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ABSTRACT. One of the key concepts in the development of accident-tolerant fuels (ATFs) involves
the use of high-density fuels, aimed at improving the safety and economics of light-water reactors.
This work focuses on the microstructural and mechanical characterization of experimentally fabricated
segments of dispersion-type high-density uranium fuels with a zirconium matrix and Zr-based cladding,
intended for future testing in research reactors. Both U-Mo alloys and pure uranium metal were
investigated, with particular attention given to the influence of thermal treatment on the phase
composition and microstructure of the fuel segments. In addition, changes resulting from thermal
exposure were evaluated. The research includes the identification of newly formed phases during
transient conditions and the analysis of diffusion phenomena in the material. Mechanical properties
were evaluated through microhardness measurements, and the results will serve as input parameters
for computational simulations using the Serpent code to support the introduction of these fuels in the
VR-2 research reactor.
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U-Mo.

1. INTRODUCTION

The pursuit of improved safety and efficiency in nu-
clear reactors has driven the development of alter-
native fuel concepts with improved performance un-
der normal and accident conditions. Among these,
high-density fuels (HDFs) have emerged as promising
candidates as a result of their potential to increase the
concentration of fissile atoms, extend fuel cycles, and
ensure better heat dissipation from the fuel, leading
to its lower maximum temperatures. Their imple-
mentation is particularly relevant in the context of
accident-tolerant fuels (ATFs), which are designed to
withstand severe conditions for much longer times
compared to traditional Zr+UO, fuel systems [I} [2].

Traditional UOs-based fuels, while well understood
and widely deployed, face limitations in terms of
thermal conductivity and structural resilience under
high-temperature or off-normal scenarios. In contrast,
HDFs — including uranium alloys, silicides, carbides,
and nitrides — offer improved thermophysical prop-
erties, such as a higher uranium fissile density and
superior thermal conductivity. These properties can
enable longer operational cycles and improved toler-
ance to transients and accidents [3 [].

This research investigates selected high-density fuel
types suitable for power reactors, with a particu-
lar focus on uranium-based metal compounds. The

study combines experimental characterization of the
microstructure and composition of the fuel with nu-
merical simulations to assess the interaction of the fuel
with neutrons. The results contribute to the larger
effort to qualify advanced nuclear fuels that meet the
performance and safety demands of modern nuclear
systems.

2. MATERIALS AND METHODS

2.1. FUEL SAMPLE PREPARATION

All high-density fuel (HDF) samples analyzed in this
study were provided by UJP PRAHA as part of a col-
laborative project with Centrum vyzkumu Rez (CVR)
and Czech Technical University in Prague (CTU)
within the CANUT-II programme. The production
process followed the methodology established in a pre-
vious Master’s thesis and involved two main stages:
mechanical compaction and thermal impregnation [5].

The fuel elements consisted of metallic uranium
fragments (0.2-3.8 in diameter) combined with ma-
trix materials based on zirconium, copper, and iron
alloys. The mixture was vibrationally compacted into
cladding tubes in three stages, achieving approximate
volume fractions of 44 % fuel, 12 % matrix, and 44 %
porosity. After compaction, the samples were hermet-
ically sealed, and one of the samples (HDF-U-2) was
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filled with argon at 0.2 MPa prior to closure. The fi-
nal densification and microstructural homogenization
were achieved by heat treatment at 900 °C, followed
by cooling with argon. To relieve residual stresses and
prevent structural damage to the cladding, vacuum
annealing was performed at 575 °C for 180 minutes [5].

Furthermore, a sample was subjected to a ther-
mal ramp scenario with heating to 1000 °C and rapid
quenching in ice water to assess the resistance to ther-
mal shock [5].

2.2. STABILIZATION OF 7-U PHASE BY Mo

At room temperature, uranium crystallizes in the or-
thorhombic a phase, which is stable up to 668 °C.
Although thermodynamically favorable, this phase
exhibits poor mechanical properties, such as brittle-
ness and dimensional instability, due to its anisotropic
crystal structure [6].

Alloying uranium with molybdenum stabilizes the
high-temperature y-phase (bcc), which is otherwise
stable only above 774 °C. Molybdenum suppresses the
v — « transformation during cooling and promotes
retention of the v phase at room temperature. Alloys
containing 7-10 % Mo typically retain this structure,
improving ductility, dimensional stability, and irradia-
tion tolerance [6] [7].

2.3. SAMPLE PREPARATION AND
METALLOGRAPHY

All samples were embedded in epoxy resin, ground,
and polished using standard metallographic proce-
dures [5]. Optical microscopy was performed using
a Nikon Eclipse LV100N POL microscope. Image
analysis (component fraction and grain size) was per-
formed using the FIJI software.

2.4. SCANNING ELECTRON MICROSCOPY AND
EDX

Microstructural and compositional analyzes were con-
ducted using a Tescan MIRA 3 GMU scanning elec-
tron microscope (SEM) equipped with a field emission
gun and an Oxford Instruments Energy Dispersive
Spectrometer (EDX). Before SEM analysis, all sam-
ples were coated with carbon to prevent charging.
Measurements included BSE imaging and EDX point
analysis, line scans, and acquisition of elemental maps
to assess uranium fragments and matrix composition,
and interfacial interactions.

2.5. SCANNING ELECTRON MICROSCOPY —
EBSD

Electron Backscatter Diffraction (EBSD) analysis was
performed on the Tescan MIRA 3 GMU SEM system
and using the same Oxford Instruments software. The
samples were mechanically polished on vibratory pol-
ishing with colloidal silica to ensure a high-quality,
deformation-free surface. EBSD was used to obtain
the phase composition of the uranium fragments. Data
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F1GURE 1. Top view of the center and nuclear reactor
core of VR-2 with replaced fuel rods near two experi-
mental channels.

processing included noise reduction and cleanup pro-
cedures to improve pattern indexing and reliability.

2.6. X-RAY DIFFRACTION (XRD)

Phase composition was evaluated using a 4 kW pow-
der X-ray diffractometer with a Co anode. Samples
were trimmed to < 1cm thickness and mounted for
reflection mode analysis. Scans were performed in
areas of high concentrations of fuel and matrix.

2.7. NANOINDENTATION

Local mechanical properties were measured using
a Hysitron Ti 950 Tribolndenter equipped with
a Berkovich tip. Hardness and modulus were de-
termined on the basis of load-displacement data using
the Oliver and Pharr method. Indentations were
performed at multiple points in the fuel and matrix
regions.

3. NEUTRONIC SIMULATIONS

The neutron-physical behavior of the HD fuel was
evaluated using the Serpent Monte Carlo code (ver-
sion 2.1.32). All calculations used nuclear data from
ENDF/B-VIIL.0. The simulations were based on
a modified core configuration of the VR-2 reactor
at CTU in the external source mode (?32Cf), with
selected fuel rods replaced by HDF elements (Fig-
ure . VR-2 is a subcritical reactor used for teaching
purposes [g].

The VR-2 core contains two fuel types: EK-10
rods in the central region, made of a UOy-Mg alloy
with 10 % enrichment and aluminium cladding, and
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Sample Fuel [%] Matrix [%] Porosity [%] Mean Fragment Area [mm?]
HDF-U-1 44.8 31.3 23.9 3.18
HDF-UMo 47.2 26.1 26.7 2.37
HDF-U-2 26.2 18.7 55.1 2.16

TABLE 1. Volume fractions and average fuel fragment size from LOM image analysis.

peripheral rods of natural metallic uranium also with
aluminium cladding.

There are two experimental channels, Channel 1
and Channel 2, placed symmetrically near the central
region. As shown in Figure[I] up to eight fuel rods
located closest to the experimental channels were re-
placed, in separate scenarios, with HDF materials of
varying enrichment. This location was chosen because
proximity to the channels makes changes in neutron-
flux density easier to measure. Material compositions
obtained from the experimental characterization were
used as input for the high-density fuel rods.

Two fuel configurations were considered in the cal-
culations: a homogenized model and a layer model,
which represents a fuel with dispersed particles. The
homogenized model contained fuel, matrix, and pores
in which argon was considered at a pressure of 0.2 MPa,
corresponding to the conditions used during the en-
capsulation of the sample. The effective density was
calculated for the new homogeneous material. In the
layered model, the fuel was considered in the middle
of the rod, and a homogenized matrix with pores was
located around it.

These simulations aim to assess the impact of the
microstructural fuel configuration on local relative
neutron flux density in experimental channels and to
find a configuration that will produce a measurable
change in neutron flux density and that will contain
as few fuel rods with as little enrichment as possible.

4. RESULTS

Three fuel samples HDF-U-1, HDF-UMo, and HDF-
U-2 were prepared and analyzed using light optical mi-
croscopy (LOM), scanning electron microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDX) and
nanoindentation. The fuel matrices’ expected compo-
sition is zirconium-based alloy (Zr 83.8%, Cu 8.1 %,
Fe 8.1%), with uranium or uranium-molybdenum
fragments embedded inside. The estimated uranium
content per sample was approximately 1.6 g.

4.1. QUANTITATIVE MICROSTRUCTURAL
ANALYSIS

LOM-based image analysis quantified the volumetric
distribution of fuel fragments, matrix, and porosity
(Table[1). The sample HDF-U-2 (Figure [2), subjected
to high temperature ramp, showed the highest poros-
ity (55.1%) and the lowest fuel content (26.2%). In
contrast, HDF-UMo (U-9Mo) showed the highest fuel
content (47.2 %) and relatively low porosity (26.7 %).
All of these data may be affected by the evaluation

FI1GURE 2. Light optical microscopy image of HDF-U-2.

method in ImageJ. The error estimate was conserva-
tively estimated to be 1 %.

4.2. SEM/EDX CHARACTERIZATION

SEM-BSE images and EDX line scans revealed inter-
diffusion phenomena between the fuel, matrix, and
cladding. In both samples based on U and U-9Mo,
the diffusion of uranium into the zirconium alloy ma-
trix was confirmed. In the HDF-UMo sample, a Mo
boundary zone was observed between the fuel and
the matrix (Figure [3). Uranium was also detected
at low levels in the cladding, attributed to sample
preparation artifacts.

The HDF-UMo matrix showed a granular morphol-
ogy, with zirconium encased in iron, and local seg-
regation of elements. In HDF-U-1, the penetration
of uranium into the matrix resulted in needle-shaped
structures where uranium localized replaced Cu and
Zr; Fe was also present in these areas (Figure [4)).
The uranium content decreased sharply at the matrix-
cladding interface (Figure [5]).

The HDF-U-2 sample exposed to elevated tempera-
tures exhibited extensive cracking and disintegration
of the fuel. Uranium was found to be widely dis-
tributed throughout the matrix and partially migrated
into the cladding (Figure @ The structural trans-
formation of the matrix was observed, from needle-
shaped to elongated grains interspersed with uranium
dendrites (Figure [7b). A secondary matrix phase
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Ficure 3. EDX line scan of sample HDF-UMo at the fuel-matrix interface, showing the formation of a contact zone

and element gradients.

Sample Component E [GPa] or [GPa] H [GPa] oy [GPa]
HDF-U-1 124.3 10.2 7.6 1.2
HDF-U-2 Fuel 131.1 15.3 7.3 1.4
HDF-UMo 108.0 9.3 6.2 0.9
HDF-U-1 166.3 9.1 6.7 0.7
HDF-U-2 Matrix 166.3 12.4 7.3 1.2
HDF-UMo 110.0 14.0 6.8 1.9

TABLE 2. Average values of Young’s modulus (E) and hardness (H) obtained by nanoindentation for three high-density

fuel variants.

U Ma1 Zr Lal
Oﬂpa Oﬂpa
Cu Kal Fe Kal

Dﬂpa Uﬂpa

FIGURE 4. EDX elemental map of U, Zr, Cu and Fe in
the matrix region near a fuel fragment in HDF-U-1.
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containing Fe and a minor Zr was formed at the fuel-
matrix interface.

These microstructural alterations suggest that el-
evated temperature conditions significantly acceler-
ate uranium diffusion and potentially compromise
the cladding integrity due to enhanced fuel-matrix—
cladding interactions. The interaction between the
matrix and the cladding can be seen in Figure

4.3. MECHANICAL TESTING

Nanoindentation was performed both in the fuel frag-
ment region and in the matrix. The results showed
that the HDF-UMo alloy exhibits the lowest elastic
modulus and hardness, which is consistent with the ex-
pected microstructural change caused by molybdenum
alloying. The sample exposed to elevated temperature
does not exhibit a significant decrease in hardness or
modulus, indicating good mechanical stability after
thermal shock.

The average values of Young’s modulus and hard-

ness, including standard deviations, are given in Ta-
ble

4.4. XRD PHASE IDENTIFICATION

XRD was performed to characterize the crystalline
phases and corroborate the elemental analysis based
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Fi1Gure 5. EDX line scan of HDF-U-1 across fuel, matrix,
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FIGURE 6. EDX elemental distribution map of sample
HDF-U-2 after exposure to elevated temperature.

on EDX. Each of the three samples showed distinct
features, particularly in the fuel and matrix regions.

HDF-U-1: The diffraction pattern confirmed the
presence of uranium in the a-U phase. Both the fuel
and matrix regions showed signs of surface oxidation.
In the matrix, zirconium and iron were detected. How-
ever, given the EDX data, where Zr and Fe appear
in separate needle-shaped regions, the joint detection
in XRD likely reflects the lower spatial resolution of
this technique. Copper, though expected in a concen-
tration higher than that of iron per EDX, was less
prominent, probably because of its colocalization with
more strongly diffracting zirconium.

HDF-UMo: The fuel exhibited uranium in the
stabilized v phase, consistent with the presence of

and cladding, showing uranium distribution gradient.

Electron Image 5

[ a—
100pm

(A). Microstructure of the matrix in HDF-U-1; needle-like
morphology.
Electron Image )

—e 1
25pm

(B). Microstructural change of the matrix in HDF-U-2
due to thermal exposure: transition from needle-like to
elongated grain morphology with dissipated uranium frag-
ments.

FIGURE 7. Microstructure of the matrix in HDF-U-
1 and HDF-U-2 obtained by Scanning Electron Mi-
croscopy (SEM) Backscattered Electrons (BSE).
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FIGURE 8. Interaction of the matrix with cladding in
HDF-U-2.

molybdenum. This confirms Mo’s role in phase sta-
bilization. Uranium diffusion into the matrix was
limited, as evidenced by both EDX and XRD. Con-
sequently, iron and copper peaks were more clearly
observed in the matrix, being less masked by uranium.

HDF-U-2 (exposed to elevated temperature):
Surprisingly, the XRD patterns of the fuel did not sig-
nificantly deviate from those of HDF-U-1, despite the
thermal exposure. In the matrix, copper signals were
more prominent than in other samples. This is con-
sistent with EDX mapping, which showed increased
uranium diffusion overshadowing the iron signal. In
contrast to non-heated samples, certain matrix re-
gions exhibited higher copper content than zirconium,
allowing improved detection of Cu-related diffraction
peaks.

These findings indicate that thermal exposure af-
fects the matrix element visibility in XRD mainly via
uranium redistribution. While fuel phase composi-
tion remained relatively stable, matrix heterogeneity
increased.

4.5. SEM/EBSD CHARACTERIZATION

Electron backscatter diffraction (EBSD) analysis was
performed to complement the structural and phase
characterization. Successful diffraction patterns were
obtained predominantly within the matrix regions
of all samples. The results confirmed the presence
of expected crystalline phases corresponding to the
constituent elements of the zirconium-based alloy —
namely o-Zr (Figure E[)

In contrast, diffraction within the fuel regions was
largely unsuccessful due to poor pattern quality and
possible surface oxidation, except for one localized
area in the HDF-UMo sample (Figure [I0). In this
region, a well-indexed EBSD pattern confirmed the
presence of the stabilized «-U phase, supporting the
XRD and compositional findings. This result pro-
vides further evidence of the successful stabilization of
the high-temperature uranium phase by molybdenum
addition.
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U-2.

FIGURE 10. EBSD analysis of a sample HDF-UMo in
fuel.

4.6. NEUTRONIC SIMULATIONS

The reference configuration represents the unmodified
core with all rods containing standard fuel. Relative
neutron flux densities in both channels were extracted
and normalized to this reference.

First, six simulations were performed for configu-
rations with 8 replaced rods with homogenized fuel
U and U-Mo with enrichments of 0.72, 1.5 and 4.0 %.
From these values, an enrichment value was deter-
mined for which the measured neutron flux densities
in the experimental channels should differ from the ref-
erence values by at least 10 %. Such a change should
already be realistically detectable.

This value was set at an enrichment of 1.73 % for
molybdenum fuel and 1.77 % for uranium fuel.

The fuel layer with the same composition showed
slightly reduced neutron flux densities in the range of
0-2 % with a direct proportionality depending on the
enrichment. Therefore, only homogenized fuel was
further simulated, since the results do not differ much
and the real measured values of neutron flux will be
approximately in between the values of layered and
homogenized fuel.
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8 Rods Channell [%] Channel2 [%]
UMo 0.72 % -4.87 -9.57
UMo 1.50 % 8.39 7.25
UMo 4.00% 47.16 36.48
U0.72% -10.04 -4.15
U 1.50% 10.91 9.76
U 4.00 % 51.87 40.69
5 Rods

UMo 2.20 % 7.60 9.08
UMo 2.60 % 15.37 14.14
U 2.20% 13.67 8.66
U 2.60 % 17.28 16.79

TABLE 3. Percentage change in neutron flux density in
experimental channels relative to the reference nuclear
reactor core configuration. The relative deviation was
below 2% for all calculations. Only for calculations
with an enrichment of 2.2 % was the deviation on the
detectors slightly higher than 3 %.

Based on these results, further simulations were
conducted for configurations with five replaced rods
closest to the experimental channels. Two simulations
were performed for each U and U-Mo fuel, and the
enrichment at which the simulated neutron flux differs
from the reference by at least 10 % was derived from
simulations to 2.30 % for U-Mo and 2.12 % for U. All
results are summarized in Table [

5. DISCUSSION

The results obtained in this study show that the neu-
tronic performance of pure uranium and U-Mo fu-
els dispersed in zirconium-based matrices is signifi-
cantly lower compared to conventional fuels based on
naturally enriched uranium. This observation is in
agreement with the findings of Keiser et al. [6], who
reported a noticeable penalty in reactivity when using
dispersed high-density LEU fuels due to their reduced
fraction of the uranium volume, especially compared
to the U-Al fuel used in reactor VR-2.

The inferior neutronic behavior observed here is pri-
marily related to the limited uranium loading achiev-
able in the tested fuel geometry. Similar conclusions
were drawn by Savchenko et al. [7], who noted that
although monolithic U-Mo fuels exhibit high uranium
densities, the introduction of a matrix or dispersion
significantly dilutes the fissile content, thus reducing
the macroscopic fission cross section.

Furthermore, the practical deployability of these
novel fuel types must consider not only their reactivity
but also their manufacturability and long-term stabil-
ity. Savchenko et al. [9] emphasize that U-Mo systems
require advanced fabrication routes and face issues
related to fuel/matrix interaction, swelling, and phase
transformations under irradiation. Our findings con-
firm that even in simplified models, U-Mo-dispersed
fuels may not meet the performance requirements of

existing reactors without significant redesign of core
parameters.

Lastly, while high-density fuels remain promising
from a nonproliferation perspective, their implementa-
tion in nuclear reactors is limited by tight margins in
reactivity and licensing constraints. Therefore, stan-
dard fuels with proven performance, such as naturally
enriched UQOs, currently remain the most viable option
for nuclear reactors.

6. CONCLUSIONS

This study presents an integrated experimental and
simulation-based evaluation of dispersion-type high-
density uranium fuels intended for light-water reactor
applications. Three fuel variants, based on pure ura-
nium and uranium-molybdenum alloy, were character-
ized in terms of microstructure, composition, mechan-
ical behavior, and neutronic performance.
The key conclusions are as follows:

e Microstructural analysis revealed strong thermal
sensitivity, and the pure uranium sample was sub-
jected to higher temperature conditions, exhibiting
cracking, increased porosity, and extensive uranium
redistribution.

e XRD and EBSD phase identification confirmed sta-
bilization of a-U in pure uranium and v-U in U-Mo
fuel, supporting the beneficial effect of molybdenum
on phase stability and suppression of diffusion.

e Mechanical testing showed that U-Mo samples had
lower hardness and modulus, indicating higher duc-
tility. The thermally ramped sample maintained
acceptable mechanical performance, but compro-
mised the integrity of the cladding due to the matrix-
cladding interaction and the reduction in the thick-
ness of the cladding.

e Neutronic simulations demonstrated that strategic
replacement of standard rods with HDF variants
leads to detectable increases in local neutron flux
near experimental channels, although a higher en-
richment is required. At least 1.7 % enrichment is
sufficient to cause > 10% changes in flux density,
offering a viable path for experimental fuel testing
under controlled neutronic conditions.

These findings suggest that these dispersed high-
density fuels can be fabricated and used for exper-
imental purposes in reactor VR-2, although higher
enrichment or an optimized internal configuration
with increased uranium loading would be required to
achieve comparable neutronic performance.
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