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(57) Abstract: A composite moderator medium for nuclear re-
actor systems and a method of fabricating a composite modera-
tor block formed of the composite moderator medium The com-
posite moderator medium includes two or more moderators, such
as a low moderating material and a high moderating material.
The high moderating material has a higher neutron slowing down
power compared to the low moderating material. The low mod-
erating material includes a moderating matrix of silicon carbide
or magnesium oxide. The high moderating material is dispersed
within the moderating matrix and includes beryllium, boron, or a
compound thereof. The high moderating material is encapsulated
within the low moderating material such that the high moderating
material is not exposed outside of the low moderating material.
The method caninclude selecting a sintering aid and a weight per-
cent of the sintering aid in a composite moderator mixture based
on the low moderating material and spark plasma sintering.
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COMPOSITE MODERATOR FOR
NUCLEAR REACTOR SYSTEMS
Cross-Reference to Related Applications
{0001} This application claims priority to WS, Provisional Patent Application No.
62/619,925, filed on January 22, 2018, titled “Composite Moderators for Nuclear Power
Svystems”; and U.5. Utllity Patent Application No. 16/254,018, filed on January 22, 2019,
titlad "Composite Moderator for Nuclear Reactor Systems,” the entire disclosures of which
are incorporated by reference herein.
Technical Field
o602} The present subject matter relates to examples of nuclear systems and
nuclear reactor systems, which include a composite moderator. The present subject
matter also encompasses a method for fabricating the composite moderator.
Background

{0003} Nuclear fission reactors include thermal or fast type reactors. Currently,
almuost all operating reactors are thermal and thus require & moderator to slow down
fast neutrons so that nuclear fission ¢an continue. Materials used for moderation need
to have a very specific set of properties. First, a moderator cannot absorb nsutrons
itsalf, Conventionally, this means that the moderator should have a low neutron
absorption cross~section. However, the moderator should be able to slow down
neutrons to an acceptable speed. Thus, in an ideal moderator the neutron scattering
cross-section is high. This neutron scattering is a measure of how likely a neutron will
interact with an atom of the moderator. If the collisions between neutrons and nuclet
are elastic collisions, it implies that the closer in size the nucleus of an atom is v a
neutron, the more the neutran will be slowed. For this reasan, lighter elements tend to
be more efficient moderators.
fOoon4] Commonty utilized moderators, such as light water {H:Q), heavy water
{20, and graphite {C} have a low neutron absorption cross-section but a
comparatively large neutron scattering cross-section. Neutron scattering cross-sections
{o=) for light water, heavy water, and graphite are: 49, 10.6, and 4.7 barns,
respectively. MNeutron absorption cross-sections (o) for light water, heavy water, and
graphite are: 0.68, 0.0013, and 8.0035 barms, respectively. The moderators vary in
terms of thelr moderating abiiities, as well as in their costs.
{00057 Currently, operating thermal nuclear reactors ulilize a single moderator
material that is monolithic as a neutron moderator. The monolithic moderator material
is typically dug sut of the ground., To determine the best-suited monolithic moderator
material for a nuclear reactor core, engineers analyze whether the neutron properties
of the monclithic moderator material are suitable for a nuclear reactor, last for a
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relatively fong time, and then perform an optimization. Graphite is one type of nautron
moderator that is commoniy ulilized in nuclear reactors. Graphite is a crystalline form
of the slement carbon with atoms arranged in a8 hexagona!l structure that is naturally
occurring. Graphite is the most stable form of carbon under standard conditions.
{0006} However, a single monalithic moderating material has limitations, one of
which is moderator lifetime that is the physical limitation of the crystals of the
monolithic moderating material as the single monolithic moderating material undergoes
nuclear radiation inside a nuclear reactor core. Moreover, & high moderating material,
such as graphite, is unstable under nuclear radiation, which causes the high
maoderating material to eventually deteriorate structurally before the nuclear fuel
reaches the fuel lifetime Hmit.
{0007] Nuclear graphite was initially developed as a moderator for the Chicago
Pile nuclear reactor {i.e., the world’s first nuclear reactor} and is the first and arguably
most studied nuclear material, Taday, 8 number of gas-cooled systems {e.g., prismatic
or pebble-bed) and salt-cooled systems assume very large graphite nuclear reactor
core loadings. While there has been continual refinement in meathods (o process
graphite as a single moderating material, providing both higher purity and better -
more tsotropic forms of graphite - a hard moderator lifetime limit remains for graphite.
Essentially, the physics of irradiation-induced anisotropic ¢rystal swelling leads to gross
dimensional change of the graphite moderator material, microcracking, and loss of
integrity of the graphite moderator material,
{0008} Typical high-temperature gas-cooied reactors {HTGR) of approximately
200 megawatll slectrical {(MWe) have an associated graphite loading of approximately
600 tons. Newly anticipated salt-cooled systems will have similarly large graphite
waste streams. Unfortunately, contaminated graphite poses serious waste issues for
these nuclear reactor systems as evidenced by the approximately 256,000 tons of
graphite waste disposed of to date. While the level of contamination is dependent on
the nuclear reactor system, nuclear fuel, and nudear fuel quality, carbon-14 (3%C) and
*T contamination are unavoidable. This nuclear waste issue is compounded by the fact
that the graphite moderator lifetime for high-power (high neutron influence) systems
mandate in-service change-out of significant volumes of the nudear reactor core.
Summary
{0009} The various examples disclosed herein relate to composite moderator
technologies for nuclear reactor systems, including nudlear reactor cores including a
composite moderator and a methad for fabricating the composite moderator. Several
benefits are achigved with the compasite moderator over individual moderator
materials, such as graphite, water, and molten salt (e.g., FLIBE which combines lithium
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fluoride and beryllium fluoride). First, the composite moderator reduces nuclear waste
compared to the individual moderator materials by serving for the fuel lifelime of the
nuclear fuel without requiring change out from the nuclear reactor core. Second, the
composite moderator is dimensionally irradiation stable {i.e., undergoes lass structural
deteriagration}. Third, the composite moderator improves safety characteristics by
sliminating the current graphite oxidation issue.
[0010] In a first example, a nuclear reactor system includes a nuclear reactor
core. The nuclear reactor core includes an array of fuel elements and a composite
moderator medium formed of two or more moderators, The two or more moderators
include a low muoderating material and a high moderating material, The high
moderating material has a higher neutron slowing down power compared to the fow
moderating material.
{0011} In 8 second example, 8 method includes selecting two or more
maderators including a low moderating material and a high moderating material to
form a compaosite moderator medium. The method further includes selecting a
sintering aid and a weight percent {w/w %) of the sintering aid in a composite
moderator mixture based on the low moderating material, The method further includes
mixing the two or more moderators with the selected sintering aid at the selected
weight percent (w/w %) to create the composite moderator mixture. The method
further includes spark plasma sintering the composite moderator mixture to fabricate a
composite moderator block formed of the composite moderator medium.
{0012} Additional objects, advantages and novel features of the examples will be
set forth in part in the description which follows, and in part will become apparant {o
those skilled iy the art upon examination of the following and the accompanying
drawings or may be learned by production or operation of the examples. The objects
and advantages of the present subject matter may be realized and attained by means
of the methodologies, instrumentalities and combinations particularly pointed cut in the
appended claims.

Brief Description of the Drawings
[0013] The drawing figures depict one or more implementations in accordance
with the present concepts, by way of example only, not by way of imitations, In the
figures, like reference numerals refer to the same or similar elements.
{0014} FIG. 1 is an dlustration of a nuclear reactor system that depicts a
nuclear reactor core, control rods, and other components of the assembly,
[0015] FIG. 2A is an ilustration of fuel particies and a fuel compact of nuclear
fuel utitized in the nuclear reactor core of FIG. 1.
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{0016} FIG. 2B is an #lustration of a fuel composite moderator block of the
nuclear reactor core of FIG. 1, which includes the nuclear fuel of FIG. 2A and is formed
of a composite moderator medium.

[0617] FIG. 2C is a cross-sectional view. of the nuclear reactor corg and
companents, including an array of fuel elements and reflector composite moderator
blacks formed of the composite moderator medium.

[0018] FIG. 3 is an enlarged plane view of a portion of the fuel composite
moderator block of FIG. 2B depicting the nuclear fuel enclosed by the compaosite
moderator medium.

[o419] FIG. 4 is a graph #lustrating dimensional change of a graphite moderator
material over time while in a nudear reactor core.

{0020] FIG. 5 is a table depicting properties, including neutron slowing down
power, of a graphite moderator material compared with two types of low moderating
materials of the composite moderator medium and gight types of high moderating
materials of the composite moderator medium,

[og21} FIG. 6 is a graph flustrating reactivity over time of the nudear reactor
core that includes the graphite moderator material of FIG. 5§ compared with seven
different types of composite moderate maedia.

[oo22] FIG. 7 is a flowchart of a method that ¢an be implemented to fabricate a
composite moderator block of the composite moderator medium.

[0023] FIG. 84 is a processing photograph of the method of FIG. 7 in which
spark plasma sintering {SPS) is utilized to fabricate the composite moderator block,
fo024] FIG. 8B is a graph Hllustraling a processing temperature and prassure
{die displacement} over time during sparking plasma sintering of the method of FIG. 7.
(0025} FIG. 8C is a micron level photograph of the composite moderator
rmedium showing the low moderating material encapsulating the high moderating
material.

Parts Listing

104 Nuciear Reactor System

101 Nuctear Reactor Core

102A-N Fuel Elements

103 Composite Moderator Medium
104 Low Moderating Material

105 High Moderating Material

110 Containment Structure
115A~-N Cantrol Rods

128 Steam Generator
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5
125 Steam Line
130 Steam Turbine
135 Generator
140 Electricity
145 Condenser
150 Spray
155 Waler Vapor
160 Cooting Tower
200 Nuciear Fuel
201A-N Nuclear Fuel Rods
205 Fuet Compact
206A-N Fuel Particles
207 Silicon Carbide Matrix
208 Graphite Matrix
220 Composite Moderator Block
225 Fuel Composite Moderator Block
226A-N Fuet Openings
227A-B Coolant Passages
228 Coolant
230 Reflector Region
235A-N Reflector Compaosite Moderator Blocks
240 Inner Reflector Region
245A-N Inner Reflector Composite Moderator Blocks
250 Outer Reflector Region
255A-N Quter Reflector Compaosite Modetator Blocks
260 Barrel
265 Permanent Quter Reflector
270A~N Operating Control Rods
275A-N Start-Up Control Rods
280A-N Reserve Shutdown Channels

Detailed Description

(00267 In the foliowing detailed description, numerpus specific details are sat

farth by way of examples in order to provide a thorough understanding of the relevant
teachings. However, it should be apparent 1o those skilled in the art that the present
teachings may be practiced without such detalis. In other instances, well known
methods, procedures, components, and/or circullry have been described at a relatively
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high-lavel, without detail, in order to avoid unnecessarily abscuring aspects of the
present teachings.

foazyl To deal with nuclear radiation, a composite moderator medium {&.49.,
solid material}y is engineered that includes several moderating materials that change in
a direction that collectively last a longer duration than a single moderator material.

The composite moderator medium enables nuclear reactor cores to have an extended
lifetime withoul swap out of the moderator material and to be more compact compared
to graphite moderator material, for example. In addition, the composite moderator
medium can be deployed in various nuclear reactor system implementations, such as a
terrestrial land reactor for electricity generation or a high temperature nuclear thermal
prapulsion (NTP) system {e.g., compact space nuclear reactor).

{0028] Referance now is made in detall to the examples lustrated in the
accompanying drawings and discussad below.

{0029} FIG. 1 is an illustration of a nuclear reactor system 100 that depicts a
nuclear reactor core 101, control rods 115A-N, and other components of the assembly,
In the example, the nuclear reactor system 180 inciudes 3 nudlear reactor 101 in which
a controlled nuctear chain reactions occurs, and energy IS released. In this example,
the nuclear reactor system 100 is a nuclear power plant in a terrestrial land application.
However, nuctear reactors and the composite moderator technologies can utilized in a
space environment, such as in a nuclear thermal propuision {(NTP} system. In such an
NTP system, a generated thrust propels a vehicle that houses, is formed integrally with,
connects, or attaches to the nuclear reactor core 101, such as a rocket, drons,
unmanned air vehicle {UAV), aircraft, spacecrafl, missile, etc. In addition, the NTP
system can be used in the propulsion of submarines or ships.

{0030} Nuclear reactor core 101 includes an array of fuel elements 1024A-N and
a composite moderator medium 103, The nuciear reactor core 101 is a nuclear fission
reactor core that includes nuclear fuel to generate megawatts or more of thermal
power (MWL), A plurality of circumferential control rods 115A-N may surround the
array of fuel elements 102A-N to change reactivity of the nuclear reactor core 101 by
rotating the control rods 115A-N, Containment structure 110 houses the nuclear
reactor core 101, control rods 1154-N, and a steam generator 120. Control rods 1154-
N may be positionad in an area of the reflector regions 240, 250 {see FIG, 2C} of the
nuclear reactor core 101 to regulate the neutvon population and reactor power level
during operation by changing reactivity of the nuclear reactor core 101,

{0031} Control rods 115A-N are composed of chemical elements such as boron,
sitver, indium, and cadmium that are capable of absorbing many neutrons without
themselves fissioning, Nuclear reactor core 101 creates thermal energy, which is
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released as heat, Other components of the nuclear reactor system 100 convert the
thermal energy into a useful form of energy, such as electricity 140. In the example,
the nuclear reactor core 101 provides thermal energy to the steam generator 120,
which extracts thermal energy into steam Hine 125, which turns a steam turbine 130,
Steam turbine 130 drives the generator 135, which then converts the thermal energy
into electricity 140. Subsequently, the thermal expansion cycle repeats.

[0032] In the example nuclear reactor system 100, a condenser 145 produces a
coolant, such as a high-pressure liquid or gas, for feeding the nuciear reactor core 181
and cooling the components of the nuclear reactor system 100. For example, during
the expansion cycle, the propallant stored in a cogling tower 160 can be drawn through
the nuclear reactor core 101 to cool the nudear reactor core 101, Heat from the
coolant may be extracted into a cooling tower 160 as spray 150 and released as water
vapor 155 from the cooling tower 160, Of note, some of the ¢oolant may be returned,
for example, bled from the nuclear reactor core 101 via a bypass to turn the steam
turbine 130, In some examples, the nuclear reactor system 100 can be used in a
maolten salt loop application.

[0033] The neutron chain reaction iy the nuclear reactor ¢core 101 s critical - a
single neutron from each fission nucleus rasults in fission of ancther nucleus ~ the
chain reaction must be controlied. The composite moderator medium 103 is formed of
two or more moderators, which effectively regulates the criticality and provides an
extended moderator lifetime that can maich the nudear fuel lifetime. The two or more
moderators include a low moderating material 104 and a high moderating materiat 105.
The high moderating material 105 has a higher neutron slowing down power compared
to the low moderating material 104, which can correlate to the neutron absorption
cross-section and the neutron scattering cross-section. The composite moderator
rmedium 103 in the nuclear reactor core 181 slows down the fast neutrons (produced
by splitting atoms in fisslie compounds like uranium-235), to make them mare effective
in the nuclear fission chain reaction. This slowing or moderation of the neutrons allows
the neutrons to be more easily absorbed by fissile nucie, creating mors fission sevents.
The two or more moderators can be adapted to a very specific set of properties
depending on the implementation epvironment of the nuclear reactor core 101 (e.g.,
glectricity generation or NTP).

[0034] As will be further explained in FIGS. 5-6, the low moderating material
104 includes a moderating matrix of siticon carbide (SICY 104A or magnesium oxide
{MgQ) 1048, The high moderating material 105 is dispersed within the maderating
matrbx and includes beryitium (Be) 105H, boron (B), or a compound thereof. More
specifically, the high moderating material 105 includes at least one of beryilium boride
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{Be:B 105A, BesB 1058, BeBy, or BeBs), bervllium carbide {Be:C 105C), zirconium
beryilide (ZrBess 105D}, titanium bervilide (TiBes: 105E), beryilium oxide (BeQ 145F),
or boron carbide (**BsC 105G). The high moderating material 105 is encapsulated
within the low moderating material 184 such that the high moderating material 105 is
not exposed cutside of the low moderating material 104,

[0035] FIG. 2A is an iHlustration of fuel parficles 206A-N and a fusl compact 205
{e.qg., fuel pellet) of nudlear fuel 200 ulilized in the nuclear reactor core 101 of FIG. 1.
in one example, the nudlear fuel 200 includes a fuel compact 205 comprised of
tristructural-isotropic {TRISO) fuel particles 206A-N embedded inside a silicon carbide
matrix 207, In another example, the nuclear fusl 200 includes tristructural-isotropic
{TRISO) fuel particles 206A-N embedded inside a graphite matrix 208 to create fuel
pellets. TRISO fuel particles 206A-N include a fuel kernel composed of UC or uranium
oxycarbide (UCQ) in the center, coated with one or more lavers surrounding one or
more isotropic materials. As shown in FIG. 24, TRISO fuel particles 2064A-N include
four layers of three isotropic materials. In that example, the four lavers are: (1) a
porous buffer layer made of carbon, followed by (2) a dense inner layer of pyrolytic
carbon (PyC), followed by (3) a ceramic layer of SiC to retain fission products at
glevated temperatures and to give the TRISQO particle a strong structural integrity,
followed by (4) a dense outer layer of PyC,

[0036] TRISO fuel particles 206A-N are designed not to crack duse to the
stresses or fission gas pressure at temperatures bevond 1,6800°C, and therefore can
contain the fuel in the worst of accident scenarios. TRISC fuel particles 206A-N were
designed for use in high-temperature gas-cooled reactors (HTGR) like the example
cross-section of the nuclear reactor core 101 shown in FIG, 2C, to be operating at
temperatures much higher than the temperatures of LWRs, The fusl compacts 205 can
be loaded into fuel pins or rods, cladded, and stacked inside the numerous columns of
fuel elements 1024-N, Of the possible matrix 207, 208 materials for the TRISO fuel
particles 206A-N, silicon carbide (SiC) offers good irradiation behavior, and fabrication.
SiC has excellent oxidation resistance due to rapid formation of a dense, adherent
silicon dioxide (5102} surface scale on exposure to air at elevated temperature, which
prevents further oxidation.

{0037} The use of coated fuel particles 2064A-N makes it more difficult to achieve
high heavy metal density in the nuclear fugi 200, since the net heavy metal density
within a fuel particle 206 falls rapidly with increasing coating thickness, This fact
requires that the coating thickness o kernel diameter ratio be kept as small as possible
while maintaining utility as a fission product barrigr. It is, however, clear that the use
of dispersion fuels in LWRs will demand higher enrichment and a lower power density.
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The maost likely fissile particle types for composite nuclear fuels are uraniumy plutonium
carbides (UC or Pul) and uranium/plutonium nitrides {(UN or PulN) due to the
combination of high melting temperature and high actinide density. Uranium silicides
could provide an even higher density of fissile uranium, but may be unstable under the
axpected fabrication and operation conditions. QOther types of fuel particles 206A-N can
be utilized including QUADRISO fuel, which includes one or more burnable neutron
poisans surrounding the fuel kernel or TRISO particles, such as erbium oxide, 10 better
manage excess reactivity, as well CarMet fuel {e.g., ceramic fuel particles 206A-~N, such
as uranium oxide}, embedded in a metal matrix), &lc.

[0438] In some exampies of nudlear fuel 200, uranium dioxide (U0:) powder is
compacted to create a cylindrical shaped fuel compact 205 and sintered at high
temperatures to produce ceramic nuclear fued pellets with a high density and well
defined physical properties and chemical composition. A grinding process is used o
achigve a uniform cvlindrical geometry with narrow tolerances.

{0039] FIG. 2B is an #lustration of a fuel composite moderator block 225 of the
nuclear reactor core 101 of FIG. 1, which includes the nuclear fuel 200 of FIG. 2A and
is formed of a composite moderator medium 103, Each of the fuel elaments 1024-N
{as shown in FIG. 2C) includes a camposite moderator block 220 formad of the
composite moderator medium 103 and nuclear fuel 200, The fuel composite moderator
block 225 includes fuel openings 226A-N. The nuclear fuel 200 is disposed inside the
fuel openings 226A-N, such that the nuciear fuel 200 is enclosed by the composite
moaderatar medium 103, The fuel composite moderator block 225 further includes
coolant passages 227A-B to flow a coolant 228, such as a gas or liquid.

{0040] Many such fuel compacts 205 {as shown in FIG. 2A) are stacked and
filled into the depicted nuciear fuel rods 2014-N {&.9., sealed tubes). Cladding is an
auter layer of the nudiear fuel rods 201A-N that prevents radicactive fission fragments
from escaping from the nuciear fusl 200 into the coolant 228 and contaminating the
coolant 228. The metal used for the dadding of the nudlear fuel rods 201A-N depends
on the design of the nuclear reactor core 101, but can include stainlass stesl,
magnesium with aluminum, or a Zivconium alloy which, in addition to being highly
corrosian-resistant, has low neutron absorption. The finished nudear fuel rods 201A-N
are grouped into fuel assembiies that are used to build up the nuclear reactor core 101,
as described in FIG. 2C.

{0041} FiG. 2C is a cross-sectional view of the nuclear reactor core 101 and
components, including an array of fuel elements 1024-N and various reflector
compaosite moderator blocks 245A-N, 255A-N, formed of the composite moderator
medium 103, Typically, the nuclear reactor core 101 includes at least one reflector
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region 230 (shown as inner reflector region 240 and outer reflector region 250} that
includes reflector composite moderator blocks 235A-N formed of the composite
moderator medium 103, In the example arrangement of FIG. 2C, nuclear reactor core
101 includes an inner reflector region 240 and an outer reflector region 250, The inner
reflector region 240 includes inner reflector composite moderator blocks 245A-N. The
outer reflector region 250 includes outer reflector composite moderator blocks 2554-N.
The inner reflector composite moderator blocks 245A-N and the cuter reflector
composite moderator blocks 255A-N are formed of the composite moderator medium
103. The array of fusl elements 102A-N, which forms a haxagonal shaped fuel block
region, surrounds the inner reflector region 240, The outer reflector region 250
surrounds the array of fuel elements 102A-N. Hence, the fuel glements 102A-N are
interspersed between the inner reflector region 240 and the outer reflector region 250.
[0042] In FIG, 2C, the nuclear reactor core 101 is a prismatic high-tempearature
gas nuclear reactor core 101, OF course, the composite moderator technalogias can be
gtitized within any nuclear reactor core 101 that is not gas based. In the example gas
nuclear reactor core 101, the composite moderator block 220 is a block of composite
moderator medium 103, which is a solid material formed of both the low moderating
material 104 and the high moderating material 105, Composite moderator block 220
may be prismatic shaped {2.9., hexagonally shaped) and include various openings
{holes) drilled in, such as a coolant passages 227A-B to flow the coolant 228 and fuel
gpenings 226A-N to put the nuclear fuel 200 inside. Many nuclear fuel rods 2014-N of
the nuciear fuel 200 are dropped into each composite moderator block 220 to create
each fuel composite moderator block 225 {e.g., a fuel bundle). The fuel composite
modarator blocks 225A-N {e.qg., fuel bundles) are then loaded in the nuclear reactor
cora 101,

{00431 Many composite moderator blocks 220 are fueled, which are shown as
fuel composite moderator blocks 225A-N. The majority of the composite moderator
blocks 220 are not fueled (i.e., no nuclear fuel 200 is present}, and thus do not include
fuel apenings 226A-N. These reflector composite moderatar blocks 235A-N {shown as
the inner reflector composite moderator blocks 245A-N and outer reflector composite
moderator blocks 255A-N) include coolant passages 2274-B to flow the coolant 228,
{0044} The array of fuel elements 102A-N includes hundreds of hexagonal
shaped fuel composite moderator blocks 225A-N, of which there are 102 fuel columns
in the exampie, where sach fuel column is ten (10) fuel composite moderator blocks
225A-1 high. The cross~section of the nuclear reactor core 101 is approximately six
meters wide and gach composite maderator block 220 is approximately 30 om wide. In
the middie of the crass-section of the nudlear reactor core 101 are the inner reflector



L

16

—
L

P2
LH

WO 2019/164617 PCT/US2019/014606
11

composite moderator blocks 245A-N, which includes many columns of inner reflaector
composite moderator blocks 245A stacked ten per column, On the outside of the
cross-section of the nuclear reactor core 101 are the outer reflector composite
moaderator blocks 255A-N, which includes many columns of outer reflector composite
moderator blocks 255A-N stacked ten per column, Typically the control rods 11548~N,
columns of fuel composite moderator blocks 225A-N, inner reflector composite
moderator blocks 245A-N, and ocuter reflector composite moderator blocks 255A-N are
the same length; however, it should be understood that the lengths can differ
depeanding on the implementation.

o645} Control rods 115A-N as shown in FIG. 1 include both operating control
rods 270A-N and start-up control rods 275A-N, which are inserted through the tap of
the nuclear reactor core 101 and pass through a subset of the composite moderator
blocks 220, Thirty-six {36) operating control rods 270A-N pass through a subseat of the
guter reflector composite moderator blocks 255%A-N. Twelve {12} start-up control rods
275A-N pass through a subset of fuel composite moderator blocks 225A-N. The control
rods 270A~-N, 275A-N absorb neutrons. Barrel 260, such as a metal core support
formed of steel, surrounds the bundled collection of array of fuel elements 102A-N,
inner reflector region 240, and outer reflector region 250 of the nuclear reactor core
101 on the periphery of the nuclear reactor corg 101, A permanent cuter reflector 265,
which can be formed of the composite moderator medium 103, is disposad betweean the
puter reflector region 250 and the barrel 260. The permanent cuter reflactor 265
includes partially hexagonally shaped filler elements which surround the perimeter of
the outer reflector region 250 that make up the nuclear reactor core 101, Eighteen
{18) reserve shutdown channels 280A-N are positioned in area within the array of fugl
elements 102A-N.

{Oo46] Generally, the composite moderator Blocks 220A~N utilized in the fuel
composite moderator blocks 225A-N, inner reflector composite modearator blocks 245A-
N, and outer reflector composite moderator blocks 255A-N are all formed of the same
composite maderator medium 103, have the same profile shape {e.g., helical), and
have coolant passages 227A-B to flow the coolant 228. However, the composite
moderator block 220 for the inner reflector composite moderator blocks 245A-N and
outer reflector composite moderator blocks 255A-N does not include drifled-in fuel
openings 226A-N. Thus, from one-hundred feet away, the nuclear reactor core 101
appears to have many large hexagonal composite moderator biocks 225A~N that ook
nearly identical, but the fuel block region {e.g., central hexagonal shaped part of the
niuciear reactor core 101) that contains the array of fuel elements 1024-N happens to
include nuclear fuel 200 disposed inside the composite moderator biocks 220A-N,
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[0047] FIG. 3 is an enlarged plane view of a portion of the fuel composite
moderator block 225 of FIG. 2B depicling the nudiear fuel 200 enclosed by the
composite moderator medium 103, Between blocks of fissile material of two nuciear
fuel rods 2014-B, a single control rod 115A strongly absorbs 303 neutrons, The deeper
the control rod 1154 1s inserted in between the fissile material of nuciear fuel rods
201A-8, the more difficult for the neutrons produced from fission 301 to collide,
resulting in a more limited chain reaction, and a decrease in thermal energy
production. As shown, composite moderator medium 103 fills the voids between fuel
rods 201A-B, reducing neutron energy by slowing {moderating 302) the

neutrons. Without the composite moderator medium 103, the neutrons will move too
fast and thus have a very low probability of causing fission 301 of 255U and so these
neutrons will pass by many, many nuclei before being absorbed and inducing fission.
[0048] FIG. 4 is a graph 400 illustrating dimensional change of a graphite
moderator material 505 over time while in a nuclear reactor core 181, In the graph
400, displacement per atom {dpa) 401 is shown on the x axis gver lifetime in the
nuclear reactor core and delta AV/V (%) 402 is dimensional change of the graphite
moderator material 505, Large dimensional changes occur iy nuclear graphite
moderator material 505 due to nsutron irradiation with implied {ifetime in the 10-20
dpa {displacement per atom) range. Typically, high-power high-temperature gas-
cooled reactors {HTGRs) need the nuclear reactor core graphite changed once or twice
during plant lifetime.

{0049} Four different types of graphite moderator materials 505 are plotted in
the graph 400, at both 750° Celsius {T) and 800° Celsius {C). The temperature of the
graphite moderator material 50% within the nudear reactor core is a function of
position, which has great variability. The graphite moderator material 305 can he 75¢°
Celsius {€) at or near the bottom of the nuclear reactor core and 980° Celsius {C) at or
near the top of the nuclear reactor core. Hencs, the graphite moderator material 505%
has a different lifetime depending on the particular position or placement in the nuclear
reactor core.

{0050} A&s shown in the graph 400, while iy the nuclear reactor carg, the
graphite moderater material undergoes a big dimensional change and then falls apad
and that is called “"maoderator lifetime.” While this swelling mechanism is somewhat
compensated by nudlear graphite’s native porosity (essentially all nuclear graphite
materials are approximately 18% porous), the moderator lifetime is associated with the
point at which graphite returns to its original nil-swelling value, or the zero-point for
the two traces inget into the graph of FIG. 4 for a range of the four plotted typeas of
nuclear graphite maderatar materials 505, Thus, the problem with the graphite
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moderator material 505 is a very limited and defined moderator lifetime from radiation
damage during operating time in the nuclear reactor core.

foas1} FIG. 5 is a table 500 depicting properties, including neutron slowing
down power, of a graphite moderator material 505 compared with two types of low
moderating materials 104A-8 of the composite moderator medium 103 and eight types
of high moderating materials 105A-H of the composite moderator medium 103, As can
be seen, the goal is to place (e.qg., encapsuiate)} a high moderating material 105A-H
with poor radiation performance inside a low moderating material 104A-B with good
radiation performance, so the moderator lifetime of the composite moderator medium
103 is significantly extended compared 1o the graphite moderator material 505. &s can
be seen in the table 500, the slowing down power 510 of the bow moderating materials
1044-8 are relatively lower than the high moderating materials 105A-H. Other
comparative properties inciuded in the table 500 are melting temperature (Twea) 515,
density 520, chemical reactivity 525, crystal 530, irradiation performance 535, and
thermal conductivity 540.

foas2y The composite moderator medium 103 has substantially lower
dimensional change without the need for replacement. Composite moderator medium
103 is a material that can last the fuel lifelime of the nuclear reactor core 101, Thisis
achieved by matching the neutron moderation through a two-phase structure while
increasing rradiation stability through the use of a superior moderating matrix material
for the low moderating material 104, such as SiC 1044 or MgQ 1048B.

{0053} The choice of a second high moderating material 105 for an encapsulated
or entrained phase in the moderating matrix phase of the low moderating material 104
is driven by the need to enhance moderation, as understood by inspection of the table
500 of FIG. 8. A simple metric of moderation is the product of average logarithmic
decrement 2 and the probability for that interaction to take place (the macroscopic
Cross section ..), known as slowing down power 510, Accordingly, the camposite
moderator medium 103 includes the high moderating material 1865A-H captured inside
the low moderating material 104A-8 {e.g., @ moderating matlrix to entrain the high
moderating material 105A-H). The low moderating material 104A-B is actually
relatively stable under radiation. The first example low moderating material in the
table is silicon carbide (SIC) 104A, which can be chemical vapor deposition (CVD) SIC,
for axampie,

{on54] The high moderating material 105A-H is put inside the moderating matrix
of the low moderating material 104A-B. The moderator matrix of low moderating
material 1044-B is weakly moderating {silicon carbide or magnesium oxide)}, but the
high moderating material 105A-H has large moderating capabilities. All of the high
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moderating materials 105A-H are better than graphite in slowing down power 510, and
all of the low moderating materials 104A-8 are not as good as graphite moderator
material 505 in slowing down power 510. The goal is that on average the moderating
ability {slowing down power 510) of the low moderating material 104A-B and the high
moderating material 105A-H add together {¢ produce a composite moderator medium
103 that is more stable under radiation and lasts longer inside the nuclear reactor core
101 than the graphite moderator material 505, In some examples of the compasite
moderator medium 103, the moderating matrix of low moderating material 104A-B is
matched up with & high moderating material 105A-H that is a beryllium (Be) or boron
{B) compound.

[0055] To successfully replace the nuclear graphite moderator material 508, the
composite moderation medium 103, has a similar moderating ability and achieves a
longer moderator lifetime than the nuclear graphite moderator material 505.
Compaosite moderator medium 183 may be thought of as two-phase or more structures
{e.g., components), fibrous structures, or alloys. Silicon carbide {SIC) as a low
moderating material 104A has been demonstrated to survive to greater than 100
displacement per atom {(dpa} with a nominal "saturated” volume change, uniike the
graphite moderator material 505 as shown in FIG. 4. An example of such a structure
presented here is a 45% volume fraction high moderating material 105A-H into a SiC
host moderating matrix through spark plasma sintering (SPS) processing as describad
in FIGS. 7 and BA-C. A second host moderating matrix is magnesium oxide {Mg(),
similarly processed. Manufacturing the engineered composite moderator medium 103
by this rapid, sdvanced manufacturing SPS technigue suggests economic fabrication.
Similar fabrication techniques could be hot pressing and sintering.

{0056} FI. 6 is a graph 600 illustrating reactivity over time of the nuclear
reactor core that includes the graphite moderator material 505 of FIG. 5 compared with
seven different types of composite moderate media 1034-G. The graph 600
demonstrates that as a function of time -~ ysars 601 shown on the X axis -~ some of the
composite moderator media 103A-G are better on day one and some are worse, as
measured by reactivity coefficient - Kar 602 shown on the Y axis. Composite
moderator media 103A-G can perform better or worse than graphite 505 depending on
the selection of low moderating materials 104A-8 and high moderating materials 105A-
H. There are two versions of lifetime: (1) fusl lifetime - nuclear fuel 200 degrades and
burns out and the nuclear reactor shuts down; and {2} moderator lifetime ~ the
moderator falls apart and a nuclear regulating authority determines the nuclear reactor
is too dangerous and must be turned off.
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{057} Whan Keg 602 falls below 1, then the initial Isading of nuclear fuel 200
has reached the fuel lifetime. The graph 600 does not show moderator lifetime of
composite moderator media 103A-G, rather the graph 600 shows fual lifetime and that
the composite moderator media 1034-G are just as effective as the graphite moderator
material 505. Graph 600 also shows that moderation can be adjusted {i.e., increased
or decreased} based on the selected composite moderating media 103A-G.

[0058] Although not shown in FIG. 6, the moderator lifetime for all of the
composite moderator media 103A-G is significantly extended over the graphite
moderator material 505, for example, to match the fuel lifetime without replacement.
The problem with the graphite moderator material 505 is the extrame expense of
opening up the nudear reactor core 101 to replace the graphite moderator material,
which can be around $100 million. The composite moderator media 103A-G may be a
greater upfront investment, but will save the expense needed to replace the graphite
maderator material 505 in the nuclear reactor core 181 down the road. Even if more
axpensive on day ong, the composite moderator meadia 103A-G will be less expensive
in the future by nol requiring replacement of moderator elemeants, which graphite
moderator material 505 requires. Typically, all but the low volume permanent outer
reflector 265 {sre FIG. 2C) of a nuclear reactor core with a graphite moderator material
505 is replaced as the graphite moderator material 505 becomes compromised. Such
change out is unavoidable unless the graphite moderator material 505 is replaced with
a higher performance compaosite moderator medium 103.

{0059] Graph 600 presents representative calculations for a representative
reactor type: a 35V% SIiC Matrix Fuel {(FCM® nuclear fuel) in a small modular prismatic
high-temperature gas-cooled reactor (HTGR). In the graph 600, graphite moderator
material 505 is implemented in a graphite moderated nuclear reactor fueled by 9%
aenriched UD: TRISO FOM® nuclear fuel, As shown, due to the larger absorption of
silicon carbide (5iC), some BeSIC types of composite moderator meadia 1034, 103D
implemented in prismatic HTGR nuclear reactor cores may have an unacceptably large
impact on nuclear reactor core life. Meanwhile reducing the moderating matrix fraction
of SiC or increasing the porosity of the composite moderating media 1038-C, or
increasing the TRISO fuel particle enrichment provides comparable lifetime to graphite
maderator material 505 in the prismatic HTGR. Moregver, MgO-based compasite
moderator media 103E-G are sean o have very good neutronic parformance.

{0060} Graph 600 presents the neutronic impact of utllizing composite
moderators in a typical small modular high temperature gas~cooled reactor {HTGR}.
Specifically Ker 602 is a2 measure of the core reactivity, predicted as a function of years
601 and compared with the standard nuclear graphite maoderator materiat 505, A
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number of cases are provided with variables of type of moderating matrix of the low
moderating material 104 (100% dense S5IC, 100% dense Mg0 and 20% porous SiQ)
and variable uranium enrichment of the nuclear fuei 200, In the example of FIG. 6, the
nuctear fusl 200 is comprised of fuel compacts 205 of tristructural-isotropic {TRISQ)
fuel particles 206A-N embedded inside a silicon carbide matrix 207. Also variable is the
volume fraction of the moderating mafrix and beryllium phase. Shown are curves for
overly parasitic moderators, solutions with too much moderation and fertile fuel {(too
much reactivity}, and a suite of options that are comparable to nuciear graphite
moderator material 505,

o061} FIG. 7 is a flowchart of a method that can be implamented to fabricate a
composite moderator block 220 of the composite moderator medium 103, Beginning in
step 700, the method includes selecting two or more moderators including a low
moderating material 184 and a high moderating material 185 to form a composite
maderatar medium 103, This includes selecting powders for the low maderating
material 104 and a high moderating material 105. Generally described, the low
moderating material 104 includes silicon carbide {SiC) 1044 or magnesium oxide (MgO)
1048. The high moderating material 105 includes beryllium (Be 105H), boron (B), or a
compound thereof. More specifically, the high moderating material 105 includes at
least one of bervilium boride (Be:B 1054, BesB 1058, BeB:, or BeBe), beryllium carbide
{BexC 105C), zirconium beryllide (ZrBei» 105D), titanium beryllide {TiBe:: 105k},
beryllium oxide (BeQ 105F}, or boron carbide (3'84C 105G).

{0062} Cantinuing to step 710, the method further indudes selecting a sintering
aid and a weight percent {w/w % or wi %) or weight fraction, of the sintering aid in a
composite moderator mixture based on the low moderating material 104, This includes
selecting one or more appropriate sintering alds and weight percent or fraction
depending on the combination of powders for the fow moderating material 104 and the
high moderating material 185, Sintering aids are sutectic powers, such as oxides {(e.qg.,
yitria and alumina} for siticon carbide, and lithium for magnesium oxide, Mass percent
or mass fraction can be usad instead of weight percent or weight fraction to express a
mixing ratio of the composite moderator mixiure.

[0063] Sintering aids vary depending on, for example, the low moderating
material 104, Sintering alds include various oxides, such as yitria (¥20z) known as
vitrium oxide, or alumina (Al:Cs) known as aluminum oxide; and lithium. In a first
example, in which the low moderating material 104 includes silicon carbide (SiC) 1044,
then the sintering aid includes yttria (Y202} or alumina {ALOs), In this first example,
the selected weight percent (w/w %) of the sintering aid in the composite moderator
mixture is 3 to 10 weight percent {(w/hw %)}, and more preferably 4 to 10 wiw 9%, of
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vitria or alumina. In a second example, in which the low moderating material 104
includes magnesium oxide (MgQ} 1048, then the sintering aid includes lithium. In this
sacaond example, the selected weight parcent (w/w %) of the sintering aid in the
composite moderator mixture is 3 to 10 weight percent (w/w %) of lithium.

{0064} Proceeding to step 720, the method further includes mixing the two or
mare moderators with the selected sintering aid at the selected weight percent {w/w
%) to create the composite moderator mixture, Finishing now in step 738, the method
further includes spark plasma sintering (SF) the composite moderator mixture to
fabricate a composite moderator block 220 formed of the composite moderator medium
103. SPS uses additives {e.g., sintering aids) to suppress sintering temperaturas,
which brings down processing temperature and pressure reguired to carry out a
process run., The sintering aids reduce temperature and time {o carry out the process,
which advantageously minimizes vaporization loss of the high moderating material 105
{2.q., beryilium and boron compaunds) of the composite moderator medium 103,
[0065] The step of sparking plasma sintering the compuosite moderator mixture
includas: pouring the composite moderator mixture in a mandrel; and prassing a die
into the mandral to apply a processing temperature and pressure to the composite
moderator mixture o fabricate the composite moderator block 220 formed of the
composite moderator medium 103, The die is like a piston that applies the processing
temperature and pressure 1o the composite moderator mixture, Processing
temperatures vary depending on, for example, the low moderating material 104.
[0066] Returning to the first exampie, in which the low moderating material 104
inciudes silicon carbide (SiC) 1044 and/or the sintering aid includes yttria {Y.0x) or
alumina {(Al:0s), then the processing temperature is in a range between 1,400° Celsius
{C} to 1,800° Celsius {C). Al the end of the SPS processing of the silicon carbide low
maderating matrix 1044, the vitria or alumina pariiaily vaporizes. Thereforg, the yitria
or alumina may be partially pregsent in the composite moderator bock 220 and may be
detectable in trace amounts after SPS processing in the composite moderator medium
103.

[o067] Returning to the second example, in which the low moderating material
104 includes magnesium oxide (MgQ) 1048 and/or the sintering aid includes lithium,
then the processing temperature is in 3 range between 11,3007 Ceisius {(C) {o 1,600°
Celstus {€). The lithium sintering ald completely vaporizes at the end of the SRS
processing of the magnesium oxide low moderating material 104B. Therefore, the
fithium is not present in the composite moderator block 220 and is not typically
detectable {i.e,, the lithium leaves like a fugitive additive).
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{ooa8] Spark plasma sintering (8P%), also known as field assisted sintering
technique {FAST) or pulsed eleciric current sintering (PECS), is a sintering technique.
The main characteristic of SPS is that the pulsed or unpuised DC or AC current directly
passes through the graphite die, as well as the powder compact, in case of conductive
samples. Joule heating has been found Lo play a dominant role in the densification of
powder compacts, which results in achieving near theoretical density af lower sintering
temperature compared o conventional sintering technigues. The heat generation is
internal, in contrast to the conventional hot pressing, where the heat is provided by
external heating elements. This facilitates a very high heating or cooling rate {up to
1,000 Kelvin per minute), hence the sinfering process is very fast {within a few
minutes}. The general speed of the SPS pracess ensures it has the potential of
densifying powders with nanosize or nanostructura, while avoiding coarsening which
accompanies standard densification routes. SPS is a good method for preparation of
ceramics based on nanoparticles with enhanced magnetic, magnetoslectric,
plezoetectric, thermoelactric, optical, or biomedical properties.

{O0649] FiG. BA is a processing photograph B0O of the method of FIG. 7 in which
spark plasma sintering {SPS) is utiized to fabricate the composite moderator block
220. The SPS processing photograph 800 shows the 8PS procedure looking through a
divect current sintering (DCS) window at spark plasma sintering (SPS) materials to
produce the composite moderator block 226, In this case, a graphite punch {glowing)
within a graphite die containing the powders is shown through the DCS window of FIG.
8A. 5PS is an advanced manufacturing technigue that enables fabrication at 8 much
lower processing temperature to rapidly produce the composite moderator block 220.
The low moderating material 104 powder and high moderating material 105 powder are
mixed up and sintering aids are added. SPS aliows the powders to be heated up
rapidly. In order to encapsulate the high moderating material 105, the low moderating
material 104 is solidified before the high moderating material 105 {e.¢., beryllium
compounds) evaporates during SPS to form the compaosite moderator block 220 of the
composite moderator medium 103,

[0070] Composite moderator mediuny 103 processing can be ¢arried out using
high-vacuum direct-current sintering {(Sinterfand LABOX 3018KF} of relatively pure SiC
powders. Current powders being consolidated to high-density include nano-SiC
powders in the 35-100 nanometer (nm) range and Acheson-derived SiC powders in the
8.2~2 micrometer {pm) range. All materiais are kinstically stable, ensuring thorough,

impurity free dispersion, cold pressed sintered in the spark plasma sintering apparatus.
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{0071} FIG. 8B is a graph 810 Hiustrating a processing temperature 815 and
pressure {die displacement) 820 over time 825 during sparking plasma sintering (5P&)
of the method of FIG. 7. The graph 810 shows the temperature 815, pressure 820
{e.g., die displacement}, and time B25 to do a process run with SPS to fabricate the
composite moderator block 220. The graph 810 provides a relative time-temperature
trace for the SPS procedure, indicating processing temperatures in the 1,500°C rangs
for SiC as the low moderating material 104A. Processing temperatures for the MgQ as
the low moderating material 1048 can be in the range of 1,300-1,600°C. Run of the
mill processing of a low moderating material 104, such as silicon carbide {5i{), would
take several hours for a fumace to attain the needed temperature of well above 2,300°
C to fabricate the composite moderator block 220, With 5PS processing, ten minutes
at a processing temperature from 1,600%-1,800° C enables fabrication of the composite
moderator block 220 of the composite moderator medium 103,

[o072] In order to minimize any hygroscopic tendendcias of the sintering
additives, zirconium or zirconia may be added. Processing temperatures for 5iC as the
low moderating material 104A can be in the range of 1,400-1,8007C with sintering
additives of alumina or yitria added to enhance densification,

{0073]) FIG. 8C is a micron level photograph 830 of a polished cross-section of
the composite moderator medium 103 showing the low moderating material 1044 {SI0)
gncapsulating the high moderating material 105C {Be:C). The micron level photograph
830 is a microscopic view of the composite moderator medium 103 of the composite
moaderatar block 220 that is produced and shows the low moderating material 1044
crystal microstructure near the interface of the high moderating material 185C. The
silicon carbide moderating matrix of the low moderating material 1044 complately
ancapsulates {covers) the porous carbon coating of the beryilium material of the high
moderating material 105C (Be:C}. Since beryllium is toxie, encapsulation around the
beryilium by the non-toxic silicon carbide low moderating material 1044 is
advantageous because exposure o the toxic high moderating material 185C is
eliminated. The porous carbon interlayver is coated on the beryllium of the high
moaderating material 105C and thus is located in betwean silicon carbide low
moderating material 1044, The silicon carbide maderating matrix {SiC) of the low
maderating material 104A is completely densified around high moderating material
105C.

{0074} The micron level photograph 830 of FIG. 8C presents an tmage of a two-
phase SIC matrix composite (moderator second phase volume fraction approximately
35%). As depicted in FIG. 8B, sintering in excess of 1500°C was applied with a held
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time of approximately 10 minutes, achieving a near full-density %iC moderating matrix
density for a relatively smalt (8mm diameter) part.

o075} Various composite moderators have bean disclossd for use in nucigar
reactors, including advanced nuclear fission reactor applications. The compaosite
rmoderator is, for example, a high moderating matarial 105 {e.q., beryllium containing
phase) contained in a low moderating material 104 {e.g., continuum or a radiation-
stable matrix phase of SIC or MgQ). Similar neutronic moderation to nuciear graphite
moderator material 505 can be provided through the use of the high moderating
material 105, while providing a number of safety, economic, and waste reduction
henefits conveyed by the use of the low moderating material 104. Thus, the composite
moderators can replace nuclear graphite moderator material 505 and have superiar
moaderator lifetime and increased safety and waste disposal attributes. Example
fabrication processing includes the use of eutsctic powder during spark plasma
sintering (SPS) of the low moderating material 104 {g.g., radistion-stable matrices of
silicon carbide and magnesium oxide) and the high moderating material 105,

{oare] As described above, a method is disclosed for fabricating a composite
moderator (e.g., compasite moderator block 2203 formed of a composite moderator
medium 103 for a nuclear reactor core 101, The method includes producing a
composite moderator medium 103 (two-phase composite madearator) that includes a
high moderating material 105 {e.qg., second captured phase) within a continuum of a
fow moderating material 104 {e.g., first matrix phase). The low moderating material
104 is either SIC or MgQ. The high moderating material 105 is either a barylliom
containing compound, such as Be2C, Be(, or bervllium metal with a shall of Be2C or
BaQ. The interphase between the low moderating material 104 and the high
moderating material 105 is a porous compliant structure capable of absorbing helium
produced through n-alpha reactions. The compasite moderator medium 103 s a
lifetime component of the nuclear reactor core 101.

[oa77} It will be understood that the terms and expressions used heregin have
the ordinary meaning as is accorded to such terms and expressions with respect to
their corresponding respactive areas of inquiry and study except where specific
meanings have otherwise been set forth herein, Relational terms such as first and
second and the like may be used solely to distinguish one entity or action from another
without necessarily requiring ov implying any actual such relationship or order between

LY oy

such entities or actions. The terms “comprises,” “comprising,” “includes,” including,”
or any other variation thereof, are intended to cover a non-exclusive inclusion, such
that a process, method, article, or apparatus that comprises or includes a list of

elements or steps does not include only those elements or steps but may include other
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alements or steps not exprassly listed or inherent to such process, method, article, or
apparatus. An element preceded by "a” or "an” does not, without further constraints,
preciude the existence of additional identical elements in the process, method, article,
or apparatus that comprises the element.

{0078} Unless otherwise stated, any and all measurements, values, ratings,
positions, magnitudes, sizes, and other specifications that are set forth in this
specification, including in the claims that follow, are approximate, not exact. Such
amounts are intended to have a reasonable range that is consistent with the funclions
to which they relate and with what is customary in the art to which they pertain. For
example, unless expressly stated otherwise, a parameter value or the ke may vary by
as much as % 10% from the stated amount.

{0079] In addition, in the foregoing Detailed Description, it can be seen that
various features are grouped together in various examples for the purpose of
streamiining the disclasure. This method of disclosure is not to be interpreted as
reflacting an interttion that the claimed examples require more features than are
exprassly recited in each claim., Rather, as the following claims reflect, the subject
matter to be protected lies in less than all features of any single disclosed exampie.
Thus the following cdlaims are hereby incorporated into the Detalled Description, with
gach claim standing on its own as a separately claimed subject matter.

[0080] While the foregoing has described what are considered to be the bast
mode and/or other examples, it is understood that various muodifications may be made
thergin and that the subject matter disclosed herein may be implemented in various
forms and examples, and that they may be applied in numerous applications, only
some of which have been described herein. It is intended by the following claims to
claim any and all modifications and variations that fall within the true scape of the
present concepts,
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CLAIMS
What is Claimed Is:
1. A nuclear reactor system comprising:

a nuclear reactor core including:

an array of fuel elements; and

a composite moderator medium formed of two or more moderators;
wherein:

the two or more moderaiors include a low moderating material and a
high moderating material; and

the high moderating material has a higher neulron slowing down power
compared to the low moderating material.

2. The nuclear reactor systemn of claim 1, wherein:

the low moderating material includes a3 moderating matrix of sHlicon
carbide {SIC) or magnesium oxide (MgD); and

the high moderating material is dispersed within the moderating matrix
and includes beryilium {Be}, boron (B}, or a compound thareof,

3. The nuclear reactor system of claim 2, wharein the high moderating
material includes at least one of bervilium boride (Be:B, BesB, Beb,, or BeBs), beryllium
carbide {Be:(C}, zirconium beryllide (ZrBes:s), titanium beryllide (TiBei:z), beryilium oxide
{Be()), or boron carbide {BsC).

4, The nuclear reactor system of claim 2, wherein the high moderating
material is encapsulated within the low moderating material such that the high
muopderating material is not exposed sutside of the low mwoderating material,

5. The nuclear reactor system of claim 4, wherein:

each of the fuel elements includes a fuel composite moderator block formed of
the composite moderator medium and nuclear fuel;

the fuel composite moderator block includes fuel openings; and

the nuclear fusl is disposed inside the fuel openings, such that the nuclear fuel is
encliosed by the composite maderator medium.

6. The nuclear reactor system of cdaim 5, wherein:

the fuel composite moderator block further inddudes a coolant passage to flow a
coolant gas or liquid.

7. The nuclear reactor system of claim 5, wherein:

the nuclear fuel includes a fuel compact comprised of:

tristructural-isotropic {TRISO) fuel particles embedded inside a silicon
carbide matrix; or
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tristructural-isotropic {TRISQ) fuel particles embedded inside a graphite
matrix.

8. The nuclear reactor system of claim 5, wherein the nuclear reactor core
further includes at least one reflector region that includes reflector composite
moderator blocks formed of the composite moderator medium,

9. The nuclear reactor system of claim 5, wherein:

the nuciear reactor core includes an inner reflector region and an outer reflactor
region;

the inner reflector region includes inner reflector composite moderator blocks;

the outer reflector region includes outer reflector composite moderator blocks;
and

the inner reflector composite moderator blocks and the outer reflector
composite moderator blocks are formed of the composite moderator medium.

14, The nuclear reactor systemn of daim 8, wherein:

the array of fusl elements surrounds the inner reflector region; and

the ocuter reflector region surrounds the array of fuel elements.

11. A method comprising:

selecting two or more moderators including a low moderating material and a
high moderating material to form a composite moderator medium;

selecting a sintering aid and a weight percent (w/w %) of the sintering aid in a
composite moderator mixture based on the low moderating material;

mixing the two or more moderators with the selected sintering aid at the
setected weight percent {w/w %) to create the composite moderator mixture; and

spark plasma sintering the composite moderator mixture to fabricate a
composite moderator block formed of the composite moderator medium.

12, The method of claim 11, wherein the sparking plasma sintering the
composite moderator mixture includes:

pouring the composite moderator mixture in a mandrel; and

pressing a die into the mandrel to apply a processing temperature and
pressure to the composite moderator mixture to fabricate the composite
moderator black formed of the caomposite moderator medium,

13, The method of claim 12, whereim,

the low moderating material includes silicon carbide (5iC) or magnesium
oxide (MgQ); and

the high moderating material includes beryliiim {(Be}, boron (B}, or a
compound thereof,
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14, The method of claim 13, wherein the high moderating material includes
at least one of beryllium boride (Be:B, BesB, BeB:, or BeBs), beryilium carbide (Bea(),
zirconium beryilide (ZrBey;), titanium beryllide (TiBey:), beryilium oxide {Be(), or
boron carbide {B+C).

15, The method of claim 13, wherein:

the tow moderating material includes silicon carbide {(5iC); and
the sintering aid includes yitria {Y20:) or alumina {ALOs).

16. The method of claim 15, wherein the selected weight percent {w/w %) of
the sintering aid in the composite moderator mixture is 4 o 10 weight percent {w/w
%) of yttria or alumina.

17.  The method of claim 15, wherein the processing temperature is in a
range between 1,400° Celsius {C) to 1,800° Celsius {C).

18. The method of claim 13, wherein:

the low moderating material includes magnesium oxide {(Mg0); and
the sintering aid includes lithium,

19, The method of claim 18, wherein the selected weight percent {w/w %) of
the sintering aid in the compaosite moderator mixture is 3 to 10 weight percent {w/w
%) of lithium.

28. The method of claim 19, wherein the processing temperature is in a
range between 1,300° Celsius {T) to 1,600° Celsius {C).
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SELECTING TWO OR MORE MOUERATORS INCLUDING A LOW =
MODERATING MATERIAL AND A HIGH MODERATING MATERIAL
TO FORM A COMPOSITE MODERATOR MEDIUM

BT

(A

'

SELECTING A QINTERING AID AND A WEIGHT PERCENT (whe S} | . =
QF THE SINTERING AID IN A COMPOSITE MODERATOR
MIXTURE BASED ON THE LOW MODERATING MATERIAL

'

RUKING THE TWO OR MORE MODERATORS WITH THE SELECTED § . »oe
SINTERING AlD AT THE BELECTED WEIGHT PERTENT {wiw %)

TO CREATE THE COMPOSITE MODERATOR MIXTURE

é

SPARK PLASMA BINTERING THE COMPOSITE MODERATOR | . »eo
MIXTURE TQ FABRICATE A COMPOSITE MODERATOR BLOCK |
FORMED OF THE COMPOSITE MODERATOR MEDIUM
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