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In this paper, we propose an alternative process based on spark plasma sintering for the manufacture of
nuclear fuel plates for research reactors. This process presents significant flexibility to control manufac-
turing parameters such as fuel meat geometry and porosity according to the designer specifications. Fur-
thermore, it allows to increase uranium loading up to 7.3 gy cm3, exceeding the current requirements
for high performance MTRs. With this process neither dogbone, fishtail nor sharp particles penetrating
the cladding are observed. The potentialities of this approach are illustrated with the manufacturing of a
high loaded (5.6 gy cm~3) U3Si,/Al mini-plate.

© 2020 Elsevier B.V. All rights reserved.

Material Testing Reactors (MTRs) are mostly used to study ma-
terials under irradiation and to produce radioisotopes for medical
and industrial applications. The driver fuel of most MTRs is made
of fuel plates in which powdered fissile material is dispersed in
an aluminium matrix to constitute a fuel meat cladded with alu-
minium alloy plates.

In the 1980’s, due to nuclear proliferation issues related to the
use of High Enriched Uranium (HEU, >20% 235U), it has been de-
cided to convert MTRs to Low Enriched Uranium (LEU, <20% 23°U).
With HEU fuels, the low uranium density UAlx material (a mixture
of different uranium aluminides) was often used [1]. In order to
keep the same reactor performances using LEU fuels, new mate-
rials with higher uranium density have been developed. The most
promising ones are yU(Mo) [2] and U3Si; [1,3,4]. These fuel candi-
dates are currently under qualification for their use in high perfor-
mance MTRs [5], U3Si, /Al fuels being already qualified for low and
medium power MTRs [4].

The fuel plates - typically about 1.3 mm thick, 70-100 cm long
and 7 cm large - used in these reactors are manufactured by mix-
ing fissile particles, sieved to reach a maximum diameter of 125
pm, with aluminium powder with a 44 pm max granulometry [4].
The mixed powders are then pressed to obtain a tough fuel meat,
which is then encased in a frame and cladded by plates of alu-
minium alloy (AG3 or AlFeNi in most cases). Then, the edges of the
plate are welded and this assembly is hot rolled (about 8 times)
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and cold rolled (2-3 times) [4]. The rolling steps of the manufactur-
ing process aim at reaching the required plate thickness and ensur-
ing cohesion between the different elements. For a long time, this
manufacturing process has been successfully applied to yU(Mo)/Al
and U;Siy/Al fuel plates (the latter qualified up to 4.8 gy cm3).
This process known as picture-frame (Fig. 1a) is worldwide consid-
ered as the industrial reference [6]. However some intrinsic lim-
itations can be listed [7]: (i) dogboning which corresponds to an
increase of the thickness of the meat at the edge of the plate, (ii)
fish tails induced by differences in mechanical behaviour between
the cladding and the meat, (iii) porosities caused by particles frag-
mentation during rolling which cannot be filled by aluminium de-
formation especially during cold rolling, (iv) sharp particles pene-
trating the cladding.

In this communication, an alternative process using spark
plasma sintering (SPS) is proposed to overcome some of these lim-
itations and to facilitate the manufacturing of plates with higher
uranium loading.

SPS attracts strong interest because of its ability to obtain mate-
rials with fine microstructures [8,9]. It consists in fitting the pow-
der or green compact to be sintered in an electrically conduc-
tive matrix, applying a uniaxial force and flowing a high inten-
sity electrical current to induce a high speed consolidation. The
main advantage of this technique is the short sintering time thanks
to (i) its high achievable heating and cooling rates (100 to 1000
K min~1!) and (ii) local overheating (and hypothetically sparks)
between the powder particles in the case of electrical conduct-
ing materials, promoting diffusion mechanisms and enhancing the
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Fig. 1. Schematic representation of (A) the picture-frame technique and (B) the innovative process for preparation of U3Si;/Al nuclear fuel plates.

densification over grain growth. It has been successfully applied to
U3Si, powder to obtain pellets with fine microstructures, as part of
the Accident Tolerant Fuel initiative, at temperatures between 1073
and 1573 K and dwell times between 3 and 20 minutes [10-13].

In this study, we applied SPS to a Us3Siy/Al composite and
showed that it could constitute a valid alternative to the pressing
and rolling steps currently used for producing MTRs fuel plates.

For this purpose, U3Si, particles provided by Framatome CERCA
[14] were mixed with aluminium powder. An AG3 cladding was
used for these experiments, comprising two elements (Fig. 1b): a
receptacle (equivalent to the combination of plate and frame from
the picture-frame process) and a top-plate. This cladding device
was chosen to facilitate its machining and the round geometry of
the plate for these preliminary experiments was imposed by the
available sintering device.

The SPS machine we used was a HP-D-10 from FCT System
GmbH (Germany). Die and punches are made in graphite for pres-
sures up to 76 MPa and in tungsten carbide for higher pressures,
with diameters between 10 and 40 mm. Both were coated with a
graphite foil in order to facilitate demoulding. Sintering processes
were performed under primary vacuum atmosphere with heating
and cooling rates of 100 K min—1.

The first step of this study focused on the preparation of the
UsSiy/Al fuel meat alone while the second on the preparation of
an entire fuel plate (fuel meat with AG3 cladding).

Densities of the sintered fuel meats were determined by he-
lium pycnometry and Archimedes method. Fuel meats were pol-
ished to be characterized by X-ray diffraction (XRD) with a Bragg-
Brentano 6#-26 Bruker D8 Advance diffractometer using monochro-
matized copper radiation (Cu Ky, A=1.5406 A). Then fuel meats
and plates were cut using a diamond wire saw and cross sections
were polished for scanning electron microscopy (SEM) observa-
tions performed using a FEI Nova Nano SEM 450. The microscope is
equipped with an Oxford Instruments SDD energy dispersive spec-
trometer (EDS) with an active surface of 80 mm?. Working distance
was set to 8 mm for a 15 kV high voltage.

The first phase of development focused on the fuel meat elab-
oration in order to define the optimized values for the sintering
temperature, pressure and dwell time. With SPS, raw U3Si, pow-
ders start to sinter at a temperature of 1073 K [11], i.e. above the

melting point of aluminium (933 K). In the case of an U3Si, + Al
mixture, interaction between both components has to be avoided.
For a maximum dwell time of 10 minutes, the sintering tempera-
ture must then be kept below 873 K [15-17]. This implies that dur-
ing the SPS process of the fuel meat, densification mechanisms will
mainly concern aluminium particles. About 300 mg of mixed pow-
ders with a 50%/50% volume ratio were put into a 10 mm diameter
matrix for sintering, leading to about 0.5 mm thick fuel meats. In
the case of a fully dense disc, the uranium loading would then be
5.6 gy cm~3. Upon characterization, particular attention was paid
to the spatial distribution of fissile particles within the meat, the
final density and the absence of interaction between UsSi, and Al

When the applied pressure was too high (> 150 MPa), part
of the powder was expelled at the periphery of the matrix. Con-
versely, when using a too low pressure (or temperature), the weak
resulting discs were difficult to handle due to their poor densifi-
cation and significant porosity (Fig. 2a). With moderate tempera-
ture (800 K) and pressure (76 MPa), the sintered discs were tough
enough and easily handled. Fig. 2b presents a SEM micrograph of
a disc sintered in these conditions, with a 5 minutes dwell time.
No interaction between U3Si, and Al is noticed. This observation is
confirmed by the XRD pattern acquired on the fuel meat surface,
where only U3Si, and Al phases are indexed (Fig. 3a). In the case of
higher temperature (850 K for 5 minutes), an interaction between
U3Si, and the Al matrix occurs and leads to the formation of a few
pm thick U(ALSi)3 (25at.% U, 15at.% Si and 60at.% Al according to
EDS quantification) interaction layer around UsSi, particles (Fig. 2¢
and 3b).

Open porosity (valued at approximately 3%, measured by
Archimedes density) was only observed on the surface of the pel-
lets and is attributed to roughness effects. The majority of this sur-
face open porosity will be filled by the cladding during sintering
while the deepest open porosity will be sealed by the cladding,
leading to a slight increase of closed porosity.

According to pycnometry measurements (Fig. 4), all densities of
sintered discs at 800 K - 76 MPa are greater than 97%, meaning
that less than 3 vol.% of closed porosity is present before cladding.
Few porosities (around 10 pm) are observed (contoured in red in
Fig. 2b), mainly where U3Si, particles are touching each other, con-
firming the absence of UsSi, diffusion at this moderate tempera-



J. Havette, X. Iitis, H. Palancher et al.

Fig. 2. Backscattered electron SEM images of UsSi, particles (white) dispersed in
Al matrix (dark grey) after spark plasma sintering at (a) 600 K, (b) 800 K and (c)
850 K, for 5 minutes under a pressure of 76 MPa. Some porosities between UsSi;
particles in (b) are highlighted by red circles. The U(ALSi); interaction layer in panel
(c) appears in light grey.
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Fig. 3. X-ray diffraction patterns acquired on the surface of an U;Siy+Al fuel meat
sintered at 76 MPa, with a dwell time of 5 minutes and an uranium loading of
5.6 gy cm~3 at (a) 800 K and (b) 850 K. The diffraction peaks are indexed with o
UsSi,, l Al and A U(ALSi); diffraction peaks.
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Fig. 4. He-pycnometry density (right axis) and its equivalent percentage of the
maximum theoretical density (7.45 g cm~ for a uranium loading of 5.6 gy cm—,
left axis) of U;Si+Al fuel meats prepared by SPS, as a function of dwell time at
800 K - 76 MPa.

ture. This porosity ratio is low for such uranium loading (5.6 gy
cm—3) and can be easily adapted to the designer’s specifications
by modifying temperature and/or dwell time (Fig. 4). This is a sig-
nificant advantage over the conventional pressing process. It is im-
portant to note that a sintering dwell longer than 20 minutes at
800 K under 76 MPa leads to an interaction between UsSi; and Al
matrix.

This step of development was first applied to 10 mm diame-
ter discs and secondly, with the same efficiency, on larger discs
up to 40 mm diameter. This corresponds to the maximum diam-
eter enabling to reach 76 MPa pressure with our SPS equipment.
Our study focused on 0.5 mm thick fuel meat as it is the stan-
dard geometry used in fuel plates. On top of that, we applied the
same process to fuel meats up to 2 mm thick. These experiments
showed the same efficiency in terms of particle distribution and
density, proving that this method would enable to easily adjust the
fuel meat thickness.

The second step of this study consisted in manufacturing re-
duced scale fuel plates with an AG3 cladding. The home-designed
cladding parts were first wiped with acetone and then etched with
10 wt.% sodium hydroxide solution and with a 40 wt.% nitric acid
solution in order to achieve a good bonding between the differ-
ent parts of the fuel plate by removing any oxidation layer or or-
ganic compounds from the Al-alloy surface [7]. The sintered fuel
meat was placed inside the receptacle and covered by an AG3 plate
(Fig. 1b). The different parts were then assembled by SPS in order
to (i) create a strong cohesion between the AG3 cladding and the
fuel meat and (ii) weld the two cladding parts together. This SPS
process was applied to a 35 mm diameter fuel meat and 40 mm
diameter receptacle resulting in a fuel plate of 40 mm diameter,
using 76 MPa pressure, 775 K temperature and 3 minutes dwell
time.

Particular attention was paid to the cohesion between the fuel
meat and the cladding, the control of the fuel meat geometry (es-
pecially at the fuel plate edges) and the interface geometry.

Fig. 5a corresponds to 57 stitched SEM images of the cross sec-
tion of the sintered fuel plate. The interface between the fuel meat
and cladding is quite flat and no sharp particle penetrates into the
cladding. The cladding thickness all along the plate section is virtu-
ally constant (not shown here), meaning that it will not be neces-
sary to oversize it to guarantee the fuel safety. However, the outer
surface of the fuel plate in contact with the punch has some sur-
face roughness and is not perfectly flat. This point needs further
improvement but could be easily solved by using flatter polished
punches.
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Fig. 5. (a) Stitched backscattered electron SEM images of a cross section of a U;Si,-based fuel plate manufactured by SPS, (b) Backscattered electron SEM images of the

extremity of the plate and EDS X-ray maps acquired in areas boxed in red.

Fig. 6. Backscattered electron SEM images of fuel plates obtained (a) by SPS and (b) by rolling (taken from [3]). The aluminium matrix, porosities and cracks are shown in

black and UsSi, particles in white.

Thanks to this process, the geometry of the fuel meat is well
controlled. Indeed, neither fish tail nor dogbone are observed at
the extremities (Fig. 5b). Furthermore, a good cohesion between
the fuel meat and the cladding is obtained, as illustrated by the
EDS maps shown in Fig. 5b. Indeed, the continuity of Al between
the fuel meat matrix and the cladding, revealed by the Al map,
evidences the perfect bonding between the two parts. The cladding
limit is clearly visible on the Mg map (AG3 contains around 3 wt.%
Mg). It also confirms that the majority of open porosities present
at the surface of the meat pellet are filled by the cladding.

The comparison of SEM images of the fuel plate sections ob-
tained by SPS (Fig. 6a) and rolling (SHARE-type plate [18]Fig. 6b)
clearly evidences that the first method generates much less UsSi;
particle fragmentation than the standard process. This fragmenta-
tion is the main cause of internal porosities within the final fuel
plate, according to Durazzo et al. [7]. This means that the final
characteristics (porosity and geometry) of the fuel plate can be set
at the stage of the fuel meat manufacturing and controlled along
the whole SPS process.

In this study, we demonstrate that the SPS has the potential of
being an efficient manufacturing process for U3Si, /Al fuel plates of
small dimension (40 mm diameter). Improvement is still needed
but this technique presents many advantages: it allows an accurate

control of the fuel meat geometry (neither dogbone nor fishtail), a
decreased final porosity and less particles fragmentation.

Further work will focus on mechanical behaviour determina-
tion. In particular, three points bending tests will be performed to
compare SPS-processed fuel plates with those fabricated with the
standard picture-frame technique. These experiments will verify if
the SPS-manufactured fuel plates may endure the shape deforma-
tion required for the fuel assembly. Microstructural characteristics
of the rolled and sintered aluminium matrix will also be studied.
Improvement of the cladding flatness and roughness will be tar-
geted in further experiments.

In preliminary experiments, we observe that it is possible to
increase the U;Si,/Al ratio up to 65 vol.% UsSiy (ie. 7.3 gy cm™3)
without significant increase of the porosity level (which remained
between 4 and 10 % depending on the dwell duration). In other
words, with this process, loading limitations would probably not
come from the manufacturing process but from the in-pile be-
haviour.

Currently and to the best of the authors knowledge, SPS fur-
naces can manufacture objects with maximum dimensions of a few
tens of cm only [19], rather far from actual fuel plates dimensions.
Up-scaling of the SPS process should be envisaged and motivates
further developments.
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