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W) Check for updates

Abstract — The emergence of microreactor technology has helped to drive supporting nuclear materials
qualification and acceptance processes. One essential component in these small reactors is a solid moderator,
which typically consists of metal hydride and cladding. While the behavior and performance of metal-hydride
moderators go back to early advanced reactor development for nuclear-powered aviation and space propul-
sion, there remains a knowledge gap in the understanding of hydrogen transport-related phenomena and
irradiation performance for hydride moderators. This impacts the acceptance/qualification of hydride
moderators for microreactors.

The goal of this technical note is to lay out a potential path forward for advanced moderator qualification and
acceptance for designers and developers of microreactors. The proposed approach has benefited from a model
microreactor core with the design parameters of a hydride moderator. Based on the model core and design
parameters, a simple chart was developed for the major challenges of hydride moderators where potential
incidents, causes, effects, and resolutions are described. The relation between the offered resolutions and the
maturity of the metal-hydride moderator technology was emphasized using technological readiness. Technological
readiness levels (TRLs) were clustered to three sets: physical phenomena related, reactor irradiations, and system
demonstration. Some essential needs to fill the knowledge gaps are discussed for physical phenomena—related
TRLs. For reactor irradiations, the importance of identifying goals and priorities is stressed to reach certain TRLs.
For system demonstration, it is noted that metal-hydride moderator qualification must comply with the overall

microreactor design.

Keywords — Microreactor, metal hydride, yttrium hydride, solid moderator, hydrogen.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Microreactors are mobile nuclear reactors operating
at low power [less than approximately 30 MW (thermal)]

*E-mail: mahmut.cinbiz@inl.gov

This article has been corrected with minor changes. These changes
do not impact the academic content of the article.

This is an Open Access article distributed under the terms of the
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License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited,
and is not altered, transformed, or built upon in any way.
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and high temperatures (>600°C). These reactors aim to
provide energy in the form of electricity and heat where
a secure energy supply can face challenges, such as
remote communities, mining sites, disaster regions, dis-
persed soft or focused industrial locations, and other
potential use areas. To meet such a wide spectrum of
use, these reactors must be easily operated (e.g., plug
and play) and transportable via current transportation
infrastructure. Therefore, the main prerequisites of such
reactors are to be passively safe, lightweight, and
compact." Among the main prerequisites, compactness
is challenging unless a thermal spectrum reactor is
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considered where dense neutron moderators are used. By
using dense neutron moderators, such as metal hydrides,
compactness can be attained to enable transportability.

Metal-hydride moderators were studied for nuclear-
powered aviation and space applications from the early
1950s throughout the late 1960s (Refs. 2, 3, and 4).
Much of the focus was on the hydrides of zirconium
and yttrium as a neutron moderator, but other options
were investigated as well.” Extensive thermodynamic,
fabrication, and material property data were generated,
and several patents were claimed on the fabrication of
hydrides.® ' A variety of cladding alloys for metal
hydrides were developed and investigated to mitigate
the potential adverse effects of hydrogen ingress to the
reactor system components. Furthermore, irradiation
campaigns were executed to support reactor demonstra-
tions, but post-irradiation examinations (PIEs) were
curtailed short of full characterization.''"'?

With the reemergence of modern microreactor con-
cepts, metal hydrides have recouped their significance
as neutron moderators to satisfy the technical require-
ments of transportable reactor designs. Although a vast
amount of data is available on the moderator and
candidate moderator cladding materials, technological/
knowledge gaps still exist that must be resolved for the
neutron-irradiated moderators to ensure reliable and
safe operation. In addition, a forward-looking strategy
for stakeholders is also needed to facilitate the qualifi-
cation of these materials to help enable microreactor
demonstrations and deployment.

This technical note suggests a strategy for
a potential path forward for metal-hydride moderators
where designers and developers of microreactor tech-
nology can benefit.? To serve this purpose, metal
hydrides and hydrogen migration characteristics are
briefly introduced. Hydrogen transport characteristics
are considered as the main subject of interest for
moderator acceptance in this layout. After that,
a hypothetical reactor core is illustrated. Based on
the illustrative reactor, the moderator design expecta-
tions are decided. Metal-hydride moderator challenges
are identified using a simple incident-cause-effect-
resolution chart where potential incidents and resolu-
tions are listed. The resolutions are related to the
technological readiness levels (TRLs). Finally, readi-
ness for the metal-hydride moderator is discussed in
the context of fabrication and TRL. These process
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steps are suggested as a layout framework for
a potential path forward for dense hydride moderator
qualification for use in microreactors.

[I. METAL HYDRIDES FOR NUCLEAR APPLICATIONS

An immense amount of fabrication and thermophysical
data is available related to metal hydrides for nuclear
applications  via  aerospace  nuclear  propulsion
research,>'>"> the Space Nuclear Auxiliary Power
(SNAP) program,” and the use of Training Research
Isotopes General Atomics (TRIGA) reactor fuel
clements.'®  Furthermore, recent efforts by the
Microreactor and Transformational Challenge Reactor pro-
grams manufactured yttrium hydrides and reproduced some
thermophysical data, as reported in their handbooks.'”'®
A comprehensive review is beyond the scope of this tech-
nical note. For more detailed information, see Mueller
et al.’s milestone book entitled, Metal Hydrides."® In this
section, we provide very targeted information as follows.

Hydrogen interacts with matter in two ways: (1) it can
be occluded in metals such as iron Fe(H) or nickel Ni(H),
or (2) it can form a compound by making a stable covalent,
ionic, or metallic bond. Excluding the exceptions,” metal
hydrides relevant to nuclear applications belong to Groups
3B to 5B elements, such as zirconium (Zr) and yttrium (Y).
These elements can form a stable compound where hydro-
gen occupies the interstitial positions in the crystal struc-
ture, as shown in Fig. 1.

Owing to hydrogen’s high mobility in condensed
matter, hydrogen can escape from the metal hydride via
disassociation reactions depending on the partial pressure
of hydrogen at a specific temperature. For instance,
hydrogen leaves the Group 5B hydride at temperatures
less than 200°C at ~1 atm, and H, gas is formed in the
parent metal’s crystal structure, as indicated in their phase
diagram.?*? Therefore, these hydrides are not suitable
for neutron moderation at elevated temperatures. On the
other hand, Group 3B to 4B hydrides, including lantha-
nide and actinide hydrides, have a high hydrogen reten-
tion capacity in the hydride phase, as shown in Fig. 2.

Figure 2 shows the hydrogen atom density as
a function of temperature for various materials at ~1
atm. Uranium has the highest hydrogen retention capabil-
ity up to 400°C, but it drastically decreases to zero above
400°C. At elevated temperatures, zirconium, yttrium,

#We do not intend to provide a specific framework that binds
stakeholders and other institutions. Furthermore, topics covered in
this technical note may not correspond to specific reactor types.
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bBeryllium and lithium can also form hydrides, which have been
used as a neutron moderator and as shielding and reflector compo-
nents for aviation and space nuclear propulsion.
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Fig. 1. (a) Portion of the periodic table of interest for metal-hydride moderators ('**Rf and '°°Db are artificially synthesized), and

(b) crystal structure of MH, (M =Y or Zr).
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Fig. 2. Hydrogen retention of different metal hydrides compared to water at 1 atm (picture source is Ref. 18).

cerium, and lithium (Group 2A elements) exhibit
extended hydrogen retention capacity at microreactor-
relevant temperatures (>600°C). Importantly, Fig. 2 high-
lights the relative hydrogen stability of various metal
hydrides for microreactor operating temperatures.

The metal hydride chosen for a specific microreactor
design may vary based on the requirements of that
design. For example, if the operating temperature is less
than 800°C, ZrH, might be chosen over YH,, since the
former can retain more hydrogen than the latter at lower

@ANS

temperatures. However, if an operating temperature of
>800°C is desired, the enhanced stability of YH, may
make its selection preferable.

The best-known metal hydride, which remains widely
used, is the uranium-zirconium hydride (U-ZrH;¢) for
TRIGA reactor fuel.>'*** The U-Zr hydride fuel is com-
posed of two-phase mixtures of a U and 6 ZrH, ¢ where the
d-hydride slows fast neutrons down that are emitted from
a U via nuclear fission reactions. Thus, the U-Zr hydride
fuel is a dual-purpose metal hydride with fission and

NUCLEAR TECHNOLOGY - VOLUME 209 - SUPPLEMENT 1 - 2023
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moderation functions. The moderator function of the
hydride fuel is currently qualified for TRIGA reactor
conditions,>* as well as its fission function. Because the
U-Zr hydride fuel is currently being used in research reac-
tors, the hydride moderator fabrication qualification can
benefit from the U-Zr hydride fuel experience.

[1l. METAL-HYDRIDE MODERATOR CHALLENGES

Metal-hydride challenges are defined with a specific
microreactor design since hydride moderators can be in
different geometric shapes with or without cladding.
Furthermore, the operating temperature can vary for dif-
ferent reactors. These design unknowns make it difficult
to determine the anticipated challenges that can be
experienced with metal-hydride moderators. Therefore,
a hypothetical reactor core design is illustrated to predict
the technical considerations (see Fig. 3). This hypotheti-
cal reactor core benefits from a monolithic core structure
where fuel, a moderator, and a heat pipe are placed. The
fuel element and heat pipe are separated from the mod-
erator by the core monolith. A metal hydride is encapsu-
lated with cladding, which forms the moderator element
(e.g., metal hydride and cladding). The moderator clad-
ding is in contact with the core monolith. This type of
reactor design is selected because moderator-related chal-
lenges can be easily identified. These challenges almost
cover real microreactor designs, which use a metal-
hydride moderator. The reactor is anticipated to operate
above 800°C.

The design of the moderator can follow several
options. The metal hydride can be a zirconium- or
yttrium-base material or their alloys. The metal hydride
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can be bonded with the cladding or vice versa.
Furthermore, a plenum volume can be present with
hydrogen and noble gases. All these combinations affect
the hydrogen transport characteristics and the expected
hydrogen loss behavior from the moderator. The funda-
mental design expectations from the hydride moderator
are as follows:

1. Maintaining the moderating power at the
design limits over the lifetime of the reactor is the
fundamental function of the moderator. However,
hydrogen loss over time (chronic hydrogen loss) from
the intact cladding may cause loss of moderation
power, which disables the normal operation character-
istic of the reactor.

2. Ensuring the predictable and stable behavior
of the moderator during normal and transient condi-
tions is critical to evaluating the moderator’s perfor-
mance for long-term operation. Accurate prediction of
the hydrogen inventory in the moderator establishes the
reactor design parameters. In particular, hydrogen
transport under temperature gradients can cause neu-
tronic instability due to thermal transport and irradia-
tion-enhanced diffusion. Hydrogen accumulates at
lower temperatures due to its high mobility and thermal
diffusion (e.g., Soret effect). This may cause mechan-
ical failure of the moderator due to embrittlement of
the metal hydride and extensive volumetric expansion
if yttrium trihydride is formed.

Based on the design expectations from the mod-
erator and the given reactor design, a simple chart,
shown in Table I, can be established to identify the
potential key challenges for the hydride moderator. The

s :

N [ /

N [ /

N [ u

N [ /

N [ /]

N [ /

N Core { ] Core Heat

N Fuel ... Moderator { . .

s Monolith P ] Monolith Pipe
A ]

N [ /

N [ /]

N [ u

N [ /

: 7 :

T /III/II,/IIII‘ LICIUIVSTTTAVITNTNT

Fuel cladding Moderator cladding Heat pipe alloy

Fig. 3. Illustration of a hypothetical microreactor core arrangement, including fuel, moderator, heat pipe, and the monolith that

holds the fuel, moderator, and heat pipe components.
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TABLE I

Incident-Cause-Effect-Resolution for the Hydride Moderator Based on the Model Reactor

Incident

Cause

Effect (Examples)

Resolutions (Examples)

Chronic loss of moderating
power over time during
operation

Acute loss of moderating
power during off-normal
conditions

Hydrogen redistribution
under shallow and sharp
temperature gradients

Loss of pressure boundary of
the moderator

Hydrogen disassociation
from the moderator, uptake
by the cladding, and
disassociation from
cladding to the system

Identified DBAs or BDBAs,
such as a thermal spike and
positive reactivity insertion

Temperature fluctuations due
to inadequate and highly
skewed heat removal from
the core

Thermomechanical cycling
of the internally
pressurized moderator as
assisted with hydrogen
embrittlement or creep-
fatigue rupture after
prolonged operation

Reduction of moderation
capability over time,
potential hydrogen-induced
fracture of the internally
pressurized cladding; the
monolith material may
experience embrittlement
over time.

High amount of hydrogen
release in a short time from
the moderator due to
biaxial loading of the
cladding under rapid
loading conditions

Hydrogen diffuses to the
colder regions over long
durations via thermal
diffusion and the Soret
effect. For shallow
temperature gradients, this
effect is dominant over
a long duration. It biases
the neutron moderation in
different regions. For sharp
gradients, hydrogen
accumulates at colder
regions faster, and metal
hydride can fracture at the
cold end.

For metal hydride exposed to
the core environment, rapid
depressurization may cause
extended hydrogen release
to the core environment,
and metal hydride may
interact with the core
monolith via species
transfer.

Select/fabricate high
hydrogen retention metal
hydride and hydrogen
permeation resistant
cladding.

Predict amount of loss and
accommodate by design.

Ensure the moderator
pressure boundary remains
intact during DBAs and
BDBAs.

Predict failure modes and
accommodate by the design
limits.

Identify the transport
characteristics of hydrogen
and accommodate with the
design limits.

Develop a control or
mitigation strategy for the
hydrogen transport.

Select alloys that meet the
design limitations or
develop new alloys for
better mechanical integrity.

Develop a safe operation
envelope for the specific
system, implement into fuel
performance codes.

chart includes key events for the hydride moderator,
including incidents and their root cause(s) with poten-
tial effects to the reactor system. Furthermore, the
potential resolutions for mitigation or prevention of
these incidents are also listed in the chart. For a real
microreactor, this simple chart transforms to the failure
modes and effects analysis (FMEA) and the phenom-
ena identification and ranking tables (PIRT) approaches
for a moderator. Note that the FMEA and PIRT
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approaches also include the importance of incidents
on the reactor system and current knowledge levels or
uncertainties of occurring physical phenomena.?>**
The current chart does not include this information.
Overall, this simple chart (or FMEA and PIRT for
a real microreactor system) will comply with design
expectations and inform the research and development
strategy. This dual-purpose use of such a chart helps to
identify the challenges and knowledge gaps where

NUCLEAR TECHNOLOGY - VOLUME 209 - SUPPLEMENT 1 - 2023
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stakeholders can develop mitigation strategies, includ-
ing research and development needs.

Incidents listed in the simple chart focus on (1)
hydrogen loss over time during normal operating condi-
tions, (2) loss of moderating power during transient con-
ditions caused by design-basis accidents (DBAs) or
beyond-design-basis accidents (BDBAs), (3) hydrogen
redistribution under a temperature gradient, and (4) loss
of pressure boundary of the moderator cladding due to
thermal cycling and hydrogen-assisted failure. These inci-
dents can be expanded depending on the microreactor
design as well.

Continuous hydrogen loss from the moderator over
time can cause chronic loss of moderating power. As
a result, the reactor’s operational functions can be
degraded. Furthermore, hydrogen can induce embrittle-
ment in the moderator cladding material if hydrogen is
adsorbed by the cladding. Additionally, hydrogen can
interact with the core monolith, and it can cause deleter-
ious effects on the core monolith or auxiliary system
components over time, yielding a potential failure of
these components. To resolve such an incident, the fabri-
cation of moderators with better hydrogen retention and
cladding candidates that are resistant to hydrogen per-
meation are to be considered. Designers can also identify
the cladding options via materials selection.

Immediate hydrogen loss from the moderator can
only occur if the cladding failure happened because of
a transient incident, such as a DBA or BDBA event. In
these cases, the reactor is expected to shut down. In an
event where the core coolability is limited, the tempera-
ture can rise. Hydrogen starts to leave the metal hydride
and increases the internal pressure of the cladding if no
bonding exists between the cladding and the metal
hydride as the temperature rises above 1000°C. With
the loss of cladding mechanical strength and biaxial load-
ing conditions, burst rupture along the axial direction can
occur for the illustrated reactor. For mitigation, a reactor
can be designed to avoid a moderator cladding rupture
during a DBA or BDBA event. Furthermore, mechanical
properties and failure modes of the cladding under rele-
vant conditions must be known and implemented into
fuel performance codes.

Hydrogen redistribution in the metal hydride can
occur if the metal hydride experiences a temperature
gradient along the axial or radial directions.
A temperature gradient can occur due to highly skewed
heat removal in the reactor where hydrogen redistributes
in the metal hydride because of the thermal diffusion
(e.g., the Ludwig-Soret or Soret effect) of the hydrogen.
For shallow temperature  gradients, hydrogen

NUCLEAR TECHNOLOGY - VOLUME 209 - SUPPLEMENT 1 - 2023
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redistribution will be slow, but it will be fast for the
sharp temperature gradients. The thermal diffusion char-
acteristics of hydrogen also will be affected by the initial
hydrogen number density as targeted during the modera-
tor fabrication. Due to thermal diffusion, hydrogen tends
to accumulate at the cold end of the moderator where
metal hydride can fracture. To mitigate potential thermal
diffusion—induced neutronic instabilities and metal-
hydride failures, the Soret effect for the moderator must
be resolved and implemented in fuel performance codes.
Alternatively, reactor designs that inherently mitigate or
avoid the Soret effect can be investigated, or a hydrogen
distribution control mechanism can be included in the
reactor design. The Soret effect in metal hydrides is
currently unknown. The infrastructure to elucidate the
Soret effect is not mature.

Loss of the pressure boundary of the moderator is
directly related to the high temperature strength of the
moderator cladding material during long-term reactor
operation. The expected mechanical failure modes are
creep rupture and/or creep/fatigue rupture, including
hydrogen-induced embrittlement at lower operating tem-
peratures. In addition to these, one potential mechanism
can be strain-driven loading due to temperature ramps
while load-following, particularly during the reactor’s
end-of-life (EOL) period. With the occurrence of
a cladding breach, hydrogen depressurization will hap-
pen. Depending on the rupture size, the metal hydride
will be exposed to a core monolith, as observed in Fig. 3,
and it will interact with the core monolith via species
transport where the compositional integrity of the core
may change. This incident can be avoided by the materi-
als selection process for the moderator. If materials selec-
tion cannot meet the requirement, alloy development will
be needed. For the alloy development case, current
experience from the U.S. Department of Energy (DOE)
programs may be beneficial. Finally, the materials beha-
vior must be implemented into fuel performance codes.
Another mitigation, not included in the simple chart,
could be allowing the failure of a certain number of
moderators over time (e.g., close to EOL), ensuring the
reactor’s safe operation envelope is intact.

Incidents listed in the simple chart in Table I only
provide basic considerations related to the use of a metal-
hydride moderator. Foreseeing this, more incidents will
be present for an actual microreactor, and the number of
resolutions will likely be greater by providing flexibility
in the moderator design and qualification. These example
resolutions are highly correlated with the readiness of the
moderator technology where technological maturity is
measured. Thus, resolutions in the simple chart (or

@ANS
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FMEA and PIRT for a real system) will connect the
design expectations with the technological readiness of
metal-hydride moderators.

IV. TECHNOLOGICAL READINESS

To meet the design expectations, the technological
readiness of the moderator needs to reach adequate com-
pletion for a specific reactor design. By taking nuclear
fuel component qualification as the basis,>”*® this
maturation level spans metal-hydride moderator fabrica-
tion, essential data production, irradiation performance,
and post-irradiation property measurements. For the reac-
tor shown in Fig. 3, the fabrication of a hydride modera-
tor consists of three steps: (1) the fabrication of the metal
hydride, (2) the fabrication of the cladding, and (3) the
assembling/joining of the two components into a final
hydride moderator shape. Metal-hydride fabrication is
performed through massive hydriding or several powder
compacting techniques.’"'®**>% Metal-hydride fabrica-
tion needs to include a certain quality level from initial
feedstock material specifications to the manufacturing
processes, as well as the post-manufacturing quality
metrics.

Post-manufacturing quality metrics need to be set to
meet the design-basis functionality of the moderator.
Clearly, the most important metric is the hydrogen con-
tent after moderator fabrication. Independent of the fab-
rication method, mass measurements, X-ray diffraction
volume fraction analysis, and hydrogen content measure-
ments with analytical techniques (e.g., hot vacuum
extraction or inert gas fusion) are vital techniques.”’ For
post-fabrication hydrogen content characterization, apply-
ing more than one technique ensures the quality of the
final fabricated metal-hydride product. Some morpholo-
gical metrics may be important for a specific reactor
design, such as the oxide layer after manufacturing, com-
ponent shape, or surface and internal cracks. Once the
selected metrics are evaluated with the allowable design
requirements, metal-hydride fabrication can reach ade-
quate maturation, as decided by the stakeholders.

While metal-hydride fabrication is relatively straight-
forward, cladding fabrication has diverse challenges, such
as tube-making (e.g., a circular or rectangular profile),
joining/welding capability, hydrogen permeation, and
thermomechanical strength under the hydrogen environ-
ment. Identifying and meeting these essential metrics are
directly related to the TRL of the cladding material and
the materials selection. At this point, cladding manufac-
turing experience obtained in the Accident Tolerant Fuel
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(ATF) program may speed up the qualification processes
for novel materials.’® For instance, FeCrAl alloys and
silicon carbide/silicon carbide (SiC/SiC) fiber composites
may be viewed as being suitable for moderator cladding.
The FeCrAl alloy family and the SiC/SiC have been
investigated as light water reactor fuel cladding with
respect to manufacturing,®>** irradiation behavior,>>-°
and mechanical behavior under transient loadings.>”*°
In the ATF program, various coating application techni-
ques have also been developed and studied.*? Using
a different coating, hydrogen loss could be mitigated.

Assembling metal hydride and cladding as a single
moderator component focuses on the joining and welding
techniques of these components into the final shape.
Some generic metrics for assembly are the long-term
mechanical integrity at elevated temperatures and
mechanical performance during temperature cycles or
ramps.

Beyond fabrication, there is a knowledge gap related
to metal hydrides, although nuclear propulsion programs
have demonstrated the use of metal hydrides as a neutron
moderator. The essential knowledge gaps appear in
understanding the hydrogen redistribution in the metal
hydride under temperature gradient (e.g., thermal diffu-
sion), irradiation performance of the metal hydrides,
high-temperature mechanical response of the candidate
cladding under a hydrogen gas environment for short-
and long-term experiments under monotonic and cyclic
loading conditions, and irradiation performance of the
moderator (e.g., metal hydride + cladding). Using the
TRL approach, as observed in Fig. 4, TRLs can be
combined into three sets for metal-hydride moderators:
(1) TRLs 1 through 4, (2) TRLs 5 and 6, and (3) TRLs 7,
8, and 9. The first part (e.g., TRL 1 through 4) describes
the readiness correlated to the basic phenomena, like
thermal diffusion of hydrogen or mechanical integrity of
the cladding under a hydrogen gas environment.

For instance, it is well known that hydrogen can
thermally diffuse to colder zones, which may impact the
neutron moderation function during steady-state opera-
tion. However, there are no available data that address
hydrogen’s thermal transport in metal hydrides with
quantified uncertainty at microreactor-relevant tempera-
tures. The simple chart showing the FMEA/PIRT cannot
quantitively prioritize the impact of the thermal diffusion
of hydrogen in the moderator for the illustrative reactor
without collecting the necessary experimental data.
Therefore, testing infrastructure is needed to address the
hydrogen’s thermal diffusion phenomenon in metal
hydrides. Importantly, it must be ensured that the data
be collected under defined quality assurance with
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Fig. 4. General TRL levels for hydride moderators and needs (bolded) for each TRL set.

reliability and reproducibility. The same situation occurs
for the unknown phenomena for the cladding and
assembled moderator where testing capabilities are
needed to overcome the first part of the TRLs.

The second part (TRLs 5 and 6) is related to
moderator readiness under a relevant environment
(i.e., nuclear reactor irradiations). While the legacy
PIE data can be found in Refs.11, 12, and 41, these
PIE data are inadequate to answer essential questions,
such as the effect of fast neutron fluence on the
hydrogen inventory for metal-hydride moderators.
Therefore, steady-state and transient irradiations with
identified and prioritized goals will be needed.
Irradiations and PIEs focusing on the investigation
of geometrical stability and the quantification of
hydrogen loss after irradiation will be essential for
qualification or acceptance.

The third part (TRLs 7, 8, and 9) is more related to
overall system demonstration and deployment in
a nuclear reactor where moderator qualification must
comply. Moderator-initiated incidents must be evaluated
or predicted. TRLs 7, 8, and 9 must include a reactor
system design beyond the nuclear reactor, as illustrated in
this study. Thus, this part surpasses the aim of this tech-
nical note.
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V. SUMMARY

This technical note provides a potential layout that helps
to establish a path forward for the acceptance or qualification
of hydride moderators for microreactor use.” At first, the
layout includes an illustrative reactor core with the presence
of critical components. Based on the core design, essential
design parameters were identified for a metal-hydride mod-
erator by focusing on the hydrogen transport characteristics.
Using these essential design parameters, a simple chart was
introduced to determine several incidents, causes, impacts,
and potential resolutions for the illustrative microreactor core.

These potential resolutions were directly connected to
the TRL of the metal-hydride moderator. Therefore, matur-
ity of the technology was briefly discussed at multiple
levels, such as fabrication, hydrogen transport phenomena,
and irradiation performance. From the moderator fabrica-
tion perspective, identifying the key fabrication metrics
was emphasized to reach sufficient fabrication maturity.
In general, TRL items were combined into three parts: (1)
physical phenomena related, (2) irradiation performance,

°This framework may not be the actual approach but provides
a path forward for the acceptance of hydride moderators. This
framework or variants may be applied to other components as
well, as needed.
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and (3) system demonstration. Some essential needs to fill
the knowledge gaps were identified. For reactor irradia-
tions, the importance of the identification of goals and
prioritization was stressed to reach certain TRLs. A final
TRL set was conducted at the system scale, which was
beyond the present scope and more related to the stake-
holders, but we noted that metal-hydride moderator quali-
fication must comply with the overall microreactor design.
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