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Ceramic material is one of the essential materials used in reactors. Beryllium oxide
ceramics have good high-temperature radiation stability, high density, high strength,
and thermal conductivity at high temperatures, and the price of beryllium oxide is
relatively moderate. This makes it more suitable for use as a reflector, moderator, and
dispersion phase fuel matrix in a reactor. In recent years, beryllium oxide has attracted
widespread attention due to its high hardness, high resistivity, high thermal conductivity,
high melting point, and high radiation resistance. Because of its excellent mechanical
properties, beryllium oxide materials also have a long history in the field of nuclear energy.
Reactor extreme environments have become a significant challenge for optimizing reactor
operation and safety performance. The utilization of beryllium oxide can significantly
alleviate extreme reactor environments. According to research, the coupling of
beryllium oxide material can effectively improve nuclear fuels’ thermal conductivity,
such as uranium dioxide. Beryllium oxide also has good radiation resistance and
neutron scattering properties, which increases its applications in nuclear energy. The
article comprehensively reviews the BeO utilization approaches in reactors to improve
extreme reactor environments for current reactor operation and future reactor design
optimization.
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INTRODUCTION

Since the beginning, the beryllium oxide (BeO) material has attracted attention because of its
excellent performance, such as high thermal conductivity, high neutron reflection cross-section, low
neutron capture cross-section (Manly, 1964). BeO can meet the required strength as a reactor
material. It can also maintain properties’ stability under the high-temperature environment and
improve the nuclear system’s neutron economy under the (n, 2n) reaction. These are all critical
indexes to determine whether nuclear materials are excellent. BeO is extracted from beryllium
minerals, and the first BeO ceramic product was made in 1939 (Hey and Livey, 1966). Much research
has been performed on the performance of BeO in the extreme environment. Rothman (1962)
discussed the application of BeO ceramics in space reactor (the Pluto Project). Smith et al. (1962)
investigated changes in the crystal structure of BeO at high temperatures. Then Snead (2005)
reviewed the utilization of BeO in space reactors. Chen and Yuan (2020) studied the neutronics of the
UO2-BeO fuel with various claddings. It can be seen that the research on the BeOmaterial has always
been ongoing for its applications in the nuclear industry. However, BeO is a toxic material, and the
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small particles of BeO have a profound influence on the human
body and the environment. The researchers are interested in
finding a newmaterial that can replace BeO ceramics entirely. For
instance, Aluminum nitride (AlN) has high thermal conductivity
andmoderate dielectric constant, the same as BeOmaterial. It can
replace BeO sometimes in cooling parts of integrated circuits
(Koba et al., 1997; Kettner et al., 2001). However, it is still
challenging for other fields, such as nuclear systems. The BeO
ceramics remains to play an essential role in the nuclear industry.

In 1945, the Daniels reactor’s design was proposed (Manly,
1964) to use the BeO material as moderator and fuel matrix
material. This was the first time in history the BeO material was
proposed for reactor systems. It opened a new chapter for BeO
utilization in reactor systems. Although BeO has excellent
potential in terms of performance, many challenges always
exist about its application in nuclear power plants, such as the
BeO ceramics’ cost and the technical concern of water vapor
reaction (Aitken, 1960), chemical retreatment, and radiation
damage.

The choice of materials for a nuclear reactor is very demanding
because of the extreme nuclear reactor environments. During the
reactor operation, the chain fission releases a large amount of
energy continuously, resulting in a high-temperature
environment, which the selected structural materials need to
endure. Not only that, suitable material should not affect the
process of the fission reaction. This will eliminate many
alternative materials. Another aspect of selecting a moderator
is that the macroscopic absorption cross-section of neutrons
should be small, the macroscopic scattering cross-section
should be large, and there are also high standards for thermal
conductivity, density, and irradiation stability (Gao, 2006). These
conditions also apply to the reflector and coolant. BeO has the
potential to be an excellent material for nuclear systems. In terms
of performance, it has good properties under neutron
moderation. So now, it has played a significant role in many
structures of the nuclear reactor system. However, there are also
technical challenges to be solved for the specific applications. For
example, the BeO ceramics may expand or crack due to neutron
radiation, which will affect the normal operation of the reactor
system. Due to its more complex fabrication process, BeO has a
higher cost compared with graphite. These all need to be
considered in the reactor design.

This paper summarizes the BeO ceramics’ applications in
nuclear reactors to improve extreme reactor environments in
recent years. It gives some concrete examples for their reactor
applications, and the advantages and existing problems are also
discussed. The BeO material will first be introduced being
moderator/reflector materials in different reactor projects, and
then the BeOmaterial’s application will be discussed as dispersion
phase fuel matrix together with UO2 to promote accident-tolerant
fuels (ATFs)’ development. The fabrication of BeO material and
the latest application progress will also be reviewed. As moderator
material competitors, the BeO material will also be compared
with the graphite material regarding their benefits and drawbacks.
Finally, there will be some conclusions, suggestions, and
discussions on the BeO material’s utilization in reactor
systems to improve the extreme reactor environments.

BEO AS MODERATOR/REFLECTOR
MATERIALS

The moderator and reflector are essential components of a
nuclear reactor system. In order to maintain the chain fission
reaction in the reactor, a constant source of thermal neutrons is
required, and the neutrons released by fission are fast neutrons,
which cannot facilitate the fission reaction and need to be rapidly
moderated to thermal neutrons by the moderator. The role of the
reflector is, as the name implies, to reflect neutrons to reduce
neutron leakage from the reactor. It is like an extension of the
moderator to slow down and/or to retain the neutrons. The
moderator and reflector should meet the requirements of a small
neutron absorption cross-section and a large neutron scattering
cross-section and also attain good thermal conductivity, high
stability, and slight corrosion to the core structures.

Compared with other moderated materials, beryllium and
beryllium oxide have excellent performance in nuclear
properties, especially in the moderation capacity, as shown in
Table 1. There is no doubt that BeO is an excellent refractory
material too. The heavy-water properties are excellent as a
neutron moderator, but it is too expensive to afford
sometimes. Moreover, BeO has an excellent thermal
conductivity in an environment above 1,000°C, which is more
than twice that of magnesium and aluminum metal oxides. In
Figure 1 [interpolated by Zhou and Zhou (2018)], the thermal
conductivity of material decreases with increasing temperature
and is much higher than the traditional nuclear fuel UO2.

Nevertheless, the BeO material can maintain enjoyable
thermal conductivity at high temperatures. With a melting
point of 2570°C (Rothman, 1962), BeO can withstand the
reactor’s high operational temperature and even extreme
accident scenarios. The stability of physical and chemical
properties is also crucial for BeO to serve as structural
materials. BeO has a very stable performance with O2 and H2

even at a temperature of 2000°C.
The excellent material properties from these aspects have

made BeO a top candidate for reactor moderator/reflector
material. Besides, it has a high hardness as a reflector, which
ensures the stability of the reactor. Excellent moderator and
reflector materials can significantly improve the efficiency of
the reactor. Nowadays, BeO has been chosen as moderator
and/or reflector material in many reactor systems, and more
details are described as follows.

Daniels Reactor Project
The history of the application of BeO to nuclear reactors can be
dated back to 1945 when Farrington Daniels conceptualized and led
the pioneering studies on a high-temperature pebble-bed reactor,
which was envisioned to have a BeO moderator/reflector, a helium
coolant, and BeO-filled graphite spherical fuel elements (Manly,
1964). This was a novel idea, the first time that BeO was proposed to
combine with a nuclear reactor. Researchers were then beginning to
investigate the BeO material in nuclear reactors. These efforts
included the Clinton Laboratory in Oak Ridge, Tennessee, to
study and push high-temperature ceramic reactors’ feasibility.
This project planned to build a 12MW power plant, but
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eventually, it supplied only one-fifth of the planned power,
i.e., 2.4 MW. The original idea was to successfully build a small
power reactor at first. After demonstrating the reactor materials’
performance, it would operate at a higher level of power output. The
Daniels reactor had a modern appearance, as shown in Figure 2.
This project planned to use a lot of hexagonal blocks to build the
main body. The BeO piece’s size was required to reach themaximum
size producible at that time.

Meanwhile, the central core program consisted of 228 fuel
lines and 12 control rods, and the BeO piece should be fabricated
in a unique shape to use. However, it was too expensive to execute
at that time. Besides, not much information is available on BeO
and the behavior of BeO in a reactor at that time. The high reactor
operating temperature, as well as the temperature span of the
helium coolant, made core material selection more difficult. So,
there was much uncertainty in practice.

Additionally, considering the irradiation environments in
reactors, people cannot solve the problems and design the core

TABLE 1 | The comparison of different moderator materials.

Moderator Density (g/cm3) Slowing
Down Power (ξΣS)

Moderating ratio (ξΣs ∕ Σa)

BeO 3.01 0.13 180
Be 1.85 0.154 159
Graphite 1.7 0.064 170
Water 1.0 1.35 70
Heavy water 1.1 0.188 2,000

FIGURE 1 | The thermal conductivity of BeO and UO2 (Zhou and Zhou,
2018).

FIGURE 2 | The view of the Daniels reactor and its core layout (Manly, 1964).
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structure correctly without sufficient experimental validations.
There is no doubt that the project’s idea was advanced, which
confirmed the BeOmaterial’s excellent properties as a moderator.
However, as mentioned above, people only knew that BeO has an
excellent ability to moderate neutron but did not have enough
experience solving possible problems under extreme reactor
environments. The complex structure of nuclear reactors also
made the design more complicated. The lack of sufficient
experience in reactor design, the uncertainty of helium coolant
properties, and more attention to the other projects led to this
project’s termination. Until 1950, a new project about the use of
BeO in reactors continued (McCullough, 1947).

Aircraft Reactor Experiment/Test
(ARE/ART) Projects
In 1954, a new project was operated by Oak Ridge National
Laboratory (ORNL). The Aircraft Reactor Experiment (ARE) used
molten salt as fuel, BeO asmoderator, liquid sodium and liquid fuel as
a coolant at the same time (Bettis et al., 1957). Several BeO blocks
procured for the Daniels Reactor were used in the materials
investigations supporting the ARE (Slaughter et al., 1957). This
was the world’s first experimental prototype of a molten salt
reactor, as shown in Figure 3 (Robertson, 1965). The core’s height

is 90.93 cm (cm), the diameter around 84.60 cm, and the thermal
power is 2.5MWt. The ARE reached its critical mass on November 3,
1954. It operated for ten days. During the ARE experimental reactor
operation, a series of experiments, such as critical experiment, high
power experiment, and low power experiment, were carried out.
Based on the ARE’s design and operational experience, ORNL also
designed and built spherical space reactors - Aircraft Reactor Test
(ART). The ART is a 60-MW reflector-moderated circulating-fuel
type whose basic design is suitable for aircraft use. Its thermal power is
higher thanARE (Cottrell et al., 1955). It also had amore sophisticated
and more stable system. However, the military ended their
cooperation because of the concession of Aircraft Nuclear
Propulsion (ANP) (James, 2000). Of course, the project of ART
also expired. Although the ART and ARE projects did not finish
successfully, these projects’ experimental results have significantly
contributed to nuclear power development. The ARE project’s
research had given a boost to the development of molten salt
reactors. This established the applicability of the BeO material to
molten salt reactors and promoted molten salt reactor research. Until
now, themolten salt reactor has not only been selected as one of the six
candidates for the fourth generation reactor but has also developed
several different designs based on the traditional molten salt reactor
for different purposes. Besides, the ART project demonstrated the
potential of BeO for nuclear propulsion in space.

FIGURE 3 | The elevation section of the Aircraft Reactor Experiment (Slaughter et al., 1957).
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Meanwhile, space reactors are operated under more complex
and extreme environments. So, the selection of materials is more
stringent than other reactors. In these extreme environments, the
BeO material, as a solid, is easier to be carried into space than
heavy water; and it is more reliable than graphite, which may
catch fire in accident scenarios. So, the BeO material is still
employable because of its excellent performance. From the
ARE operation experience, the material properties of coolant
and moderator were stable, and no compatibility problems
existed. However, some erosion occurred in the dynamic tests.
Interestingly, the structure of BeO was not appreciably changed
and was intact (Slaughter et al., 1957). However, more research is
needed for the BeO material to be applied in these reactors.

Pluto Project
On January 1, 1957, the U.S. Air Force and the U.S. Atomic
Energy Commission (AEC) selected the Lawrence Radiation
Laboratory to study the feasibility of applying heat from
nuclear reactors to ramjet engines, which was called the Pluto
Project. The designers came up with a ramjet engine concept
(Merkle, 1961), intending to develop nuclear-powered missiles.
They planned to build a 513 MW unshielded nuclear reactor and
to fully utilize the combination of the ramjet engine and air
heating to provide the missile’s power. Considerably, the
maximum temperature of this project operating environment
reached a temperature of 1,600°C. The heavy-water properties are
excellent as a neutron moderator, but it is too expensive for this
project. The designers should find a unique ceramic for the
reactor’s structural components to ensure normal operation at
high temperatures. Likewise, in the selection of moderators, the
materials have also to be resistant to high temperature. The BeO
was an outstanding choice due to its excellent high-temperature
resistance, extraordinary performance in thermal conductivity,
large neutron macroscopic scattering cross-section, and small
macroscopic absorption cross-section.

However, the utilization of BeO was not as successful as
expected in this project. Firstly, the material’s thermal stress
was too considerable with the temperature increase, easily
causing damage to the material (Lillie, 1961). So, it is
necessary to maximize the strength or creep as much as
possible at high temperatures. Moreover, BeO reacts with
water vapor at high temperatures (Van Houten et al., 1961).
These problems can affect reactor efficiency. Another limitation is
a disruptive transformation at a temperature above 2050°C. In the
single crystal of BeO above 2050°C, several domains have formed
within the crystal, with some fracturing at domain boundaries
(Smith et al., 1962). The researchers tried to develop coating
materials to solve the problems of the BeO reacting with water
vapor. However, some technical difficulties arose when using
UO2 as fuel. Besides, improvements in radar technology led to the
termination of the project.

Experimental Beryllium Oxide Reactor
(EBOR) Project
The Experimental Beryllium Oxide Reactor (EBOR) (Moore,
1961) was a 10 MWt helium-cooled beryllium moderated

nuclear reactor at Idaho National Laboratory. The project
started on February 17, 1958, as the United States Atomic
Energy Commission portion of the Joint Maritime
Administration - AEC Maritime Gas-Cooled Reactor
Program. The project started with a contract between the
U.S. Atomic Energy Commission and General Dynamics.
The project’s goal was to create a small nuclear reactor for
merchant shipping or a medium-sized power plant. The
reactor’s main goals were a simple design, low maintenance
costs, and maximum efficiency over a wide range of power
settings. In December 1960, the project was authorized to
construct a 10-MWt test reactor to determine the Beryllium
Oxide gas-cooled system’s characteristics. The EBOR was
designed to test the fundamental fuel element and
moderator designs for the final reactor. The EBOR used a
Helium cooling system and was an intermediate step toward a
prototype power plant. The plan was to use a closed-cycle
turbine or a steam cycle with the reactor to make a small land-
based or maritime power plant. This plan was abandoned as
the reactor never achieved criticality.

FIGURE 4 | The conception of Kilopower space reactor (Gibson et al.,
2017).
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Kilopower Space Reactor Project
Along with the aerospace development, there are also some BeO
utilization examples in space reactors, such as Kilopower space
reactor, in recent years. On May 2, 2018, the National
Aeronautics and Space Administration (NASA) announced the
completion of the Kilopower space reactor test at the Nevada
National Safety Test Site. The Kilopower is a kilowatt reactor
(Poston et al., 2019). The space reactor is much smaller and
produces much less power than the traditional one due to the
need to fit it with the spacecraft and space travel. The prototypic
nuclear power of Kilopower was a 5-KWt space reactor (Gibson
et al., 2017). The conception of the space reactor is shown in
Figure 4. It used the BeO material as a reflector. At present, the
reactor has completed its first step of testing. It included simulating
unexpected conditions, such as power reduction, generator failure,
and heat pipe failure, to test the reactor system’s practicality. The test
results showed that the prototype reactor could run continuously
and cope with various fault conditions successfully, proving the BeO
system’s stability.

Interestingly, the Kilopower reactor uses lots of heat pipes
rather than conventional water coolant to transfer heat,
considering the high heat transfer efficiency and inherent
safety of heat pipes. The successful test of Kilopower is only a
first step toward harnessing fission power in space. The
technology is still conceptual and has a long way to go before
being applied to space systems.

UO2-BEO AS REACTOR FUEL
CANDIDATES

The BeO material has attracted significant attention as dispersion
phase fuel matrix together with UO2 to promote Accident-
Tolerant Fuels (ATFs)’ development. There are three points in
how to optimize the ATF: 1) Replacement or improvement of the
current UO2 ceramic fuel; 2) Improvement of the oxidation
resistance for the cladding by modifying the current zircaloy
alloy; 3) Utilization of new high oxidation resistance cladding
materials (Ott et al., 2014). Since Fukushima Daiichi nuclear
accident in 2011, many potential ATFs and claddings have been
proposed and investigated by the U.S. Department of Energy
(DOE) Office of Nuclear Energy Advanced Fuels Campaign and
governmental agencies of other countries, such as France, Japan,
Korea, and China. Of course, replacement or optimization of the
current UO2 ceramic fuel appeared in early projects due to its
promising feasibility in the near future.

Aerojet-General Nucleonics Army
Gas-Cooled Reactor
In the Aerojet-General Nucleonics Army Gas-Cooled Reactor,
the BeO has been selected as a diluent for the UO2 fuel (Aerojet-
General Corporation, 1962). Besides, it used pure BeO insulators
to disperse the heat from the top pellets to reduce the peak
temperature gradient. This time researchers made a difference in
the utilization of BeO from the previous projects to establish a
mobile, low-powered nuclear power plant to furnish electrical

power in remote locations (Manly, 1964). The reactor that used
BeO as diluent had great benefits. There is no doubt that the fuel
inventory is low, and also, because of its outstanding thermal
conductivity, BeO can provide a better environment for the core.
In terms of fission-gas retention, the composite fuel may have
better performance than UO2. However, the cost of BeO should
not be neglected, and thus it failed to spread to other projects. In
this era, there are several other nuclear programs involve the use
of BeO. However, many projects belong to the military. So, very
little detailed information is available. We hope more advantages
of the BeO material can become accessible in the future.

Annular Core Research Reactor (ACRR)
The Annular Core Research Reactor (ACRR) (Pelfrey, 2019) was
developed in the 1970s and became operational in 1978. The

FIGURE 5 | (A) Schematic of an ACRR fuel element; (B) Cross-sectional
view of the ACRR’s fuel element (Pelfrey, 2019).
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ACRR is a TRIGA-type reactor that consists of 236 fuel elements
with UO2-BeO fuel pellets. The fuel elements are arranged in an
annulus around a 9″ dry central cavity. The ACRR is operated by
adjusting its 11 moveable elements to control the reactivity of the
reactor. The 11 moveable rods consist of six control rods, three
transient rods, and two safety rods. The moveable rods all contain
a boron carbide upper portion that absorbs neutrons, and both
the safety and control rods have fuel in the lower half. The safety
rods are moved to the up position to operate the reactor, and the
control rods are adjusted depending on the desired steady-state
power or pulse size. In pulse operations, the transient rods are
ejected using pressurized nitrogen, causing the ACRR to prompt
supercritical. During pulses, the ACRR shuts itself down due to
Doppler broadening effects in the fuel. The ACRR can operate at
a 4 MW steady-state and reach pulse powers up to 50,000 MWth
with total energy yields over 300 MJ. The schematic of an ACRR
fuel element and the cross-sectional view of the ACRR’s fuel
element are shown in Figures 5A,B.

A Brief Overview on UO2-BeO Fuel
Development
In the 1960s, Nishigaki and Maekawa evaluated beryllium’s
additions in UO2-BeO fuel and obtained the results to
compare with pure UO2. It is found that thermal conductivity
could be enhanced by 10–20 times after adding 20 wt% BeO
(Nishigaki and Maekawa, 1964). At almost the same time, the
United States Atomic Energy Commission (Mills et al., 1964)
studied 70%BeO-30%UO2 fuel used in Experiment Beryllium
Oxide Reactor (EBOR). A coarse dispersion (100–200micron fuel
particles) and a fine dispersion (50-micron fuel particles) were
used in this program. The results showed that swelling in most of
these tests was very small, and there was little change in the
microstructure. Wells and Cline (1963) had researched the
resistance of thermal stress of BeO and BeO-UO2 in early
time. They put the experimental apparatus in one water-
cooled cylinder, which maintained an inert gas atmosphere to
prevent graphite oxidation. The thermal stress test was performed
by controlling the power within a specified time to reach a
specified temperature. Under these experimental conditions,
they obtained the relationship of these factors. Ishimoto et al.
(Ishimoto et al., 1996) evaluated the effects of BeO precipitate
shape and content (0.3, 0.6, 0.9, 1.2, and 13.6 wt%) on thermal
conductivity.

In recent years, more researchers devote themselves to better
utilizing BeO to improve the performance of the UO2 fuel. In
pursuing the nuclear fuel initiative to improve efficiency and
safety, IBC Advanced Alloys (IBC) has been dedicated to research
and sponsored the projects conducted at Purdue University and
Texas A&M University. The high temperature can also increase
the cladding pressure due to fission gas build-up, even breaking
the claddings (Jernkvist et al., 2002). So, the addition of another
element together with UO2 is used to enhance nuclear fuel’s
thermal conductivity. There is no doubt that BeO is an ideal
material for this purpose. The good news was that this research
proved the fuel thermal conductivity could be improved and put
forward a viable solution for the industry. The improvement of

thermal conductivity does lead to improved reactor safety
performance. Sarma et al. (2006) developed unique
granulation and mixing techniques to obtain UO2-BeO fuel.
Latta et al. (2008) carried out green granule and slug-bisque
processes to produce UO2-BeO fuel.

Smith (2012) has researched UO2-BeO nuclear fuel about its
thermal properties and analyzed the relationship between
neutronic performance and economy. Smith concluded the
addition of BeO brought positive effects. The thermal
conductivity of UO2 varies from 4 to 3W/m-K for
temperatures between 500 and 900°C, is low for the core heat
transport purpose, and is temperature-dependent (Fink, 2000).
UO2-BeO fuel has considerable potential because the BeO
material can improve the thermal conductivity of UO2 fuel.
The increased thermal conductivity can provide a decreased
fuel temperature. Thus the reductions in temperature affect
reactivity. So, it is a significant benefit for the fuel
performance. Although some penalties increased in some
areas, they were compensated by the positive temperature effect.

Ferreira et al. (2013) studied BeO mixed UO2 microspheres
with contents ranging from 1 wt% up to 14 wt%. Besides, an
epithermal pool-type research reactor Annular Core Research
Reactor (ACRR), at Sandia National Laboratories (SNL), had
used UO2-BeO as core fuel for many years (Lyoussi et al., 2016).
Russia also considered using UO2-BeO fuel in VVER type reactor
(Kovalishin et al., 2014). Garcia et al. (2017) fabricated ceramic-
ceramic composite forms of UO2 containing a continuous BeO
matrix to increase the thermal conductivity of UO2. BeO’s
Additions were made to UO2 fuel pellets in 2.5, 5, 7.5, and 10
vol pct concentrations with the goals of establishing reliable lab-
scale processing procedures, minimizing porosity, and
maximizing thermal conductivity. The microstructure was
characterized with electron probe microanalysis, and the
thermal properties were assessed by light flash analysis and
differential scanning calorimetry. Reliable, high-density
samples were prepared using compaction pressure between
200 and 225 MPa and sintering times between 4 and 6 h. It
was found that the thermal conductivity of UO2 improved
approximately 10 pct for each 1 vol pct BeO added over the
measured temperature range 298.15–523.15 K (25–250°C) with
themaximum observed improvement being ∼100 pct, or doubled,
at 10 vol pct BeO. Li et al. (2018) reported coefficient of thermal
expansion and thermal conductivity evolutions of SPS fabricated
UO2-10 vol% BeO fuel against temperature from room
temperature to 1,600°C and found that the coefficient of
thermal expansion increases flatly while the thermal
conductivity is significantly improved, which demonstrated
UO2-BeO composite fuel is one of the most effective thermal
enhanced candidates for high-temperature operation. Camarano
et al. (2019) investigated the influence of the beryllium oxide
addition to increase the thermal conductivity in uranium dioxide
fuel pellets containing gadolinium oxide as the burnable poison
was investigated. Fuel pellets of UO2, UO2–BeO–Gd2O3, and
UO2–Gd2O3 were obtained in concentrations of 2–3 wt% of BeO
and 6 wt% of Gd2O3. The results showed an increase in the
thermal diffusivity and conductivity of the UO2 pellets with
additions of BeO compared to the values obtained with UO2
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and UO2–Gd2O3 pellets. Gao et al. (2020) optimized the UO2-
BeO composite pellets’ fabrication process for improving thermal
conductivity based on multi-parameter theoretical analyses and
experimental investigations. It was found that the density of BeO
and UO2/BeO interfacial thermal resistance (ITR) are crucial
parameters that affect the thermal conductivity of UO2-BeO. To
effectively increase BeO density and decrease UO2/BeO ITR, the
fabrication method of pressureless sintering with a spheroidizing
process was proposed. Through this method, a UO2-BeO
composite with high thermal conductivity was obtained. 89.2
and 71.4% enhancements of the thermal conductivity over UO2

were achieved at room temperature and 673 K, respectively. This
enhancement is higher than all the reported results in the
previous literature that fabricated UO2-BeO using normal
sintering temperatures (<2023 K). The finite element modeling
results showed that our fabricated pellets’ centerline temperatures
in the reactor decreased remarkably compared with UO2 fuel,
which would significantly improve reactor safety. Zhu et al.
(2021) calculated the UO2/BeO interfacial thermal resistance
(ITR) by diffuse mismatch model (DMM) and investigated the
effects of ITR on UO2-BeO thermal conductivity. DMM can
predict UO2/dispersed-BeO ITR within the accuracy of orders of
magnitude. However, UO2/continuous-BeO ITR is three to four
orders of magnitude larger than DMMpredictions. This indicates
that UO2/dispersed-BeO ITR is mainly induced by the vibrational
mismatch, while UO2/continuous-BeO ITR may be attributed to
the contact resistance. The thermal conductivity of UO2

containing dispersed BeO decreases with the decrease in BeO
size, and the thermal conductivity of UO2 containing continuous
BeO decreases with the decrease in the size of UO2 granule
surrounded by BeO. The conditions for achieving the targeted
enhancement of UO2 thermal conductivity by doping with BeO
are derived. These conditions can be used to design and optimize
the distribution, content, size of BeO, and the size of the UO2

granule.
Chandramouli and Revankar (2014) conducted a simulation

of UO2-BeO composite under a loss of coolant accident (LOCA)
condition by using FRAPTRAN code. Revankar et al. (2015)
studied UO2 fueled core and UO2-BeO fueled core for a small
break LOCA in a pressurized water reactor (PWR) RELAP5 code.
Neutronic pin cell simulations for a typical PWR were performed
using the lattice physics code DRAGON by McDeavitt et al.
(2011). The mass equivalence studies compared two scenarios
with an equal amount of uranium-235 atoms: a fuel with the BeO
additive and fuel without the BeO additive. By holding an
effective temperature constant (527°C) and increasing the BeO
content from 0 to 10 volume percent, it was observed that BeO
increased the BOC reactivity by ∼80 pcm per vol% BeO. By then
accounting for the differences in Teff, it was found that the ∼100°C
difference introduces another ∼350 pcm of reactivity. It was also
determined that the beginning-of-cycle reactivity might increase
by approximately 2900% milliRho, resulting in an increase in
cycle length of approximately 20 days with a potential increase in
end-of-cycle burnup to approximately 4000 MW d/tHM.

The temperature difference profile across a nuclear fuel pellet
was calculated for the enhanced thermal conductivity of oxide
nuclear fuels by Kim et al. (2010), Kim et al. (2011), Kim et al.

(2012). The SB-BeO-UO2 fuel had the least decrease in the
centerline temperature, followed by the green granule BeO-
UO2 fuel. The green granule BeO-UO2 fuel had a more
considerable decrease in centerline temperatures. According to
the cost-benefit analysis results, the optimized BeO content was
about 4.8 wt% when the BeO and uranium oxide prices were
assumed to be $317/kg and $64/kg, respectively. Zahrádka and
Škoda (2014) calculated the fuel temperature with a
computational fluid dynamics software Fluent 14.0 using the
WWER-1000 fuel geometry. The maximum fuel temperature for
standard UO2 fuel was 1,175°C. Adding 5%, BeO reduced the
maximum temperature by 145–1,030°C, a decrease of 12.4%. The
increasing volume fraction of BeO resulted in decreased peak fuel
temperature. Liu et al. (2015) presented the development of
modeling and simulation for enhanced thermal conductivity
UO2-BeO fuel behavior in a light water reactor with a 2D
axisymmetric geometry using CAMPUS code. The modeling
results showed that the fuel temperature could be significantly
lowered using the enhanced thermal conductivity UO2-BeO fuel.
Liu and Zhou (2017) proposed and analyzed a novel sandwich
fuel. The performance of UO2 fuel, UO2-BeO composite fuel, and
three types of UO2-BeO sandwich fuel were modeled in a light
water reactor using CAMPUS code (Liu et al., 2016).

Li et al. (2009) presented simulation results for thermal
conductivity of UO2-BeO composites using statistical
continuum mechanics. Simulated micrographs of two UO2/
BeO composites with 30% BeO were presented. The sample
with less anisotropic microstructure showed that the thermal
conductivity along the z-direction was 4.2% greater than that
along the x-direction. In contrast, another sample with more
anisotropic microstructure showed that the thermal conductivity
in the z-direction is 6.1% greater than that in the x-direction. A
methodology to generate ANSYS FEM thermal models of
enhanced thermal conductivity oxide nuclear fuels was
developed to study UO2-BeO composite nuclear fuel’s
enhanced thermal conductivity by Zhou et al. (2014), Zhou
et al. (2015), Zhou et al. (2018). The modeling results
successfully demonstrated the models’ potential to accurately
predict an enhanced thermal conductivity oxide nuclear fuel’s
effective thermal conductivity.

Abdalla et al. (2012) conducted a sensitivity analysis to
determine the factors affecting the fuel centerline temperature.
In this process, steady-state one-dimensional heat transfer
analysis was conducted using MATLAB programming, and
UO2-BeO fuels were examined enclosed in a 54 element fuel
bundle. It presented that the fuel centerline temperature was
lowered by 780°C for UO2-BeO. Wei et al. (2019) developed
Modified Embedding Atom Method (MEAM) potential
parameters of the beryllium oxide, which can well reproduce
the thermodynamic properties of beryllium oxide.

Chen and Yuan (2020) discussed the neutronic properties of
UO2-BeO fuel with various claddings such as zircaloy, FeCrAl,
and SiC claddings. They investigated neutronic properties
through the Monte Carlo method (Wang et al., 2014) and the
Linear Reactivity Model. They suggested the relationship between
the difference of reactivity at the End of the Cycle and two factors
included the uranium enrichment and the volume fraction of BeO
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in the composite fuel. They also found an essential feature
because the production of 4He in BeO-UO2 fuel is much more
than 4He produced in the UO2 fuel. The composite fuel has a large
(n,α) cross-section in the neutron’s different energy spectrum.
The zircaloy alloy cladding and SiC cladding have similar infinite
multiplication factors kinf, also at low burnup, the kinf of SiC
claddings act a little bit higher (Chen and Yuan, 2020). The SiC
has lower neutron absorption cross-sections, while the FeCrAl
claddings have a larger thermal neutron absorption cross-section,
inducing a lower kinf. The FeCrAl and composite UO2-BeO
system has less production of Kr and Xe than the UO2

systems. These data can provide a reliable reference for the
research of optimization and replacement of current UO2 fuel.
As mentioned above, developing a better fuel for nuclear systems
is an inevitable trend.

Conventional energy sources are secure because they can be
controlled quickly. Likely generator can be turned off effectively.
However, nuclear fuel systems take a long time to close. The
reactants in the fuel pellets will produce heat for some time
continually. Thus, the cooler is the fuel, the better is the reactor
system controlled. Also, reducing the temperature difference
between the centerline and the pellet surface can decrease the
fission gases produced. We can see the temperature difference
between the two different fuel pellets in Figure 6 (Chen and Yuan,
2020). The UO2-BeO fuel pellet can transfer heat better than the
UO2 one, and the fewer fission gases mean less damage to the fuel
and claddings. Moreover, the addition of BeO can replace 238U in
the fuel,so that increased resonance escape probability induces a
positive reactivity effect because 238U is a strong absorber. As a
whole, the addition of BeO is a positive effect on reactor reactivity.

However, in comparing UO2 and composite UO2 fuel
economy, some problems emerge, and we should carefully

consider them. If we only consider the 238U replaced by the
addition of BeO, maybe the required amount of uranium will be
reduced. However, the UO2-BeO needs more Uranium-235 to
satisfy the requirement of higher enrichment (Smith, 2012) so
that the costs associated with the UO2-BeO fabrication will
increase. So, in terms of increasing enrichment, we should
spend more effort to reduce its costs. The extra fuel processing
costs could be compensated in other ways, such as the extension
of cycle length, reduced operational costs, and the benefits of
reactor safety.

The addition of beryllium material can increase nuclear fuel’s
burnup and life due to thermal conductivity improvement. We
need to find a balance between the cost and two factors, i.e., the
burnup and the operational lifetime. The fuel cost-benefit analysis
(Kim et al., 2010) demonstrated that if the burnup is more than 60
MWD/kg, the BeO-UO2 fuel may have a positive economic sense.
We can find the optimal ratio of beryllium and UO2 to make
economic sense for composite fuel under certain conditions.
Besides, if we can decrease the price gap between the
beryllium material and uranium, it will increase the economic
benefit. So, it is necessary to estimate the fuel cost of BeO-UO2

associated with the unstable market price of beryllium.

BEO FABRICATION OVERVIEW

BeO’s receiving much attention can be traced back to the 1950s.
Not only the combination of a low thermal neutron absorption
cross-section with a high neutron scattering cross-section makes
it an ideal material to use as a moderator or reflector (Rich et al.,
1961), but also it has good performance in high-temperature such
as thermal conductivity, stability, and radiation resistance
relatively (Simnad et al., 1966). The preparation of BeO
ceramic substrate material is mainly divided into five stages:
powder preparation, powder pretreatment, shaping, sintering,
and metallization.

BeO is the only alkaline-earth oxide crystallizing in the
wurtzite structure instead of the NaCl-type structure (Morell
et al., 1996). In its industrial production, BeO powder is extracted
from beryllium minerals. Usually, Be(OH)2 is made first, then
obtained BeO by calcining it. The BeO powder is processed either
through the fluoride or sulfuric acid routes (Dong and Yi, 2005).
The industrial-grade beryllium oxide contains a variety of
impurities, such as magnesium oxide (MgO), aluminum oxide
(Al2O3), and ferric oxide (Fe2O3). So, we should purify the
powder by precipitating it with ammonium sulfate to remove
aluminum. Each country has its purification method. The Soviet
Union purified BeO by essential beryllium acetate distillation;
some American companies obtained high-purity BeO by
beryllium sulfate recrystallization. These ways all can achieve a
purity level of above 99.9% for the purified powder. The
conventional ceramic processing pathways can manufacture
the monolithic BeO. Many binder materials should be used in
the pre-firing process to obtain resins and starches. If we want to
machine sintered products, we should pre-fire them at
1,200–1,500°C, then process them with appropriate tools, and
finally, heat treats them at 1700–2000°C.

FIGURE 6 | The temperature distribution in UO2 and UO2-BeO fuel
pellets (Chen and Yuan, 2020).
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Sintering plays a vital role in the preparation of beryllium
oxide ceramics. The main factors affecting sintering are
temperature, atmosphere, and sintering time. Such
materials’ critical application property is their thermal
conductivity, and purity is an essential factor affecting BeO
ceramics’ thermal conductivity. The higher purity of BeO
powders, the better is the thermal conductivity of BeO
ceramics. Proper sintering temperature and sintering time
can contribute to the improvement of the ceramics thermal
properties. In the initial sintering kinetics of BeO, we found
that added a small amount of MgO could significantly
improve the sintering rate of BeO (Carniglia and Hove,
1961), and the water vapor also can affect the shrinkage of
BeO (Quirk et al., 1957; Quirk, 1959). Aitken (Aitken, 1960)
investigated the shrinkage behavior of BeO calcined at
different temperatures as well as the effect of water vapor
on high-temperature sintering. It indicates that the density
decreases even if the temperature is high enough under the
influence of water vapor. In the research of hot pressing
technology and density of ceramics, the BeO density can be
increased by hot pressing to improve the thermal
conductivity. At the temperature of 1700°C, the hot
pressing powders’ density is close to the theoretical value
of 3.03 g/cc. However, above 1800°C, the repaid crystal growth
has enormous effects on the ceramics strength. So, the
temperature range of the best hot pressing is generally in
1700–1800°C (Snead, 2005). Of course, the density and
thermophysical properties have a strong correlation with
the fabrication conditions. The fabrication standards for
nuclear-grade BeO have become more stringent, and the
cost of production has increased significantly. Attempts to
find more efficient methods in quantitative production can
help solve the current cost concerns.

COMPARISON WITH GRAPHITE
MATERIALS

The graphite material is mainly used in high-temperature gas-
cooled reactors. Graphite gas-cooled reactors once played a
crucial part in the development of nuclear reactors. Later on,
it was gradually replaced by light water reactors and retired from
the stage of history. However, the research into Gas-cooled Fast
Reactor (GFR) is booming. The GFR system features a high-
temperature helium-cooled fast spectrum reactor (Anzieu et al.,
2009). The advantage of GFR is still worth exploring. The Gen-IV
International Forum (GIF) Technology Roadmap indicated that
GFR could combine a fast spectrum system with the sustainable
development of uranium utilization resources (Gen IV, 2002). If
we consider the BeO’s use with gas-cooled reactors, we should
compare its effect with graphite. Objectively, if we neglect the
problems induced by irradiation, BeO has better compatibility
with coolants. We can have wider choices for coolants. Graphite
materials perform better at high temperatures regarding thermal
conductivity, as shown in Figure 7 (Manly, 1964). However, the
BeO exceeds other metallic oxides in thermal conductivity
greatly.

Interestingly, if we use the BeO material to design the reactor
core, we should try our best to develop a smaller core than the
system of graphite. In terms of power density requirements, the
BeO reactor should have a higher power density because of its
high capital cost of the reactor core. In contrast, the graphite
systems are in no need to obtain power densities above 10W/cm3

because the graphite plays a small portion in all power density
associated costs. So, it is a necessity to obtain high power densities
for the BeO systems.

In terms of the reactor core design, the ratio of the beryllium
atoms to fissile atoms is about 2000, and the ratio of graphite
systems is about 4000. Under this criterion, the cost per Gram of
fissile material for the BeO system reactor is about 15 times that of
the graphite system. So, we need to prolong the BeO system’s
reaction cycle length and increase its fuel recovery. An
investigation has indicated that the benefit of increasing the

FIGURE 7 | The comparison of thermal conductivities in different
materials (Manly, 1964).

FIGURE 8 | The relation of sphere diameter and power density
(Rothman, 1962).
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thermal conductivity of BeO-UO2 fuel was more significant than
the burden of high BeO material cost if the BeO content was
4.8 wt% (Kim et al., 2010). This is a valuable aspect for us to
consider in the future. It is convenient to compare the two
systems’ parameters in a pebble-bed reactor because it can
eliminate many unnecessary core parameters. Figure 8 shows
the variation of power densities vs. different sphere diameters for
both the BeO and graphite systems (Rothman, 1962).

Meanwhile, thermal stress is limited to some extent. The BeO
thermal stress is 10 times that of graphite. The BeO systems also
reduce the core power density to satisfy the void fraction requirement
in the core. Moreover, under the specific thermal stress limits, the
average power density needs to be further reduced. This conflicts with
the necessity to enhance the BeO reactor’s power density. So, it is a
serious technical problem, which needs further investigation in the
future. Table 2 shows the difference between the BeO-helium, BeO-
CO2, and Graphite-helium systems. The advantage of the BeO
systems is that the cost of CO2.

On the other hand, if we want to achieve the same standards as
the graphite systems, the BeO fuel pellets should be as small as
possible. This means the BeO system uses the number of fuel
elements over 50 times the graphite system. These constraints
make the cost and equipment requirements of BeO systems
significantly increased. Of course, the BeO material has
advantages in terms of compatibility with coolant.

CONCLUSION

It is necessary to find a suitable material to improve the safety and
effectiveness of nuclear reactors. There is no doubt that the BeO is
an excellent potential material due to its properties of high
conductivity and excellent neutron moderation. All of these
are necessary to develop and enhance nuclear reactor safety
and performance. Even though the graphite systems also have
good performance and meet the nuclear industry requirements,
some BeO utilization in reactor systems is still worth investigation
to improve the reactor safety and performance. In terms of
moderate neutron performance, the BeO material has more
excellent performance and better compatibility with coolants.
It can improve the ratio of energy conversion to some extent. This
material brings improved performance for reactors, while the
costs associated with material manufacturing and fuel
reprocessing need further investigation and compensation. The
problems on reprocessing fuel and the fabrication of nuclear
grade BeO still need further exploration. There are still some
challenges to overcome if we choose to use BeO mixed with the
graphite material, such as whether BeO can be compatible with

the graphite material, the expansion difference between two
materials, and the fission gas release.

We can conclude from the previous research that the BeO
material will be more widely used in reactor systems. The
presentation of the Daniels reactor project had led to new
applications for BeO. The choice of moderator materials is no
longer limited to particular materials, such as graphite and heavy
water. Some metal oxide materials can provide even better
performance. BeO has superior moderation properties
compared to graphite and lower cost compared to heavy
water. In the subsequent ARE and ART projects, researchers
also attempted to apply the BeOmaterial to space and molten salt
reactors, and some experimental results also proved the feasibility
of the BeO material. The high-temperature resistance of the BeO
material made it a preferred choice of moderator material for the
Pluto Project. In some extreme environments, such as space
reactors, stable metal oxide materials offer a more suitable
option. The BeO material’s application in the Kilopower
project is an excellent example for this purpose.

Nevertheless, the BeO implementation still encountered some
challenges and difficulties. The Daniels Reactor project’s termination
was due to insufficient experimental data for the BeO behavior in a
reactor, which would lead to much uncertainty. The military’s
termination of cooperation also brought about the failure of the
ART and other projects. The Kilopower Project just completed the
first step of exploration. There is still much work ahead. So, further
investigation on the BeO material becomes necessary.

In specific design considerations for the BeO cores, the first
thing to distinguish is whether the core’s design is homogeneous
or heterogeneous. For the heterogeneous reactors, the irradiation
stability of BeO and the release characteristics of tritium and
lithium are beneficial. For the homogeneous reactors, it is noticed
that how to recycle the BeO moderator material and fuel as far as
possible and the proper methods of material preservation are also
relatively critical. Therefore a reliable reprocessing and
manufacturing process is required. For two different systems,
the volume of BeO is always small due to its relatively high capital
cost in the reactor core. It may complicate more the core design. It
is not easy to select suitable channels of coolant and control rod
holes. Even though the pebble-bed design can partly simplify the
core design, it would also bring many difficulties such as pressure
drop and fuel processing.

The research should focus on developing accident-tolerant
fuels, which can modify nuclear fuel using the BeO material. The
high thermal conductivity of BeO material should be utilized as
far as possible. Researchers have been evaluating the BeO-UO2

composite fuel for a long time. Its properties are accorded with
the direction of the development of next-generation nuclear
reactors perfectly. The combination of the BeO material and
fuel can significantly improve fuel performance safely and
economically. It will broadly promote the development of
nuclear reactors. The combination of a considerable volume of
BeO and UO2 fuel can improve the fuel’s conductivity. The
thermal conductivity could be enhanced by 10–20 times after
adding 20 wt% BeO compared with pure UO2.

Moreover, it has an impact on the release of fission gases. All of
these ways are critical indicators to improve the performance of

TABLE 2 | The difference between the BeO-gas systems and Graphite systems.

Parameter Graphite-helium BeO-helium BeO-CO2

Fuel element diameter 1 0.25 0.25
Number of elements 1 >50 >50
Core pressure drop 1 5.8 7.5
Core pumping power 1 5.8 3.2
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nuclear fuel. However, there are still many challenging problems
to be solved. The BeO is a toxic material. In the manufacturing
process, it is possible to cause harm to people’s health and the
environment. The perfect protection and treatment measures can
effectively avoid damages. However, in some countries, the use of
BeO material is limited. More attention should be paid to the
reactor operating temperature range when designing the BeO
cores. The excessive temperature would affect the stability of the
BeO material. The large temperature gradient has damage to the
material structure. So, it is better to enhance the plasticity of UO2-
BeO to resist the thermal stress deformation at the specific
temperature range. The minimum temperature should be kept
above 800°C, and the maximum temperature should not exceed
1,375°C. The high temperature (1,100°C) would also increase the
reaction between BeO and the vapor, inducing the moderator’s
failure. These conditions define the temperature range of each
area for the reactors. It will significantly limit the choice of heat
exchangers and piping systems in the reactor design. At present,
the BeO reactor has been under development for a long time. It
exactly proved the importance of BeO in nuclear systems.
However, there are many limitations to BeO utilization in
reactors until now. Perhaps we can take the following
measures to improve our ability to solve problems:

(1) Looking for a more economical manufacturing process
for nuclear-grade BeO and how to improve the recovery
of BeO as far as possible.

(2) Focusing on the best combination of UO2 and BeO to
improve the performance of the fuel.

(3) Expanding knowledge reserves about the BeO utilization
under the extreme environment employing computer
simulation technology.

(4) Trying to modify the BeO structure to eliminate the effect
of thermal stress-strain cycling on the BeO properties.

(5) Researching on irradiation mechanism of BeO to solve
the BeO irradiation deformation problem.

Although there is no doubt that BeO has excellent reactor
performance, it can play its role to a large extent only after we
solve the associated manufacturing technology and cost concerns.
Seeking and developingmature technologymethods to reduce the
cost is an important direction. Further attention should be paid to
the exploration of the BeO material and its compatibility with
other materials. The computer simulation technology can be
appropriately used to get more reference data about the BeO
utilization under the extreme environment to provide theoretical
support for reactors’ practical applications. If it can correctly
solve the cost and compatibility problems, it will bring about a
revolution for reactors’ BeO utilization.
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