering aids (such as Al,Os and Y,0s) [4,7]. The
spent fuel units should also be added in this step. The mixture is formed into the desired shape
by slip casting or injection moulding. The green body is then placed in a furnace under a
nitrogen containing atmosphere and nitrided at temperatures between 1400 and 1450 °C. At
this step the nitrogen penetrates the porous compact and begins to react with Si to form (-
Si3N4.

The primary disadvantage of reaction-sintered Si3Ny is its low density (typically below 90 %
from theoretical) [4]. Further sintering with oxide sintering aids can increase the final product
density. For instance, gas (N;) pressure sintering at 2000 °C leads to products with densities
above 98 % from theoretical [7]. However, the high sintering temperature of 2000 °C could
lead to damaging of fuel containing units, making the application of this procedure to spent
HTR fuel incorporation into SisN4 matrix problematic.

2.3 ZrO,-based ceramics

ZrO,-based ceramics are highly chemically durable [1,2] and are well known as irradiation-
stable materials [8]. The Vikers hardness of ZrO,-based materials is 12—18 GPa in dependence
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from its material composition and phase. Specially designed ZrO,-based ceramics achieve a
unique high fracture toughness, up to 15 Mpam'"? [9], comparable with stainless steel.
However, the thermal conductivity of zirconia is rather low, in the rage of 2 W/Km at 100 °C
[1,3].

Zirconia is a well-known polymorph that occurs in three forms: monoclinic, cubic and
tetragonal. Pure zirconia is monoclinic at room temperature and is thermodynamically stable
[9]. The addition of stabilising oxides, like CaO, MgO, CeO, or Y,0O;3 allows to generate
zirconia-based solid solutions in tetragonal and cubic phases, which are of practical interest in
the frame of the present task.

Cubic stabilised zirconia is readily compatible with thoria and urania oxide fuel kernels,
because of their unlimited mutual solubility. Therefore a good adhesion or even the formation
of a solid solutions is expected on the matrix-fuel kernel interface. Compatibility can also be
achieved with the silicon carbide surface of TRISO coated particles without outer pyrocarbon
layer by selection of an appropriate sintering atmosphere. However, the carbon surface of fuel
pebbles and coated particles can bring significant problems to the fabrication procedure.

In the case of oxide fuel kernel incorporation, the most suitable method of green body forming
1s uniaxial pressing as an efficient, simple and technological method. Special methods, such as
vibropacking and usage of a bimodal powder mixture, can additionally increase the green
density and, therefore, decrease the shrinkage during sintering. In the case of coated particle
incorporation, the green body can be produced by injection moulding (almost pressureless) to
reduce the risk of their damage. Thereafter, the green body is exposed to high temperatures up
to 1600 °C to produce a dense compact. The sintering temperature can be reduced by the
application of special powder treatment methods, such as activation milling. Hot pressing also
allows lower temperatures than pressureless sintering and usually leads to better final products,
but this procedure is more complicated and, in the case of coated particles incorporation, can
lead to their damage.

The advantages of ZrO,-based ceramics are their good compatibility with oxide kernels and the
possibility to obtain high-density ceramics with good microstructure. From the other hand, the
incorporation of carbon coated fuel pebbles and coated particles seems to be problematic.

2.4 Alumina

Alumina is a highly chemically stable material. The theoretical density of pure ALOs is
3.97 g/en?’, its Vikers hardness ~22 GPa, its fracture toughness ~4 Mpa m"?, and its thermal
conductivity ~20 W/Km at 100 °C [1,3]. a-Al,O3 is thermodynamically stable and represents
the only phase of practical interest.

Cubic-stabilised alumina is compatible with thorium and uranium oxide fuel kernels. The
compatibility can also be achieved with the silicon carbide surface of TRISO coated particles
without outer pyrocarbon layer by the selection of an appropriate sintering atmosphere.
However, the carbon surface of fuel pebbles and coated particles can bring significant
problems to the fabrication procedure.

The green body forming and sintering procedures (including hot pressing) are essentially the
same as for ZrO,-based ceramics. The sintering temperature of 1600 °C can be reduced in case
of ALLO; by usage of activation milling or the addition of small amounts of different sintering
aids, such as TiO,, MgO and Y,0O:s.

The advantages of Al,O3 are its compatibility with oxide kernels and its possibility to obtain
high-density ceramics with good microstructure. From the other hand, the incorporation of
carbon coated fuel pebbles and coated particles seems to be problematic.
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2.5 Synroc

Synroc is a mineral-analogue multimineral TiO,-based ceramic, consisting mainly of
perovskite, zirconolite and hollandite. Synroc minerals occur naturally and have survived in a
wide range of geological and geochemical environments for hundred thousands of years [10—
12]. The theoretical density of Synroc is in the range of 4-5 g/cm’, and Vikers hardness is
~10 GPa[11,12].

Because Synroc is an oxide ceramic, it possesses the same compatibility with fuel containing
units as Al,Os. This means that it is suitable for the incorporation of oxide fuel kernels and
probably TRISO coated particles without outer pyrocarbon layer, and is not suitable for carbon
coated fuel pebbles and coated particles.

The fabrication of Synroc starts with careful mixing of the main constituent powders, with
following calcination at a temperature of about 750 °C in a hydrogen containing atmosphere.
The calcine is then milled and eventually mixed with titanium powder [10,11]. The spent fuel
units should also be added after this step. High-density final products from Synroc are
produced mainly by hot pressing, as it is known from the literature [10—12]. Typical fabrication
parameters are a pressure of 20-50 MPa and a temperature between 1200 and 1350 °C.

The advantages of Synroc is its naturally proved geochemical stability and its compatibility
with oxide kernels. The existence of an industrial-scale technology for the Synroc production is
also valuable.

3 Conclusions

On the basis of the analysis performed the following matrix types and fabrication routes can be

proposed for the incorporation of different fuel containing units:

. Graphite fuel pebbles and coated particles with or without outer pyrocarbon layer can
be efficiently incorporated into a silicon carbide matrix, providing good adhesion between
matrix and fuel containing units. The most suitable fabrication method is pressureless
forming of a green body by slip casting of injection moulding, and reaction synthesis.

. Oxide fuel kernels and, probably, TRISO coated particles without outer pyrocarbon
layer (SiC surface) can be incorporated into oxide ceramic matrixes, such as ZrO,-based
materials and Al,O;. The fabrication procedure includes cold pressing and pressureless
sintering, which is simple and technological. Also hot pressing can be used to increase the
quality of the final product and to reduce the fabrication temperatures. However, this
method is more expensive and less technological.

. Oxide fuel kernels and, probably, TRISO coated particles without outer pyrocarbon
layer (SiC surface) can also be incorporated into Synroc. The fabrication procedure in this
case essentially employs hot pressing techniques.

The technological material most adapted for the task of incorporation of spent HTR fuel into a

stable ceramic matrix seems to be silicon carbide. However, the thermodynamic stability of

oxide matrixes can favour their choice in comparison to silicon carbide in some cases.

Other ceramic materials, such as nitrides or Zr and Ti carbides doesn’t seem to offer any

advantages in comparison to the matrixes selected above and are less technological to fabricate.
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