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Ceramic composite pellets consisting of uranium oxide, UO2, contained within a silicon carbide matrix,
were fabricated using a novel processing technique based on polymer infiltration and pyrolysis (PIP). In
this process, particles of depleted uranium oxide, in the form of U3O8, were dispersed in liquid ally-
lhydridopolycarbosilane (AHPCS), and subjected to pyrolysis up to 900 �C under a continuous flow of
ultra high purity argon. The pyrolysis of AHPCS, at these temperatures, produced near-stoichiometric
amorphous silicon carbide (a-SiC). Multiple polymer infiltration and pyrolysis (PIP) cycles were per-
formed to minimize open porosity and densify the silicon carbide matrix. Analytical characterization
was conducted to investigate chemical interaction between U3O8 and SiC. It was observed that U3O8

reacted with AHPCS during the very first pyrolysis cycle, and was converted to UO2. As a result, final
composition of the material consisted of UO2 particles contained in an a-SiC matrix. The physical
and mechanical properties were also quantified. It is shown that this processing scheme promotes uni-
form distribution of uranium fuel source along with a high ceramic yield of the parent matrix.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Ceramic based fuels are preferred for gas-cooled reactors where
the in-core temperature can be as high as 1200 �C during normal
reactor operation and may exceed 1700 �C in case of an accident
[1]. Furthermore, fuel elements should have high mechanical
strength to endure various external mechanical loads, irradiation,
and thermal stresses, while maintaining their integrity [2]. Given
these requirements, ceramic materials are good candidates for nu-
clear fuels and in-core materials.

Of the various advanced ceramics, silicon carbide has superior
characteristics as a structural material from the viewpoint of its
thermal and mechanical properties, thermal shock resistance,
chemical stability, and low radioactivation [3,4]. Therefore, there
have been many efforts to develop SiC based composites in various
forms for use in advanced energy systems [5,6]. Alkan et al. [5] pro-
posed a joining technique of SiC parts so that the fissile material
could be encapsulated in SiC capsules. Lee et al. [6] studied the ef-
fect of cyclic thermal shock on the mechanical and thermal proper-
ties of various ceramics being considered as candidates for nuclear
fuel matrices. They observed that the silicon carbide based mate-
rial exhibited superior mechanical and thermal shock performance
ll rights reserved.
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at higher temperatures, as compared to those based on zirconia or
magnesia aluminate.

The effect of high temperature irradiation on swelling and
mechanical properties of high purity SiC has also been evaluated
by various researchers. Raffrey et al. found that high cycle effi-
ciency and safety considerations make SiC/SiC materials attractive
for use as high performance blankets with LiPb [7]. While the irra-
diation stability of SiC has always been of concern, it has been
established that suitable properties are expected when the compo-
sition of silicon carbide is close to stoichiometric and the micro-
structure is crystalline [4,8–13]. In a recent study, Hinoki et al.
found excellent high temperature irradiation resistance for high
purity SiC/SiC composites irradiated up to 1600 �C [4], Moreover,
Newsome et al. [12] reported insignificant degradation in mechan-
ical properties for high purity silicon carbide after irradiation. They
found that the magnitude of volumetric swelling depended on the
irradiation temperature and material, and was nearly independent
of the irradiation fluence.

Such properties make SiC a promising candidate for use in nu-
clear applications. However, there are several requirements for
the successful application of this material. First, the fabrication
process must allow control over microstructure and material pur-
ity to ensure performance under high temperature and irradiation
environments. Second, the processing technique should allow for
facile incorporation of reinforcements and net shape manufactur-
ing. Finally, a non-powder based method would be preferable for
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processing techniques that involve the handling of highly radiotox-
ic materials.

Typical manufacturing of ceramic products is based on shaping
and consolidation of fine ceramic powders. Large sintering shrink-
age of 15–20% limits geometrical accuracy; therefore, machining is
often needed to achieve precision and intricacy. Furthermore, very
high temperatures or pressures, required during sintering, hinder
the incorporation of reinforcements such as silicon carbide fibers.
As an alternative ceramic fabrication process, polymer infiltration
and pyrolysis (PIP), offers direct control of the microstructure
and composition; allows for incorporation of fibrous and parti-
culate reinforcements; and, perhaps most importantly, offers the
possibility of net shape manufacturing at temperatures as low as
500–1500 �C [14–16]. In this manner, the fabrication of ceramic
components through PIP is a flexible and a potentially cost efficient
approach. Finally, this process offers the unique possibility of
modifying the structure and composition, and thereby the pro-
perties of ceramics, by designing the chemistry of the polymer
precursor [17].

Polymer infiltration and pyrolysis has been identified as a viable
alternative for fabricating SiC based materials by various research-
ers [14–16,18–22]. However, the use of PIP for fabricating materi-
als targeted for nuclear applications is limited. This paper reports
on a study to fabricate silicon carbide and uranium oxide based nu-
clear fuels using the PIP process. Recently, Sarma et al. [22] fabri-
cated UO2 based fuel pellets using a combination of sintering and
polymer infiltration and pyrolysis. Their approach was to infiltrate
pre-sintered plugs of UO2 using precursor derived SiC. However,
unacceptable thermal conductivities were observed, possibly due
to limited infiltration of the polymer precursor. In this paper, we
report on a fundamentally different approach. Materials were fab-
ricated by directly incorporating uranium oxide into the preceram-
ic polymer, and then converting the latter to SiC by pyrolysis. In
this manner, the subject process does not involve pre-sintering
and can be used with any uranium or non-uranium additive [23].
2. Material fabrication

For the fabrication of fuel from natural uranium, the uranium–
oxygen system is a key component. Because of required fuel stabil-
ity at elevated temperatures, the oxide form of uranium is desir-
able. Thus, after various conversion processes of uranium ore
concentrate, the final product, uranium dioxide, is used as the
starting material for the nuclear fuel pellet fabrication [24]. The
uranium–oxygen system has been widely studied, since the initial
nuclear energy era, in order to understand the interaction of urania
with its surrounding materials. Amongst various UO2±x systems,
U3O8 is considered the most stable uranium oxide at ambient tem-
peratures [25]. However, UO2 is the only stable oxide of uranium at
Fig. 1. Uranium particles a
higher temperatures above 1500 �C [26] till its melting point of
2800 �C [27].

In the current study, a ceramic composite consisting of an
amorphous silicon carbide (a-SiC) matrix containing particles of
depleted uranium dioxide, UO2, was fabricated. Allylhydridopoly-
carbosilane (AHPCS, commercially available as SMP-10 from Star-
fire Systems Inc., Malta, New York, USA) was used as the polymer
precursor for producing ultra high purity silicon carbide. AHPCS
is an olefin-modified polymer that undergoes pyrolysis when
heated under an inert atmosphere to yield near-stoichiometric
SiC. Upon heating, the polymer precursor yields a dry and partially
cross-linked solid at about 300 �C. Further heating results in more
cross-linking accompanied by the loss of low molecular weight
oligomers and hydrogen gas until a-SiC is obtained at about
900 �C [28].

First, a slurry was prepared by mixing 92 wt% of U3O8 particles
(International Bio-Analytical Industries. Boca Raton, Florida, USA)
and 8 wt% of the liquid polymer precursor in a planetary ball mill
(PM-100, Retsch GmbH, Haan, Germany). The composition of the
initial slurry was selected so that the final material would contain
�4.99 g/cm3 solid density of elemental uranium at the end of pro-
cessing. This requirement was established by criticality calcula-
tions, carried out at Brookhaven National Laboratory, and was
based on fissile loading used in the GCFBR design for the pin fuel
concept [29]. An intermittent, on-off cycle of 3 min each, at
300 rpm, for 6 h was used to prepare the slurry. Such a cycle was
chosen to provide adequate grinding and mixing while avoiding
excessive heating. As-received U3O8 particles were irregular in
shape (5–10 lm chunks), as shown in Fig. 1(a). The ball milling
process reduced the size of the U3O8 particles and facilitated coat-
ing by the polymer precursor.

The liquid slurry, obtained after ball milling, was pyrolyzed in a
covered alumina crucible in a box furnace. This furnace was fitted
with a retort that allowed for a continuous flow of an inert gas such
as nitrogen or argon. In this case, the pyrolysis was carried out un-
der ultra high purity (UHP) argon. The slurry was heated to 900 �C
at a rate of 60 �C/h, and was held at the peak temperature for
90 min to ensure thermal equilibrium. The pyrolysis of this slurry
resulted in a solid that contained uranium oxide particles dis-
persed in an a-SiC matrix. However, due to the amount of polymer
precursor used for this initial cycle, this solid acquired the shape of
the crucible and contained large voids that were generated by the
release of hydrogen gas.

In order to make cylindrical samples from this material, which
could be tested for mechanical properties, the solid obtained after
the above pyrolysis was crushed into powder by ball milling for
12 min at 300 rpm. The powder thus obtained was then mixed
with a small amount of polymer precursor (�3% by weight of the
milled powder) and compacted into short cylinders, /25.4 � 15
mm, using a hydraulic press. A nominal compaction pressure of
fter initial processing.



Fig. 2. Flow diagram of fuel preparation using polymer infiltration and pyrolysis.

Table 1
Density and porosity of the samples after 8th reinfiltration

Material Bulk density qb (g/cm3) Open porosity pa (%)

(a-SiC) 2.21 ± 0.01 3.39 ± 1.14
(a-SiC)–U3O8–A 4.58 ± 0.06 2.77 ± 1.14
(a-SiC)–U3O8–B 4.70 ± 0.06 1.94 ± 0.56
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about 26 MPa was sufficient for producing green-body plugs that
could be handled for further processing. These pre-compacted
plugs, in the form of short cylinders, were pyrolyzed up to 900 �C
at a rate of 60 �C/h under argon.

As is customary in PIP processing, the samples were subjected
to multiple polymer reinfiltration cycles. The reinfiltration of the
cylindrical pellets was carried out under vacuum, with repeated
1 hour cycles for 3 h with intermediate 1 min purges. In addition,
pressurized argon was used during each purge. This enhanced rein-
filtration while minimizing contamination [30]. Fig. 2 shows the
schematic of the PIP process used in the current study.

In the case of uranium-bearing samples, two types of compos-
ites were fabricated using different reinfiltration schemes. The first
type of material, designated as a-SiC–U3O8–A, was prepared by
using a mixture of polymer precursor and uranium powder (ob-
tained after first pyrolysis and specifically ball milled for 9 h to re-
duce its particle size) as the reinfiltrating liquid. The second type of
material, designated as (a-SiC–U3O8-B, was infiltrated using neat
polymer precursor. In the first case, the use of uranium oxide par-
ticles in the infiltrating media to promote uranium loading, was
stopped after the 5th reinfiltration cycle. Beyond five reinfiltra-
tions, the pore size becomes small and the presence of uranium
oxide particles in the liquid polymer precursor could impede mate-
rial densification. Subsequent reinfiltrations were continued using
neat polymer precursor. In the second case, all reinfiltrations were
done using neat polymer precursor.

The cylindrical specimens were sliced after the 3rd reinfiltration
cycle to obtain discs of 1 mm thickness using a precision sectioning
saw (Isomet 1000, Buehier, Lake Bluff, Illinois, USA). Prior work
with polymer derived ceramic composites, using this polymer sys-
tem, has showed that �6–8 reinfiltration cycles are sufficient to
obtain the maximum achievable density [20]. Therefore reinfiltra-
tion of the discs was continued for a total of eight cycles.

To avoid oxidation of the components at any stage, all the han-
dling and processing was carried out in an argon atmosphere. Also,
control samples that contained only a-SiC were fabricated using the
same procedure, but without the addition of any uranium oxide.

3. Physical characterization

The density and porosity of the fabricated materials was deter-
mined after the 8th reinfiltration using the buoyancy method. First
the specimen was dried at 120 �C for 12 h, until it reached a con-
stant mass, and then cooled to room temperature in a desiccator.
The dry mass of the sample, m1, was recorded. Subsequently, the
dried sample was saturated using ultra-high purity water to fill
all the open pores. A few drops of Photo-Flo� (Kodak Corporation,
Rochester, New York, USA) were added to reduce the surface ten-
sion of water and aid in saturation. A 4 h evacuation cycle was em-
ployed with intermittent purges at every 30 min to release trapped
air. The apparent mass of the saturated sample, m2, was then deter-
mined using a density determination kit. The temperature of the
saturation liquid was also recorded to correct for variations in
the density of water, qfl, as a function of temperature. Finally, the
mass of the saturated sample, m3, was determined by weighing
in air. Any liquid that remained on the surface of the sample was
removed with a damp sponge and the operation was performed
quickly, to avoid loss of mass due to evaporation. Subsequently,
the bulk density, qb, was calculated as

qb ¼
m1

m3 �m2
qfl; ð1Þ

and the open porosity, pa, in vol.% was calculated as

pa ¼
m3 �m1

m3 �m2
� 100: ð2Þ

Bulk densities and open porosities of the samples after the 8th
reinfiltration are listed in Table 1. PIP processing generated closed
pores in the consolidated pellets and therefore the bulk densities of
the composites obtained were lower than their true densities. The
true densities of polymer derived SiC have been found to vary from
2.7 g/cm3 at 900 �C to 3.2 g/cm3 at 1650 �C [31]. The bulk density
and porosity values for both a-SiC–U3O8–A and a-SiC–U3O8–B were
found to be close. It is possible that the modified reinfiltration pro-
cess, as for a-SiO–U3O8–A, impeded the densification leading to
lower bulk density and higher open porosity, as indicated in Table
1. Given the scatter in data, however, it is not possible to make this
claim unambiguously.

During fuel fabrication using sintering, the fuel pellets are pro-
duced to �90% of the theoretical density. The deliberate introduc-
tion of residual porosity is desired in fresh fuel to accommodate
fission product swelling and redistribution [32], Similarly, it is
hypothesized that the presence of pores, in the current fabrication
process, may decrease the effect of irradiation swelling of SiC.

Fig. 3 shows the scanning electron microscopic images of a-SiC–
U3O8–A and a-SiC–U3O8-B, after three and eight reinfiltrations. It
can be observed that the distribution of U3O8 (actually UO2) was
highly uniform and pores were not visible even after the third rein-
filtration at this scale.

4. Mechanical testing

Mechanical characterization of the samples was carried out
using biaxial flexural strength tests. Such test methods, including
ring-on-ring and ball-on-3-ball, have been commonly used to char-
acterize the flexure strength of brittle ceramic materials [33,34].
These biaxial tests are preferred over uniaxial testing (in tension
or in bending) due to various reasons, which include the examina-
tion of a large surface area that is free from edge finishing defects,
ease of test piece preparation, and the applicability of this method
to thin sheets.

Furthermore, the biaxial stress distribution is more discriminate
of material defects than a uniaxial distribution. It is hypothesized
that in the biaxial flexure test method the maximum tensile stress
occurs within the central loading area, and spurious edge failures
are eliminated.

4.1. Biaxial flexure tests

Ring-on-ring (RoR) biaxial tests were carried out in the current
investigation. The RoR is an axisymmetric test, where the disc is



Fig. 3. Uranium ceramic composite after 3rd and 8th reinfiltrations. The bright portion of the micrograph represents UO2 and the dark regions represent SiC matrix phase.
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supported by a ring and loaded from the opposite side by another
smaller concentric ring, as shown in Fig. 4. The ring-on-ring config-
uration is preferred over the other equibiaxial tests since it sub-
jects a greater portion of the specimen to an equibiaxial stress
state and distributes the applied contact load over a larger area.
Fig. 4. RoR, flexure fixture schematic.

Fig. 5. Typical R
This reduces the applied stress concentration at the contact loca-
tions between the fixture and specimen and lowers the likelihood
of fixture-induced specimen failure leading to invalid test data. On
the other hand, there is an approximate 20% increase in the stress
under the loading ring [34].

Care is needed to select the diameters of the loading and sup-
port rings, relative to the specimen thickness, in order to promote
a valid failure event. Also, clean loading conditions and plane-par-
allel disk shaped specimens are required for the RoR configuration.
Lack of these conditions may result in a 3-point contact between
ring and specimen. The concentric rings in the current setup were
made up of stainless steel and had bullnose edges with a radius of
0.3125 mm towards the loading side. This configuration employed
a support ring diameter of 19.05 mm and the loading ring diameter
of 6.35 mm. Fig. 5 illustrates valid tests in which the failure initi-
ates from the central region of the discs [35].
oR failure.
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The specimens were loaded in the RoR fixture using a table-top
test frame (Instron� 5567, Instron Corporation, Norwood, Massa-
chusetts, USA) as shown in Fig. 6. Displacement controlled loading
at a rate of 0.5 mm/min was used and the peak load at failure was
recorded. The flexure strength was then determined as per Eq. (3)
[33],

rRoR ¼
3P

2pt2

ð1� mÞða2 � r2Þ
2R2 þ ð1þ mÞ ln a

r

� �
ð3Þ

where P is the peak load at failure, m is the Poisson ratio of the spec-
imen and was assumed to be 0.20 for SiC, a is the radius of the sup-
port ring, r is the radius of the load ring, and R and t are the radius
and thickness of the disc specimen, respectively. The validity of
ring-on-ring results was examined by testing commercially ob-
tained alumina discs (AD-90, CoorsTek, Golden, Colorado, USA).
Fig. 7 shows the typical loading curve obtained for the RoR biaxial
tests done on prepared discs. The flexural strength results are
shown in Table 2.
Fig. 6. Photograph of RoR fixture.

Fig. 7. Typical load–deflection curve of ceramic composites test under RoR.

Table 2
Biaxial data on composite ceramics and alumina

Sample Filler (% Weight) Flexure strength (MPa)

(a-SiC) – 41.7 ± 2.1
(a-SiC)–U3O8–A 92 53.7 ± 3.3
(a-SiC)–U3O8–B 92 49.1 ± 4.5
Alumina – 221.9 ± 17.2
Uniaxial flexure test and RoR tests were compared by Wereszc-
zak et al. [35], on 99.5% pure alumina, samples purchased from
CoorsTek. They reported that the RoR values were �20% less than
their uniaxial flexural strength. The biaxial strength obtained for
alumina (AD–90, 90% purity) in our test was �35% lower than
the uniaxial strength reported by CoorsTek. However, a valid fail-
ure pattern was obtained, as suggested by Wereszczak et al. [35],
for both alumina and uranium–ceramic samples, as shown in
Fig. 5. The validity of these tests was identified by looking at the
fracture, which originated from inside the loading ring instead of
initiating beneath the ring.

Given the fact that porosity may be a desirable feature, the
achievable strength will be lower than those for near theoreti-
cally-dense sintered ceramics. Surprisingly, there is a lack of pub-
lished data on mechanical strength requirement for fuel pellets
aimed towards GFR applications. Brittle fracture stress of approxi-
mately 1400 MPa, was reported for UO2 based sintered fuel pellets
[32]. However, this may not represent the actual physical require-
ment for next generation fuel pellets. To understand creep behav-
ior, compressive stress magnitude of 41.4 MPa is typically used in
literature for temperatures below 1350 �C [36]. Furthermore, the
strength requirement should be studied as a function of irradiation
damage, temperature and exposure time. Nonetheless, here we re-
port the biaxial failure strength, determined at room temperature,
as a means of comparing the effects of inclusions in the PIP densi-
fied SiC matrix.

5. Analytical characterization

The ceramic composite after the first pyrolysis came out as a
brown cinnamon colored solid. Fig. 8 shows the as-received U3O8

and the pyrolyzed powder obtained after the first heating cycle.
This change in color indicated a chemical conversion. Therefore,
in order to investigate the microstructure and formation of new
chemical species, due to in situ reactions, the fabricated materials
were studied using powder X-ray diffraction (XRD), These mea-
surements were performed on a Phillips PW1729/APD3520 diffrac-
tometer with CuKa radiation (k = 0.154 nm) operating at 40 kV and
30 mA. Peaks in the XRD patterns were identified using the JCPDS-
ICDD database.

Fig. 9 shows the diffraction patterns obtained for as-received
U3O8 powder and ball milled slurry powder after one cycle of pyro-
lysis. The diffraction peaks in the pyrolyzed slurry pattern were
mostly dominated by the presence of UO2 providing evidence of
the conversion of U3O8 to UO2 during the first pyrolysis cycle.
There can be various reasons for this conversion and this reduction
has been widely studied [37–39]. Since the pyrolysis was carried
out in an inert environment, it is highly likely that the reduction
took place due to the presence of hydrogen gas that evolves during
the pyrolysis of the precursor. In the presence of hydrogen this
reduction can take place in the temperature range of 400–600 �C
[38,39]. However, this process is highly affected by the powder
properties such as BET surface area and size. A more detailed
Fig. 8. Color change of parent uranium powder after first pyrolysis.



Fig. 9. X-ray diffraction pattern for as-received U3O8 and after first temperature
cycle to 900 �C.
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understanding of these redox reactions is needed. Nonetheless, the
conversion of U3O8 to UO2 is favorable given the stability of the
latter at higher temperatures.

6. Conclusions

Composite ceramic samples containing uranium oxide powder
and a-SiC were manufactured using the PIP technique. The starting
material, U3O8, was converted to UO2, as indicated by a color
change and confirmed using X-ray diffraction. This conversion is
advantageous as U3O8 is readily available and UO2 shows better
stability at higher temperatures.

Bulk densities of the composites, fabricated with our methodol-
ogy, were 4.52–4.76 g/cm3. The open porosity values were very
low and highlight the efficiency of the pressure-assisted vacuum
purge method. Even better densification could be obtained using
pressure assisted curing of the initially compacted cylinder, as re-
ported by Shah et al. [40] for pressure cast SiCN samples. Fairly
uniform distribution of uranium particles in the specimens was ob-
served by scanning electron microscopy.

Equibiaxial flexure strengths for samples with uranium oxide as
the filler materials were higher than that for composites containing
only a-SiC. Furthermore, it was observed that reinfiltration of the
discs using a mixture of filler particles and polymer precursor led
to composites with a higher load carrying capacity than those infil-
trated with neat polymer precursor. This indicates the filler, with
a-SiC matrix can provide strengthening mechanisms.

This composite fabrication technique holds promise for nuclear
fuel preparation. However, since the pyrolysis temperature used in
this study was limited to 900 �C, crystallization of SiC was not
achieved. It is generally agreed that a-SiC, undergoes swelling un-
der neutron irradiation, which may not be insignificant even at low-
er temperatures, making it unsuitable for nuclear applications. In a
parallel study by Zunjarrao et al. [28], it was observed that pyrolysis
to 1150–1650 �C produces b-crystalline silicon carbide from AHPCS,
which would be more suitable for nuclear applications [11,12,41].
Finally it should be noted that allylhydridopolycarbosilane, the pre-
cursor used in this study, is known for its ultra high purity and abil-
ity to form near-stoichiometric SiC, which are favorable attributes
for nuclear applications of SiC. In that manner, the composite pre-
pared in this investigation could be subjected to further thermal
treatment to reduce the effects of neutron irradiation.
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