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a b s t r a c t

The microstructure of the fuel pellet plays an essential role in fission gas buildup and release and is
critical for the safe and continued operation of nuclear power stations. Structural analysis of uranium
dioxide (UO2)emolybdenum (Mo) composite fuel pellets prepared at a range of sintering temperatures
from 1300 to 1800 �C was performed. Mo micro and nanoparticles were used in making the composite
pellets. A systematic investigation into the influence of processing parameters during Spark Plasma
Sintering (SPS) of the pellets on the microstructure, texture, grain size, and grain boundary characters of
UO2-Mo is presented. UO2-Mo composite show significant differences in the fraction of general
boundaries and also special/coincident site lattice (CSL) boundaries. EBSD orientation maps demon-
strated that <111> texturing was observed in the pellets fabricated at 1500 �C. The experimental in-
vestigations suggest that UO2-Mo composite pellets have favorable microstructural features compared to
the UO2 pellet.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Currently (in 2021), approximately 11% of the world's total
electricity is generated by nuclear reactors using uranium dioxide
(UO2) as the primary fuel source [1,2]. The UO2 fuel can withstand
harsh irradiation environments, has a high melting point, and has
enhanced oxidation resistance compared to metallic fuels like ni-
trides or silicides [3,4]. Nevertheless, the major drawback of the
present UO2-zircalloy fuel system is the low thermal conductivity
of the UO2, which further decreases with oxidation, increasing
temperatures, and irradiation damage. Therefore, the search for
fissile materials with enhanced thermal conductivity is necessary.
The concept of adding high thermal conductivity material into a
UO2 fuel pellet has been widely studied [3].

An essential parameter in the reactor design and safety of
operation is the thermal conductivity of fuel that governs the
transfer of heat produced from the nuclear fission process to
making steam and electricity generation [1]. In the UO2 fuel, the
thermal conductivity degrades as the in-service temperature in-
creases, and this creates the condition for an accident in case of loss
tmkrishnanano@gmail.com

by Elsevier Korea LLC. This is an op
of coolant scenario. To reduce this possibility, composite fuel con-
cepts were developed where the Urania fuel a metal with high
thermal conductivity is added [5e8].

Molybdenum (Mo) is considered a primary candidate to be
added to UO2 due to its high thermal conductivity, high melting
point, high boiling point, and low thermal neutron absorption
cross-section [9]. The microstructural features of UO2-Mo powders
and pellets were examined to evaluate the impact of Mo particle
size on the development of the homogeneous structure of pellets
and evaluation of the porosity. The porous samples are expected to
have lower thermal conductivity than high-density pellets, and
therefore, high-density composite fuel pellets are more desirable
for the enhancement of thermal conductivity. In contrast, micro-
structural defects such as micro-cracks in nuclear fuel could
become a significant problem because they facilitate the release of
fission gasses during the normal nuclear reactor operation.
Approximately 15% of inert gases such as Helium (2He), Krypton
(36Kr), and Xenon (54Xe) are produced from the Uranium fission
process [10]. These gasses form bubbles in the nuclear fuel and are
released via open continuous porosity paths in the fuel. The
resulting micro-cracks create open porosities, and a large amount
of fission gas can be released through micro-cracks. Once the gas is
released to free space in the fuel pin, the pressure inside the fuel pin
increases, which may contribute to cladding rupture.
en access article under the CC BY license (http://creativecommons.org/licenses/by/

http://creativecommons.org/licenses/by/4.0/
mailto:murali.krishna@usask.ca
mailto:tmkrishnanano@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2021.06.028&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2021.06.028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.net.2021.06.028
https://doi.org/10.1016/j.net.2021.06.028


Fig. 1. (a) SEMmicrograph of the UO2-Mo powder, (b) SPS sintered UO2-Mo (98 %TD) pellet of diameter 12 mm � 3 mm thickness. Sintering was done at 1800 �C, under the pressure
of 60 MPa for 0.5 min.
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Issues related to micro-cracking and interfacial debonding
were reported for many sintered composites and are generally
related to the differential coefficients of thermal expansion (CTE)
of the matrix and additive particles [11e15]. Lu et al. [13] observed
thermally-induced cracking in several intermetallic composites
and noted that an optimum particle size exists at which themicro-
cracking is suppressed. A larger particle size was seen to result in
higher compressive stress in the matrix due to the lower surface-
area-to-volume ratio [11]. Moreover, researchers such as Watts
et al. [16] and Yeo et al. [3] noted that larger particle size can
decrease the strength, hardness, and thermal conductivity of the
composites.

The evolution of micro-cracks and poor interfacial contact
between the UO2 and reinforcing particles may also lead to the
lowering of the thermal conductivity of the composite. Similarly,
the grain boundaries are responsible for several material prop-
erties that directly influence the fuel performance, such as the
fission gas build-up and release, a typical scenario of accidents
related to the failure of the fuel rod [17]. Therefore, the grain
boundary character of UO2-Mo composite pellets was analyzed
using electron backscatter diffraction (EBSD). All microstructural
characteristics like the grain size, texture, grain boundary char-
acter distribution, and the concentration of S boundaries such as
(S3, S5, S9) were examined as they influence various mechanical
and kinetic properties, such as resistance to fracture, creep, and
corrosion [17].

In this work, the spark plasma sintering (SPS) method was
employed to fabricate UO2-Mo composite fuel pellets containing
homogeneously dispersed Mo particles. Several studies have
been pursued by various researchers on non-conventional sin-
tering methods such as microwave sintering [18], inductive hot
pressing [19], pressure-less induction heating [20], and SPS [21].
Among these sintering methods, SPS has become the most sig-
nificant sintering technique for powder consolidation. Ge et al.
[21] observed that by varying SPS process parameters it is
possible to tune the density, grain growth, and hardness of the
UO2 pellet. The possibility of using SPS for the production of a
commercial-grade fuel pellet has been investigated by Timothy
et al. [22], however, an in-depth investigation of the structure
and processing of composite fuel has not been reported. Thus,
this work reports on a study of the influence of processing pa-
rameters on the microstructure, grain size, texture, and grain
boundary characteristics of UO2-Mo pellets with a view of
achieving a better understanding of properties of these pro-
spective fuels.
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2. Experimental

2.1. Materials and methods

A commercial uranium dioxide (UO2) powder was provided by
Cameco (Saskatoon, Canada).

Mo powder (Alfa Aesar) had a particle size of 150 mm with a
purity of 99.9% (CAS: 7439-98-7).

Mo powder (Sigma-Aldrich) had a particle size of100 nmwith a
purity of 99.8%.

Mo powder (Alfa Aesar) had particle sizes of 60e80 nm with a
purity of 99% (CAS: 7439-98-7).

A nanometric Mo powder (US Research Nanomaterials Inc.) had
particle sizes of 35e45 nmwith a purity of 99.9% (CAS: 7439-98-7).
2.1.1. Starting powder
The powders of UO2 and Mo were milled in a high-energy

planetary ball mill (Torrey Hills-ND2L) in stainless steel 285 ml
cups with a ball-to-powder ratio of 8:1 for 2 h, and the milling
speed was maintained at 200 revolutions per minute (RPM). Iso-
propanol was used as the process control agent (PCA). These
powders were then characterized by energy dispersive spectros-
copy (EDS) to reveal a chemical element composition. The SEM
micrograph of the UO2-Mo powder provided in Fig. 1 indicates that
the Mo particles have spongy aggregates, and the size in the range
of ~150 mm, respectively.
2.1.2. Fabrication of UO2 and UO2-Mo composites by SPS
The UO2-Mo powder was sintered in an argon atmosphere using

a Thermal Technologies 10-3 spark plasma sintering (SPS) machine
at the University of British Columbia (Kelowna, BC) Canada. The
powder was placed into a graphite die with an internal diameter of
12.7 mm. A thin graphite foil (0.125 mm) was used at tool powder
interfaces to prevent friction and reaction between the UO2-Mo
powder and the graphite tool. An optical pyrometer monitored the
die temperature during the experiment. The sintering temperature
of pure UO2 pellets was between 1000 �C �1300 �C. In the case of
the UO2- Mo-10 vol% composite, the sintering temperature had to
be increased to 1300 �C �1800 �C to achieve comparable density
levels. The sintering pressure was held constant at 60 MPa and a
holding time of 0.5 min at peak sintering temperature was used.
After the sintering process, the pellets were ground using 500 grit
silicon carbide (SiC) paper to remove the residual graphite foil for
further characterization. The pellets were polished to a mirror
finish by grinding them with SiC papers starting with 300 grit and



Fig. 2. Microstructure and elemental distribution of UO2-Mo composite. EDS spectrum and elemental mapping of UO2-10 vol% Mo composites with various diameters of Mo
particle. (a) 35e45 nm. (b) 60e80 nm. (c) 100 nm. (d) 150 mm. Note the homogeneous distribution of Mo in the UO2 matrix identified in small size Mo particles in a, b, c.
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gradually going up to 4500 grits. After polishing with the SiC pa-
pers, the pellets were polished using 3 mmMDMol cloth with 3 mm
MD Mol suspension and using 1 mm MD Nap cloth with 1 mm MD
Nap suspension. The microstructural studies on the cleaned sam-
ples were carried out using a scanning electron microscope (SEM)
and electron backscatter diffraction (EBSD).
4054
2.1.3. Scanning electron microscopy/electron backscattered
diffraction

The powder and pellet samples' microstructural characteriza-
tion was carried out using a Field Emission Scanning Electron Mi-
croscope (SEM) Hitachi Su 6600, equipped with an Oxford
Instruments NordlysNano Electron Backscatter Diffraction (EBSD)
detector and Energy Dispersive Spectrometry (EDS) detector that
acquires diffraction patterns using AZTEC 2.0 data acquisition



Fig. 3. Microstructure of UO2-10 vol% Mo composite pellets containing various sizes of Mo particle. (a) 35e45 nm. (b) 60e80 nm. (c) 100 nm. (d) 150 mm. Note cracks are originating
from large size Mo particles in (d).

Fig. 4. Mo particles in UO2-10 vol% Mo composite pellets with various mean diameters. (a) 35e45 nm. (b) 60e80 nm. (c) 100 nm. (d) 150 mm. Arrows identify the cracks and
debonding in the matrix and between Mo particles.
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Fig. 5. (a) EBSD maps of UO2 at 1300 �C sintering temperature with an average grain size of (5.5 mm), (b) UO2-Mo at 1300 �C sintering temperature with an average grain size of
(0.9 mm), (c) UO2-Mo at 1500 �C sintering temperature with an average grain size of size (2.4 mm) (d) UO2-Mo at 1800 �C sintering temperature with an average grain size of
(5.6 mm).
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software. The EBSD was used to analyze the grain structure, grain
boundary misorientation, coincidence site lattice-type boundaries,
and texture of the specimens. The SEM and EBSD scans were
measured with an acceleration voltage of 20 kV and a working
distance of 9e10 mm. The post-processing of the obtained scans is
completed using Channel 5 software by Oxford Instruments.

3. Results and discussions

3.1. Elemental distribution in UO2-Mo composite powder blend by
EDS

The homogeneous distribution of Mo particles in the UO2matrix
is illustrated in Fig. 2. To understand the influence of Mo particle
size and distribution in the UO2-10 vol% Mo composite powder
blend, the composite was prepared with constant milling condi-
tions and volume percentage. The 10 vol% Mo composite was pre-
pared with different particles of sizes (i.e., the particle size of
150 mm, 100 nm, 60e80 nm, 35e45 nm) was incorporated in the
UO2 matrix via planetary ball milling. The pictures of composites
with different sizes of Mo particles are shown in Fig. 2(aed). The
uniformity of Mo distribution in UO2 for sizes 35e45 nm,
60e80 nm, 100 nm is illustrated in Fig. 2 (a, b, c). The non-
homogeneous composite was noted in the large size Mo particles
shown in Fig. 2 (d), respectively.

The more homogeneous distribution of small Mo particles was
related due to the higher surface-area-to-volume ratio of the
smaller particles. The homogeneous distribution of Mo particles
influencesmorphology, byminimizing the porosity and reduces the
visible cracks in the sintered pellets as shown in Fig. 3. Therefore,
microstructural defects such as micro-cracks in fuel can be a sig-
nificant problem in releasing fission gasses during the nuclear
reactor operation. Micro-cracks create open porosities, and a large
amount of fission gas can be release through micro-cracks. Also,
non-homogeneous large-size Mo particles support the hypothesis
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that micro-cracking and interfacial debonding is responsible for the
reduction in thermal conductivity of UO2-Mo composite [3]. In
Fig. 4 (d), the 150 mm Mo particle composite has the most severe
micro-cracks, and the large interfacial debonding can result in
reduced thermal conductivity.
3.2. The effect of size of Mo particles on UO2-Mo composite
structure

The SEM was used to analyze the micro-morphologies of the
UO2-10 vol% Mo composite sintered pellets containing the different
sizes of Mo particles, namely 35e45 nm, 60e80 nm, 100 nm, and
150 mm. The different densities are also shown in Fig. 3. All the
other conditions were kept constant during the sintering process.
Fig. 3 shows themicrostructures of these composites, where theMo
particles appear black, and the brighter area indicates the UO2
matrix. The Mo particles seemed to have uniformity of Mo distri-
bution in the composites as shown in Fig. 3(aec). However, as
shown in Fig. 3 (d), the composite containing 150 mm Mo particles,
has cracked at the interface between a Mo particle and UO2 matrix.
The high-magnification was shown in Fig. 4 (d).

The interfaces between the UO2 matrix andMo particles in UO2-
10 vol% Mo composite pellets with different sizes of particles are
shown in Fig. 4. The micro-cracks originating from the large-size
Mo particles are presented in Fig. 4 (d), indicating that micro-
cracking is less severe in composite with Mo particles of size
35e45 nm, 60e80 nm, and 100 nm compared to the composite
containing 150 mm sizeMo particles. Therewere no visible cracks in
the microstructure in the composite pellets containing smaller size
Mo particles. With increasing particle size, there is a more signifi-
cant separation between the Mo particle and the UO2 matrix. Fig. 4
(d) shows the interfacial debonding between UO2 and Mo particles.
The 150 mm Mo particle composite has cracks, and the large
interfacial debonding can result in reduced thermal conductivity.



Fig. 6. Inverse pole figure of UO2-Mo composite pellets with various sintering temperatures. (a,b) 1300 �C. (ced) 1500 �C. (e,f) 1800 �C. Similarly, (a,c,e) shows the UO2 phase, and
(b,d,f) shows the Mo phase. (b,f) Consists of a Mo size of 35e45 nm. (d) Consists of a Mo size of 100 nm in the composite. Constant applied pressure 60 MPa and a constant sintering
time of 0.5 min.
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3.3. Grain size, texture, and grain boundary characterization via
EBSD

3.3.1. Grain size
The mechanism of grain growth is mainly affected by the sin-

tering temperature. Fig. 5 (a) represents the SPS UO2 pellet at
1300 �C sintering temperature having an approximate grain size of
5.5 mm. Whereas, Fig. 5 (b, c, d) shows the orientation maps for the
SPS UO2-Mo composite as a function of sintering temperature from
1300, 1500, and 1800 �C with an average grain size of 0.9 mm,
2.4 mm, and 5.6 mm. The grain size was reduced as Mo was added
because the insoluble second-phase particles were dispersed
randomly in the polycrystalline solid. Therefore, the grain boundary
movement during sintering was pinned by the Mo particles, and as
a result, the grain size in the matrix decreased.

The comparable grain size of UO2 and UO2-Mo was observed at
1300 and 1800 �C sintering temperatures. This outcome is because
the addition of Mo decreases the grain size of UO2 pellets. There-
fore, the higher the amount volume of secondary phase particles
the more important the pinning effect, which leads to the smaller
grain size. However, the sintering temperature can be increased in
the UO2-Mo composite pellets to obtain the grain size comparable
with that in the UO2 pellets.

3.3.2. Texture (Inverse pole figures)
Fig. 6 presents the comparison of the inverse pole figure (IPF) of

three UO2-Mo samples sintered at 1300 �C, 1500 �C, and 1800 �C.
The results demonstrate that the grain growth activated in SPS
occurred with preferential crystallographic orientation. The texture
of UO2 is rather weak oriented near <001>//ND at sintering tem-
perature 1300 �C and moving to <111>//ND during the sintering
process at 1500 �C. Similarly, at 1800 �C, the crystallographic
orientation of the grains deviates from <111>//ND towards <112>//
ND. The texture of Mo is oriented near <111>//ND with a major
spread near <011>//ND during the sintering process at 1300 �C as
shown in Fig. 6 (b). At 1500 �C there is a significant <111>//ND
texture and according to the previous studies (111) texture played a
significant role in enhancing the interfacial exchange energy [23]
and the oxidation resistance of grains found to increase in the order
of (001) < (011) < (111) [24]. Since different textures were observed,
this demonstrates that the SPS sintering is a powerful tool for
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producing UO2-Mo composite pellets with a wide array of micro-
structural features.

3.3.3. Grain boundary character distribution (GBCD)
The grain boundaries' misorientation angle analyzed for the

UO2-Mo samples sintered at 1300 �C,1500 �C, and 1800 �C is shown
in Fig. 7. The misorientation angles are represented as a function of
sintering temperature. Nerikar et al. [17] studied the UO2 structural
properties of numerous symmetrical tilt boundaries with misori-
entation angles ranging from 12.7� to 61.9�. They noted that the
lower misorientation angles consist of edge dislocations. Whereas,
for higher misorientation angles, Schottky defects (point defects in
a crystal lattice) were dominant in the grain boundary structure
[17].

However, for the high angle misorientation greater than 15�

during the deformation; the density of dislocationwill increase and
the spacing between neighboring dislocations decreases; ulti-
mately, the dislocation's cores will start to overlap, and the ordered
nature of the boundary will break down. The experiments of UO2-
Mo pellets showed that there were very few high-angle boundaries
in the specimens sintered at 1300 �C, 1500 �C, and 1800 �C tem-
peratures, as shown in Fig. 7. This result reveals that SPS is, so far, a
very flexible method for manufacturing the UO2-Mo composite,
with an improved structural property of the composite.

3.3.4. Coincidence site lattice (CSL) type boundaries
The presence of special/coincidence-site lattice (CSL) bound-

aries in UO2 and UO2-Mo pellet sintered at 1300 �C and 1800 �C
with similar grain size is shown in Fig. 8 (a, b) and the CSL
boundaries frequency distribution in the UO2 and UO2-Mo com-
posite are shown in Fig. 8 (c). Based on the misorientation angle of
the adjoining grains, the grain boundaries are considered as low-
angle grain boundaries (LAGBs), high-angle (random) grain
boundaries (HAGBs), and special/coincident-site lattice (CSL) GBs
[25,26]. The different CSLs can be classified by S value, which
represents the inverse of common lattice points in the boundaries
that are formed between the two adjoining grains. Previous in-
vestigations have shown that low S CSL GBs, exhibited higher
resistance to numerous types of intergranular degradation than
HAGBs [27].

However, the high concentration of CSL GBs enhances several



Fig. 7. Grain boundary character distribution (GBCD) of the UO2-Mo pellets sintered at
1300 �C, 1500 �C, and 1800 �C sintering temperature at a consistently applied pressure
of 60 MPa and a constant sintering time of 0.5 min.
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properties of the materials. It was demonstrated that grain
boundary sliding during creep can be lowered [28,29]. Resistance to
solute segregation, precipitation, and intergranular embrittlement
[30] can be improved. Similarly, the resistance to high-temperature
fracture [31], welding ability [32], resistance to intergranular
Fig. 8. EBSD map (a, b) band contrast with coincidence site lattice (CSL) boundaries. (c
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corrosion [33], resistance to corrosion and stress corrosion
[30,34,35], and resistance to radiation damage [29,36] will be
improved. The low S boundaries of S3, S5, and S9 GBs shown in
red, green, and pink colors. The statistical analysis of the frequency
of CLS shows that there are a higher fraction of these boundaries in
the UO2-Mo than the UO2 pellets.

4. Summary

We have presented an extensive experimental analysis that will
allow controlling microstructure, grain size, texture, grain bound-
ary characteristics of the UO2-Mo pellets. It was noted that by
varying the Mo particle size, it is possible to tune the microstruc-
tural characteristics of UO2-Mo composite fuel and the small size of
particles allows very homogeneous distribution in the matrix.
However, large Mo particles initiate micro-cracks and that might
lower the thermal conductivity and can be a significant problem in
releasing fission gasses during the nuclear reactor operation.
Additionally, we prepared three UO2-Mo pellets of varying sinter-
ing temperatures by SPS technique and the EBSD analysis demon-
strated that higher sintering temperatures result in larger grain
size. However, the molybdenum particles retards grain growth, and
the size of grains in the composite is smaller than in pure UO2when
sintered at the same temperature. Therefore, the sintering tem-
perature can be increased to obtain a similar grain size to that of the
UO2 pellets. By optimizing the processing parameters, the texture
of the sintered pellets can be modified. The orientation maps
demonstrated that <111> texturing was observed in the pellets
) CSL boundaries versus frequency of the UO2 and UO2-Mo at similar grain sizes.
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sintered at 1500 �C. Our studies revealed that there are very few
relative frequencies of high-angle boundaries in the pellets fabri-
cated from 1300e1800 �C temperatures, respectively. The experi-
mental investigations also suggest that a higher percentage of CSL
grain boundaries in UO2-Mo composite pellets should be beneficial
for the improvement of the resistance to failure.
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