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Description
Technical Field

[0001] The present subject matter relates to examples
of nuclear systems and nuclear reactor systems, which
include a composite moderator. The present subject mat-
ter also encompasses a method for fabricating the com-
posite moderator.

Background

[0002] Nuclear fission reactors include thermal or fast
type reactors. Currently, almost all operating reactors are
thermal and thus require a moderator to slow down fast
neutrons so that nuclear fission can continue. Materials
used for moderation need to have a very specific set of
properties. First, a moderator cannot absorb neutrons
itself. 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 mod-
erator the neutron scattering cross-section is high. This
neutron scattering is a measure of how likely a neutron
willinteract with an atom of the moderator. If the collisions
between neutrons and nuclei are elastic collisions, it im-
plies that the closer in size the nucleus of an atom is to
a neutron, the more the neutron will be slowed. For this
reason, lighter elements tend to be more efficient mod-
erators.

[0003] Commonly utilized moderators, such as light
water (H,0), heavy water (D,0), and graphite (C) have
a low neutron absorption cross-section but a compara-
tively large neutron scattering cross-section. Neutron
scattering cross-sections (o) for light water, heavy wa-
ter, and graphite are: 49, 10.6, and 4.7 barns, respec-
tively. Neutron absorption cross-sections (o) for light wa-
ter, heavy water, and graphite are: 0.66, 0.0013, and
0.0035barns, respectively. The moderators vary in terms
of their moderating abilities, as well as in their costs.
[0004] Currently, operating thermal nuclear reactors
utilize a single moderator material that is monolithic as a
neutron moderator. The monolithic moderator material
is typically dug out of the ground. To determine the best-
suited monolithic moderator material for a nuclear reactor
core, engineers analyze whether the neutron properties
of the monolithic moderator material are suitable for a
nuclear reactor, last for a relatively long time, and then
perform an optimization. Graphite is one type of neutron
moderator that is commonly utilized in nuclear reactors.
Graphite is a crystalline form of the element carbon with
atoms arranged in a hexagonal structure that is naturally
occurring. Graphite is the most stable form of carbon un-
der standard conditions.

[0005] However, a single monolithic moderating mate-
rial 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
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material undergoes nuclear radiation inside a nuclear re-
actor core. Moreover, a high moderating material, such
as graphite, is unstable under nuclear radiation, which
causes the high moderating material to eventually dete-
riorate structurally before the nuclear fuel reaches the
fuel lifetime limit.

[0006] 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. Today, a number of gas-
cooled systems (e.g., prismatic or pebble-bed) and salt-
cooled systems assume very large graphite nuclear re-
actor core loadings. While there has been continual re-
finementin methods to process graphite as a single mod-
erating material, providing both higher purity and better
- more isotropic forms of graphite - a hard moderator
lifetime limit remains for graphite. Essentially, the physics
of irradiation-induced anisotropic crystal swelling leads
to gross dimensional change of the graphite moderator
material, microcracking, and loss of integrity of the graph-
ite moderator material.

[0007] Typical high-temperature gas-cooled reactors
(HTGR) of approximately 200 megawatt electrical (MWe)
have an associated graphite loading of approximately
600tons. 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 ap-
proximately 250,000 tons of graphite waste disposed of
to date. While the level of contamination is dependent on
the nuclear reactor system, nuclear fuel, and nuclear fuel
quality, carbon-14 (14C) and 3T contamination are una-
voidable. This nuclear waste issue is compounded by
the fact that the graphite moderator lifetime for high-pow-
er (high neutron influence) systems mandate in-service
change-out of significant volumes of the nuclear reactor
core.

[0008] Documents US 3 278 454 A, US 3 081 247 A
and CA 1336 357 C disclose composite moderator media
for nuclear reactor systems formed of two or more mod-
erators, wherein the two or more moderators include a
low and a high moderating material, the high moderating
material having a higher neutron slowing down power
compared to the low moderating material.

Summary

[0009] The invention is defined in the independent
claims. Further advantageous embodiments are defined
inthe dependent claims. The various examples disclosed
herein relate to composite moderator technologies for
nuclear reactor systems, including nuclear reactor cores
including a composite moderator and a method for fab-
ricating the composite moderator. Several benefits are
achieved with the composite moderator over individual
moderator materials, such as graphite, water, and molten
salt (e.g., FLIBE which combines lithium fluoride and be-
ryllium fluoride). First, the composite moderator reduces
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nuclear waste compared to the individual moderator ma-
terials by serving for the fuel lifetime of the nuclear fuel
without requiring change out from the nuclear reactor
core. Second, the composite moderator is dimensionally
irradiation stable (i.e., undergoes less structural deterio-
ration). Third, the composite moderator improves safety
characteristics by eliminating the current graphite oxida-
tion issue.

[0010] Additional objects, advantages and novel fea-
tures of the examples will be set forth in part in the de-
scription which follows, and in part will become apparent
to those skilled in the art upon examination of the follow-
ing 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
out in the appended claims.

Brief Description of the Drawings

[0011] The drawing figures depict one or more imple-
mentations in accordance with the present concepts, by
way of example only, not by way of limitations. In the
figures, like reference numerals refer to the same or sim-
ilar elements.

FIG. 1 is an illustration of a nuclear reactor system
that depicts a nuclear reactor core, control rods, and
other components of the assembly.

FIG. 2A is an illustration of fuel particles and a fuel
compact of nuclear fuel utilized in the nuclear reactor
core of FIG. 1.

FIG. 2B is an illustration of a fuel composite moder-
ator 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.

FIG. 2C is a cross-sectional view of the nuclear re-
actor core and components, including an array of
fuel elements and reflector composite moderator
blocks formed of the composite moderator medium.
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 composite moder-
ator medium.

FIG. 4 is a graph illustrating dimensional change of
a graphite moderator material over time while in a
nuclear reactor core.

FIG. 5 is a table depicting properties, including neu-
tron slowing down power, of a graphite moderator
material compared with two types of low moderating
materials of the composite moderator medium and
eight types of high moderating materials of the com-
posite moderator medium.

FIG. 6 is a graph illustrating reactivity over time of
the nuclear reactor core that includes the graphite
moderator material of FIG. 5 compared with seven
different types of composite moderate media.
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FIG. 7 is a flowchart of a method that can be imple-
mented to fabricate a composite moderator block of
the composite moderator medium.

FIG. 8A is a processing photograph of the method
of FIG. 7 in which spark plasma sintering (SPS) is
utilized to fabricate the composite moderator block.
FIG. 8B is a graph illustrating a processing temper-
ature and pressure (die displacement) over time dur-
ing sparking plasma sintering of the method of FIG. 7.
FIG. 8C is a micron level photograph of the compos-
ite moderator medium showing the low moderating
material encapsulating the high moderating material.

Parts Listing

[0012]

100 Nuclear Reactor System

101 Nuclear Reactor Core

102A-N  Fuel Elements

103 Composite Moderator Medium
104 Low Moderating Material

105 High Moderating Material

110 Containment Structure
115A-N  Control Rods

120 Steam Generator

125 Steam Line

130 Steam Turbine

135 Generator

140 Electricity

145 Condenser

150 Spray

155 Water Vapor

160 Cooling Tower

200 Nuclear Fuel

201A-N  Nuclear Fuel Rods

205 Fuel Compact

206A-N  Fuel Particles

207 Silicon Carbide Matrix

208 Graphite Matrix

220 Composite Moderator Block
225 Fuel Composite Moderator Block
226A-N  Fuel Openings

227A-B  Coolant Passages

228 Coolant

230 Reflector Region

235A-N  Reflector Composite Moderator Blocks
240 Inner Reflector Region
245A-N  Inner Reflector Composite Moderator Blocks
250 Outer Reflector Region
255A-N  Outer Reflector Composite Moderator Blocks
260 Barrel

265 Permanent Outer Reflector
270A-N  Operating Control Rods
275A-N  Start-Up Control Rods
280A-N  Reserve Shutdown Channels
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Detailed Description

[0013] In the following detailed description, numerous
specific details are set forth by way of examples in order
to provide a thorough understanding of the relevant
teachings. However, it should be apparent to those
skilled in the art that the present teachings may be prac-
ticed without such details. In other instances, well known
methods, procedures, components, and/or circuitry have
been described at a relatively high-level, without detail,
in order to avoid unnecessarily obscuring aspects of the
present teachings.

[0014] To deal with nuclear radiation, a composite
moderator medium (e.g., solid material) 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 ex-
tended lifetime without swap out of the moderator mate-
rial and to be more compact compared to graphite mod-
erator 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 tempera-
ture nuclear thermal propulsion (NTP) system (e.g., com-
pact space nuclear reactor).

[0015] Reference now is made in detail to the exam-
ples illustrated in the accompanying drawings and dis-
cussed below.

[0016] FIG. 1is anillustration of a nuclear reactor sys-
tem 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 100 includes a
nuclear reactor 101 in which a controlled nuclear 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, nuclear reac-
tors and the composite moderator technologies can be
utilized in a space environment, such asin a nuclear ther-
mal propulsion (NTP) system. In such an NTP system,
a generated thrust propels a vehicle that houses, is
formed integrally with, connects, or attaches to the nu-
clear reactor core 101, such as a rocket, drone, un-
manned air vehicle (UAV), aircraft, spacecraft, missile,
etc. In addition, the NTP system can be used in the pro-
pulsion of submarines or ships.

[0017] Nuclear reactor core 101 includes an array of
fuel elements 102A-N and a composite moderator me-
dium 103. The nuclear reactor core 101 is a nuclear fis-
sion reactor core that includes nuclear fuel to generate
megawatts or more of thermal power (MWt). 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 115A-N, and a steam gen-
erator 120. Control rods 115AN may be positioned in an
area of the reflector regions 240, 250 (see FIG. 2C) of
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the nuclear reactor core 101 to regulate the neutron pop-
ulation and reactor power level during operation by
changing reactivity of the nuclear reactor core 101.
[0018] Controlrods 115A-N are composed of chemical
elements such as boron, silver, indium, and cadmium
that are capable of absorbing many neutrons without
themselves fissioning. Nuclear reactor core 101 creates
thermal energy, which is released as heat. Other com-
ponents of the nuclear reactor system 100 convert the
thermal energy into a useful form of energy, such as elec-
tricity 140. In the example, the nuclear reactor core 101
provides thermal energy to the steam generator 120,
which extracts thermal energy into steam line 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.

[0019] In the example nuclear reactor system 100, a
condenser 145 produces a coolant, such as a high-pres-
sure liquid or gas, for feeding the nuclear reactor core
101 and cooling the components of the nuclear reactor
system 100. For example, during the expansion cycle,
the coolant stored in a cooling tower 160 can be drawn
through the nuclear reactor core 101 to cool the nuclear
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 coolant 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 molten salt loop
application.

[0020] The neutron chain reaction in the nuclear reac-
tor core 101 is critical - a single neutron from each fission
nucleus results in fission of another nucleus - the chain
reaction must be controlled. The composite moderator
medium 103 is formed of two or more moderators, which
effectively regulates the criticality and provides an ex-
tended moderator lifetime that can match the nuclear fuel
lifetime. The two or more moderators include a low mod-
erating material 104 and a high moderating material 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 absorp-
tion cross-section and the neutron scattering cross-sec-
tion. The composite moderator medium 103 in the nucle-
ar reactor core 101 slows down the fast neutrons (pro-
duced by splitting atoms in fissile compounds like urani-
um-235), to make them more effective in the nuclear fis-
sion chain reaction. This slowing or moderation of the
neutrons allows the neutrons to be more easily absorbed
by fissile nuclei, creating more fission events. The two or
more moderators can be adapted to a very specific set
of properties depending on the implementation environ-
ment of the nuclear reactor core 101 (e.g., electricity gen-
eration or NTP).

[0021] As will be further explained in FIGS. 5-6, the
low moderating material 104 includes a moderating ma-
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trix of silicon carbide (SiC) 104A or magnesium oxide
(MgO) 104B. The high moderating material 105 is dis-
persed within the moderating matrix and includes beryl-
lium (Be) 105H, boron (B), or a compound thereof. More
specifically, the high moderating material 105 includes
at least one of beryllium boride (Be,B 105A, Be,B 105B,
BeBz, or BeBg), beryllium carbide (Be,C 105C), zirconi-
um beryllide (ZrSeq3 105D), titanium beryllide (TiBe4,
105E), beryllium oxide (BeO 105F), or boron carbide
(1"B4C 105G). The high moderating material 105 is en-
capsulated within the low moderating material 104 such
that the high moderating material 105 is not exposed out-
side of the low moderating material 104.

[0022] FIG. 2A is an illustration of fuel particles 206A-
N and a fuel compact 205 (e.g., fuel pellet) of nuclear
fuel 200 utilized in the nuclear reactor core 101 of FIG.
1. In one example, the nuclear 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 fuel 200 in-
cludes tristructural-isotropic (TRISO) fuel particles 206 A-
N embedded inside a graphite matrix 208 to create fuel
pellets. TRISO fuel particles 206A-N include afuel kernel
composed of UC or uranium oxycarbide (UCO) in the
center, coated with one or more layers surrounding one
or more isotropic materials. As shown in FIG. 2A, TRISO
fuel particles 206A-N include four layers of three isotropic
materials. In that example, the four layers are: (1) a po-
rous buffer layer made of carbon, followed by (2) adense
inner layer of pyrolytic carbon (PyC), followed by (3) a
ceramic layer of SiC to retain fission products at elevated
temperatures and to give the TRISO fuel particle 206A
a strong structural integrity, followed by (4) a dense outer
layer of PyC.

[0023] TRISO fuel particles 206A-N are designed not
to crack due to the stresses or fission gas pressure at
temperatures beyond 1,600°C, and therefore can contain
the fuel in the worst of accident scenarios. TRISO fuel
particles 206A-N were designed for use in high-temper-
ature 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 fuel compacts 205
can be loaded into fuel pins or rods, cladded, and stacked
inside the numerous columns of fuel elements 102A-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 (SiOz) surface scale on expo-
sure to air at elevated temperature, which prevents fur-
ther oxidation.

[0024] The use of coated fuel particles 206A-N makes
it more difficult to achieve high heavy metal density in
the nuclear fuel 200, since the net heavy metal density
within a fuel particle 206 falls rapidly with increasing coat-
ing thickness. This fact requires that the coating thick-
ness to kernel diameter ratio be kept as small as possible
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while maintaining utility as a fission product barrier. It is,
however, clear that the use of dispersion fuels in LWRs
will demand higher enrichment and a lower power den-
sity. The most likely fissile particle types for composite
nuclear fuels are uranium/ plutonium carbides (UC or
PuC) and uranium/plutonium nitrides (UN or PuN) 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 expected fabrication and operation conditions.
Other types of fuel particles 206A-N can be utilized in-
cluding QUADRISO fuel, which includes one or more
burnable neutron poisons surrounding the fuel kernel of
TRISO particles, such as erbium oxide, to better manage
excess reactivity, as well CerMet fuel (e.g., ceramic fuel
particles 206A-N, such as uranium oxide), embedded in
a metal matrix), etc.

[0025] In some examples of nuclear fuel 200, uranium
dioxide (UOz) powder is compacted to create a cylindrical
shaped fuel compact 205 and sintered at high tempera-
tures to produce ceramic nuclear fuel pellets with a high
density and well defined physical properties and chemi-
cal composition. A grinding process is used to achieve a
uniform cylindrical geometry with narrow tolerances.
[0026] FIG. 2B is an illustration 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 elements 102A-N (as shown in FIG. 2C)
includes a fuel composite moderator block 225 formed
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 nuclear
fuel 200 is enclosed by the composite moderator medium
103. The fuel composite moderator block 225 further in-
cludes coolant passages 227A-B to flow a coolant 228,
such as a gas or liquid.

[0027] Many suchfuel compacts 205 (as shownin FIG.
2A) are stacked and filled into the depicted nuclear fuel
rods 201A-N (e.g., sealed tubes). Cladding is an outer
layer of the nuclear fuel rods 201A-N that prevents radi-
oactive fission fragments from escaping from the nuclear
fuel 200 into the coolant 228 and contaminating the cool-
ant 228. The metal used for the cladding of the nuclear
fuel rods 201A-N depends on the design of the nuclear
reactor core 101, but can include stainless steel, mag-
nesium with aluminum, or a zirconium alloy which, in ad-
dition to being highly corrosion-resistant, has low neutron
absorption. The finished nuclear fuel rods 201A-N are
grouped into fuel assemblies that are used to build up
the nuclear reactor core 101, as described in FIG. 2C.
[0028] FIG. 2C is a cross-sectional view of the nuclear
reactor core 101 and components, including an array of
fuel elements 102A-N and various reflector composite
moderator blocks 245A-N, 255A-N, formed of the com-
posite moderator medium 103. Typically, the nuclear re-
actor core 101 includes at least one reflector region 230
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(shown as inner reflector region 240 and outer reflector
region 250) that includes reflector composite moderator
blocks 235A-N formed of the composite moderator me-
dium 103. In the example arrangement of FIG. 2C, nu-
clear 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 255A-N. The
inner reflector composite moderator blocks 245A-N and
the outer reflector composite moderator blocks 255A-N
are formed of the composite moderator medium 103. The
array of fuel elements 102A-N, which forms a hexagonal
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 elements
102A-N are interspersed between the inner reflector re-
gion 240 and the outer reflector region 250.

[0029] In FIG. 2C, the nuclear reactor core 101 is a
prismatic high-temperature gas nuclear reactor core 101.
Of course, the composite moderator technologies can be
utilized 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 com-
posite 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 (e.g., hexagonally
shaped) and include various openings (holes) drilled in,
such as a coolant passages 227A-B to flow the coolant
228 and fuel openings 226A-N to put the nuclear fuel 200
inside. Many nuclear fuel rods 201A-N of the nuclear 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 moderator
blocks 225A-N (e.g., fuel bundles) are then loaded in the
nuclear reactor core 101.

[0030] 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 openings 226A-N.
These reflector composite moderator blocks 235A-N
(shown as the inner reflector composite moderator blocks
245A-N and outer reflector composite moderator blocks
255A-N) include coolant passages 227A-B to flow the
coolant 228.

[0031] The array of fuel elements 102A-N includes
hundreds of hexagonal shaped fuel composite modera-
tor blocks 225A-N, of which there are 102 fuel columns
in the example, where each fuel column is ten (10) fuel
composite moderator blocks 225A-J high. The cross-
section of the nuclear reactor core 101 is approximately
six meters wide and each composite moderator block
220 is approximately 30 cm wide. In the middle of the
cross-section ofthe nuclearreactor core 101 are theinner
reflector composite moderator blocks 245A-N, which in-
cludes many columns of inner reflector composite mod-
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erator blocks 245A stacked ten per column. On the out-
side of the cross-section of the nuclear reactor core 101
are the outer reflector composite moderator blocks 255A-
N, which includes many columns of outer reflector com-
posite moderator blocks 255A-N stacked ten per column.
Typically the control rods 115A-N, columns of fuel com-
posite moderator blocks 225A-N, inner reflector compos-
ite moderator blocks 245A-N, and outer reflector com-
posite moderator blocks 255A-N are the same length;
however, it should be understood that the lengths can
differ depending on the implementation.

[0032] Controlrods 115A-N as shownin FIG. 1 include
both operating control rods 270A-N and start-up control
rods 275A-N, which are inserted through the top of the
nuclear reactor core 101 and pass through a subset of
the composite moderator blocks 220. Thirty-six (36) op-
erating control rods 270A-N pass through a subset of the
outer reflector composite moderator blocks 255A-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. Bar-
rel 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 periph-
ery of the nuclear reactor core 101. A permanent outer
reflector 265, which can be formed of the composite mod-
erator medium 103, is disposed between the outer re-
flector region 250 and the barrel 260. The permanent
outer reflector 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 fuel elements
102A-N.

[0033] Generally, the composite moderator blocks
220A-N utilized in the fuel composite moderator blocks
225A-N, inner reflector composite moderator blocks
245AN, and outer reflector composite moderator blocks
255A-N are all formed of the same composite moderator
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 drilled-in fuel openings 226A-N. Thus,
from one-hundred feet away, the nuclear reactor core
101 appears to have many large hexagonal composite
moderator blocks 220A-N that look nearly identical, but
the fuel block region (e.g., central hexagonal shaped part
of the nuclear reactor core 101) that contains the array
of fuel elements 102A-N happens to include nuclear fuel
200 disposed inside the composite moderator blocks
220A-N.

[0034] FIG. 3is an enlarged plane view of a portion of
the fuel composite moderator block 225 of FIG. 2B de-
picting the nuclear fuel 200 enclosed by the composite
moderator medium 103. Between blocks of fissile mate-
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rial of two nuclear fuel rods 201A-B, a single control rod
115A strongly absorbs 303 neutrons. The deeper the
controlrod 115A is inserted in between the fissile material
of nuclear fuel rods 201A-B, the more difficult for the neu-
trons produced from fission 301 to collide, resulting in a
more limited chain reaction, and a decrease in thermal
energy production. As shown, composite moderator me-
dium 103 fills the voids between fuel rods 201A-B, re-
ducing 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 235U and so these
neutrons will pass by many, many nuclei before being
absorbed and inducing fission.

[0035] FIG. 4 is a graph 400 illustrating dimensional
change of a graphite moderator material 505 over time
while in a nuclear reactor core 101. In the graph 400,
displacement per atom (dpa) 401 is shown on the x axis
over lifetime in the nuclear reactor core and delta AV/V
(%) 402 is dimensional change of the graphite moderator
material 505. Large dimensional changes occur in nucle-
ar graphite moderator material 505 due to neutron irra-
diation with implied lifetime in the 10-20 dpa (displace-
ment per atom) range. Typically, high-power high-tem-
perature gas-cooled reactors (HTGRs) need the nuclear
reactor core graphite changed once or twice during plant
lifetime.

[0036] Four different types of graphite moderator ma-
terials 505 are plotted in the graph 400, at both 750°
Celsius (C)and 900° Celsius (C). The temperature of the
graphite moderator material 505 within the nuclear reac-
tor core is a function of position, which has great varia-
bility. The graphite moderator material 505 can be 750°
Celsius (C) at or near the bottom of the nuclear reactor
core and 900° Celsius (C) at or near the top of the nuclear
reactor core. Hence, the graphite moderator material 505
has a different lifetime depending on the particular posi-
tion or placement in the nuclear reactor core.

[0037] As shown in the graph 400, while in the nuclear
reactor core, the graphite moderator material undergoes
a big dimensional change and then falls apart and that
is called "moderator lifetime." While this swelling mech-
anism is somewhat compensated by nuclear 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 inset into the graph of FIG. 4 for a range of the
four plotted types of nuclear graphite moderator materials
505. Thus, the problem with the graphite moderator ma-
terial 505 is a very limited and defined moderator lifetime
from radiation damage during operating time in the nu-
clear reactor core.

[0038] FIG. 5 is a table 500 depicting properties, in-
cluding neutron slowing down power, of a graphite mod-
erator material 505 compared with two types of low mod-
erating materials 104A-B of the composite moderator
medium 103 and eight types of high moderating materials
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105A-H of the composite moderator medium 103. As can
be seen, the goal is to place (e.g., encapsulate) a high
moderating material 105A-H with poor radiation perform-
ance inside a low moderating material 104A-B with good
radiation performance, so the moderator lifetime of the
composite moderator medium 103 is significantly extend-
ed compared to the graphite moderator material 505. As
can be seen in the table 500, the slowing down power
510 of the low moderating materials 104A-B are relatively
lower than the high moderating materials 105A-H. Other
comparative properties included in the table 500 are melt-
ing temperature (T,ot) 515, density 520, chemical reac-
tivity 525, crystal 530, irradiation performance 535, and
thermal conductivity 540.

[0039] 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 lifetime of the nuclear re-
actor core 101. This is achieved by matching the neutron
moderation through a two-phase structure while increas-
ing irradiation stability through the use of a superior mod-
erating matrix material for the low moderating material
104, such as SiC 104A or MgO 104B.

[0040] The choice of a second high moderating mate-
rial 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. 5. A
simple metric of moderation is the product of average
logarithmic decrement £ and the probability for that in-
teraction to take place (the macroscopic cross section
>[1.), known as slowing down power 510. Accordingly,
the composite moderator medium 103 includes the high
moderating material 105A-H captured inside the low
moderating material 104A-B (e.g., a moderating matrix
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 mate-
rial in the table is silicon carbide (SiC) 104A, which can
be chemical vapor deposition (CVD) SiC, for example.
[0041] The high moderating material 105A-H is putin-
side the moderating matrix of the low moderating material
104A-B. The moderator matrix of low moderating mate-
rial 104A-B is weakly moderating (silicon carbide or mag-
nesium oxide), but the high moderating material 105A-H
has large moderating capabilities. All of the high moder-
ating materials 105A-H are better than graphite in slowing
down power 510, and all of the low moderating materials
104A-B are not as good as graphite moderator material
505 in slowing down power 510. The goal is that on av-
erage the moderating ability (slowing down power 510)
of the low moderating material 104A-B and the high mod-
erating material 105A-H add together to produce a com-
posite 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 composite moderator medium 103, the
moderating matrix of low moderating material 104A-B is
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matched up with a high moderating material 105A-H that
is a beryllium (Be) or boron (B) compound.

[0042] To successfully replace the nuclear graphite
moderator material 505, the composite moderation me-
dium 103, has a similar moderating ability and achieves
a longer moderator lifetime than the nuclear graphite
moderator material 505. Composite moderator medium
103 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 dis-
placement per atom (dpa) with a nominal "saturated" vol-
ume change, unlike the graphite moderator material 505
as shown in FIG. 4. An example of such a structure pre-
sented here is a 45% volume fraction high moderating
material 105A-H into a SiC host moderating matrix
through spark plasma sintering (SPS) processing as de-
scribed in FIGS. 7 and 8A-C. A second host moderating
matrix is magnesium oxide (MgO), similarly processed.
Manufacturing the engineered composite moderator me-
dium 103 by this rapid, advanced manufacturing SPS
technique suggests economic fabrication. Similar fabri-
cation techniques could be hot pressing and sintering.
[0043] FIG. 6 is a graph 600 illustrating reactivity over
time of the nuclear reactor core thatincludes the graphite
moderator material 505 of FIG. 5 compared with seven
different types of composite moderate media 103A-G.
The graph 600 demonstrates that as a function of time -
years 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 -
Kesf 602 shown on the Y axis. Composite moderator me-
dia 103A-G can perform better or worse than graphite
505 depending on the selection of low moderating ma-
terials 104A-B and high moderating materials 105AH.
There are two versions of lifetime: (1) fuel lifetime - nu-
clear fuel 200 degrades and burns out and the nuclear
reactor shuts down; and (2) moderator lifetime - the mod-
erator falls apart and a nuclear regulating authority de-
termines the nuclear reactor is too dangerous and must
be turned off.

[0044] When K602 falls below 1, then the initial load-
ing 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
fuel lifetime and that the composite moderator media
103A-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.

[0045] 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 with-
out replacement. The problem with the graphite moder-
ator material 505 is the extreme expense of opening up
the nuclear reactor core 101 to replace the graphite mod-
erator material, which can be around $100 million. The
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composite moderator media 103A-G may be a greater
upfront investment, but will save the expense needed to
replace the graphite moderator material 505 in the nu-
clear reactor core 101 down the road. Even if more ex-
pensive on day one, the composite moderator media
103A-G will be less expensive in the future by not requir-
ing replacement of moderator elements, which graphite
moderator material 505 requires. Typically, all but the
low volume permanent outer reflector 265 (see FIG. 2C)
of a nuclear reactor core with a graphite moderator ma-
terial 505 is replaced as the graphite moderator material
505 becomes compromised. Such change out is una-
voidable unless the graphite moderator material 505 is
replaced with a higher performance composite modera-
tor medium 103.

[0046] Graph600 presentsrepresentative calculations
for arepresentative reactor type: a 35V% SiC 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% en-
riched UOz TRISO FCM® nuclear fuel. As shown, due
to the larger absorption of silicon carbide (SiC), some
BeSiC types of composite moderator media 103A, 103D
implemented in prismatic HTGR nuclear reactor cores
may have an unacceptably large impact on nuclear re-
actor core life. Meanwhile reducing the moderating matrix
fraction of SiC or increasing the porosity of the composite
moderating media 103B-C, or increasing the TRISO fuel
particle enrichment provides comparable lifetime to
graphite moderator material 505 in the prismatic HTGR.
Moreover, MgO-based composite moderator media
103E-G are seen to have very good neutronic perform-
ance.

[0047] Graph 600 presents the neutronic impact of uti-
lizing composite moderators in a typical small modular
high temperature gas-cooled reactor (HTGR). Specifical-
ly Kt 602 is @ measure of the core reactivity, predicted
as a function of years 601 and compared with the stand-
ard nuclear graphite moderator material 505. A number
of cases are provided with variables of type of moderating
matrix of the low moderating material 104 (100% dense
SiC, 100% dense MgO and 20% porous SiC) and variable
uranium enrichment of the nuclear fuel 200. In the exam-
ple of FIG. 6, the nuclear fuel 200 is comprised of fuel
compacts 205 of tristructural-isotropic (TRISO) fuel par-
ticles 206 A-N embedded inside a silicon carbide matrix
207. Also variable is the volume fraction of the moderat-
ing matrix 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 nuclear graphite
moderator material 505.

[0048] FIG. 7 is a flowchart of a method that can be
implemented 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 104 and
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a high moderating material 105 to form a composite mod-
erator medium 103. This includes selecting powders for
the low moderating material 104 and a high moderating
material 105. Generally described, the low moderating
material 104 includes silicon carbide (SiC) 104A or mag-
nesium oxide (MgQO) 104B. The high moderating material
105 includes beryllium (Be 105H), boron (B), or a com-
pound thereof. More specifically, the high moderating
material 105 includes at least one of beryllium boride
(BezB 105A, Be4B 105B, BeBz, or BeBg), beryllium car-
bide (BezC 105C), zirconium beryllide (ZrSe; 3 105D),
titanium beryllide (TiBe,, 105E), beryllium oxide (BeO
105F), or boron carbide (''B,C 105G).

[0049] Continuing to step 710, the method further in-
cludes selecting a sintering aid and a weight percent (w/w
% or wt %) or weight fraction, of the sintering aid in a
composite moderator mixture based on the low moder-
ating material 104. This includes selecting one or more
appropriate sintering aids and weight percent or fraction
depending on the combination of powders for the low
moderating material 104 and the high moderating mate-
rial 105. Sintering aids are eutectic powers, such as ox-
ides (e.g., yttria and alumina) for silicon carbide, and lith-
ium for magnesium oxide. Mass percent or mass fraction
can be used instead of weight percent or weight fraction
to express a mixing ratio of the composite moderator mix-
ture.

[0050] Sintering aids vary depending on, for example,
the low moderating material 104. Sintering aids include
various oxides, such as yttria (Y,03) known as yttrium
oxide, or alumina (Al,03) known as aluminum oxide; and
lithium. In a first example, in which the low moderating
material 104 includes silicon carbide (SiC) 104A, then
the sintering aid includes yttria (Y,O5) oralumina (Al,O3).
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/w %), and more preferably
4 to 10 w/w %, of yttria or alumina. In a second example,
in which the low moderating material 104 includes mag-
nesium oxide (MgO) 104B, then the sintering aid includes
lithium. In this second example, the selected weight per-
cent (w/w %) of the sintering aid in the composite mod-
erator mixture is 3 to 10 weight percent (w/w %) of lithium.
[0051] Proceeding to step 720, the method further in-
cludes mixing the two or more moderators with the se-
lected sintering aid at the selected weight percent (w/w
%) to create the composite moderator mixture. Finishing
now in step 730, the method further includes spark plas-
ma sintering (SPS) 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 temperatures,
which brings down processing temperature and pressure
required to carry out a process run. The sintering aids
reduce temperature and time to carry out the process,
which advantageously minimizes vaporization loss of the
high moderating material 105 (e.g., beryllium and boron
compounds) of the composite moderator medium 103.
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[0052] The step of sparking plasma sintering the com-
posite moderator mixture includes: pouring the compos-
ite 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 block 220 formed of the com-
posite moderator medium 103. The die is like a piston
that applies the processing temperature and pressure to
the composite moderator mixture. Processing tempera-
tures vary depending on, for example, the low moderating
material 104.

[0053] Returning to the first example, in which the low
moderating material 104 includes silicon carbide (SiC)
104A and/or the sintering aid includes yttria (Y,03) or
alumina (Al,O3), then the processing temperature isin a
range between 1,400° Celsius (C) to 1,800° Celsius (C).
At the end of the SPS processing of the silicon carbide
low moderating matrix 104A, the yttria or alumina partially
vaporizes. Therefore, the yttria or alumina may be par-
tially present in the composite moderator block 220 and
may be detectable in trace amounts after SPS processing
in the composite moderator medium 103.

[0054] Returning to the second example, in which the
low moderating material 104 includes magnesium oxide
(MgQ) 104B and/orthe sintering aid includes lithium, then
the processing temperature is in a range between 1,300°
Celsius (C) to 1,600° Celsius (C). The lithium sintering
aid completely vaporizes at the end of the SPS process-
ing of the magnesium oxide low moderating material
104B. Therefore, the lithium is not present in the com-
posite moderator block 220 and is not typically detectable
(i.e., the lithium leaves like a fugitive additive).

[0055] Spark plasma sintering (SPS), also known as
field assisted sintering technique (FAST) or pulsed elec-
tric current sintering (PECS), is a sintering technique.
The main characteristic of SPS is that the pulsed or un-
pulsed 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 to
play a dominant role in the densification of powder com-
pacts, which results in achieving near theoretical density
at lower sintering temperature compared to conventional
sintering techniques. 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 sintering process is very fast (with-
in a few minutes). The general speed of the SPS process
ensures it has the potential of densifying powders with
nanosize or nanostructure, while avoiding coarsening
which accompanies standard densification routes. SPS
is a good method for preparation of ceramics based on
nanoparticles with enhanced magnetic, magnetoelectric,
piezoelectric, thermoelectric, optical, or biomedical prop-
erties.

[0056] FIG. 8A is a processing photograph 800 of the
method of FIG. 7 in which spark plasma sintering (SPS)
is utilized to fabricate the composite moderator block 220.
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The SPS processing photograph 800 shows the SPS pro-
cedure looking through a direct current sintering (DCS)
window at spark plasma sintering (SPS) materials to pro-
duce the composite moderator block 220. In this case, a
graphite punch (glowing) within a graphite die containing
the powders is shown through the DCS window of FIG.
8A. SPS is an advanced manufacturing technique that
enables fabrication at a much lower processing temper-
ature to rapidly produce the composite moderator block
220. The low moderating material 104 powder and high
moderating material 105 powder are mixed up and sin-
tering aids are added. SPS allows the powders to be
heated up rapidly. In order to encapsulate the high mod-
erating material 105, the low moderating material 104 is
solidified before the high moderating material 105 (e.g.,
beryllium compounds) evaporates during SPS to form
the composite moderator block 220 of the composite
moderator medium 103.

[0057] Composite moderator medium 103 processing
can be carried out using high-vacuum direct-current sin-
tering (Sinterland LABOX 3010KF) of relatively pure SiC
powders. Current powders being consolidated to high-
density include nano-SiC powders in the 35-100 nanom-
eter (nm) range and Acheson-derived SiC powders in
the 0.2-2 micrometer (uwm) range. All materials are kinet-
ically stable, ensuring thorough, impurity free dispersion,
cold pressed sintered in the spark plasma sintering ap-
paratus.

[0058] FIG. 8B is a graph 810 illustrating a processing
temperature 815 and pressure (die displacement) 820
over time 825 during sparking plasma sintering (SPS) of
the method of FIG. 7. The graph 810 shows the temper-
ature 815, pressure 820 (e.g., die displacement), and
time 825 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 range
for SiC as the low moderating material 104A. Processing
temperatures for the MgO as the low moderating material
104B 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 (SiC), would take several hours for a
furnace to attain the needed temperature of well above
2,000° C to fabricate the composite moderator block 220.
With SPS processing, ten minutes at a processing tem-
perature from 1,600°-1,800° C enables fabrication of the
composite moderator block 220 of the composite mod-
erator medium 103.

[0059] In order to minimize any hygroscopic tenden-
cies of the sintering additives, zirconium or zirconia may
be added. Processing temperatures for SiC as the low
moderating material 104A can be in the range of
1,400-1,800°C with sintering additives of alumina or yttria
added to enhance densification.

[0060] FIG. 8C is a micron level photograph 830 of a
polished cross-section of the composite moderator me-
dium 103 showing the low moderating material 104A
(SiC) encapsulating the high moderating material 105C
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(BezC). The micron level photograph 830 is a microscop-
ic view of the composite moderator medium 103 of the
composite moderator block 220 that is produced and
shows the low moderating material 104A crystal micro-
structure near the interface of the high moderating ma-
terial 105C. The silicon carbide moderating matrix of the
low moderating material 104A completely encapsulates
(covers) the porous carbon coating of the beryllium ma-
terial of the high moderating material 105C (BezC). Since
beryllium is toxic, encapsulation around the beryllium by
the non-toxic silicon carbide low moderating material
104A is advantageous because exposure to the toxic
high moderating material 105C is eliminated. The porous
carbon interlayer is coated on the beryllium of the high
moderating material 105C and thus is located in between
silicon carbide low moderating material 104A. The silicon
carbide moderating matrix (SiC) of the low moderating
material 104A is completely densified around high mod-
erating material 105C.

[0061] The micron level photograph 830 of FIG. 8C
presents an image 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 hold time of approximately 10
minutes, achieving a near full-density SiC moderating
matrix density for a relatively small (8mm diameter) part.
[0062] Various composite moderators have been dis-
closed for use in nuclear reactors, including advanced
nuclear fission reactor applications. The composite mod-
erator is, for example, a high moderating material 105
(e.g., beryllium containing phase) contained in a low
moderating material 104 (e.g., continuum or a radiation-
stable matrix phase of SiC or MgO). Similar neutronic
moderation to nuclear graphite moderator material 505
can be provided through the use of the high moderating
material 105, while providing a number of safety, eco-
nomic, and waste reduction benefits conveyed by the
use of the low moderating material 104. Thus, the com-
posite moderators can replace nuclear graphite moder-
ator material 505 and have superior moderator lifetime
and increased safety and waste disposal attributes. Ex-
ample fabrication processing includes the use of eutectic
powder during spark plasma sintering (SPS) of the low
moderating material 104 (e.g., radiation-stable matrices
of silicon carbide and magnesium oxide) and the high
moderating material 105.

[0063] As described above, a method is disclosed for
fabricating a composite moderator (e.g., composite mod-
erator block 220) formed of a composite moderator me-
dium 103 for a nuclear reactor core 101. The method
includes producing a composite moderator medium 103
(two-phase composite moderator) that includes a high
moderating material 105 (e.g., second captured phase)
within a continuum of alow moderating material 104 (e.g.,
first matrix phase). The low moderating material 104 is
either SiC or MgO. The high moderating material 105 is
either a beryllium containing compound, such as Be2C,
BeO, or beryllium metal with a shell of Be2C or BeO. The
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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 composite moderator medium
103 is a lifetime component of the nuclear reactor core
101.

[0064] It will be understood that the terms and expres-
sions used herein have the ordinary meaning as is ac-
corded to such terms and expressions with respect to
their corresponding respective areas of inquiry and study
except where specific meanings have otherwise been
setforth herein. Relational terms such as firstand second
and the like may be used solely to distinguish one entity
or action from another without necessarily requiring or
implying any actual such relationship or order between
such entities or actions. The terms "comprises," "com-
prising," "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 elements or steps not expressly listed or inherent
to such process, method, article, or apparatus. An ele-
ment preceded by "a" or "an" does not, without further
constraints, preclude the existence of additional identical
elements in the process, method, article, or apparatus
that comprises the element.

[0065] Unless otherwise stated, any and all measure-
ments, 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 functions 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 like may vary by as much as =
10% from the stated amount.

[0066] In addition, in the foregoing Detailed Descrip-
tion, it can be seen that various features are grouped
together in various examples for the purpose of stream-
lining the disclosure. This method of disclosure is not to
be interpreted as reflecting an intention that the claimed
examples require more features than are expressly re-
cited 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 example. Thus the fol-
lowing claims are hereby incorporated into the Detailed
Description, with each claim standing on its own as a
separately claimed subject matter.

[0067] While the foregoing has described what are
considered to be the best mode and/or other examples,
it is understood that various modifications may be made
therein 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 scope ofthe present
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concepts.

Claims
1. A nuclear reactor system (100) comprising:
a nuclear reactor core (101) including:

an array of fuel elements (102A-N); and
a composite moderator medium (103)
formed of two or more moderators;

wherein:

the two or more moderators include a low
moderating material (104) and a high mod-
erating material (105);

the high moderating material (105) has a
higher neutron slowing down power com-
pared to the low moderating material (104);
the low moderating material (104) includes
a moderating matrix of silicon carbide SiC
(104A) or magnesium oxide MgO (104B);
and

the high moderating material (105) is dis-
persed within the moderating matrix and in-
cludes beryllium Be, boron B, or a com-
pound thereof.

2. Thenuclearreactor system (100) of claim 1, wherein
the high moderating material (105) includes at least
one of beryllium boride Be,B, Be,B, BeB,, or BeBg,
beryllium carbide Be,C, zirconium beryllide ZrSe3,
titanium beryllide TiBe,, beryllium oxide BeO, or bo-
ron carbide B,C.

3. Thenuclearreactor system (100) of claim 1, wherein
the high moderating material (105) is encapsulated
within the low moderating material (104) such that
the high moderating material (105) is not exposed
outside of the low moderating material (104).

4. Thenuclearreactor system (100)of claim 1, wherein:

each of the fuel elements (102A-N) includes a
fuel composite moderator block (225) formed of
the composite moderator medium (103) and nu-
clear fuel (200);

the fuel composite moderator block (225) in-
cludes fuel openings (226A-N); and

the nuclear fuel (200) is disposed inside the fuel
openings (226A-N), such that the nuclear fuel
(200) is enclosed by the composite moderator
medium (103).

5. Thenuclearreactor system (100) of claim 4, wherein:
the fuel composite moderator block (225) further in-
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cludes a coolant passage (227) to flow a coolant
(228) gas or liquid.

The nuclear reactor system (100) of claim 4, wherein:
the nuclear fuel (200) includes a fuel compact (205)
comprised of:

tristructural-isotropic -TRISO- fuel particles
(206A-N)embedded inside a silicon carbide ma-
trix (207); or

tristructural-isotropic -TRISO- fuel particles
(206A-N) embedded inside a graphite matrix
(208).

The nuclear reactor system (100) of claim 1, wherein
the nuclear reactor core (101) further includes at
leastonereflectorregion (230) thatincludes reflector
composite moderator blocks (235A-N) formed of the
composite moderator medium (103).

The nuclear reactor system (100) of claim 4, wherein:

the nuclear reactor core (101) includes an inner
reflector region (240) and an outer reflector re-
gion (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 (255A-N);
and

the inner reflector composite moderator blocks
(245A-N) and the outer reflector composite
moderator blocks (255A-N) are formed of the
composite moderator medium (103).

9. Thenuclearreactor system (100) of claim 8, wherein:

the array of fuel elements (102A-N) surrounds
the inner reflector region (240); and

the outer reflector region (250) surrounds the
array of fuel elements (102A-N).

10. A method comprising:

selecting two or more moderators including a
low moderating material (104) and a high mod-
erating material (105) to form a composite mod-
erator medium (103), wherein:

the low moderating material (104) includes
a moderating matrix of silicon carbide SiC
(104A) or magnesium oxide MgO (104B);
and

the high moderating material (105) is dis-
persed within the moderating matrix and in-
cludes beryllium Be, boron B, or a com-
pound thereof;
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1.

12.

13.

14.

15.

16.

17.
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selecting a sintering aid and a weight percent
(w/w %) of the sintering aid in a composite mod-
erator mixture based on the low moderating ma-
terial (104);

mixing the two or more moderators with the se-
lected sintering aid at the selected weight per-
cent (w/w %) to create the composite moderator
mixture; and

spark plasma sintering the composite moderator
mixture to fabricate a composite moderator
block (220) formed of the composite moderator
medium (103).

The method of claim 10, wherein the sparking plas-
ma sintering the composite moderator mixture in-
cludes:

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 block (220) formed of the
composite moderator medium (103).

The method of claim 10, wherein the high moderating
material 105 includes at least one of beryllium boride
(BeyB, BeyB, BeB,, or BeBg), beryllium carbide
(Be,C), zirconium beryllide (ZrSe,3), titanium beryl-
lide (TiSe,,), beryllium oxide (BeO), or boron carbide
(B4C).

The method of claim 10, wherein:

the low moderating material 104 includes silicon
carbide (SiC) 104A; and

the sintering aid includes yttria (Y,03) or alumi-
na (Al,O3).

The method of claim 13, wherein the selected weight
percent (w/w %) of the sintering aid in the composite
moderator mixture is 4 to 10 weight percent (w/w %)
of yttria or alumina.

The method of claim 14, wherein the processing tem-
perature is in a range between 1,400° Celsius (C) to
1,800° Celsius (C).

The method of claim 10, wherein:

the low moderating material 104 includes mag-
nesium oxide (MgO) 104B; and
the sintering aid includes lithium.

The method of claim 16, wherein the selected weight
percent (w/w %) of the sintering aid in the composite
moderator mixture is 3 to 10 weight percent (w/w %)
of lithium.
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18. The method of claim 17, wherein the processing tem-

perature is in a range between 1,300° Celsius (C) to
1,600° Celsius (C).

Patentanspriiche

1.

Kernreaktorsystem (100) umfassend:
einen Reaktorkern (101), welcher umfasst:

eine Anordnung von Brennelementen (102A-N);
und

ein zusammengesetztes Moderatormedium
(103), das aus zwei oder mehr Moderatoren be-
steht;

wobei:

die zwei oder mehr Moderatoren ein niedrig
moderierendes Material (104) und ein hoch
moderierendes Material (105) umfassen;
das stark moderierende Material (105) eine
héhere Neutronenverlangsamungsleistung
als das schwach moderierende Material
(104) hat;

das niedrige moderierende Material (104)
eine moderierende Matrix aus Siliziumkar-
bid SiC (104A) oder Magnesiumoxid MgO
(104B) enthalt; und

das hoch moderierende Material (105) in
der moderierenden Matrix dispergiert ist
und Beryllium Be, Bor B oder eine Verbin-
dung davon enthalt.

Kernreaktorsystem (100) nach Anspruch 1, wobei
das hochmoderierende Material (105) mindestens
eines von Berylliumborid Bez B, Be, B, BeBz oder
BeBg, Berylliumcarbid BezC, Zirkoniumberyllid
ZrSeq 3, Titanberyllid TiSe4,, Berylliumoxid BeO oder
Borkarbid B,C umfasst.

Kernreaktorsystem (100) nach Anspruch 1, wobei
das hochmoderierende Material (105) innerhalb des
niedrigmoderierenden Materials (104) eingekapselt
ist, so dass das hochmoderierende Material (105)
nicht aulRerhalb des niedrigmoderierenden Materi-
als (104) freiliegt.

Kernreaktorsystem (100) nach Anspruch 1, wobei:

jedes der Brennelemente (102A-N) einen
Brennstoff-Verbundmoderatorblock (225) ent-
halt, der aus dem Verbundmoderatormedium
(103) und Kernbrennstoff (200) gebildet ist;

der Brennstoff-Verbundmoderatorblock (225)
Brennstofféffnungen (226A-N) enthalt; und

der Kernbrennstoff (200) innerhalb der Brenn-
stofféffnungen (226 A-N) angeordnetist, sodass
der Kernbrennstoff (200) von dem zusammen-
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5.

8.

9.

gesetzten Moderatormedium (103) umschlos-
sen ist.

Kernreaktorsystem (100) nach Anspruch 4, wobei:
der Brennstoffkomposit-Moderatorblock (225) fer-
ner einen Kuhlmittelkanal (227) fir den Durchfluss
eines gasférmigen oder flissigen Kihimittels (228)
aufweist.

Kernreaktorsystem (100) nach Anspruch 4, wobei:
der Kernbrennstoff (200) einen Brennstoffkompakt
(205) umfasst, bestehend aus:

tristruktur-isotrope -TRISO- Brennstoffpartikel
(206A-N), die in eine Siliziumkarbidmatrix (207)
eingebettet sind; oder

tristrukturell-isotrope -TRISO- Brennstoffparti-
kel (206A-N), die in eine Graphitmatrix (208) ein-
gebettet sind.

Kernreaktorsystem (100) nach Anspruch 1, wobei
der Reaktorkern (101) ferner mindestens einen Re-
flektorbereich (230) aufweist, der Reflektor-Ver-
bundmoderatorblocke (235A-N) enthalt, die aus
dem Verbundmoderatormedium (103) gebildet sind.

Kernreaktorsystem (100) nach Anspruch 4, wobei:

der Reaktorkern (101) einen inneren Reflektor-
bereich (240) und einen dufReren Reflektorbe-
reich (250) umfasst;

der innere Reflektorbereich (240) enthalt innere
Reflektor-Verbundmoderatorblécke (245A-N);
der auBere Reflektorbereich (250) aulRere Re-
flektor-Verbundmoderatorblécke (255A-N) ent-
halt; und

die inneren Reflektor-Verbundmoderatorbldcke
(245A-N) und die duReren Reflektor-Verbund-
moderatorblécke (255A-N) aus dem Verbund-
moderatormedium (103) gebildet sind.

Kernreaktorsystem (100) nach Anspruch 9, wobei:

die Anordnung von Brennelementen (102A-N)
den inneren Reflektorbereich (240) umgibt; und
der aulere Reflektorbereich (250) die Anord-
nung der Brennelemente (102A-N) umgibt.

10. Verfahren, das Folgendes umfasst:

Auswahl von zwei oder mehr Moderatoren, die
ein niedrig moderierendes Material (104) und
ein hoch moderierendes Material (105) enthal-
ten, um ein zusammengesetztes Moderatorme-
dium (103) zu bilden, wobei:

das niedrige moderierende Material (104)
eine moderierende Matrix aus Siliziumkar-
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bid SiC (104A) oder Magnesiumoxid MgO
(104B) enthalt; und

das hoch moderierende Material (105) in
der moderierenden Matrix dispergiert

ist und Beryllium Be, Bor B oder eine Ver-
bindung davon enthalt;

Auswahl eines Sinterhilfsmittels und eines Ge-
wichtsprozentsatzes (w/w %) des Sinterhilfsmit-
tels in einer zusammengesetzten Moderatoren-
mischung auf der Grundlage des niedrig mode-
rierenden Materials (104);

Mischen der zwei oder mehr Moderatoren mit
dem ausgewahlten Sinterhilfsmittel in dem aus-
gewahlten Gewichtsprozent (w/w %), um die zu-
sammengesetzte Moderatorenmischung zu er-
zeugen; und

Funkenplasmasintern der Verbundmoderator-
mischung zur Herstellung eines aus dem Ver-
bundmoderatormedium (103) gebildeten Ver-
bundmoderatorblocks (220).

Verfahren nach Anspruch 10, wobei das Funken-
plasmasintern der zusammengesetzten Moderato-
renmischung Folgendes umfasst:

GielRRen der zusammengesetzten Moderatoren-
mischung in einen Dorn; und

Pressen einer Matrize in den Dorn, um eine Ver-
arbeitungstemperatur und einen Druck auf die
Verbundmoderatormischung auszuiiben, um
den Verbundmoderatorblock (220) herzustel-
len, der aus dem Verbundmoderatormedium
(103) gebildet ist.

Verfahren nach Anspruch 10, wobei das hochmode-
rierende Material 105 mindestens eines von Berylli-
umborid (Bez B, Be, B, BeBz oder BeBe), Berylli-
umcarbid (Bez C), Zirkoniumberyllid (ZrBe,5), Titan-
beryllid (TiSe45), Berylliumoxid (BeO) oder Borkar-
bid (B4 C) umfasst.

Verfahren nach Anspruch 10, wobei:

das niedrig moderierende Material 104 Silizium-
karbid (SiC) 104A enthalt; und
das Sinterhilfsmittel Yttriumoxid (YO,3) oder
Aluminiumoxid (AlO,3) enthalt.

Verfahren nach Anspruch 13, wobei der gewahlte
Gewichtsprozentanteil (w/w %) des Sinterhilfsmit-
tels in der Verbundmoderatormischung 4 bis 10 Ge-
wichtsprozent (w/w %) Yttriumoxid oder Aluminium-
oxid betragt.

Verfahren nach Anspruch 14, wobei die Verarbei-
tungstemperatur in einem Bereich zwischen 1.400°
Celsius (C) und 1.800° Celsius (C) liegt.
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16. Verfahren nach Anspruch 10, wobei:

das niedrig moderierende Material 104 Magne-
siumoxid (MgO) 104B enthalt; und
das Sinterhilfsmittel Lithium enthalt.

17. Verfahren nach Anspruch 16, wobei der ausgewahl-
te Gewichtsprozent (w/w %) des Sinterhilfsmittels in
der Verbundmoderatormischung 3 bis 10 Gewichts-
prozent (w/w %) Lithium betragt.

18. Verfahren nach Anspruch 17, wobei die Verarbei-
tungstemperatur in einem Bereich zwischen 1300°
Celsius (C) und 1600° Celsius (C) liegt.

Revendications

1. Systéme de réacteur nucléaire (100) comprenant :
un coeur de réacteur nucléaire (101) comportant :

un réseau d’éléments combustibles (102A-N) ;
et

un milieu modérateur composite (103) formé de
deux modérateurs ou plus ;

dans lequel :

les deux modérateurs ou plus comportent
un matériau faiblement modérateur (104) et
un matériau hautement modérateur (105) ;
le matériau hautement modérateur (105) a
un pouvoir de ralentissement des neutrons
plus élevé que le matériau faiblement mo-
dérateur (104) ;

le matériau faiblement modérateur (104)
comporte une matrice modératrice de car-
bure de silicium SiC (104A) ou d’oxyde de
magnésium MgO (104B) ; et

le matériau hautement modérateur (105)
est dispersé dans la matrice modératrice et
comporte du béryllium Be, du bore B ou un
de leurs composés.

2. Systeme de réacteur nucléaire (100) selon la reven-
dication 1, dans lequel le matériau hautement mo-
dérateur (105) comporte au moins I'un des suivants :
borure de béryllium BezB, Be,B, BeB,, ou BeBg, car-
bure de béryllium Be,C, beryllure de zirconium
ZrBey3, beryllure de titane TiBe4,, oxyde de béryl-
lium BeO, ou carbure de bore B,4C.

3. Systeme de réacteur nucléaire (100) selon la reven-
dication 1, dans lequel le matériau hautement mo-
dérateur (105) est encapsulé dans le matériau fai-
blement modérateur (104) de sorte que le matériau
hautement modérateur (105) n’est pas exposé al'ex-
térieur du matériau faiblement modérateur (104).
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4. Systéme de réacteur nucléaire (100) selon la reven-

dication 1, dans lequel :

chacun des éléments combustibles (102A-N)
comporte un bloc modérateur a combustible
composite (225) formé du milieu modérateur
composite (103) et du combustible nucléaire
(200) ;

le bloc modérateur a combustible composite
(225) comporte des ouvertures de combustible
(226A-N) ; et

le combustible nucléaire (200) est disposé al’in-
térieur des ouvertures de combustible (226A-
N), de sorte que le combustible nucléaire (200)
est enfermé par le milieu modérateur composite
(103).

Systeme de réacteur nucléaire (100) selon la reven-
dication 4, dans lequel :

le bloc modérateur a combustible composite (225)
comporte en outre un passage de refroidissement
(227) pour I'écoulement d’'un gaz ou d’un liquide de
refroidissement (228).

Systeme de réacteur nucléaire (100) selon la reven-
dication 4, dans lequel :

le combustible nucléaire (200) comporte un compact
de combustible (205) comprenant :

des particules de combustible tristructurelles-
isotropes -TRISO- (206A-N) intégrées dans une
matrice de carbure de silicium (207) ; ou

des particules de combustible tristructurelles-
isotropes -TRISO- (206A-N) intégrées dans une
matrice de graphite (208).

Systeme de réacteur nucléaire (100) selon la reven-
dication 1, dans lequel le coeur du réacteur nucléaire
(101) comporte en outre au moins une région réflec-
trice (230) qui comprend des blocs modérateurs
composites réflecteurs (235A-N) formés du milieu
modérateur composite (103).

Systeme de réacteur nucléaire (100) selon la reven-
dication 4, dans lequel :

le coeur du réacteur nucléaire (101) comporte
une région réflectrice intérieure (240) et une ré-
gion réflectrice extérieure (250) ;

la région réflectrice intérieure (240) comporte
des blocs modérateurs composites réflecteurs
intérieurs (245A-N) ;

la région réflectrice extérieure (250) comporte
des blocs modérateurs composites réflecteurs
extérieurs (255A-N) ; et

les blocs modérateurs composites réflecteurs
intérieurs (245A-N) et les blocs modérateurs
composites réflecteurs extérieurs (255A-N) sont
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constitués du milieu modérateur composite
(103).

Systeme de réacteur nucléaire (100) selon la reven-
dication 8, dans lequel :

le réseau d’éléments combustibles (102A-N)
entoure la région réflectrice intérieure (240) ; et
la région réflectrice extérieure (250) entoure le
réseau d’éléments combustibles (102A-N).

Procédé comprenant :

la sélection de deux modérateurs ou plus compre-
nant un matériau faiblement modérateur (104) et un
matériau hautement modérateur (105) pour former
un milieu modérateur composite (103), dans lequel :

le matériau faiblement modérateur (104) com-
porte une matrice modératrice de carbure de si-
licium SiC (104A) ou d’'oxyde de magnésium
MgO (104B) ; et

le matériau hautementmodérateur (105) est dis-
persé dans la matrice modératrice et comprend
du béryllium Be, du bore B ou un de leurs
COMPpOSES ;

la sélection d’'un adjuvant de fritage et d'un
pourcentage en poids (w/w %) de I'adjuvant de
frittage dans un mélange de modérateurs com-
posites sur la base du matériau faiblement mo-
dérateur (104) ;

le mélange des deux modérateurs ou plus avec
I'adjuvant de frittage sélectionné au pourcenta-
ge en poids sélectionné (w/w %) pour créer le
mélange de modérateurs composites ; et

le frittage par plasma a étincelle du mélange de
modérateurs composites pour fabriquer un bloc
modérateur composite (220) formé du milieu
modérateur composite (103).

Procédé selon la revendication 10, dans lequel le
fritage par plasma a étincelle du mélange de modé-
rateurs composites comprend :

le versement du mélange de modérateurs com-
posites dans un mandrin ; et

le pressage d’'une matrice dans le mandrin pour
appliquer une température et une pression de
traitement au mélange de modérateurs compo-
sites afin de fabriquer le bloc modérateur com-
posite (220) formé par le milieu modérateur
composite (103).

Procédé selon la revendication 10, dans lequel le
matériau hautement modérateur 105 comprend au
moins l'un des suivants : le borure de béryllium
(BezB, BeyB, BeB,, ou BeBe), le carbure de béryl-
lium (BezC), le beryllure de zirconium (ZrBeys), le
beryllure de titane (TiSeq,), 'oxyde de béryllium
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(BeO), ou le carbure de bore (B,C).
Procédé selon la revendication 10, dans lequel :

le matériau faiblement modérateur 104 com-
prend du carbure de silicium (SiC) 104A ; et
l'adjuvant de frittage comprend de [Iyttrium
(Y203) ou de I'alumine (Al,O3).

Procédé selon la revendication 13, dans lequel le
pourcentage en poids (wW/w %) sélectionné de I'ad-
juvant de frittage dans le mélange de modérateurs
composites est compris entre 4 et 10 % en poids
(w/w %) d’yttria ou d’alumine.

Procédé selon la revendication 14, dans lequel la
température de traitement est comprise entre 1 400
° Celsius (C) et 1 800 ° Celsius (C).

Procédé selon la revendication 10, dans lequel :

le matériau faiblement modérateur 104 com-
prend de 'oxyde de magnésium (MgO) 104B ; et
I'adjuvant de fritage comprend du lithium.

Procédé selon la revendication 16, dans lequel le
pourcentage en poids (wW/w %) sélectionné de I'ad-
juvant de frittage dans le mélange de modérateurs
composites est compris entre 3 et 10 % en poids
(W/w %) de lithium.

Procédé selon la revendication 17, dans lequel la
température de traitement est comprise dans une
plage entre 1 300 ° Celsius (C) et 1 600 ° Celsius (C).
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