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PROCESS FOR RAPID PROCESSING OF SiC AND
GRAPHITIC MATRIX TRISO-BEARING PEBBLE FUELS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims benefit to U.S. provisional application number

62/314,705 filed on March 29, 2016.

TECHNICAL FIELD
[0002] The present disclosure relates to fission nuclear fuels. More specifically, the
present disclosure describes an improved processing method for a spherical fuel

pebble including microencapsulated tri-structure isotropic (TRISO) fuels.

BACKGROUND
[0003] In the discussion of the background that follows, reference is made to certain
structures and/or methods. However, the following references should not be
construed as an admission that these structures and/or methods constitute prior art.
Applicant expressly reserves the right to demonstrate that such structures and/or

7 methods do not qualify as prior art.
[0004] There are many known types of nuclear fuel for both research and power
producing nuclear reactors. The fuel can be of many types, including both fissionable
(fissile) isotopes and fissile-producing (fertile) isotopes of Uranium, Plutonium, or
Thorium, forming as example ceramic carbides, oxides, nitrides, or silicides. With
the near complete dominance of current generation of light-water reactors (LWR’s)
for nuclear power production uranium dioxide (UO2) pellets have become the de facto
standard nuclear fuel. The UQz pellet is used in a pressured water reactor (PWR) and

the boiling water reactor (BWR) configurations, being mass-produced through a
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ceramic processing route: once a powder of appropriate purity and fissile isotope
enrichment is achieved it is pressed and then sintered in the presence of hydrogen and
taken to final dimension by center-less grinding. Once the finished product is
qualified it is placed inside a zirconium alloy tube and weld-sealed in an inert helium
environment. This zirconium tube, during normal reactor operation, serves a number
of functions including the plenum (barrier) for containment of the radiotoxic fission
product gases.

[0005] A second example of nuclear fuel is an inert matrix fuel (IMF) in which a
fissile material such as (or containing) U-235 is dispersed in an inert host matrix.
That inert matrix may be SiC. In this case, the host matrix may contain the fission
product that is produced. Yet a third example of nuclear fuel used in high temperature
gas cooled (HTGR) reactors in both the prismatic and pebble-bed core configurations
have been in the mix of fission research and power production reactors is a
microencapsulated fuel (such as the TRISO fuel) whereby the SiC layer of the small
diameter microencapsulated fuel provides a first barrier to fission product release and
a large number of these fuel beads are typically compacted in a porous graphite
matrix.

[0006] To form a rigid fuel body, these TRISO or alternate microencapsulated fuels
are mixed with some ceramic matrix precursor and formed as an example into either
cylindrical ceramics for the modular high temperature gas cooled reactor (MHTGR)
or spheres for the pebble bed modular reactor (PBMR). Historically, the matrix that
binds the TRISO together for both MHTGR and PBMR fuel forms has been graphitic,
though some research and development has been carried whereby the graphite matrix
was then overcoated with a thin SiC layer to increase pebble strength and wear

resistance.
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[0007]) More recently, a fuel form has been developed whereby TRISO fuel, rather
than being compacted within a graphite matrix, as is the case for HTGR, is compacted
within a strong and impermeable fully dense silicon carbide matrix. That fuel has
been developed and previously described as a more robust fuel whereby the SiC layer
of the microencapsulated “TRISO” fuel and the dense ceramic SiC matrix into which
they are contained provide two barriers to fission product release in addition to any
external cladding that may be present. A secondary barrier to fission product release
significantly enhances the safety aspects of a nuclear fuel and reduces the related

safety systems of modern LWR’s, as well as benefiting gas-cooled reactors.

SUMMARY
[0008] The present disclosure provides a new fabrication method for compacting
microencapsulated fuel including TRISO fuel into spherical fuel compacts (pebbles)
for nuclear reactor application. The process by which the pebbles are manufactured
utilizes a direct current sintering (DCS) technique producing desired matrix
‘microstructure and properties at a minimum of combined time, temperature and
pressure over historic pebble fabrication routes. Desirable compacted matrix
microstructure and microencapsulation integrity have been demonstrated for historic
graphitic matrix to provide improved economics of fuel production. Similarly, by
~ utilizing this process the first robust and impermeable SiC matrix pebble fuel is
realized providing both process-economic benefit and enhanced fuel safety.
[0009] One method that achieves production of a pebble fuel includes: coating fuel
particles with ceramic powder; placing the coated fuel particles in a first die; and
applying a first current and a first pressure to the first die so as to form a fuel pebble

by direct current sintering.
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[0010] In an embodiment, according to the above method, the method further
includes removing the fuel pebble from the first die and placing the fuel pebble within
a bed of non-fueled matrix ceramic in a second die; and applying a second current and
a second pressure to the second die so as to form a composite fuel pebble.

[0011] In an embodiment according to the above method, the fuel particles are
tristructural-isotropic fuel particles (TRISO).

[0012] In an embodiment according to any of the above methods, the ceramic powder
comprises graphite or silicon carbide. The composition of the non-fueled matrix
ceramic can be the same as the ceramic powder. The composition of the non-fueled
matrix ceramic can include the same constituents as the ceramic powder, but in
ditferent amounts. The composition of the non-fueled matrix ceramic can include the
same primary constituent as the ceramic powder, such as graphite or silicon carbide,
but have different additional constituents. The composition of the non-fueled matrix
ceramic can also include a completely different constituents from that of the ceramic
powder.

[0013] In an embodiment according to the above methods, the ceramic powder, the
non-fueled matrix ceramic, or both includes graphite. In further embodiments, the
non-fueled matrix ceramic, the ceramic powder, or both further includes phenolic or
other resin binder.

[0014] In an embodiment according to any of the above methods, the ceramic
powder, the non-fueled matrix ceramic, or both includes silicon carbide. In further
embodiments, the non-fueled matrix ceramic, the ceramic powder, or both further
includes a rare-earth oxide neutronic poison selected from the group consisting of
Gd20s, Er203, Dy20s, and Eu203, and combinations thereof. In yet further

embodiments, the non-fueled matrix ceramic, the ceramic powder, or both further
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includes sintering additives selected from the group consisting of Al203 and Y203 and
combinations thereof. In yet further embodiments, the combination of the rare earth
oxide neutronic poison and any additional sintering additives is in an amount up to 10
weight percent, 0.5 to 10 weight percent, 1 to 10 weight percent, 1 to 6 weight
percent, or 2 to 6 weight percent of the total weight of the non-fueled matrix ceramic,
the ceramic powder, or each of the non-fueled matrix ceramic and the ceramic
powder.

[0015] In an embodiment according to any of the above methods, the method further
includes adding additional non-fueled matrix ceramic above the fuel pebble in the
second die.

[0016] In an embodiment accérding to any of the above methods, the step of coating
the fuel particles includes over-coating through rotary evaporator or fluidized bed.
[0017] In an embodiment according to any of the above methods, the method further
includes machining the fuel pebble or the composite fuel pebble to smooth an outer
surface of the fuel pebble or the composite fuel pebble.

[0018] In an embodiment according to any of the above methods, the method further
includes inspecting the fuel core after remox;al from the first die and before placing in
the second die.

[0019] In an embodiment according to any of the above methods, the first pressure,
the second pressure, or each of the first and second pressures is less than 30 MPa, or,
in certain embodiments, less than 20 MPa, or, in more certain embodiments, about
10MPa.

[0020] In an embodiment according to any of the above methods, the nuclear fuel
pebble includes near stoichiometric SiC. In certain embodiments, the ceramic

powder, the non-fueled matrix ceramic, or both has a low porosity, for example, less
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than 4%, less than 3%, or less than 1%. In such embodiments, the ceramic powder,
the non-fueled matrix ceramic, or both forms a gas-impermeable barrier that acts as a
secondary barrier to fission products/actinides diffusion and other radioactivity
releases from the fuel particles. [n cgrtain embodiments, the ceramic powder, the
non-fueled matrix ceramic, or both has low permeability to helium, for example less
than 10°'® m?%s, or less than 10"1! m%/s.

[0021] In an embodiment according to any of the above methods, the ceramic
powder, the non-fueled matrix ceramic, or both includes SiC having an average size
of less than 1 um, or, in certain embodiments, 15 nm to 60 nm, or, in more certain
embodiments, 20 nm to 50 nm, or, in yet more certain embodiments, about 35 nm.
[0022] In an embodiment according to any of the above methods, the ceramic
powder, the non-fueled matrix ceramic, or both includes SiC having a specific surface
area greater than 20 m?/g.

[0023] A nuclear fuel pebble obtained from methods similar to those described above
includes: an inner fuel pebble including fuel particles microencapsulated within a
fully ceramic matrix; and a non-fueled matrix ceramic surrounding the inner fuel
pebble.

[0024] In an embodiment according to any of the above nuclear fuel pebbles, the
nuclear fuel pebble includes near stoichiometric SiC forming the ceramic matrix, the
non-fueled matrix ceramic, or both. In certain embodiments, the ceramic matrix, the
non-fueled matrix ceramic, or both has a low porosity, for example, less than 4%, less
than 3%, or less than 1%. In such embodiments, the ceramic matrix, the non-fueled
matrix ceramic, or both forms a gas-impermeable barrier that acts as a secondary
barrier to fission products/actinides diffusion and other radioactivity releases from the

fuel particles. In certain embodiments, the ceramic matrix, the non-fueled matrix
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ceramic, or both has low permeability to helium, for example less than 1071 m%/s, or
less than 10" m%/s.

[0025] In an embodiment according to any of the above nuclear fuel pebbles, the
ceramic matrix, the non-fueled matrix ceramic, or both includes SiC having an
average size of less than 1 um, or, in certain embodiments, 15 nm to 60 nm, or, in
more certain embodiments, 20 nm to 50 nm, or, in yet more certain embodiments,
about 35 nm.

[0026] In an embodiment according to any of the above nuclear fuel pebbles, the
ceramic matrix, the non-fueled matrix ceramic, or both includes SiC having a specific
surface area greater than 20 m?%/g.

[0027] In an embodiment according to any of the above nuclear fuel pebbles, the fuel
particles are tristructural — isotropic fuel particles (TRISO).

[0028] In an embodiment according to any of the above nuclear fuel pebbles, the
ceramic matrix includes graphite or silicon carbide. The composition of the non-
fueled matrix ceramic can be the same as the ceramic matrix. The composition of the
non-fueled matrix ceramic can include the same constituents as the ceramic matrix,
but in different amounts. The composition of the non-fueled matrix ceramic can
include the same primary constituent as the ceramic matrix, such as graphite or silicon
carbide, but have different addftional constituents. The composition of the non-fueled
matrix ceramic can also include completely different constituents from that of the
ceramic matrix.

[0029] In an embodiment according to the above nuclear fuel pebbles, the ceramic
matrix, the non-fueled matrix ceramic, or both includes graphite. In further
embodiments, the non-fueled matrix ceramic, the ceramic matrix, or both further

includes phenolic or other resin binder.
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[0030] In an embodiment according to any of the above nuclear fuel pebbles, the
ceramic matrix, the non-fueled matrix ceramic, or both includes silicon carbide. In
further embodiments, the non-fueled matrix ceramic, the ceramic matrix, or both
further includes a rare-earth oxide neutronic poison selected from the group consisting
of Gd»03, Er:03, Dy203, and EwyOs, and combinations thereof. In yet further
embodiments, the non-fueled matrix ceramic, the ceramic matrix, or both further
includes sintering additives selected from the group consisting of A2O3 and Y203 and
combinations thereof. In yet further embodiments, the combination of the rare earth
oxide neutronic poison and any additional sintering additives is in an amount up to 10
weight percent, 0.5 to 10 weight percent, 1 to 10 weight percent, 1 to 6 weight
percent, or 2 to 6 weight percent of the total weight of the non-fueled matrix ceramic,
the ceramic matrix, or each of the non-fueled matrix ceramic and the ceramic matrix.
[0031] In an embodiment according to any of the above nuclear fuel pebbles, the non-
fueled matrix ceramic, the ceramic matrix, or both include pockets including only rare
earth oxide neutronic poisons and tramp elements. In another embodiment according
to any of the above nuclear fuel pebbles, the pockets include only rare earth oxide
neutronic poisons, additional sintering additives, and tramp elements, wherein the
additional sintering additives can include the same materials discussed above for
additional sintering additives.

[0032] In an embodiment according to any of the above nuclear fuel pebbles or any of
the above methods, the nuclear fuel pebble further includes a second non-fueled
matrix ceramic layer. The second non-fueled matrix ceramic may include any of the
materials discussed above for the non-fueled matrix ceramic. The second non-fueled
matrix ceramic may have the same composition as the non-fueled matrix ceramic or

the ceramic matrix. The second non-fueled matrix ceramic may have a different
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composition from both the non-fueled matrix ceramic and the ceramic matrix. The
difference in composition may be in only the amounts of the constituents, only some
of the constituents, or in all of the constituents.

[0033] In an embodiment according to any of the above nuclear fuel pebbles or any of
the above methods, the fuel particles include transuranic elements extracted from a
spent fuel of a light water reactor.

[0034] In an embodiment according to any of the above nuclear fuel pebbles or any of
the above methods, the fuel particles include transuranic elements extracted from a

nuclear weapon.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] Embodiments of the invention will now be described by way of example with
reference to the accompanying drawings, of which:

[0036] FIG. 1 is a schematic diagram illustrating steps of a process of forming nuclear
fuel pebbles according to an embodiment of the invention;

[0037] FIG. 2 is a schematic diagram illustrating steps of a process of forming nuclear
fuel pebbles according to another embodiment of the invention;
-[0038] FIG. 3 is a schematic diagram illustrating steps of a process of forming nuclear
fuel pebbles according to yet another embodiment of the invention; and

[0039] Fig. 4 is a schematic diagram illustrating steps of a process of forming nuclear
fuel pebbles according to yet another embodiment of the invention.

[0040] Fig. 5 is a schematic diagram illustrating steps of a process of forming nuclear

fuel pebbles according to vet another embodiment of the invention.
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DETAILED DESCRIPTION OF PARTICULAR EMBODIMENTS

[0041] The following detailed description can be read in connection with the
accompanying drawings in which like numerals designate like elements.

[0042] Fig. 1 is a schematic diagram illustrating steps of the formation and processing
of nuclear fuel pebbles in accordance with methods described above. In Fig. 1, a
plurality of micro-encapsulated fuel particles 10 is added to a coating station 30. The
coating station 30 may be a rotary evaporator or fluidized bed. Each of the plurality
of micro-encapsulated fuel particles 10 may be tristructural-isotropic (TRISO) fuel
particles. The term “TRISO fuel particle,” as used herein, refers to any type of micro
fuel particle comprising a fuel kernel and one or more layers of isotropic materials
surrounding the fuel kernel. By way of example only, the fuel particle 10 may have a
diameter of about 1 millimeter.

[0043] In the embodiment shown in Fig. 1, the fuel particle 10 includes a fuel kernel
11 at its center. The fuel kernel may comprise fissile and/or fertile materials (e.g.,
uranium, plutonium, thorium, etc.) in an oxide, carbide, or oxycarbide form. In a
particular embodiment, the fuel kernel 11 includes low enriched uranium (LEU) of
any suitable enrichment level.

[0044] When the fuel element is used for waste mitigation and/or disposal purposes,
the fuel kernel 11 may alternatively or additionally include transuranics (TRU) and/or
fission products extracted or otherwise reprocessed from spent fuels.

[0045] For example, the fuel element may be used for destruction of transuranic
waste generated from, for example, light water reactors or decommissioned nuclear
weapons. For that purpose, the fuel element may include fuel kernels 11 formed of
transuranic elements extracted from a spent fuel of a light water reactor and/or a core

of a nuclear weapon. According to a particular embodiment, a fuel element formed in

10
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accordance with the described methods may be used as fuel for a light water reactor to
destroy the transuranic waste while, at the same time, generating power from it.
[0046] The fuel particle 10 illustrated in Fig. 1 also includes four distinct layers
coated over the fuel kernel 11, namely (1) a porous carbon buffer layer 15; (2) an
inner pyrolytic carbon (PyC) layer 14; (3) a ceramic layer 13; and (4) an outer PyC
layer 12.

[0047] The porous carbon buffer layer 15 surrounds the fuel kernel 11 and serves as a
reservoir for accommodating buildup of fission gases diffusing out of the fuel kernel
11 and any mechanical deformation that the fuel kernel 11 may undergo during the
fuel cycle.

[0048] The inner PyC layer 14 may be formed of relatively dense PyC and seals the
carbon buffer layer 15.

[0049] The ceramic layer 13 may be formed of a SiC material and serves as a primary
fission product barrier and a pressure vessel for the fuel kernel 11, retaining gaseous
and metallic fission products therein. The ceramic layer 13 also provides overall
structural integrity of the fuel particle 10.

[0050] In some embodiments, the SiC in the ceramic layer 13 may be replaced or
supplemented with zirconium carbide (ZrC) or any other suitable material having
similar properties as those of SiC and/or ZrC.

[0051] The outer PyC layer 12 protects the ceramic layer 13 from chemical attack
during operation and acts as an additional diffusion boundary to the fission products.
The outer PyC layer 12 may also serve as a substrate for bonding to a surrounding
ceramic matrix.

[0052] The configuration and/or composition of the fuel particle 10 are not limited to

the embodiments described above. Instead, it should be understood that a fuel particle

11
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consistent with the present disclosure may include one or more additional layers, or
omit one or more layers, depending on the desired properties of the fuel particle.
{0053} In Fig. 1, the fuel particles 10 are overcoated in step 3 in coating station 30 by
a ceramic matrb‘( powder formed in a matrix constituent mixing station 20. The
ceramic matrix powder can include graphite or silicon carbide (SiC).

[0054] In particular embodiments, the ceramic matrix powder includes SiC powder
mixed in step 2 with rare earth oxide neutronic poisons alone or in combination with
additional sintering additives. Prior to the mixing, the fuel particles 10 may be coated
with a suitable surface protection material. The SiC powder may have an average size
of less than 1 um and/or a specific surface area greater than 20 m%g. By way of
example, the size of the SiC powder may range from about 15 nm to about 51 nm
with the mean particle size being about 35 nm.

[0055] The rare earth oxide neutronic poisons are selected based on a combination of
the effectiveness of the element in capturing thermal neutrons, as well as, its
compatibility with, and ability to aid in, the fabrication process. Examples of suitable
rare-earths include EuyOs, Gdy03, Dy20s, and Er20s.

[0056] In addition to the rare earth oxide neutronic poisons, additional sintering
additives may be added. Acceptable additional sintering additives include, for
example, alumina and other rare earth oxides, such as Y20s. The additional sintering
additives may be added individually or in combination, to the SiC powder and/or
coated onto the SiC powder surface. In certain embodiments, the total amount of rare
earth oxide neutronic poisons and sintering additives is up to 10 weight %, or, in more
certain embodiments, from 0.5 to 10 weight %, from 1 to 10 weight %, from 1 to 6

weight %, or from 2 to 6 weight % of the total weight of the ceramic matrix powder.

12
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[0057] In certain embodiments, the ceramic matrix powder includes graphite. In such
embodiments, the ceramic matrix powder can also include a mixture of natural and
artificial powders along with up to 20 weight % phenolic or other resin binder of the
total weight of the ceramic matrix powder. The resin chosen may be a thermosetting
resin.

[0058] The amount of ceramic materials over-coated onto the microencapsulation is
calculated dependent on reactor neutron considerations and the known final density of
the ceramic that acts as moderator, and possibly poison. In certain embodiments, the
amount of ceramic materials results in a TRISO volume fraction of 20 to 45%, 25 to
42%, or 30 to 35%.

[0059] Further in Fig. 1, the over-coated fuel is transferred into a first direct current
sintering (DCS) press 40 in step 4. Within press 40, the over-coated fuel is subjected
to a first current and first pressure, with the passage of first current through first DCS
press 40 creating a particular temperature, to form a fuel pebble 25 in step 5.

[0060] In embodiments in which the ceramic matrix powder includes silicon carbide,
the first current and first pressure are controlled to obtain a fuel pebble 25 with 3.22
g/cc envelope density (near theoretical). In certain embodiments, the first current is in
an amount to create a temperature from 1650 to 1900°C, 1700 to 1850°C, or 1800 to
1850°C. In certain embodiments, the first pressure is less than 30 MPa, or, in certain
embodiments, less than 20 MPa; or, in more certain embodiments, about 10MPa.
[0061] In embodiments in which the ceramic matrix powder includes graphite, the
first current is in an amount to create a temperature from 700 to 1900°C. The first
pressure applied during step 5 is dependent on the final volume fraction of fuel and is

variable dependent on the temperature history.
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[0062] Further in Fig. 1, once spherical fuel pebble 25 is formed, it is inspected and
then transferred into second DCS press 60, which is larger than first die 40, in step 6.
Prior to placing fuel pebble 25 in second DCS press 60, ceramic matrix powder from
matrix constituent mixing station 20 is added to second DCS press 60 in an amount
such that fuel pebble 25 can be placed in the center of a bed of the ceramic matrix
powder. Additional ceramic matrix powder can be added above fuel pebble 25 before
pressing in second DCS press 60.

[0063] Step 7 of pressing a fuel pebble in the second DCS press 60 to form a
composite fuel pebble 35 includes subjecting the fuel pebble to a second current and
second pressure, with the passage of second current through second DCS press 60
creating a particular temperature, to form composite fuel pebble 35.

[0064] Further in Fig. 1, once removed from second DCS press 60, composite fuel
pebble 35 undergoes machining to smooth the surface of composite fuel pebble 35.
Such machining can include a lathe.

[0065] Fig. 2 is a schematic diagram illustrating steps of the formation and processing
of nuclear fuel pebbles in accordance with methods described above. The method
illustrated in Fig. 2 includes the same steps and stations as the method in Fig. 1,
except there are two matrix constituent mixing stations. Specifically, Fig. 2 includes
matrix constituent mixing station 20 where the matrix is mixed that forms the ceramic
matrix powder to be overcoated onto fuel particles 10 in the coating station 30. Fig. 2
also includes a second matrix constituent mixing station 21 where the matrix is mixed
that forms the non-fueled matrix ceramic that is added to second DCS press 60 prior
to placing fuel pebble 25 therein. Second matrix constituent mixing station 21 is also

the source for the additional ceramic matrix powder that can be added above fuel

pebble 25 before pressing in second DCS press 60.
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[0066]) By using both matrix constituent mixing station 20 and second matrix
constituent mixing station 21, the ceramic matrix powder overcoated onto fuel
particles 10 and the non-fueled matrix ceramic surrounding fuel pebble 25 can be
formed of different compositions. The compositions can be merely different amounts
of the same constituents, the compositions can contain some different constituents, or
the compositions can contain all different constituents.

[0067] Examples of different compositions for the ceramic matrix powder and non-
fueled matrix ceramic include: (1) a graphite matrix forming the ceramic matrix
powder and a different graphite matrix forming the non-fueled matrix ceramic; (2) a
graphite matrix forming the ceramic matrix powder and a SiC matrix forming the
non-fueled matrix ceramic; (3) a SiC matrix forming the ceramic matrix powder and a
different SiC matrix forming the non-fueled matrix ceramic; and (4) a SiC matrix
forming the ceramic matrix powder and a graphite matrix forming the non-fueled
matrix ceramic. In particular embodiments, a SiC matrix forms the ceramic matrix
powder and a graphite matrix forms the non-fueled matrix ceramic.

[0068] Fig. 3 is a schematic diagram illustrating steps of the formation and processing
of nuclear fuel pebbles in accordance with methods described above. The method
illustrated in Fig. 3 includes the same steps and stations as the method in Fig. 2,
except there is also a third DCS press 80 that is used in steps 6B and 7B to form an
additional layer of non-fueled matrix ceramic onto the composite fuel pebble 35.
Specifically, Fig. 3 includes matrix constituent mixing station 20 connected to both
the coating station 30 and second DCS die press 60 in the same manner as Fig. 1 so as
to provide the ceramic matrix powder for forming fuel pebble 25 and the non-fueled

matrix ceramic of composite fuel pebble 35.
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[0069] Fig. 3 also includes second matrix constituent mixing station 21 connected to
third DCS die press 80. Similar to steps 6 and 7 in Figs. 1 and 2, steps 8 and 9 in Fig.
3 includes, prior to placing composite fuel pebble 35 in third DCS press 80, non-
fueled matrix ceramic from second matrix constituent mixing station 21 is added to
third DCS press 80 in an amount such that composite fuel pebble 35 can be placed in
the center of a bed of the non-fueled matrix ceramic. Additional ceramic matrix
powder can be added above composite fuel pebble 35 before pressing in third DCS
press 80. In the embodiment in Fig. 3, a lesser amount of non-fueled matric ceramic
from second matrix constituent mixing station 21 is added to third DCS press 80 than
the amount of ceramic matrix powder from matrix constituent mixing station 20
added to second DCS press 60 so that the additional layer surrounding composite‘ fuel
pebble 35 is thinner than the layer surrounding fuel pebble 25.

[0070] In a certain embodiment, double shell fuel pebble 45 includes composite fuel
pebble 35, including an fuel pebble 25 including graphite matrix surrounded by a
thick graphite matrix, surrounded by a thin $iC matrix.

[0071] Matrix constituent mixing station 20 and second matrix constituent mixing
station 21 can include the same differences in compositions of matrix as described
with respect to those mixing stations in Fig. 2. Also, contrary to how it is illustrated
in Fig. 3, matrix constituent mixing station 20 could be connected to only second DCS
press 60 and matrix constituent mixing station 21 could be connected to both coating
station 30 and third DCS press 80 such that the matrix of fuel pebble 25 and the outer
layer surrounding composite fuel pebble 35 can be made of the same composition.
[0072] Step 9 of pressing a fuel pebble in third DCS press 80 to form double shell

fuel pebble 45 includes subjecting the fuel pebble to a third current and third pressure,
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with the passage of third current through third DCS press 80 creating a particular
temperature, to form double shell fuel pebble 45.

[0073] In certain embodiments, the fuel pebble 25 has a diameter between 40 and 60
mm, or about S0 mm. In particular embodiments, the total diameter of the composite
pebble 35 or double shell fuel pebble 45 is between 50 and 70 mm, or about 60 mm.
In certain embodiments, the thickness of the outer region or inner shell of the
composite pebble 35 or double shell fuel pebble 45 is between 2 and 10 mm, or about
5 mm. In more certain embodiments, the thickness of the outer shell of double shell
fuel pebble 45 is between 100 and 200 microns, or about 150 microns. A particular
embodiment includes a double shell fuel pebble 45 having a graphite inner shell
having a thickness between 5 and 10 mm and an SiC outer shell having a thickness
between 100 and 200 microns.

[0074] Fig. 4 is a schematic diagram illustrating steps of the formation and processing
of nuclear fuel pebbles in accordance with methods described above. The method
illustrated in Fig. 4 includes the same steps and stations as the method in Fig. 3,
except there are three matrix constituent mixing stations. Specifically, Fig. 4 includes
matrix constituent mixing station 20 where the matrix is mixed that forms the ceramic
matrix powder to be overcoated onto fuel particles 10 in coating station 30. Fig. 4
also includes second matrix constituent mixing station 21 where the matrix is mixed
that forms the non-fueled matrix ceramic that is added to second DCS press 60 prior
to placing fuel pebble 25 therein. Second matrix constituent mixing station 21 is also
the source for the additional ceramic matrix powder that can be added above fuel
pebble 25 before pressing in second DCS press 60. Fig. 4 also includes third matrix
constituent mixing station 22 where the matrix is mixed that forms the non-fueled

matrix ceramic that is added to third DCS press 80 prior to placing composite fuel
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pebble 35 therein. Third matrix constituent mixing station 22 is also the source for
the additional ceramic matrix powder that can be added above composite fuel pebble
35 before pressing in third DCS press 80.

[0075] By using the combination of matrix constituent mixing station 20, second
matrix constituent mixing station 21, and third matrix constituent mixing station 22,
the ceramic matrix powder overcoated onto fuel particles 10, the non-fueled matrix
ceramic surrounding fuel pebble 25, and the non-fueled matrix ceramic surrounding
composite fuel pebble 35 can be formed of different compositions. The compositions
can be merely different amounts of the same constituents, the cc;mpositions can
contain some different constituents, or the compositions can contain all different
constituents.

[0076] Examples of different compositions for the ceramic matrix powder and non-
fueled matrix ceramic include: (1) a graphite matrix forming the ceramic matrix
powder and two different graphite matrices forming the non-fueled matrix ceramic
layers; (2) a graphite matrix forming the ceramic matrix powder and two different SiC
matrices forming the non-fueled matrix ceramic layers; (3) a SiC matrix forming the
ceramic matrix powder and two different SiC matrices forming the non-fueled matrix
ceramic layers; and (4) a SiC matrix forming the ceramic matrix powder and two
different graphite matrices forming the non-fueled matrix ceramic layers.

[0077] Fig. 5 is a schematic diagram illustrating steps of the formation and processing
of nuclear fuel pebbles in accordance with methods described above. The method
illustrated in Fig. 5 includes the same steps and stations as the method in Fig. 1,
except no additional layers are added to the fuel pebble 25. Instead, the nuclear fuel
pebble is formed in the same manner as fuel pebble 25 in the embodiments illustrated

and described with respect to Fig. 1, namely steps 2-5. Once removed from first DCS
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press 40, composite fuel pebble 25 undergoes machining to smooth the surface of
composite fuel pebble 25. Such machining can include a lathe.

[0078] Although illustrated in separate figures, any features illustrated and described
within one figure or embodiment could be substituted or added to any of the other
embodiments described above.

[0079] Although described in connection with preferred embodiments thereof, it will
be appreciated by those skilled in the art that additions, deletions, modifications, and
substitutions not specifically described may be made without departure from the

scope of the invention as defined in the appended claims.
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CLAIMS
What is claimed is:
1) A method comprising:
coating fuel particles with ceramic powder;
placing the coated fuel particles in a first die; and
applying a first current and a first pressure to the first die so as to form a fuel

pebble by direct current sintering.

2) The method according to claim 1, further comprising:
removing the fuel pebble from the first die and placing the fuel pebble within a
bed of non-fueled matrix ceramic in a second die; and
applying a second current and a second pressure to the second die so as to

form a composite fuel pebble.

3) The method according to claim 1 or 2, wherein the fuel particles are

tristructural-isotropic fuel particles (TRISO).

4) The method according to any one of claims 1-3, wherein the ceramic powder

comprises graphite or silicon carbide.

5) The method according to claim 2, wherein the non-fueled matrix ceramic

comprises graphite.

6) The method according to claim 5, wherein the non-fueled matrix ceramic

further comprises phenolic or other resin binder.
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7) The method according to claim 2, wherein the non-fueled matrix ceramic

comprises silicon carbide.

8) The method according to claim 7, wherein the non-fueled matrix ceramic
and/or the ceramic powder further comprises a rare-earth oxide neutronic poison of

Gd»0s, Er03, Dy>03, Ew0s, or combinations thereof.

9) The method according to claim 7 or 8, wherein the non-fueled matrix ceramic
and/or the ceramic powder further comprises sintering additives of Al2Os3, Y20; or

combinations thereof.

10) The method according to claim 9, wherein the combination of the rare earth
oxide neutronic poison and any additional sintering additives is in an amount up to 10
weight percent of the total weight of the non-fueled matrix ceramic, the ceramic

powder, or each of the non-fueled matrix ceramic and the ceramic powder.

11) The method according to any one of claims 2-10, wherein the ceramic powder

and the non-fueled matrix ceramic include the same primary constituents.

12) The method according to any one of claims 2-11, further comprising adding

additional non-fueled matrix ceramic above the fuel pebble in the second die.

13) The method according to any one of claims 1-12, wherein the step of coating

the fuel particles includes over-coating by rotary evaporator or fluidized bed.
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14) The method according to any one of claims 1-13, further comprising
machining the fuel pebble or the composite fuel pebble to smooth an outer surface of

the fuel pebble or the composite fuel pebble.

15) The method according to claim 2, wherein the first pressure, the second

pressure, or each of the first pressure and the second pressure is less than 30 MPa.

16) The method according to claim 2, wherein the ceramic powder, the non-fueled
matrix ceramic, or each of the ceramic powder and the non-fueled matrix ceramic

includes silicon carbide having an average size of less than 1 pm.

17) A nuclear fuel pebble comprising:
an inner fuel pebble including fuel particles microencapsulated within a fully
ceramic matrix; and

a non-fueled matrix ceramic surrounding the inner fuel pebble.

18) The nuclear fuel pebble according to claim 17, wherein the fuel particles are

tristructural-isotropic fuel particles (TRISO).

19) The nuclear fuel pebble according to claim 17 or 18, wherein the fully ceramic

matrix comprises graphite or silicon carbide.

20) The nuclear fuel pebble according to any one of claims 17-19, wherein the

non-fueled matrix ceramic comprises graphite.
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21) The nuclear fuel pebble according to claim 20, wherein the non-fucled matrix

ceramic further comprises phenolic or other resin binder.

22) The nuclear fuel pebble according to any one of claims 17-19, wherein the

non-fueled matrix ceramic comprises silicon carbide.

23) The nuclear fuel pebble according to claim 22, wherein the silicon carbide in
the non-fueled matrix ceramic and/or the fully ceramic matrix is near stoichiometric

silicon carbide.

24) The nuclear fuel pebble according to claim 22 or 23, wherein the silicon
carbide in the non-fueled matrix ceramic and/or the fully ceramic matrix has a

porosity of less than 4%.

25) The nuclear fuel pebble according to any one of claims 22-24, wherein the
silicon carbide in the non-fueled matrix ceramic and/or the fully ceramic matrix has

permeability to helium of less than 10710 m%/s.

26) The nuclear fuel pebble according to any one of claims 22-25, wherein the
non-fueled matrix ceramic and/or the fully ceramic matrix further comprises a rare-

earth oxide neutronic poison of Gd20s, Er203, Dy203, Euz203, or combinations thereof.
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27) The nuclear fuel pebble according to any one of claims 22-26, wherein the
non-fueled matrix ceramic and/or the fully ceramic matrix further comprises sintering

additives of Al,Os3 Y203, or combinations thereof.

28) The nuclear fuel pebble according to claim 27, wherein the combination of the
rare earth oxide neutronic poison and any additional sintering additives is in an
amount up to 10 weight percent of the total weight of the non-fueled matrix ceramic,
the fully ceramic matrix, or each of the non-fueled matrix ceramic and the fully

ceramic matrix.

29) The nuclear fuel pebble according to any one of claims 17-28, wherein the
fully ceramic matrix and the non-fueled matrix ceramic include the same primary

constituents.
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