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Abstract

Alternative processing methods are being considered for rapid sintering of inert matrix fuel (IMF) at low temperatures to minimize the loss of
volatile actinides. Previous studies on microwave-hybrid sintering of the matrix material, 8 mol.% yttria—zirconia (8YZ), showed rapid
densification at lower temperatures when compared with a conventional process. The current study examines the applicability of dysprosia
(Dy,03) as a surrogate for americia (Am,O3) in investigating the microwave-hybrid sintering of a simulated IMF, 20 wt.% Dy,Oj3 dispersed in
8 mol.% yttria—zirconia (§YZ-20D). The results show that 8YZ-20D is sintered to 93% of its theoretical density (TD) at 1300 °C with a soak time
of 100 min in a multimode microwave-hybrid furnace. A similar heating schedule in a conventional furnace resulted in 87% TD. The enhancement
in densification of 8YZ-20D due to microwave-hybrid sintering did not alter any of the resulting microstructures. Based on these experiments, it
was found that low-temperature microwave-hybrid sintering was suitable for fabricating IMF pellets.
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1. Introduction
1.1. Inert matrix fuel

Nuclear stockpiles are an accumulation of long-lived
radioactive nuclides from spent nuclear fuel (SNF) and
dismantled nuclear weapons [1-3]. Safe disposal methods
must be developed to isolate these radioactive materials from
the public and to reliably control the inventory so that it cannot
be used to produce nuclear weapons [2]. Interest in reducing the
stockpiles of SNF by several nations lead to the formation of the
Global Nuclear Energy Partnership (GNEP), an organization
consisting of different nations (25 partner and 31 observer
countries) that share a common goal i.e., recycling of viable
energy producing actinides, thereby reducing the risk of nuclear
proliferation [4].

One of the methods proposed for recycling the radioactive
material present in the SNF is using the inert matrix fuel (IMF)
concept [5]. The primary mechanism by which IMFs will
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satisfy target goals is minimizing the potential for breeding
fissile materials inside the reactor by replacing the conventional
uranium (**®U) matrix with the one that is inert to neutrons
[5,6]. These fuels consist of a neutron-transparent matrix with
the fuel material being dispersed or dissolved in the matrix [7].
It is expected that IMFs will help in extracting energy from the
actinides by means of transmutation in the proposed Generation
IV reactors. Transmutation results in production of energy
through conversion of highly radioactive actinides to their
lighter counterparts, thereby enabling safe disposal of SNF in
the proposed geological repositories.

Some of the requirements for selecting a suitable inert
matrix material are outlined below [6]:

e Low neutron absorption cross-section (<2.7 barns)
e High melting point (>2000 °C)

e High thermal conductivity

e High density (90-95% of theoretical density (TD))

Fully stabilized zirconia (ZrO,) has been identified as a
candidate material for the inert matrix due to its structural
similarity with uranium dioxide (UQ,), high melting point and
low neutron absorption cross-section [8]. A recent study on
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710,10 at.% Y,03 (yttria) by Degueldre and Paratte [9]
showed that fully stabilized ZrO, retained its structural stability
under different radiation levels (between 60 keV and 1.5 MeV)
of Xe ions with ~1.8 x 10" cm 2 dosage.

1.2. IMF fabrication issues

Processing of a ceramic nuclear fuel usually involves
sintering of powder compacts for long period of times (~10 h)
at high temperatures (1600 °C) [10]. As a majority of the
actinide materials (mainly Americium (Am) and Plutonium
(Pm)) exhibit high vapor pressures [11-13] at these tempera-
tures, it is expected that there will be a loss in material during
IMF processing. Alternative processing methods are being
considered for rapid sintering of IMF in order to retain volatile
actinides.

Microwave processing is one such method that has been
shown to accelerate the overall sintering process (compared
with conventional methods) [14-20]. The radiotoxic nature of
actinides prevents their direct use for the early stage sintering
experiments. Instead, surrogate materials are used to mimic the
chemical and physical behavior of an actinide [21]. It is only
after successful microwave sintering of simulated IMFs that
this technology will be considered for processing the actual fuel
materials. For this study, dysprosia (Dy,03) was selected as a
surrogate for americia (Am,O3) due to the similarity in valence
state, coordination number and ionic radii [21].

In prior work, these authors investigated microwave-hybrid
sintering of a candidate inert matrix material, 8 mol.% yttria—
zirconia (8YZ) and found that this material could either be
processed at lower temperatures (1200 °C, with a soak time of
100 min) or in shorter periods of time (20 min, at 1300 °C) [18].
The objective of the study reported in this paper was to examine
the microwave-hybrid sintering behavior of simulated IMF. The
experimental procedure adopted and the subsequent results
obtained during this study are discussed in the following sections.

2. Experimental procedure
2.1. Green pellet fabrication

Commercially available 8YZ (TZ-8Y, Tosoh Corporation,
USA) and Dy,0O3 (11319, Alfa Aesar) powders were selected
for this study.

Simulated IMFs were made by dispersing 20 wt.% Dy,0;
with 8YZ on a roller mill for a period of 12 h. Approximately
2.63 g of the powder was poured into a polyurethane rubber
mold (12.5 mm dia. x 50 mm ht.) and the compaction behavior
of these powders was studied using an isostatic pressing
technique.

2.2. Sintering and characterization

Sintering studies were performed inside a multimode
microwave and a conventional furnace. The details of the
multimode microwave and the conventional furnace have been
discussed previously [18]. All of the sintering runs were

performed with a heating rate of ~20 °C/min with a constant
soak time of 20 min. For each sintering temperature six samples
(obtained through two sets of sintering runs) were used for
calculating the variation in average density values.

Bulk density of the sintered samples was measured using the
Archimedes liquid displacement method (ASTM C 20) [22].
The sample preparation for Scanning Electron Microscopy
(SEM) imaging (LEO-Zeiss 1550) of sintered samples included
the following three stages: sectioning, grinding and polishing.
Longitudinal sectioning was performed using a diamond blade
saw (Buehler Isomet 1000) and the sectioned samples were
mounted in an epoxy resin. Coarse polishing was done through
a standard progression of silicon carbide papers (180, 320, 400,
600 and 1000) and fine polishing was done through 15, 6 and 1
micron diamond suspensions in oil. Grain structure on polished
samples was revealed using thermal etching at 150 °C below
the actually sintering temperature [23]. A thin layer (~10 nm)
of Ag—Pd was coated onto the samples surface to improve the
conductivity for SEM imaging. The mean intercept length
method adopted for this study is in accordance with ASTM E-
112. Four sets of micrographs collected across different regions
of the samples were used for estimating the grain size using
mean intercept method.

3. Results and discussion

3.1. Powder characterization and their compaction
behavior

Scanning electron imaging of the starting powders is shown
in Fig. 1. It can be observed (Fig. 1a) that the 8YZ powders
consisted of 50 wm agglomerates. A high magnification image
shown in Fig. 1a inset reveals the actual size of the particles to
be between 0.1 and 0.2 pm. The agglomerates seen in Fig. la
were a result of a spray drying process used for manufacturing
8YZ powders. As seen from Fig. 1b, the average particle size
for Dy,O5; powders was ~3 pm.

One of the primary goals of inert matrices is that they need to
support the actinide phase by maintaining good mechanical
integrity throughout irradiation [7]. Two common ways of
loading the actinide phase with the inert matrix are through
dispersion and solid solution. Dispersion of actinide phase
within the inert matrices is preferred [7,24] to solid solutions as
it would limit irradiation damage (caused by the release of
fission products) to the inclusions as opposed to the damage
experienced by the entire matrix (in solid solutions). For this
reason, Dy,05 was dispersed in 8YZ. It was observed that the
result of dispersing Dy,0; in 8YZ showed no difference
between the pour density' and the tap density?; they both
showed the same value of 1.52 g/cc, implying that the milling
process (Section 2.1) may eliminate the tapping stage.

! Pour density is the bulk density of the powder ““as poured” or as passively
filled into a measuring cylinder.

2 Tap density is the bulk density of the powder after “tapping down”, usually
vibrated under specified conditions (ASTM B523 is adopted for this study).
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Fig. 1. Scanning electron imaging of (a) 8YZ [18] and (b) Dy,05; powders.

The compaction behavior of 8YZ-20D powder was studied
with respect to pressure (Fig. 2). As a reference, the data
corresponding to the compaction behavior of 8YZ [18] was
added to Fig. 2. From this figure, it can be observed that the
density of powder compacts increased with the increase in
applied pressure. This increase is most likely due to
simultaneous particle rearrangement due to the fracture of
agglomerates. Due to the limitation with the operating
pressures of the instrument, a green density of 49% TD?
(150 MPa) was selected for performing sintering experiments.
While addition of Dy,05 particles to 8YZ matrix showed a
slight increase (46 [18] vs. 49% TD) in the average values of
green density over the 8YZ, this difference was minimal if the
scatter in data was considered. The Dy,03 powders used for this
study were not spray dried and the result was a wide distribution
of Dy,0; agglomerates. It was anticipated that higher green
densities (>49% TD) could have been obtained by adopting a
more controlled particle size for Dy,0;.

3.2. Densification behavior of simulated IMF with
temperature

Conventional and microwave-hybrid sintering runs were
performed on 8YZ-20D composite pellets. The results are
shown in Fig. 3. It can be observed that, at lower temperatures
(1100 and 1300 °C), the microwave-hybrid sintered 8YZ-20D
pellets showed higher density values, as compared to
conventionally sintered samples. At 1500 °C, there was a
slight difference in the densities obtained between convention-
ally sintered and microwave-hybrid sintered samples, but this
difference was minimal considering the scatter in data.

Fracture surfaces of the samples sintered at 1300 °C is
showed in Fig. 4. Except for the regions along the interface
(with Dy,05) the microwave-hybrid sintered pellet (Fig. 4a)
showed better sintering of 8YZ matrix than conventionally
sintered pellet (Fig. 4b). These observations confirm the lower

3 TD (theoretical density for 8YZ-20D) = 6.31 g/cc (calculated using rule of
mixtures from the values obtained using X-ray diffraction).

bulk density values observed at 1300 °C in the case of the
conventionally sintered sample (73% TD), as opposed to the
microwave-hybrid sintered sample (83% TD).

3.3. Isothermal densification behavior of simulated IMF

The density of the nuclear fuel pellets used in reactors
ranges between 90% and 95% TD [25]. Performing
isothermal sintering runs at 1300 °C temperatures gave an
estimate of the minimum time required to reach these target
densities. The results of these isothermal sintering runs are
shown in Fig. 5a.

It can be observed that, for all the soak times, the
microwave-hybrid sintered samples exhibited a higher density
than the conventionally sintered samples. It took approximately
100 min to reach the 93% TD during microwave-hybrid
sintering; whereas, conventional sintering resulted in a density
of 87% TD. These results suggest that, by adopting microwave
processing (rather than conventional processing), the fabrica-
tion temperatures and timings could be reduced. The results of a
comparative study on the isothermal sintering (microwave-
hybrid) of 8YZ and 8YZ-20D composite is also seen in Fig. 5a.
It can be observed that the matrix material sintered to 90% TD

(=23
o

2
g
® S0 _,i
pit
5 =111
© 40 - %
& A SYZ20D
X x_8YZ

" AN —

10 100
Pressure (MPa)

Fig. 2. Compaction behavior of 8YZ-20D and 8YZ powders.
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Fig. 3. Sintering behavior of simulated inert matrix fuel (8YZ-20D) in a
conventional and a microwave-hybrid furnace.

within 20 min and the addition of Dy,03 has increased these
sintering times to 60 min.

The data corresponding to the loss in weight of the sample
before and after sintering was also evaluated (Fig. 5b). It was
observed that the percentage loss in weight for all the sintering
runs was always less than 1%. These results indicated that
Dy,03 (which was selected as a simulant to Am,03) did not
exhibit a significant weight loss.

The loss in materials due to evaporation is a time/
temperature dependent process [11]. Since microwave sintering

Microwave hybrid sintering
1300°C (20 min)

resulted in faster densification at lower temperatures, it was
expected that the weight loss associated with a microwave
process would be lower. The simulant used for this study
(Dy,03) did not show appreciable weight loss (Fig. 5b) during
sintering. This result is due to the fact that the oxide form of
Dysprosium is more stable than its metallic form [26]. Any
material exhibiting vapor pressure’s higher than 0.4 torr (vapor
pressure of Americium at melting temperatures) [27] can be
used as an alternative surrogate for investigating the material
loss during sintering (e.g. manganese, 0.75 torr at melting
temperatures).

3.4. Microstructural observation

Fig. 6 shows representative micrographs of a 93% dense
8YZ-20D sample processed at different sintering conditions in
microwave-hybrid and conventional furnaces. Microstructural
observations show that the host matrix experienced a near
complete densification. The average grain size for 8YZ matrix
was 1.65 wm for a microwave-hybrid sintered sample and
1.3 pm for a conventionally sintered sample. It is important to
note that even with the reduction in processing temperatures,
the microwave-hybrid sintered 8YZ-20D exhibited similar
structure when compared with a conventionally sintered 8YZ-
20D.

Conventional sintering

1300°C (20 min)

Fig. 4. Fracture surface image of 8YZ-Dy,0; pellet: (a) microwave-hybrid sintered pellet and (b) conventionally sintered pellet.
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Fig. 5. (a) Isothermal densification at 1300 °C and (b) percentage weight loss behavior of 8YZ-20D in a conventional and a microwave-hybrid furnace.
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Fig. 6. SEM imaging of 93% dense 8YZ-20D: (a) microwave-hybrid and (b) conventionally sintered pellets.

4. Summary

This research demonstrated the possibility of using
microwave energy for fabricating IMFs (with a non-radioactive
material) at temperatures lower than is possible with
conventional processing. The sintering results showed that,
at lower temperatures (1100 and 1300 °C), microwave-hybrid
sintering produced higher density 8YZ-20D pellets when
compared to conventionally sintered samples. A 100 min soak
time at 1300 °C resulted in the target density of 93% TD for a
microwave-sintered sample, whereas conventionally sintered
8YZ resulted in a density of 87% TD. The reduction in
processing temperatures during microwave-hybrid sintering
did not alter any of the resulting properties.
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