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Abstract

A summary is presented of investigations into the potential of producing glass-composite materials for the immobilisation of
graphite or other carbonaceous materials arising from nuclear power generation. The methods are primarily based on the
production of base glasses which are subsequently sintered with powdered graphite or simulant TRISO particles.
Consideration is also given to the direct preparation of glass-graphite composite materials using microwave technology.
Production of dense composite wasteforms with TRISO particles was more successful than with powdered graphite, as
wasteforms containing larger amounts of graphite were resistant to densification and the glasses tried did not penetrate the
pores under the pressureless conditions used. Based on the results obtained it is concluded that the production of dense glass-
graphite composite wasteforms will require the application of pressure.

1. INTRODUCTION

Vitrification of radioactive wastes is a well established technique used for a range of often chemically
complex wastes, often high level wastes, in countries including the UK, US and France [1,2]. An
appropriate choice of glass composition results in a durable wasteform that can incorporate a wide
range of waste elements, which are chemically bonded into the glass structure. Vitrification also offers
significant volume reduction.

Some wastes are, however, difficult to incorporate into durable glass compositions and thus there has
been increasing interest in the production of glass-composite materials in which the problematic waste
is either directly encapsulated [3,4,5] or becomes part of an encapulsated crystal phase [6].

Irradiated graphite and other carbonaceous wastes are not, in general, readily incorporated into silicate
melts and are therefore difficult to incorporate into vitreous wasteforms by conventional glass
processing routes. Glass-composite wasteforms offer an alternative approach that is of interest for the
production of vitreous glass-graphite wasteforms, in which the irradiated graphite is encapsulated
rather than fully bonded into the resultant composite wasteform. Such wasteforms could also be
attractive for high activity TRISO particles from irradiated HTR fuels.

A series of studies on the production of glass-graphite composite wasteforms are summarised in the
following.

2. EXPERIMENTAL METHODS
2.1 Microwave sintering of glass-graphite composites

Initial studies were based on using graphite as the microwave susceptor. It was found however, that
although powdered graphite did suscept sufficiently to give notable heating, once the graphite had
been pressed into a pellet form (with or without other raw materials) such heating was too limited to
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enable glass formation. As a result subsequent work concentrated on the production of glasses from
raw materials that included another suscepting raw material, as well as graphite. On this basis the
viability of microwave vitrification for a range of base silicates, borosilicates and phosphate glasses
was examined. Following this initial assessment an iron phosphate base glass using Fe;O,4 as a
susceptor and the results obtained using this glass are described here.

Iron phosphate glass composites with a nominal base glass composition of 40Fe,O3-60P,0s (mol%)
containing up to 38 wt% powdered graphite were prepared using a domestic microwave oven (DMO).
The DMO had a maximum 800 W power output at a frequency of 2.45 GHz. The composites were
prepared from laboratory grade Fe;O4 (97% pure, Alfa Aesar), NH;H,PO, (98% pure, Alfa Aesar) and
an industrial grade of powdered graphite obtained from China as the irradiated graphite waste
simulant. In all cases, batches sufficient to produce 3 g samples were weighed, mixed and manually
ground using an agate mortar and pestle for approximately 5 minutes to ensure homogeneity of the
samples. 2 g of the batches were uniaxially pressed, without binder, in a 13 mm diameter die with a
pressure of 3 tons. The pressed pellets were placed in mullite crucibles with vitreous silica lids and the
lidded crucible containing the pellet was placed inside a recessed alumina block mounted on alumina
spacers inside the DMO. The block was positioned in such a way as to ensure that the maximum
amount of the electromagnetic wave could be absorbed by the samples. Pellets were then irradiated at
maximum power for times up to 20 minutes either in air or argon. For processing under argon the
DMO was placed in a glovebox. After processing the alumina block was removed from the microwave
cavity and the pellets were taken out from the crucible to maximise the cooling rate. Processed
samples were kept dry and characterised.

2.2 Sintering of glass-graphite composites

For conventional sintering the range of base glasses detailed in table 1 were initially prepared by using
conventional glass melting. The iron phosphate (FeP) composition was selected for comparison with
the microwave sintered samples. JL1 is a glass reported in [7] as being relatively compatible with
graphite, the aluminoborosilicate (ABS) glass was selected because it had been found to be compatbile
with simulated TRISO fuel particles [8] (and see sections 2.3 and 3.3 below). G11 is a glass reported
in [9,10], which has been investigated for the immobilisation of intermediate level waste (ILW), and
the calcium aluminosilicate (CAS) glass has good chloride retention [11] and is thus potentially of
interest for retaining any *°Cl present in the irradiated graphite. Using a natural glass such as obsidian
would avoid the need for an additional melting process step as compared to using man-made base
glasses.

TABLE 1: BATCHED GLASS COMPOSITIONS (MOL%) FOR THE BASE GLASSES FOR
CONVENTIONAL SINTERING (NB: OBSIDIAN IS AN ANALYSED COMPOSITION OF A
NATURAL PRODUCT, WHICH WAS ALSO FOUND TO INCLUDE 0.57 MOL% CI)

Oxide Glass code
JL1 ABS-1 Gl11 CAS Obsidian FeP
Li,O 11.60 9.70
Na,O 19.20 7.50 15.59 4.43
K,O 0.83 3.47
MgO 1.61
CaO 3.88 2.99 51.40 0.88
BaO 7.63
ZnO 5.60
Fe,0; 5.00 0.60 40.00
Al,O4 1.47 5.30 2.60 7.16 8.36
P,0Os 60.00
B,0; 19.92 7.50 9.20
SiO, 29.87 75.12 57.90 41.44 81.70




Glass code

Oxide JL1  ABS-1 Gl11 CAS Obsidian FeP
Melting 1200 1600 1100 1450 - 1150
temperature /°C

Melting time /h 5 3 3 5 - 3

2.913 2.310 2.573 2.878 2.360 3.161
+0.005 +0.003 +0.006 +0.009 +0.003 +0.001
T,/°C 512 588 411 792 659 474
Sintering T /°C 550 790 560 890 960 770

Density /g cm™

For all the man-made glasses batches sufficient to produce 300 g glass were placed in a preheated
mullite crucible and melted as detailed in table 1. 1 hour was allowed for the melts to become batch
free after which they were stirred at ~60 rpm using a mullite stirrer. Glass frints were produced by
quneching the melt into water. The glass frits were dried, crushed using a stainless steel precursor
mortar and sieved <75um. 2 g batches consisting of 80 wt% powdered glass and 20 wt% graphite were
mixed thoroughly and then pressed in a similar fashion as described in section 2.1. The pellets were
then sintered in argon initially at various sintering temperatures with a 2 hour dwell and 5°C min .
heating and cooling rates. The effects of different graphite waste loadings with all glasses apart from
JL1 were also studied; these tests were conducted at the sintering temperatures given in table 1 which
were identified as giving the maximum densification with the 20 wt% loaded samples.

2.3 Sintering of glass-TRISO particle composites

Simulant TRISO particle-fuel particles, with a surrogate ZrO, core, supplied by Necsa (South African
Nuclear Energy Corporation) were used. Three base soda-lime-silica (SLS) glasses and an
aluminoborosilicate (ABS) glass composition were prepared (see table 2 for compositional details).
The SLS glasses were prepared from industrial grade reagents (SiO,, Na,CO;, CaCO;, H;BO; and
4MgCO5-Mg(OH), 5H,0). After solidification the glasses were crushed.

TABLE 2: ANALYZED GLASS COMPOSITIONS (MOL%) USED TO PREPARE SINTERED
GLASS-TRISO PARTICLE COMPOSITES

Oxide Glass code
SLSA SLSB SLSC ABS-1
SiO, 68.23 74.86 76.76 72.20
Na,0 13.31 12.73 13.04 7.10
Ca0 12.90 8.70 452 2.60
B,O, 1.72 1.20 1.53 8.20
ALO; 175 0.14 0.71 8.60
MgO ND ND 232 0.10
Density /g o’ 2.578 2.535 2.486 2360
+0.003 +0.003 +0.003 +0.003
o 11.4 112 10.6 72
TEC/10™ K +02 +02 +02 +02
T, /°C 505+ 5 58345 555+ 5 610+ 5

Both glass and glass-TRISO pellets were produced by uniaxially pressing powdered glass, or
powdered glass plus 10 wt% simulant TRISO particles in a 13 mm diameter die with a pressure of 3
tons. The pellets were sintered in a tube furnace either under air or under a reducing (95% N,, 5% H,)



atmosphere at temperatures between 650°C and 750°C for times of 15 to 60 minutes. The heating and
cooling rates were 2°C min"".

2.4 Characterisation methods

Powder X-ray diffraction was used to confirm the amorphous nature of the glasses and to identify any
crystal phases that were present in the composite materals. A Siemens D500 or D5000 diffractometer
and CuK|, radiation, over a range 10° < 26 < 60° or 10° <26 < 80° with a step size of 0.02° or 0.05°
respectively was used. Bulk densities of the materials were measured using Archimedes’ principle
with water as the immersion fluid; densities of powdered samples were determined using helium
pycnometry.

Glass transition temperatures (7,) were determined by differential thermal analysis (DTA) using a
Perkin Elmer DTA7. Samples were heated from 25 to 1000°C at a heating rate of 10°C min'. The
extrapolated onset method was used to determine 7, using the Netzsch Pyris software package.
Compositional analysis was performed using X-ray Fluorescence Spectroscopy (XRF) on a Phillips
PW2404 XRF Axios.

Sintered composites were sectioned with a diamond edged slow saw, resin mounted, successively
ground and polished to a 1 pm finish for examination with optical microscopy. Grinding was
performed using either 120, 400, 800 and 2400 grit SiC papers or 600 and 1000 grit diamond matrix
plates and polishing using 6, 3, 1 um diamond pastes. Cross sectioned surfaces were examined using
either optical or scanning electron microscopy (SEM). Optical microscopy was performed on a
Reichert-Jung Polyvar Met microscope equipped with a Zeiss AxioCam MRc. SEM was performed
using a JOEL 6400 SEM equipped with an energy dispersive X-ray spectrometer (EDS).

3. RESULTS
3.1 Iron phosphate glass and glass-graphite composites

No evidence of crystalline phases was found by XRD in samples of the base iron phosphate glass
composition after microwaving for 8 minutes or greater; similar X-ray patterns were obtained for the
microwaved and conventionally melted iron phosphate base glasses. The powdered densities of
glasses produced from the conventional and microwave melting processes were 3.16 and 3.00 g cm ™,
respectively.

Iron phosphate glass graphite composite pellets microwaved for 1, 2 and 3 minutes show increasing
mass losses of 17.6 + 1.8, 24.1 £ 2.4 and 26.9 + 2.7 %, indicating the removal of volatile components
from the glass batch (NH; and H,0). After 4 minutes microwave processing, the mass change of the
microwave heated pellets was 28.2 £ 2.8 % and there was no significant further change as the
microwave processing time was increased from 4 to 20 minutes. Similar results were obtained for
processing in air or argon (see table 3). The mass loss of the glass composites has been compared with
the experimental mass loss for full transformation of the raw materials to glass by microwave melting.
This comparison indicates that up to ~2.5 % of graphite may have oxidised when microwave heated
for times between 4 and 20 minutes. However, as can be seen from table 3, the porosity of the glass-
graphite composites remained high at about 38% for 20wt% graphite and even higher for higher waste
loadings. Again processing in air or in argon had little or no effect on the measured porosity. In
comparison samples conventionally sintered at 770°C for 2 h exhibited much lower porosity levels of
about 15%. This conventionally sintered sample also exhibited less graphite oxidation; estimated to be
about 0.6%.



TABLE 3: PHYSICAL PROPERTIES OF IRON PHOSPHATE GLASS-GRAPHITE COMPOSITES

Measured Expected Bulk Powdered

Sample mass loss  mass loss  density / density / Po;’;snty
1% 1Y% gem™ gem™ ’
0
DMO.38 Wit . 229+23 21.2 1.6+0.2 28+0.1 428443
graphite, 20 min
0
DMO 30 wtvo. 258426 238  1.6+02 29+01 458=46
graphite, 20 min
0
DMO.20 Wit . 29.0+2.9 26.7 19+0.2 32+£02 369=+3.7
graphite, 20 min
DMO 20 wt%
araphite, 20 min (Ar) 292+29 26.7 1.9+0.2 3002 375+£3.8
CPS 20 wt% graphite,
+ - + + +
2h at 770°C (Ar) 0.6+0.1 2.6+0.3 3102  149+£1.5

Figure 1 shows the XRD spectra of iron phosphate glass composites that contain 20 wt% graphite
produced using various exposure times, environments and sintering methods. Graphite peaks can be
seen in all of the XRD spectra. For all of the microwaved samples, mixtures of Fe,P,0;, Fe(PO3); and
FeP,Og crystals were identified, in addition traces of Fe,O;, NH4H,PO,4 and Fe;0,4 were also identified
in samples microwaved for 1 to 3 minutes. It can be seen that the peaks related to iron phosphate
crystalline phases become sharper and more pronounced/dominant as the microwave processing time
increases. The formation of Fe,O; at shorter exposure times will be due to oxidation of Fe;O4. This
oxidation process seems to occur during the initial rapid heating phase, from 1 to 3 minutes exposure
times. Similar data (not shown here) were obtained for samples that contained 30 and 38 wt%
graphite, although as expected the intensities of the graphite peaks increased with increasing waste
loading. There is no significant change in crystalline phases detected in samples that were heated in air
or in argon. Identical crystalline phases were also found for the sample conventionally sintered at
770°C for 2 hours in argon.
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G
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N 2 min (air)
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FIG 1: XRD spectra of iron phosphate glass graphite composites that contain 20 wt% graphite; G =
graphite, H= FegOg, N :NH4H2PO4, M:F€304, X= F€P206, Y= Fe(POg)g, Z= F€2P207

Figure 2 shows SEM micrographs of the iron phosphate glass graphite composites; Figures 2a, b and ¢
show composites prepared using the DMO containing increasing amounts of graphite (20, 30 and 38
wt%). Rounded pores can be seen in all cases. Some evidence of lower porosity in samples prepared
by conventional sintering in argon compared to the equivalent samples prepared using the DMO can
be seen by comparing figures 2a and 2d. The difference in the appearance of the graphite in Figures 2a
and 2d is because the graphite used in the latter case came from a different source to the former; the
original source used for the DMO work having run out.



FIG 2: SEM micrographs of iron phosphate glass composites, (a) 20 minutes sample with 20 wt%
graphite, (b) 20 minutes sample with 30 wt% graphite, (c) 20 minutes sample with 38 wt% graphite,
(d) 20 wt% graphite sintered at 770°C in argon

3.2 Sintering of glass-graphite composites
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FIG 3: Weight loss as a function of sintering temperature (in K) normalised by glass transition
temperature (in K) for glass 20 wt% graphite composites sintered in argon

As can be seen from Figure 3 that the weight losses for all the graphite glass composites containing 20
wt% graphite were generally under 1 wt%, except for the iron phosphate and the JL1 glass matrices at
higher sintering temperatures. Some crystallisation occurs during sintering under the chosen

conditions with all of the glasses (see Figure 4); with JL1, ABS-1 and obsidian being the most
resistant to crystallisation.
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FIG 4: XRD patterns of sintered glass graphite composites showing evidence of crystallisation in all
compositions as well as the presence of graphite (indicated by C). The peak marked Al is due to the
aluminium sample holder.

Figure 5a shows that weight loss increases in a roughly linear fashion with increasing graphite loading.
The sintering temperatures used (see Table 1) to generate the data shown in Figure 5 were those found
to give maximum densification for the 20 wt% graphite samples. Although there is some indication
from Figure S5a that higher weight losses are seen with higher sintering temperatures this is not
completely the case as the glasses giving the lowest weight losses were sintered at 560°C (G11) and
890°C (CAS) respectively. In addition although it seems that the weight loss from the glass graphite
composites increases most rapidly with the iron phosphate (FeP) glass, if the data is replotted in molar
terms (Figure 5b), because the FeP glass has a much higher molar mass than all of the other glasses,
the data for the FeP glass is in line with G11 and CAS glasses in the region where the mol% additions
of graphite overlap.
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FIG 5: Weight loss as a function of graphite addition a) expressed as wt% addition and b) expressed
as wt% addition (lines drawn as a guide for the eye)

It was found that the presence of graphite impeded shrinkage during sintering; when 25 wt% or greater
graphite was present essentially zero densification was observed (see Figure 6). This reflects the fact
that densification is only occurring place within the glassy matrix and that as the graphite volume
increases this densification is impeded. The net result is that in all the glass graphite composites
studied porosity remains high after pressureless sintering, so this is not an ideal route for producing
graphite wasteforms.
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FIG 6: Shrinkage during sintering at the temperatures given in Table 1 for glass graphite composites
containing varying amounts of graphite (lines drawn as a guide for the eye).

3.3 Sintering of glass-TRISO particle composites

As reported in detail elsewhere [12] cold pressing and sintering of TRISO particles and soda-lime-
silica glasses in air led to complete oxidation of the outer pyrolytic carbon layer of the TRISO
particles. Sintering in a mildly reducing atmosphere (95% N,, 5% H,) suppressed this oxidation.
However, the soda-lime-silica glasses poorly wet the TRISO particles leading to a narrow gap being
present between the TRISO particles and the sintered glass after sintering (see Figure 7). This is
shown for an SLSA glass TRISO particle in Figure 6; similar results were obtained with SLSB and
SLSC (see figure 4 in ref. [12]). In comparison as shown in Ref. [8] and Figure 8 the
aluminoborosilicate (ABS) glass resulted in good wetting of the TRISO particles by the sintered glass.

FIG 7: Optical micrographs of TRISO particle-SLSA composites sintered in a) air and b) 5% H»/N,
showing complete oxidation of the outer pyrolytic carbon layer in air and the lack of oxidation under
a reducing atmosphere. NB: in both cases there is a gap between the TRISO particle and the glass
matrix; visible all round the particle in a) and more obviously on the right hand side of the particle
shown in b).
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FIG 8: SEM images of ABS-1 glass TRISO particle composites sintered in 5% Hy/N,,; a) Overview
showing that all 5 layers of the TRISO particle remain present and b) enlargement of the particle
interface region showing good wetting of the particle by the glass



With the ABS-1 glass 10% TRISO particle composites near theoretical densities were achieved after
comparatively short sintering times at low temperatures (see Table 4) with the optimum sintering
conditions being 750°C for 30 minutes.

TABLE 4: PERCENTAGE OF THEORETICAL DENSITY ACHIEVED BY SINTERING ABS-1
GLASS 10WT% TRISO PARTICLE COMPOSITES

Sintering Sintering temperature /°C

time /min 700°C 750°C 800°C
15 81+ 1% 85+ 1% 90 + 1%
30 95+ 1% 97 £ 1% 97 £ 1%
60 94 £+ 1% 97 + 1% 97 + 1%

4. DISCUSSION

Preparation of the base 60:40 iron phosphate glass by conventional and microwave melting produced
largely similar glasses, although the samples prepared in the DMO retained slightly less phosphorus
than the conventionally melted sample. It was originally hoped that the short processing time required
in a DMO would limit or prevent oxidation of any graphite incorporated into the glass graphite
composites, however in practice greater graphite loss was found in the samples prepared using the
DMO (see Table 1). This suggests that higher temperatures are reached, facilitating oxidation of
graphite by reduction of the iron. Although the results for samples containing 20 wt% graphite are
presented above it is worthy of note that samples that contained only 10 wt% of graphite prepared in
the DMO did not retain the cylindrical shape of the green pellets; the overall pellet clearly became
fluid enough for flow to occur. For graphite additions of 20 wt% or greater (essential for producing
wasteforms) it seems that increasing the graphite content effectively passivates the effects of the
electromagnetic wave in the DMO. The addition of 30 and 38 wt% of graphite lead to greater amounts
of porosity and decreased the density of the microwaved pellets. Fundamentally, although graphite can
suscept, the penetration depth of the microwaves seems to be low [13] and this limits the usefulness of
microwave heating in preparing glass graphite composites.

Lower weight losses were experienced when sintering a range of glass graphite composites produced
under argon atmospheres. However, with all the glasses studied it was found that using realistic
amounts of graphite led to little or no densification leading to significant levels of residual porosity.
While densification would be restricted by the fact that the carbon from the graphite particles is not
being dissolved into the glass matrix, it is clear that the graphite does limit the densification of the
glass matrix, possibly due to wetting issues (as seen with the SLS glasses and TRISO particles). In
comparison densification was observed when sintering 10 wt% of TRISO particles in a reducing
atmosphere either using SLS glasses or, for better wetting of the particles, an aluminoborosilicate glass
(ABS-1). As shown in Ref. [8] the aluminoborosilicate base glass is also significantly more durable
than the SLS glasses. Thus for higher activity carbonaceous wastes, where waste loadings will
necessarily be lower, the pressureless sintering approach to produce glass-composite materials that
encapsulate the waste within a durable glass remains a viable option.

5. CONCLUSIONS

Glass-graphite composites can be produced using a range of base glasses. Conventional pressureless
sintering in an argon atmosphere of all the glasses was more successful in terms of graphite loss than
microwave sintering with an iron phosphate base glass; the graphite did not suscept in a useful fashion
which prevented the use of other glasses in the DMO. The presence of larger weight percentages of
graphite impedes the production of dense glass-graphite wasteforms using the pressureless sintering
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methods studied here. Successful pressureless sintering of glass TRISO particle composites was
achieved, although this was only at a 10 wt% loading. This level of waste loading could be acceptable
for high activity wastes (which would be the case with spent TRISO particles), however it is unlikely
to be acceptable for a large volume intermediate level waste such as graphite.
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