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a b s t r a c t

Tri-Structural Isotropic (TRISO) coated particle-fuel is a key component in designs for future high temper-
ature nuclear reactors. This study investigated the suitability of three soda lime silicate glass composi-
tions, for the encapsulation of simulant TRISO particle fuel. A cold press and sinter (CPS) methodology
was employed to produce TRISO particle–glass composites. Composites produced were determined to
have an aqueous durability, fracture toughness and Vickers’ hardness comparable to glasses currently
employed for the disposal of high level nuclear wastes. Sintering at 700 �C for 30 min was found to
remove all interconnected porosity from the composite bodies and oxidation of the outer pyrolytic car-
bon layer during sintering was prevented by processing under a 5% H2/N2 atmosphere. However, the
outer pyrolytic carbon layer was not effectively wetted by the encapsulating glass matrix. The aqueous
durability of the TRISO particle–glass composites was investigated using PCT and MCC-1 tests combined
with geochemical modelling. It was found that durability was dependent on silicate and calcium solution
saturation. This study provides significant advancements in the preparation of TRISO particle encapsulant
waste forms. The potential for the use of non-borosilicate sintered glass composites for TRISO particle
encapsulation has been confirmed, although further refinements are required.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The most promising Generation IV nuclear reactor concepts are
High Temperature Reactors (HTRs), such as the ‘pebble bed’ reactor
ll rights reserved.
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and the US next generation nuclear plant. The advantages of these
systems include passive safety mechanisms, production of direct
process heat for industrial applications, online refuelling, and an
increase in thermodynamic efficiency [1]. The use of multi layered
spherical Tri-Structural Isotropic (TRISO) particle-fuel [2] is
common to these reactor designs. TRISO particles have been
engineered to be mechanically robust, corrosion resistant,
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Fig. 1. (a) TRISO particles (micrometer display 0.88 mm) and (b) Sectioned TRISO particle illustrating the four functional layers and the central core: (1) OPyC, (2) SiC, (3) IPyC,
(4) BC and (5) ‘‘UO2’’ core (image displays zirconia surrogate core).
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dimensionally stable at high temperatures and have the ability to
retain fission products not only under normal operating conditions,
but also under envisioned accident scenarios [3].

A TRISO particle consists of a spherical central core of UO2 fuel
coated with four functional layers as shown in Fig. 1. Moving in-
ward toward the central UO2 core (5), these protective layers are
composed of: (1) an ‘outer’ pyrolytic carbon layer (OPyC), (2) a
layer of silicon carbide (SiC), (3) an ‘inner’ pyrolytic carbon layer
(IPyC) and (4) a final layer of ‘buffer’ carbon (BC). These layers work
in concert to produce the favourable characteristics described
above [4]. TRISO particles have been mass produced to a high stan-
dard with a low failure rate, typically 0.003% [5]. Overall, these fac-
tors combine to make TRISO particles a feasible option for use in a
commercial reactor. TRISO particles are planned to be deployed in
one of two forms, either as graphite pebbles containing approxi-
mately 10,000–40,000 particles or in fuel rods filled with TRISO
particles [2].

It has been suggested that graphitic TRISO particle fuel arrays
could be suitable for direct disposal in a Geological Disposal
Facility (GDF) for radioactive wastes [6]. However, radiolysis of
surrounding ground water has been shown to have a pronounced
deleterious effect on the aqueous durability of graphite [7]. The
interconnected porosity within the fuel arrays and the potential
release of the radioactive 14C content through this route brings
the proposed direct disposal pathway into question. The coating
system (Fig. 1) is designed to prevent radioactive material release
from exposed TRISO particles.

It has been considered that segregation of the spent fuel compo-
nent (i.e. individual TRISO particles), from the fuel array would sig-
nificantly reduce the volume of the High Level Waste (HLW) to be
disposed of from HTR operations. Even with the highest envisaged
loading of TRISO particles per fuel array, the separation of these
components would provide a 60% reduction in the volume of
HLW produced (calculated from data in [8]). In the context of spent
nuclear fuels and HLW, the primary constraint on waste emplace-
ment in a GDF is likely to be the heat output of waste packages
which will determine the packing density and hence overall costs.
Nevertheless, reducing the overall number and volume of HLW
waste packages would of considerable benefit in terms of reducing
the cost of waste emplacement and GDF construction [9,10].

With these two issues in mind, the development of a disposal
strategy which minimises the volume of HLW for disposal and im-
poses an engineered barrier to radionuclide release, would prove
beneficial for future TRISO particle-fuel deployment. This disposal
strategy may also provide a disposal route for the existing stockpile
of Buffered Isotropic (BISO) and TRISO particles. This stockpile is
Please cite this article in press as: P.G. Heath et al., J. Nucl. Mater. (2013), http
estimated at over 52 tons heavy metal equivalent worldwide
[11]. A portion of this existing stockpile has already, or is intended
to be, subjected to irradiation in prototype reactors in the UK, Ger-
many, Japan, the USA and China [2,11–14]. The technology could
also prove advantageous for a variety of other problematic gra-
phitic waste streams, such as the graphite fragments produced
during the dismantling of graphite moderated reactor cores and
highly contaminated Advanced Gas cooled Reactor (AGR) sleeves.

In a glass composite waste form, degradation of the host matrix
will lead to the waste coming into direct contact with the environ-
ment, promoting the release of radionuclides [15]. However, the
OPyC coating of TRISO particles is expected to remain uncontami-
nated by fission product species during normal HTR operation and
has a reasonably high aqueous durability. This makes radionuclide
release less of a concern than for other uncoated encapsulant waste
streams, however, in principle, only the most durable and compat-
ible matrices should be considered for use as HLW encapsulants.

Previous work has focused on the use of borosilicate glasses for
the encapsulation of TRISO particles [16]. The deleterious interac-
tion of TRISO particles with a glass melt at high temperature was
reported. Mixing TRISO particles directly with a glass melt resulted
in low waste loadings, poor wetting of the glass to the fuel, and oxi-
dation of the OPyC layer leading to large pores [15]. The oxidation
of the OPyC results in the exposure of the SiC layer; which plays
host to highly radioactive fission products species. It was suggested
that a process utilising sintered glass provided a more successful
encapsulation, as evidenced by the structural integrity, good coat-
ing properties, low porosity and lack of oxidative reaction of the
OPyC layer [16].

Some promise has been shown in studies utilising reaction
bonded silicon carbide ceramics to act as TRISO particle encapsu-
lants [9]. However, the simulated waste form was relatively porous
and the stability of the SiC ceramic phase as a whole depends on
passivation provided by a thin layer of SiO2, which cannot be relied
upon as an encapsulating matrix over geological time frames in a
radioactive environment.

An alternative approach to TRISO particle encapsulation pro-
posed the use of a graphite–glass composite, comprising formation
of a graphitic puck by hot uni-axial pressing followed by ‘‘encapsu-
lation’’ with molten borosilicate glass [17]. Significant oxidation of
the graphite, which could result in the release of radioactive 14CO2

and 14CO in the case of spent TRISO particles, proved problematic.
The production method suggested powdering of the TRISO parti-
cles into a 1 lm powder to form the graphitic body. This size
reduction may prove prohibitive in practical terms, since process-
ing routes requiring size reduction and dust formation for fission
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Table 1
Properties of glasses used in study. Compositions stated as batched. Compositional
data in squared brackets as analysed by X-ray fluorescence spectroscopy.

Glass
component
[analysed]
(mol%)

Sample name

SLSA SLSB SLSC R7T7

SiO2 69.00 74.00 74.00 60.5
[68.23] [74.86] [76.76] [53.29]

Na2O 15.00 15.00 15.00 7.00
[13.31] [12.73] [13.04] [5.81]

CaO 15.00 10.00 5.00 5.75
[12.90] [8.70] [4.52] [4.34]

B2O3 1.00 1.00 1.00 16.1
[1.72] [1.20] [1.53] [19.54]

Al2O3 – – – 2.6
[1.75] [0.14] [0.71] [8.32]

MgO – – 5.00 –
[>0.03] [0.03] [2.32] [0.07]

P2O5 – – – –
[>0.12] [>0.07] [>0.12] [>1.10]

Fe2O3 – – – –
[>0.13] [>0.08] [>0.13] [0.15]

SO3 – – – –
[>0.07] [>0.04] [>0.07] [>0.06]

K2O – – – –
[>0.08] [>0.05] [>0.08] [0.3]

BaO – – – –
[>0.13] [>0.08] [>0.13] [1.12]

Li2O – – – 5.3
[>0.02] [>0.01] [>0.03] [1.22]
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product bearing wastes are strongly discouraged on the grounds of
potential dose to the operations workforce. Other recent work has
focused on graphite matrices made from a mixture of powdered,
irradiated graphite and TRISO particles [6]. A graphitic matrix con-
taining TRISO particles was produced, the porosity was filled using
borosilicate glass and a similar hot pressing methodology to that
described above was used. However, at these high processing tem-
peratures, further study into potential oxidative losses of graphite
must be considered.

The current work aimed to investigate the encapsulation of TRI-
SO particles in sintered glass matrices with high aqueous durabil-
ity, to minimise waste volume and further stabilise the waste with
respect to release of radionuclides. The high aqueous durability of
Soda Lime Silicate (SLS) glasses make them ideal candidates for
radioactive waste disposal [18]. Nevertheless, the high tempera-
tures required to produce fluid melts usually prohibit their use,
due to excessive volatilisation of fission products. Nevertheless,
SLS glasses may be considered as potential encapsulants using
sintering methodologies, due to the lower processing temperature
required. Therefore, three simple SLS glasses were chosen as the
basis of this study. Glass–TRISO particle composites were formed
using the cold press and sinter methodology (CPS) to determine
the feasibility of these glasses to act as waste encapsulants for
TRISO particles; based on physical properties of the composite,
contacting properties between the TRISO particles and the matrix,
the degree of OPyC oxidation and the aqueous durability.
ZnO – – – 2.4
[>0.07] [>0.04] [>0.07] [3.7]

ZrO2 – – – 0.35
[>0.10] [>0.06] [>0.10] [0.86]

Density (g
cm�3)

2.578 ± 0.003 2.535 ± 0.003 2.486 ± 0.003 2.522 ± 0.003

TEC (10�6

K�1)
11.4 ± 0.2 11.2 ± 0.2 10.6 ± 0.2 8.62 ± 0.2

Tg (�C) 595 ± 5 583 ± 5 555 ± 5 527 ± 5
2. Materials and experimental

2.1. TRISO particle simulant

A non-active TRISO particle-fuel simulant supplied by the PBMR
(South Africa) was used, employing a surrogate zirconia core in
place of UO2. The density of the simulant was measured using he-
lium pycnometry as 2.6640 ± 0.0005 g cm�3 on an AccuPyc 1340 II
pycnometer with 200 purges of the chamber, 50 cycles, an equili-
bration rate of 0.005 psig min�1 at 25 �C in a 1 cm3 chamber and a
fill pressure of 12.5 psi.

2.2. SLS glasses

Three different compositions of SLS glasses were prepared:
SLSA, SLSB and SLSC (see Table 1 for compositions). Batches were
produced using stoichiometric quantities of industrial grade re-
agents (SiO2, NaCO3, CaCO3, H3BO3 and (MgCO3)4�Mg(OH)2�5H2O).
500 g batches were preheated in alumina crucibles overnight at
1100 �C, subsequently ramped to 1500 �C and maintained at this
temperature for a 5 h period. The melt was poured into blocks
and annealed at 525 �C for 1 h then cooled to room temperature
at 1 �C min�1. Glass powders were produced using a Temer ring
and puck mill. These were sieved to collect the sub-75 lm fraction
for use in pellet formation (see below). The mean particle size of
the powdered glasses SLSA, SLSB and SLSC was measured as
37 ± 27 lm, 39 ± 30 lm and 31.64 ± 23 lm, respectively.

2.3. R7T7 glass

A 200 g batch of R7T7 glass was produced using stoichiometric
quantities of analytical grade reagents (SiO2, NaCO3, CaCO3, Li2CO3,
Al(OH)3, (ZnCO3)2.(ZnOH2)3, Zr3CO8, and H3BO3). The melt was pro-
duced in a mullite crucible by ramping to 900 �C at 3 �C min�1 and
subsequently ramping to 1350 �C at 10 �C min�1 for a dwell period
of 2 h. The melt was poured into steel blocks and annealed at
500 �C for 1 h then cooled to room temperature at 1 �C min�1. An
identical preparation and analytical procedure to that for the SLS
Please cite this article in press as: P.G. Heath et al., J. Nucl. Mater. (2013), http
glasses was performed. The mean powder particle size was deter-
mined to be 48 ± 33 lm.

2.4. Pellet formation

Glass pellets (�2 g) were formed by uniaxially pressing pow-
dered glass (as prepared above) in a 13 mm diameter die with a
pressure of 3 tons. These were sintered between 650 �C and
750 �C for 15–60 min.

2.5. Characterisation methods

The amorphous nature of the glasses was confirmed using X-ray
powder diffraction on a Siemens D500 diffractometer (Cu Ka radi-
ation, over the range 10� < 2h < 60�, step size 0.02�, 0.6� 2h min�1).
Densities of the glasses were determined using helium pycnometry
in powder form as described above. Results are shown in Table 1.

Glass transition temperature (Tg) was determined using Differ-
ential Thermal Analysis performed on a Perkin Elmer DTA 7, data
were acquired over the range 25–1000 �C at a rate of 10 �C min�1.
The glass transition was determined by the extrapolation of tan-
gents at the point of interest using the Netzsch Pyris software
package. Compositional analysis was performed using X-ray Fluo-
rescence Spectroscopy (XRF) on a Phillips PW2404 XRF Axios.

A glass monolith with dimensions of 5 � 5 � 15 mm was cut
using a diamond edged slow saw for dilatometry. This was per-
formed on a Netzsch DIL 402C dilatometer from 25 to 300 �C with
a heat rate of 2 �C min�1 and the thermal expansion co-efficient
was determined using Netzsch Proteus software.
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Particle size was determined using a Coulter LS130 particle ana-
lyser set at 45% PIDS and 7% obscuration. Sonication was applied
during loading, run and interval, and results averaged over 15 runs
of 120 s each and calculated with the Fraunhoffer optical model,
including PIDS conditions.

2.6. Glass–TRISO particle composite preparation and analysis

Composite pellets were formed by an identical process to that
described above, with the addition of 10 wt% of TRISO particle sim-
ulant mixed with the three different glass powders. Pellets and
composites were sintered in a tube furnace under either air or in
a reducing atmosphere of 5% H2/N2, at 650–750 �C for 15–60 min.
X-ray diffraction was performed on the sintered glass pellets
(parameters as above) to confirm their amorphous nature. Sintered
composites were sectioned with a diamond edged slow saw, resin
mounted, ground and polished to a 1 lm finish for examination
with optical microscopy. Grinding was performed using 600 and
1000 grit diamond matrix plates and polishing using diamond
pastes. Optical microscopy was performed on a Reichert–Jung
Polyvar Met microscope equipped with a Zeiss AxioCam MRc.

Vickers’ indentation was used to determine hardness (Hv) and
fracture toughness (Kc) following the procedure described in [19].
Indentation was performed on a Mitutayo HM-101. Thirty indents
were made at each of three indentation loadings, 1.96 N, 4.91 N
and 9.81 N (10 indents at each force per sample, error ± 0.02 N).
The load was held for 20 s. Samples were left for 24 h prior to anal-
ysis using optical microscopy (performed as above). The results
quoted are those obtained from the 9.81 N loading due to the high-
er number of acceptable indentations (a minimum of five per
sample).

Vickers’ hardness (Hm) in Pa was calculated using the following
equation:

Hv ¼
1:854P

ð2aÞ2
ð1Þ

where P is the load in Newtons, and 2a is the average diagonal
length of the impression in m.

Fracture toughness (Kc) was calculated using the following
equation:

Kc ¼
0:0824P

c3=2 ð2Þ

where c is half the average crack length in m.

2.7. Dissolution experiments

Durability assessment of the glass materials was carried out on
powdered SLSA, SLSB, SLSC composites and R7T7 sintered pellets.
The assessment followed the procedure of ASTM standard C
1285-02 Product Consistency Test (PCT) using pure water at
90 �C in Teflon pots [20] and samples with a surface area to volume
ratio between 2085 and 2160 m�1 (dependent on glass density for
75–150 lm glass fraction, see Table 1). Leachate samples were
analysed for B, Ca, Na and Si concentrations using a Perkin–Elmer
Optima 5300 dual view ICP-AES instrument (maximum error, 3�
Standard Deviation (S.D.), below 5%).

Normalised mass losses were calculated according to the fol-
lowing equation:

NLðiÞ ¼ Ci � fc

Fi � SA
V

ð3Þ

where NL(i) is the normalised mass loss of element i (g m�2), Ci is
concentration of element in solution (g m�3), fc is element-oxide
conversion factor (fc = oxide molar mass (MOx)/element molar
Please cite this article in press as: P.G. Heath et al., J. Nucl. Mater. (2013), http
mass), Fi is mass fraction of element oxide in glass and SA/V is the
ratio of glass surface area to the volume of water (m�1).

Normalised dissolution rates (NR(i), in g m�2 day�1) were calcu-
lated according to the following equation:

NRðiÞ ¼ Ci � fc

Fi � SA
V � t

ð4Þ

where t is the time of each sampling period in days.
The durability of the SLSA–TRISO particle composites sintered

at 700 �C for 30 min was assessed following the procedure for
ASTM standard C 1220-98 MCC-1 test [21] at 90 �C using pure
water in Teflon pots with samples with a surface area to volume
ratio of 10 m�1. Aqueous elemental concentrations were deter-
mined by ICP-MS, performed using an Agilent 7500cx (maximum
error, 3� Standard Deviation (S.D.), below 5%). The experimental
method deviated from the ASTM standard as cylindrical rather
than cuboidal monoliths were used. The surface area of the com-
posite pellets was calculated geometrically using the Image J soft-
ware package. Scaled images were taken of both the faces of the
cylinder, which were used to calculate the surface area and circum-
ference of each face. The thickness of the pellets was measured
using a micrometer. Normalised mass losses were calculated as
for the PCT test experiment.

2.8. Geochemical modelling

Analysis of the PCT and MCC-1 test data for SLSA was performed
using the geochemical modelling software PHREEQC [22] using the
PCHatches database. Aqueous elemental concentrations and pH
data from the test leachates were modelled to determine relative
saturation indices of potential equilibrium phases.
3. Results

The chemical compatibility of the glasses and TRISO particle
simulant (i.e. the degree to which the OPyC is oxidised to form gas-
eous CO2) was evaluated by sintering composites of each formula-
tion at 700 �C for 6 h in both air and a reducing N2/H2 atmosphere.
When sintering under air there was a complete oxidative reaction
of the OPyC layer, resulting in the exposure of the SiC layer as dis-
played in Fig. 2a. The use of a reducing atmosphere eliminated this
oxidative reaction (Fig. 2b). The OPyC remained completely intact
under a reducing 5% H2/N2 atmosphere, even when sintered for
several hours.

Sintering regimes yielding near-full density compacts of the SLS
glass composites were determined. Potential oxidation of the OPyC
at prolonged times required consideration, such that the optimised
regime would produce dense compacts in the shortest possible
time using the lowest possible temperature. TRISO particle-free
pellets were sintered under an N2/H2 atmosphere at three sintering
temperatures (650 �C, 700 �C and 750 �C) and times (15, 30 and
60 min). The density of these sintered glass pellets was measured
using the Archimedes method (precision of ±0.1% in quoted densi-
ties) to build the sintering and densification matrix shown in Fig. 3.
Sintering at 600 �C for up to 1 h could not produce specimens in ex-
cess of 90% of theoretical glass density for all three formulations.
Specimens sintered at 700 �C for 30 min produced sintered bodies
in excess of 95% of theoretical density. The achievement of this le-
vel of densification is significant as it is indicative of the removal of
the interconnected porosity from a sintered body [23]. Little
improvement in densification was observed with increases in
either the temperature or duration of processing (Fig. 3).

Glass–TRISO particle composites were produced for formula-
tions SLSA, SLSB and SLSC by sintering at 700 �C for 30 min under
a 5% H2/N2 atmosphere. Fig. 4 shows that composites of all three
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Fig. 2. TRISO particle–SLSA composites sintered in (a) air and (b) 5% H2/N2, illustrating the complete oxidation of the OPyC in air and the lack of oxidation under a reducing
atmosphere.

Fig. 3. Matrix displaying densification of SLS glasses under various time and temperature combinations (error below 1% of total measured density).
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glass formulations showed near identical behaviour with respect to
the oxidation of OPyC, wetting of TRISO particles by the matrix,
and presence of residual porosity. Effective densification of all pel-
lets was evidenced with a volume reduction between 25% and 30%
(±5%). Oxidation of the OPyC in each composite was negligible as
shown in Fig. 4a–f. The OPyC layer was found to have a constant
thickness of 30 ± 5 lm both before and after encapsulation into
sintered composites (150 measurements of the OPyC layer made
across ten TRISO particles). The wetting of the glass to the OPyC
layer was poor for all three formulations. A region of non-contact
spanning up to 15 lm was apparent between the glass matrix
and the OPyC as shown in Fig. 4d–f. The degree of wetting varied
between particles as seen in Fig. 4c, however, no particle in any
composite showed evidence of effective wetting over more than
half its perimeter.

In composites of all three glasses, radial cracks emanated from
the TRISO particles into the sintered glass matrix as shown in
Figs. 4a–c and 5. These cracks were often interconnected, produc-
ing pathways to nearby particles, as shown in Fig. 4b. Residual
porosity was retained in composites of all formulations as is dis-
played in Fig. 4g–i. Several of these pores were over 10 lm in size,
yet this porosity did not appear to be interconnected, as is consis-
tent with a measured density >95% of theoretical for the sintered
glass compacts.

The comparable durability of the glasses when sintered at
700 �C for 30 min under 5% H2/N2 was assessed using the PCT
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methodology [20]. The durability of the French HLW base glass,
R7T7, was also analysed by an identical methodology to allow
comparison between SLS glasses and previous work on borosilicate
glass formulations. The normalised mass loss for the PCT tests is
shown in Fig. 6, with the change in the pH for these experiments
given in Fig. 7 and the normalised dissolution rates given in
Table 2.

The durability of the tested formulations based on normalised
mass losses as determined by PCT were all within the same order
of magnitude and increase in the following order from lowest to
highest, SLSB < SLSC < SLSA < R7T7. The SLS formulations did not
attain a steady state of dissolution for the glass network formers
Si and B, as observed for the R7T7 formulation (Fig. 6). In the case
of the SLS compositions, the normalised mass loss of network
formers Si and B were lower than that for the modifier Na, and
higher than that for the modifier Ca. The measured normalised
mass loss for Ca decreased with time, suggesting that solution sat-
uration of Ca was reached in all glasses. Buffering of leachate solu-
tions for the three SLS-TRISO particle composites was similar
reaching a pH of 11 after 3 days (Fig. 7). The R7T7 glass buffered
to a lower pH of 10.

SLSA–TRISO particle composites were also studied using the
MCC-1 method [21], to compare of the effects of dissolution in high
and low surface area to volume ratio conditions. The results of this
experiment are shown in Figs. 7 and 8, and Table 3. The MCC-1 test
of formulation SLSA showed that the normalised mass loss of the
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Fig. 4. Analysis of glass – TRISO particle composite pellets sintered at 700 �C for 30 min under an N2/H2 atmosphere of SLSA (a, d and g), SLSB (b, e and h) and SLS C (c, f and i).
TRISO Particle and matrix integrity (a–c), wetting behaviour of matrix with the OPyC (d–f) and matrix porosity (g, h and i) are displayed.

Fig. 5. Sintered SLSA–TRISO particle composite (a) close up of radial crack
emanating from particle and (b) the same particle at a lower magnification
displaying the extent of the damage to the glass matrix.
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network modifier Ca was similar to that of Na. Normalised mass
loss of network formers Si and B were significantly lower than that
of the glass modifiers. Steady state dissolution rates did not appear
to be reached for any element analysed (Fig. 8). Normalised disso-
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lution rates were between 20 and 50 times higher than those mea-
sured for SLSA under the PCT conditions. The pH increased steadily
during the experiment time to a maximum pH value of 9.4.

Geochemical modelling of the leachate resulting from SLSA dis-
solution tests under both PCT and MCC-1 regimes was conducted
using PHREEQC. Saturation indices of phases which have been
shown to be typically relevant to glass dissolution [24] are dis-
played in Fig. 9. The PCT leachates were determined to be further
from solution saturation with respect to amorphous silica and
H3BO3 than under the MCC-1 conditions. A number of calcium sil-
icate phases were above the point of saturation in the leachates un-
der the PCT conditions but not under the MCC-1 conditions.

Results for Vickers’ hardness and fracture toughness are shown
in Fig. 10 and Table 4. Vickers’ hardness values of the glass–TRISO
composites, across all formulations were comparable within preci-
sion. Fracture toughness measurements gave a spread of data with
composites of SLSA and SLSB performing slightly better than SLSC
and R7T7. All the sintered composites performed favourably in
comparison with reported values of hardness and fracture tough-
ness for HLW waste glasses currently deployed worldwide [19,25].
4. Discussion

With the exception of aqueous durability, little variation in the
properties of interest were determined between the SLS formula-
tions. The characteristics of chemical compatibility, porosity, wet-
ting and radial cracking were similar across composites of
formulations SLSA, SLSB and SLSC.
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Fig. 6. Normalised mass losses of elements from PCT aqueous durability testing (errors 3� standard deviation from ICP-AES).

Fig. 7. Leachate solution pH throughout aqueous durability testing for sample SLSA
tested under PCT and MCC-1 conditions, and for R7T7 tested under PCT conditions.
Error bars are ±3� standard deviation.
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4.1. OPyC oxidation

The SLS glasses studied as encapsulants for TRISO fuel show
some promise for this purpose. Complete oxidation of the OPyC
layer was observed when composites were sintered under air. This
oxidation removes the outer protective layer of the TRISO particle,
exposing the fission product-bearing SiC layer to the glass matrix.
In the case of matrix degradation, the removal of this layer would
Please cite this article in press as: P.G. Heath et al., J. Nucl. Mater. (2013), http
help accelerate fission product release from the TRISO particle. As
such, its retention in the waste form is desirable. We have demon-
strated that this deleterious reaction between the matrix and OPyC
can be easily avoided by sintering under a mildly reducing 5% H2/
N2 atmosphere. This illustrates that the sintering atmosphere for
the composite formation is an important factor and can be applied
for glass formulations that may otherwise seem unsuitable for the
encapsulation of TRISO particles. For example, altering the sinter-
ing atmosphere may allow the use of higher temperatures during
processing which would be unacceptable under oxidising
conditions.

The possibility of OPyC oxidation was further minimised
through the study of sintering regimes. The shortest possible time
and lowest temperature capable of producing compacts in excess
of 95% theoretical density was determined to be 700 �C for
30 min, giving a densification that eliminated interconnected
porosity in the sintered body. This is essential for reducing the sur-
face area for dissolution, a key property for the geological disposal
of radioactive waste forms.

4.2. TRISO particle–glass contacting behaviour

Wetting describes the behaviour of a liquid when the liquid
contacts the surface of a solid. The use of the term in this context,
to describe the matrix-TRISO particle interaction, may not be
appropriate because it is not clear that the glass component is
indeed liquid during sintering. As such, it may be more appropriate
to refer to areas where matrix–TRISO particle interaction occurs as
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Table 2
Normalised dissolution rates of elements at the end point of PCT aqueous durability tests (errors reported as ±3� standard deviation from ICP-AES).

Normalised dissolution rate
at 28 days (g m�2 day�1)

Glass formulation

SLSA SLSB SLSC R7T7

Si 0.0125 ± 0.0005 0.032 ± 0.001 0.0198 ± 0.0005 0.0128 ± 0.0002
B 0.0140 ± 0.0002 0.036 ± 0.001 0.0235 ± 0.0005 0.0174 ± 0.0007
Na 0.039 ± 0.001 0.096 ± 0.003 0.060 ± 0.003 0.0055 ± 0.0006
Ca 0.00070 ± 0.00005 0.00053 ± 0.00001 0.00136 ± 0.00003 0.0047 ± 0.0002

Fig. 8. Comparison between durability assessments of MCC-1 and PCT tests for SLSA (errors 3� standard deviation from ICP-AES and ICP-MS).

Table 3
PCT and MCC-1 rates of dissolution from normalised mass loss data after 28 days
(errors reported as 3� standard deviation from ICP-AES and ICP-MS).

Element Normalised dissolution rate at 28 days for SLSA (g m�2 day�1)

PCT MCC-1

Si 0.0125 ± 0.0005 0.491 ± 0.008
B 0.0140 ± 0.0002 0.354 ± 0.005
Na 0.039 ± 0.001 0.69 ± 0.02
Ca 0.0007 ± 0.00005 0.033 ± 0.001
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having ‘contacting’ behaviour promoted by sintering action, rather
than ‘wetting’ sensu stricto. The existence of voids around the TRI-
SO particles creates the potential for the whole surface area of the
TRISO particles to be exposed as a consequence of dissolution or
cracking of the encapsulating matrix. Therefore, the composite
waste forms described in this study do not yet show the necessary
coating of TRISO particles for a high quality waste form, whereby
the encapsulant directly binds to the embedded material.
Fig. 9. Saturation indices of leachate solutions calculated usi
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4.3. Glass composite aqueous durability

The aqueous durability of the sintered SLS glasses used for
encapsulation is equivalent to that reported for similar commercial
SLS glass [26]. This shows that the sintering process does not have
a negative effect on the aqueous durability of the materials. The
normalised release of network formers (Si and B) to solution is
lower than that of modifier cation Na, as shown in Fig. 6, which
indicates an ion exchange process in the corrosion mechanism.

The results show a marked difference in aqueous durability
based on composite glass formulation. The release of most ele-
ments from SLSA is a factor of three smaller than that observed
for SLSB and a factor of two smaller than that observed for SLSC
(Fig. 6, Table 2). Due to the lower mole fraction of silica in SLSA,
it was expected that this glass would have the lowest aqueous
durability. However, the increased durability in SLSA may be ex-
plained by the greater alkali earth to alkali ratio, promoting cross
linking in the glass network and blocking ion exchange pathways
for sodium release [27]. The increased durability of SLSC relative
to that of SLSB could also be a result of a mixed alkali earth effect
ng PHREEQC for SLSA under MCC-1 and PCT conditions.
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Fig. 10. Indentation fracture toughness versus hardness for sintered glass composites and comparison with previous HLW glass tests.

Table 4
Vickers’ hardness and fracture toughness values for SLS glass composites and
currently employed HLW glasses.

Glass formulation Hardness at
1 kg loading (GPa)

Fracture toughness
at 1 kg loading (M N m�3/2)

SLSA 6.9 ± 0.7 1.9 ± 0.2
SLSB 7.5 ± 0.8 2.0 ± 0.2
SLSC 7.3 ± 0.8 1.2 ± 0.15
R7T7 8.6 ± 0.9 1.4 ± 0.15
MW-HLW [19] 6.6 ± 0.3 0.84 ± 0.09
PNL 76–78 [25] 6.2 0.65
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[27]. The use of a mixture of alkali earth ions has been suggested to
create a difference in cation field strength, significant enough to
polarise non-bonding oxygen atoms in the glass structure [28].
This polarisation is thought to strengthen bonding between the
cations and non-bonding oxygen atoms, thus decreasing diffusion
of modifier cations from the structure, the rate of ion exchange
and the rate of hydrolysis.

An alternative explanation for this behaviour may be provided
by the presence of Al2O3 impurities in the glasses, most likely as
a result of crucible corrosion. As shown in Table 1, the molar ratio
of alumina increases in the same order as the aqueous durability
(lowest to highest, SLSB < SLSC < SLSA). Additions of alumina have
been shown previously to increase aqueous durability of SLS
glasses [18] as discussed further below.

R7T7 borosilicate glass was tested using the identical methodol-
ogy to that for the SLS composite glasses in the PCT test. The nor-
malised mass loss of both silicon and boron in R7T7 over the
28 day test period was lower than those observed for any SLS com-
posite glass tested. This result is contrary to what may be expected
from a glass containing a significantly lower molar ratio of silica
than the SLS composite formulations. It can be seen in Fig. 6 that
after 7 days the normalised mass loss for boron, silicon and sodium
in the R7T7 tests reaches a steady state. This may be indicative of
solution saturation with respect to silicon, which can in turn slow
or shut down the dissolution mechanism. A steady state of dissolu-
tion is not achieved for the SLS glass formulations even by the end
of the 28 day test period.

The difference in attainment of steady state dissolution be-
tween the SLS composite formulations and R7T7 glass is likely
due to leachate buffering effects creating differences in the pH,
as shown in Fig. 7. The R7T7 glass buffers the solution to pH 10
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within 3 days, while the SLS composite glasses buffer the test solu-
tion to pH 11 in the same time. The higher boron and aluminium
content of the R7T7 glass (Table 1) buffers the solution according
to Eqs. (5)–(7) [26–28].

ðBSiAOÞyB3�yðy� 3ÞNaþ þ 3H2O

! 3ðBSiAOHÞ þ ðy� 3ÞðBSiAONaÞ þH3BO3 ð5Þ
H3BO3 þH2O ¢ BðOHÞ�4 þHþ ð6Þ
Al2O3 þ 2OH� þ 3H2O! 2½AlðOHÞ4�
� ð7Þ

The dissolution of silicate glasses is well documented to be
dependent on pH according to the term 10�0.4pH [29–32]. As such,
the rate of glass dissolution at pH 11 is expected to be 2.5 times
greater than at pH 10 with all other factors remaining constant.
In addition, the solution saturation of silicon is ten times greater
at pH 10.7 than at pH 10, due to the stabilisation of the silicate an-
ion [33]. These factors combine to explain the differences in the
dissolution profiles of the SLS composite and the R7T7 glasses.

In the ultimate disposal environment, the natural and manufac-
tured materials in the near field and engineered disturbed zone
will govern the buffered pH of the infiltrating groundwater, rather
than the wasteform itself, depending on the flow rate. In the spe-
cific context of hypothetical co-disposal of UK HLW and ILW, utilis-
ing a cementitious backfill in the latter, which could lead to a
hyperalkaline plume impacting the former, the self-imposed pH
arising from dissolution of SLS glasses could be relevant.

Monolithic SLSA–TRISO particle composites were investigated
using the MCC-1 durability test. This test produced a normalised
leaching rate between 20 and 50 times greater (depending on
the element) than that observed in the PCT test of SLSA (Table 3).
It is well documented that increases in surface area to volume ratio
lower the normalised mass loss of borosilicate glasses [34]. The lar-
ger surface area to volume ratio leads to enhanced dissolution rates
and solution saturation with respect to silica. The process of glass
dissolution in aqueous solution results in partial hydration of the
glass network to form an amorphous layer of SiO4�x(OH)x. It has
been suggested that this layer acts alongside precipitated phases
such as calcium silicate hydrates (CSH), as a passivating barrier
to minimise further dissolution [35–37], thus lowering the dissolu-
tion rate.
://dx.doi.org/10.1016/j.jnucmat.2013.01.285
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Geochemical modelling was performed in order to determine
the presence and composition of potential alteration phases result-
ing from leaching of the PCT and MCC-1 samples. It must be noted
that the results arising from this modelling are only as reliable as
the thermodynamic data input to the model. However, comparison
of two different thermodynamic databases provided similar
results, where the solution was either significantly over- or
under-saturated with respect to the mineral phases identified. This
provides confidence in the predicted saturation indices of the
potential alteration phases determined. In the SLSA composite
glass, the solution was not found to be saturated with respect to
amorphous silica for either type of test, as shown in Fig. 9, although
the model indicates that the solution is closer to equilibrium for
the MCC-1 test than the PCT test. This suggests that silica satura-
tion is not the cause of the difference in normalised mass loss.
Under PCT conditions a decrease in the normalised mass loss of
calcium was observed with time for the SLSA composite, while
the network formers B and Si were still being released into solution
(Fig. 8). This is indicative of the precipitation of a calcium-bearing
phase. No such effect was observed under MCC-1 conditions. Using
geochemical modelling, it was found that the solution from the PCT
experiment was far beyond the saturation limit for twelve of the
twenty seven thermodynamically possible calcium bearing phases,
including tobermorite (Ca5Si6(O,OH)18�5H2O), shown in Fig. 9. It
has been suggested that tobermorite is a major constituent of
CSH gel layers likely to exist in a glass alteration phase, which
may passivate dissolution [23,35–37]. The MCC-1 test leachate
was significantly under-saturated with respect to any of the CaASi
phases contained in a CSH gel, including tobermorite (Fig. 9).
Within the error limits of the thermodynamic data, we may infer
that the enhanced dissolution rates in the MCC-1 test compared
to the PCT test are the result of saturation with respect to calcium
silicate phases in the PCT test.

It is possible that inaccuracies in the calculation of sample sur-
face area may contribute to the observed results. The surface area
of the composite pellets was measured geometrically. Cracks in the
composite samples and the finish of the pellets exterior could not
be accounted for using this determination of surface area, which
may result in an under estimation of the surface area and, therefore
an increase in the calculated normalised mass loss.

4.4. Physical properties

The Vickers’ hardness and fracture toughness of the composite
glasses and R7T7 were measured and found to be comparable with
those found for HLW glasses currently employed for nuclear waste
[19]. The results provided may be subject to some inaccuracy, as
annealing the composite materials was precluded by the removal
of the polished surface finish by sintering. It may be assumed that
the mild compressive stresses created during polishing will have a
positive effect on the values obtained for Vickers’ hardness and
fracture toughness. Nevertheless, trends in variation of Vicker’s
hardness are expected to be meaningful.

4.5. Suitability of SLS-glasses for TRISO particle encapsulation

The processing conditions described in this work have increased
the compositional range of glasses which may be considered for
use as TRISO particle encapsulants. Appropriate densification with-
out oxidation of the OPyC layer is a significant advancement. The
mechanical properties of Vickers’ hardness and fracture toughness
compared favourably to glasses currently employed as waste forms
in radioactive waste management. However, it is clear that further
refinements are required to improve several important characteris-
tics. The contacting of the matrix to the TRISO particles is currently
insufficient to form an effective coating and it has been shown that
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some residual porosity remains. This porosity does not appear to
be interconnected; however, it remains an undesirable feature in
a waste form for spent fuel due to the increased surface area it pro-
vides for aqueous dissolution. The determining characteristic of the
glass composites, with respect to their potential use as TRISO par-
ticle encapsulants, is evidenced in the radial cracking emanating
from the TRISO particles into the matrix. This is most likely a result
of the mismatched thermal expansion coefficients of the TRISO
particle and the glass matrix, increasing the susceptibility of the
matrix to fracturing and therefore, increasing the surface area for
leaching.

A compromise in durability and composite quality will likely
have to be reached for the use of sintered silicate-based glasses
as TRISO particle encapsulants. The issues identified could poten-
tially be mitigated by increasing the mole fraction of B2O3 in the
glass, as this would lower the thermal expansion coefficient, glass
transition temperature and the viscosity, as such, preventing crack-
ing, lowering processing temperatures and promoting contacting
[38]. Alumina additions would likely have a positive effect both
on aqueous durability and on lowering the thermal expansion
coefficient. However, they also increase temperatures required
for processing, as such, increasing potential risk of OPyC oxidation.
5. Conclusions

The SLS glasses studied showed some promise for the purpose
of TRISO particle encapsulation. A simple alteration in the process-
ing atmosphere was shown to allow the effective densification of
glass–TRISO particle composites without an oxidative reaction of
the OPyC layer. The mechanical properties of Vickers’ hardness
and fracture toughness compared favourably to glasses currently
employed as waste forms in the nuclear industry. The mismatch
between the thermal expansion coefficients of the glasses and TRI-
SO particles proved detrimental to the waste form integrity. This
mismatch resulted in the propagation of large radial cracks from
the TRISO particle into the matrix. The contacting between TRISO
particles and the glass matrix was also poor. These two issues cur-
rently preclude the use of CPS composites of these glass composi-
tions as a waste form for TRISO particles.

The durability of the sintered SLS glasses was shown to be com-
parable to that of as-cast analogues known for their high durabil-
ity. There was variation between glass formulations tested, likely
a result of the mixed alkali effect and Al2O3 introduced during pro-
cessing. Leachate pH was shown to have a dramatic effect on the
dissolution of the glasses as seen by comparison with a borosilicate
glass. Strong variations in normalised mass loss were observed for
SLSA depending on the surface area to volume ratio of the test
used. This is most likely a result of reaching saturation with respect
to a calcium silicate phase in the leachate solution.

The results obtained show the potential of sintered glass com-
posites for TRISO particle encapsulation, although the problems
encountered here demonstrate the difficulties of increasing waste
form durability. Determining factors in producing an effective
waste form from sintered glasses will involve the matching of ther-
mal expansion coefficients and providing an increased (long term)
chemical durability.
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