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The Nuclear and Energy Research Institute (IPEN-CNEN/SP) has developed and made available for routine
production the technology for manufacturing dispersion-type fuel elements for research reactors. However, the
fuel produced is limited to a uranium loading of 2.3 gU/cm3 (U30g) or 3.0 gU/cm3 (U3Siy). To reduce Brazil’s
dependence on foreign sources of Mo-99, the Brazilian government plans to construct a new research reactor, the
30 MW open pool Brazilian Multipurpose Reactor (RMB), which will mainly produce domestic Mo-99. Low-
enriched uranium fuel will be used in the RMB, and increasing uranium loading will be important to increase the
reactor core’s reactivity and fuel life. Uranium loadings of 3.2 gU/cm® for the U3Og-Al and 4.8 gU/cm® for the
U3Siy-Al are considered the technological limit and have been well demonstrated worldwide. This work aimed to
study the manufacturing process of these two highly uranium-loaded dispersion fuels and redefine current
procedures. Additionally, UMo-Al dispersion fuel has been extensively studied globally and is likely to be the
next commercially available technology. This new fuel utilizes a dispersion of UMo alloy with 7-10 wt% Mo,
resulting in a uranium loading between 6 and 8 gU/cm>. We also studied this fuel type for potential use in the
RMB research reactor. This work outlines the primary procedures for manufacturing these three types of fuels
and the necessary adjustments to IPEN-CNEN/SP current technology. The manufacturing process proved to be
well adapted to these new fuels, requiring only minor modifications. A comparison was made of the micro-
structures of fuel plate meat using three types of uranium compounds. The microstructures of U3Siy-Al and
U10Mo-Al dispersions were found to be adequate, while that of U3Og-Al meat deviated significantly from the
concept of an ideal dispersion.

1. Introduction and will be located roughly 100 km from Sao Paulo, in southeast Brazil,

as part of a new nuclear research center. The Brazilian Multipurpose

Brazil presently operates four research reactors, the most important
of which is the pool-type 5 MW IEA-R1. The other three are the 100 W
critical facility IPEN/MB-01, the 500 W ARGONAUTA (Argonaut type),
and the 100 kW TRIGA type IPR-R1. IPEN routinely produces the plate-
type fuel required for these research reactors, except for IPR-R1.

Brazil’s need for Mo-99, a critical element used in nuclear medicine,
has been met through imports due to its unavailability at IEA-R1, Bra-
zil’s most powerful research reactor. However, global shortages of Mo-
99 in 2009-2010 and 2017-2018 (Nuclear Energy Agency, 2019)
have affected Brazil, prompting the government to construct a new
research reactor specifically designed for domestic Mo-99 production
(Obadia and Perrotta, 2010). The new pool-type reactor will operate
using low-enriched uranium (LEU) fuel, generating 30 MW of power,

Reactor (RMB) project, as it is called, has been discussed in detail by
Perrotta and Soares (2014), and the new research center will include
various facilities, as described by Perrotta and Obadia (2011). The
objective of this initiative is to produce fuel in Brazil to support the
operation of the RMB research reactor.

Since the end of the 1980s, the Nuclear and Energy Research Institute
(IPEN-CNEN/SP) has produced 1151 fuel plates based on the U30g-Al
dispersion. Of these, 450 with uranium loading of 1.9 gU/cm® (25 fuel
elements), and 666 with uranium loading of 2.3 gU/cm? (37 fuel ele-
ments). The IEA-R1 research reactor consumed 1116 of these fuel plates,
and the Argonaut reactor consumed 35.

The production of fuel plates based on Us3Sip-Al dispersion by IPEN-
CNEN/SP started in 2007, and since then, 990 plates with uranium
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loading of 3.0 gU/cm? for IEA-R1 research reactor (consisting of 55 fuel
elements) have been manufactured. In 2018, IPEN-CNEN/SP produced
399 fuel plates, each with 3.0 gU/cm?, to form the core of the IPEN-MB-
01 research reactor, which consists of 19 fuel elements. The specifica-
tions of these fuel plates are identical to those intended for use in the
RMB.

Fuel elements containing both types of fuel plates, U3Og-Al and
UsSis-Al, have been successfully used in the IEA-R1 reactor. These fuel
elements have achieved a burn-up of about 50 % for both fuel types after
seven years of irradiation, without encountering any issues.

The fuel elements manufactured at IPEN-CNEN/SP are of the MTR
(Materials Testing Reactor) type (Cunningham and Boyle, 1955). They
are built by assembling a number of fuel plates with sufficient spacing
between them to allow the flow of water, which serves as both coolant
and moderator. The fuel plates are formed by a containing fissile ma-
terial meat, which is entirely protected with an aluminum cladding
(Weber and Hirsch, 1955). The fuel plates are manufactured using a
traditional method, known internationally as the “picture frame tech-
nique”, shown in Fig. 1 (Durazzo and Riella, 2015; Kaufman, 1962). This
involves inserting the fuel meat (also called “briquette”) into an
aluminum frame and covering it with aluminum plates that are then
rolled together.

“Briquettes,” or fuel meats, are produced employing powder metal-
lurgy methods. The nuclear fuel material for the fuel meats is UsOg or
U3Siy powder which is enriched with 20 wt% in the U-235 isotope, while
aluminum powder is the structural material for the meat matrix.

As shown in Fig. 2, the MTR-type fuel is composed of an array of
parallel fuel plates that are rigidly put together to form the fuel element.

Maintaining a continuous aluminum matrix within the fuel meat is
fundamental to the dispersion fuel concept. Due to this requirement, the
technological limit for dispersions is 45 vol% of fissile material
dispersed. IPEN-CNEN/SP has historically employed volume fractions of
33 % (U3Og) and 27 % (Us3Siy), corresponding to respective uranium
loadings of 2.3 and 3.0 gU/cm>. As a result, the current fuel may still
contain a significant amount of added uranium.

This work presents the results of developing the manufacturing
process for fuel plates with high uranium loadings using 45 vol% of the
dispersed phase in the U3Og-Al and UsSiy-Al dispersions. The necessary
adjustments to the currently adopted procedures are described.

Uranium loading close to 7 gU/cm® can be achieved using the
U10Mo alloy (10 wt% Mo). The viability of the use of this type of fuel in
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Fig. 1. Picture frame technique used to manufacture fuel plates.
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Fig. 2. Fuel element for the IEA-R1 research reactor.

the IEA-R1 research reactor has been studied (Silva et al., 2008), and its
use in the RMB research reactor has also been proposed. Fabrication of
miniplates of U10Mo-Al dispersion with 45 vol% was investigated
before (Durazzo et al., 2014). The manufacturing of full-size plates of
this fuel needs to be checked. The results are presented and discussed.

2. Material and methods

In research reactors, the fuel of the dispersion plate type is most
frequently used. Most manufacturing procedures apply to fuel plates
manufactured from any dispersion type, except for the powder prepa-
ration step. Although the manufacturing and inspection procedures are
similar for the various manufacturers of fuel plates, the procedures used
in this work are specific to the case of IPEN-CNEN/SP. There is little
literature available that describes the manufacturing process of disper-
sion fuel plates. The published information is outdated, not detailed, and
specific to the fuel of a given research reactor (Kucera et al., 1963;
Beaver et al., 1964; Knight et al., 1968; Knight and Morin, 1999).

The initial stages of manufacturing mainly involve chemical pro-
cesses. The manufacturing process starts with low-enriched uranium
hexafluoride (UFg). When UFg is injected into the water, it immediately
hydrolyzes, reacting with water to form a uranyl fluoride (UO2F5) so-
lution. After this step, the procedure was divided into two routes: one for
producing U3Og powder and the other for producing UsSi; and U10Mo
powders. In this work, natural uranium was used.

2.1. U3Og powder fabrication

The U3O0g powder was obtained from ammonium diuranate (ADU),
precipitated with ammonia from the solution of uranyl fluoride. The
ADU powder was calcined at 600 °C for 3 h to transform into U3Og
completely. The calcination was performed in the air using Inconel boats
in a resistive furnace.

The calcined U3Og powder was granulated by pressing and subse-
quently crushing the pellets. The pressing was carried out in a hydraulic
press with a 40 mm diameter floating-type cylindrical die at a pressure
of 156 MPa. The pellets (weighting 50 g) were manually ground in a
mortar. The U3Og powder was then sieved to obtain granules within the
150-44 pm size range. The granules were sintered at 1400 °C for 6 h. The
material was classified again, and the 125-44 pm fraction was sepa-
rated. A maximum of 20 wt% of the fraction less than 44 pm was used.
The powder’s density of 8.35 g/cm® was measured using a helium
pycnometer. Fig. 3 presents the typical morphology of the UsOg powder.

2.2. UsSiy powder fabrication

The route to prepare both the UsSi; and UlOMo powders was
through UF4 and uranium metal. SnCl; was used as a reducing agent
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Fig. 3. SEM micrograph (secondary electrons image) of U3Og powder particles.

during the reduction/precipitation process to produce UF4 from the
uranyl fluoride solution. The precipitated UF, in suspension was trans-
ferred to a filtration system from the precipitation reactor. The material
in the filter was collected and dried to remove free water. The UF4 was
then heated in argon to remove the water from crystallization. The UF4
was ready to produce uranium metal after the second drying procedure.

It is simpler to produce uranium metal via the magnesiothermic
reduction of UF4 and avoids dealing with poisonous and pyrophoric
calcium. A graphite crucible was filled with a reagent charge that
included 1540 g of UF4 and 270 g of Mg (15 % extra Mg over the stoi-
chiometric quantity).

The charge was prepared to maintain the homogeneity of the Mg and
UF4 mixture. Because of the materials’ significantly different densities
(pmg =1.74 g/cm® and pyps = 6.72 g/cm®), a stratified charge was made.
The charge of UF4 + Mg was divided into ten layers and tapped one by
one into the graphite crucible for homogenization. The crucible was
fabricated of fully machined graphite volume with sufficient resistance
to generate about 1000 g of uranium metal. A variable amount of CaFy
was tapped over the UF4 + Mg charge to complete the crucible reaction
volume. The crucible was closed with the graphite top cover and
mounted within an ANSI 310 stainless steel cylindrical reactor vessel,
which permits argon fluxing during batch processing (1 L/min with 0.2
MPa of pressure).

A resistor pit furnace with four programmable zones that could raise
the temperature to 1200 °C accommodates the whole crucible and
reactor. The reactants spontaneously ignited when the reaction vessel
was heated. The procedure produces liquid MgF» slag and uranium
metal. After opening the crucible, both products descended to the bot-
tom and were quickly separated. Ten minutes were given after the re-
action to allow the reaction products to solidify completely inside the
furnace. The reactor vessel was then lifted out of the furnace after the
furnace had been switched off. Fig. 4 shows the uranium metal ingot.

To recover uranium from the MgF; slag, it was first calcinated in the
air to promote oxidation to U3Og. The uranium present in the slag was
then extracted by leaching with HNOs. The resulting uranyl nitrate so-
lution (UO2(NO3)2) was impure and required further purification. The
purified uranium was then reintroduced into the process via ADU pre-
cipitation. Details on uranium metal production at IPEN-CNEN/SP are
available in previous work (Durazzo et al., 2017a). Uranium metal is not
only used in the fuel production but also in the manufacture of irradi-
ation targets to produce Mo-99 (Durazzo et al., 2021; Durazzo et al.,
2022).

The intermetallic U3Si; was produced using an induction furnace
from uranium metal (92.5 wt%) and metallic silicon (7.5 wt%), molten
inside a zirconia crucible specially designed to reach temperatures
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Fig. 4. Uranium metal ingot.

above 1750 °C. The induction furnace was placed under a vacuum of
0.13 Pa and flushed with an argon atmosphere.

The UsSi, ingot was handled inside a glove box with an inert argon
atmosphere. After crushing the ingot, granules less than 4 mm in size
were obtained and then sieved. The sieve set consisted of a backdrop
compartment, a fine sieve with a 125 pm opening, and a coarse sieve
with a 4 mm opening. Granules with a diameter greater than 4 mm were
crushed again, while granules with sizes between 4 mm and 125 ym
were collected for final grinding. The final grinding was carried out
carefully to separate the powder from 125 to 44 pm with intermediate
sieving. The use of particles smaller than 44 pm was restricted to a
maximum of 20 %. The powder’s density of 12.00 g/cm® was deter-
mined using a helium pycnometer. Fig. 5 shows the typical UsSi; powder
morphology. According to the X-ray diffractogram shown in Fig. 6, only
Us3Siy phase was present.

2.3. U10Mo powder fabrication

The process of producing U-Mo powder has been studied at the IPEN-
CNEN/SP since 2014 using the hydriding-milling-dehydriding (HMD)
route (Leal Neto et al., 2014; Durazzo et al., 2014). Induction melting
was used to melt U-Mo alloy ingots with a 10 wt% Mo concentration in a
zirconia crucible. The raw materials used were molybdenum and ura-
nium metals with 99.95 % purity. Both materials were charged into the
zirconia crucible and inducted up to melting in a high-purity argon
environment. The outcome was an ingot that was nearly 40 mm in
diameter and 50 mm in height, and weighed about 1200 g. The ingot
was then subjected to a 72-hour treatment at 1000 °C in a reactor filled
with pure argon before being rapidly cooled to preserve the gamma
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Fig. 5. SEM micrograph (secondary electrons image) of the UsSi; pow-
der particles.

phase. It was next divided into pieces for powder preparation by
hydriding-milling-dehydriding (HMD). Further details on UL0Mo pow-
der preparation process can be found in previous work (Leal Neto et al.,
2014; Durazzo et al., 2014).

Five pieces were taken from the U10Mo ingot (approximately 100 g
each) and heated under pressurized hydrogen (0.8 MPa) at a rate of
15 °C/min up to 700 °C for one hour. After 5 min of evacuation at this
temperature, the reactor was pressurized with Hy once again to 0.8 MPa.

This procedure (activation treatment) established a clean sample
surface suitable for hydriding. The reactor was cooled by taking it away
from the furnace and using forced air cooling (fan) to help. After
reaching room temperature under hydrogen pressure, the reactor was
evacuated again (0.1 Pa) and purged with argon.

Hydrided samples were easily comminuted manually to a —125 mesh
size using a stainless steel mortar. The reactor was charged with this

14,000
12,000

—~10,000

u

L 8.000
>

6,000

Intensit

4,000

2,000

]
01( :

Annals of Nuclear Energy 200 (2024) 110408

powdered material and closed for dehydriding. The powder was heat
treated under vacuum (0.1 Pa) at 400 °C. After purging with argon, the
dehydrided powder was removed from the reactor inside a glove box
and sieved, separating the fraction 125-44 pm. A maximum of 20 wt% of
the fraction less than 44 pm was used. The powder’s density of 16.87 g/
cm?® was determined using a helium pycnometer.

Fig. 7 presents the typical morphology of the U10Mo powder, and
Fig. 8 presents the X-ray diffraction patterns from heat-treated (alloy
before hydriding), hydrided and dehydrided powders. An amorphous-
like pattern (pattern b in Fig. 8) and the reflections of the UO phase
were seen after hydriding. No gamma U10Mo phase reflections were
seen after hydriding, indicating that there had been a complete trans-
formation following hydrogen absorption. The gamma phase structure
was once again visible after dehydriding.

2.4. Fabrication of the fuel meats

Powder metallurgy techniques were used to manufacture the
dispersion, composed of ceramic (U3Og) or metallic uranium composites
(UsSip, UMo). The fuel meat (briquette) was made by mixing the
powdered fissile material with pure aluminum powder, the latter being
the structural matrix material of the briquette. The three types of pow-
ders were mixed with aluminum powder using a rotary mixer. The
charges used in manufacturing the briquettes were weighed and mixed
individually. Homogenization was carried out at 36 rpm, 120 min under
45° inclination, and was kept the same for all types of briquettes. Fig. 9
illustrates the mixer used. Fig. 10 and Fig. 11 illustrate the morphology
and size distribution, respectively, of the aluminum powder.

The composition of the pressing charges was determined based on
the volume of the briquette. The masses of the fissile compounds were
defined from their densities (U3Og, UsSis, and U10Mo). The nominal
dimensions of the briquette were maintained for the three types of fissile
compounds, which were 59.1 x 104.2 x 4.2 mm thick with rounded
corners (radius 8.4 mm). The nominal volume of the briquette was
24.93 cm®,

The mass of aluminum was calculated to ensure a volumetric fraction
of 50 % in the briquette, resulting in a mass of 33.66 g. The mass of
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Fig. 6. X-ray diffractogram of the U3Si, powder.
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Fig. 7. SEM micrographs (secondary electrons images) of hydrided and dehydrided U10Mo powder particles: A- Hydrided particles; B- Dehydrided particles.

uranium compound powder was calculated assuming a residual porosity
of 6 vol% in the fuel meat, which is typical for the production process at
IPEN-CNEN/SP. The densities used for calculations were pysog = 8.35 g/
em®, pyussiz = 12.00 g/em®, and pyiomo = 16.87 g/em®. The uranium
contents were Uysog = 84.71 wt%, Uyssiz = 91.37 wt%, and Uyigmo =
89.70 wt%. The masses of uranium compounds were: Myspg = 91.15 g,
MU3Si2 =131.96 8, and MU]OMo = 185.05 8.

The pressing operation was carried out using a double-effect hy-
draulic press. The pressing pressure was 540 MPa for all briquettes.
Table 1 shows the dimensions and the uranium density of the briquettes
fabricated in the present work. Since the residual porosity of the

briquettes varies slightly and the tolerance for the length and width of
the briquette is +0.2 mm, and +0.1 mm for its thickness, the uranium
density varied around the target value.

2.5. Fabrication of the fuel plates

The briquettes were degassed at 250 °C for two hours under a dy-
namic vacuum of 0.1 Pa. Plate fabrication followed the standard pro-
cedures adopted at IPEN-CNEN/SP, with frames and covers made from
aluminum alloy 6061. The frame was 4.2 mm thick, and both the cover
plates were 2.8 mm thick. The assemblies were welded and rolled using
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Fig. 8. X-ray diffraction patterns of as heat-treated (before hydriding) (C),
hydrided (B) and dehydrided (A) samples.

the typical rolling schedule outlined in Tables 2 and 3 (Durazzo et al.,
2014; Durazzo et al., 2017b). A significant amount of material remained
around the briquette due to the width and length of the frame and cover
plates, which allowed the frame’s structural purpose to be served. The
dimensions which were used consisted of 200 mm by 120 mm.

The picture frames and cover plates were labeled with a number on
the outside of each top cover that corresponded to the lot number and
briquette number. An “X” was used to indicate the assembly’s position
for proper orientation during the rolling process. Having a reference is
crucial when making a fuel plate, and the “X” served as the reference
edge and end of the fuel plate. To ensure good bonding quality, the
frames and covers were wiped with acetone and etched using a 10 %
sodium hydroxide solution and 40 % nitric acid.

The cover plates, frames, and briquettes were bonded together
through hot rolling of the assemblies into plates. Prior to hot rolling, the

Annals of Nuclear Energy 200 (2024) 110408

Fig. 9. Ferris wheel-type mixer for eight charge jars.

assemblies were preheated in an electric furnace equipped with a hot-air
circulation blower for one hour. The hot-rolling process was carried out
at a temperature of 450 °C, with the assemblies being reheated for 15
min between rolling passes. Table 2 provides the hot-rolling schedule
used. The thickness of the hot-rolled plates was measured after each pass
using a micrometer with a tungsten-carbide tip.

To minimize end defects and cambering, appropriate rotation was
applied to the assemblies along their longitudinal and transverse axes
between passes. The term “diffuse zone” refers to the end region of the
fuel meat where end defects, such as “dog-bone” and “fishtail,” are
commonly found. This is due to the rolling process leaving the ends of
the meat thicker than the middle. The longitudinal cross-section of the
fuel meat with thickened ends resembles a bone, hence the name “dog-
bone”. To control these issues, an optimal rotation scheme was imple-
mented during the rolling process of the fuel plates. Details on the
rotation scheme during rolling are available in previous work (Durazzo
et al., 2017b).

After the final hot-rolling pass, the fuel plates underwent furnace
annealing at 450 °C for an hour at that temperature. Once removed from
the furnace, the plates were cooled and examined for blisters. The cold-
rolling process consisted of two rolling passes using a high-precision
mill, with a tolerance of 0.02 mm, as outlined in Table 3. Additional
information on fuel plate fabrication can be found in the literature
(Durazzo et al., 2017b).

2.6. Inspection procedures

After cold rolling, the next step in fuel plate manufacturing involved
utilizing X-ray technology to precisely outline the meat, a crucial step in
preparing the fuel plate for its final specified dimensions. To facilitate
subsequent flattening and accurate positioning of the fuel meat, an
initial cut was performed prior to the final cutting step. In the final
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cutting stage, the fuel meat was accurately positioned using an X-ray
scanner, and reference lines were marked on the pre-cut plate to locate
the edges and corners of the fuel plate in its final dimensions. The final
dimensions of the fuel plate were determined by measuring its length,
width, and thickness. The length was measured at three positions with a
caliper, achieving a precision of 0.02 mm, while the width was measured
at seven positions using a micrometer with a precision of 0.01 mm. The
thickness of the fuel plates was meticulously inspected at 21 positions
per plate (3 x 7-point grid), employing a manual external U-shape frame
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micrometer with non-rotating spindles, and measured to the nearest
0.01 mm.

The length and width of the fuel meat were directly measured by an
X-ray scanner, which also inspected the fuel meat’s outline. The
maximum width and length of the fuel meat were determined with a
precision of 0.01 mm. Typically, the diffuse zone had a length ranging
from 10 to 20 mm. To ensure the fuel meat was well-centered, the
cladding widths at the edges and ends were directly measured on the X-
ray scanner screen. The minimum widths were determined, and the
differences between the widths were calculated to verify the centering of
the fuel meat.

Following cold rolling, the bond integrity was assessed through a
bend test. Any excess length and width of the fuel plates were trimmed
during the final shearing operation. The leftover trimmings of the
aluminum cladding, located directly adjacent to the final plate, were
subjected to bend tests. Bend test samples were extracted from all four
sides of each plate. Each sample was clamped in a test fixture and bent
around a mandrel by 90 degrees in one direction, returned to 0 degrees,
bent by 90 degrees in the opposite direction, and once again returned to
0 degrees. The edges of the bend test sample were visually examined for
any signs of delamination.

The integrity of the fuel meat and the homogeneity of the uranium
distribution inside it were inspected using an X-ray scanner. The residual
porosity of all fuel plates was determined using the hydrostatic method
(Archimedes principle). The microstructure, the fuel meat’s thickness,
and the cladding thickness were characterized using optical microscopy.
The samples were prepared using conventional metallographic tech-
niques involving embedding, sanding, and polishing. From each batch of
four fuel plates fabricated from the different dispersions, one was cut to
determine the thickness of the claddings and meat using metallography.

Following the usual procedure adopted by IPEN-CNEN/SP in the
routine production of fuel plates, seven samples from the regions of
interest were taken from each plate, as shown in Fig. 12. Samples 1, 3,
11, 13, and 9 are longitudinal, in the rolling direction, at the ends of the
fuel meat and in its central zone. The samples taken from the extremity
of the fuel meat (1, 3, 11, and 13) were used to measure the cladding
thickness in the meat-thickening zone (dog-bone) and to characterize
the terminal defect (fishtail). Samples 5 and 7 are cross-sectional and,
together with sample 9, provide microstructural information about the
fuel meat in the central region of the fuel plate, the defect-free region.
The set of information got by the metallography of these samples is one
of the main requirements for the qualification of fuel plates.

3. Results and discussion

Many aspects of fabrication are unaffected by the high uranium
loading, such as the U3Og and U3Si; powder fabrication and the external
dimensions of the fuel plate. Blister and bending tests showed satisfac-
tory results for all high uranium-loaded fuel plates. Characteristics that
are affected by high uranium loading were evaluated. The main aspects
studied in this work were those that differentiate a high uranium-loaded
fuel plate from that which is traditionally manufactured at IPEN-CNEN/
SP with the uranium density of 3.0 gU/cm?® (U3Siy). They are:

(a) U10Mo powder fabrication;

(b) dimensions of the fuel meat;

(c) homogeneity in the distribution of uranium in the fuel meat;
(d) fuel meat and cladding thicknesses;

(e) microstructure of the dispersion;

(f) end defects.

3.1. U10Mo powder fabrication

Powdering ductile gamma U-Mo alloys is a major concern when fuel
manufacturing is based on the dispersion method. The primary method
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Table 1
Characteristics of the briquettes.
Compound Length Width Thickness Volume Porosity U Density
(mm) (mm) (mm) (g/cms) (vol%) (gU/cms)
104.20 59.09 4.15 24.62 6.47 3.15
104.18 59.10 4.16 24.68 6.47 3.14
U30g 104.21 59.08 4.13 24.50 6.83 3.17
104.17 59.13 4.12 24.45 6.47 3.17
104.30 59.19 4.24 25.24 6.42 4.77
104.31 59.17 4.20 24.99 6.56 4.81
UsSiy 104.29 59.10 4.22 25.08 6.97 4.80
104.33 59.23 4.24 25.27 7.11 4.76
104.15 59.15 4.15 24.63 6.21 6.74
104.13 59.18 413 24.52 6.53 6.77
U10Mo 104.10 59.17 4.15 24.63 6.40 6.74
104.13 59.17 4.12 24.45 6.67 6.79
1998; Vacelet et al., 1999). However, due to the high cost of atomiza-
Tab,le 2 . tion, IPEN-CNEN/SP decided to use the hydriding-dehydriding method
Typical hot-rolling schedule. . . .
(Balart et al., 2000; Solonin et al., 2000; Olivares et al., 2008; Pasqualini
Pass Reduction (%) Gage (mm) Heating Time (min) et al., 2002; Chen et al., 2010; Yi-Fu et al., 2010), which had previously
0 0 9.20 preheating (60 min) been successful in hydriding TiFe alloys for hydrogen storage (Falcao
1 25 6.93 15 et al., 2018; Oliveira et al., 2021; Vega et al., 2019).
2 25 5.20 15 Fig. 8 provides X-ray diffraction patterns that show an amorphous-
3 15 4.42 15 . . . . 1.
4 15 3.76 15 like pattern and reflections of the UO phase following hydriding
5 15 3.20 15 (pattern b in Fig. 8). No gamma U10Mo phase reflections were seen,
6 15 2.72 15 indicating a complete transformation. The gamma phase structure was
7 15 2.31 15 visible again after dehydriding (pattern a in Fig. 8), and evidence of
8 13 201 15 . some oxidation was found due to the presence of the UO; phase.
9 13 1.75 blistering test (60 min) . 3 L.
The pycnometer density of UMo powder was 16.87 g/cm”, which is
lower than the theoretical value for U10Mo composition. The theoretical
Table 3 density of the U10Mo alloy can be calculated using the rule of mixtures
able

Cold-rolling schedule.

Pass Reduction (%) Gage (mm) Heating Time (min)
0 0 1.75 from hot rolling

1 7 1.63 no heating

2 6-7 1.54-1.50 no heating

final 0 1.54 - 1.50 final adjustment

for producing powder has been atomization, using centrifugal atomi-
zation with either the rotating disk method (Kim et al., 1997) or the
rotating electrode process (Clark et al., 2007). Mechanical comminu-
tion, such as machining or grinding, is also possible (Clark and Meyer,

equation based on the molar fraction (Burkes et al., 2010), resulting in
17.20 g/cm®. Two aspects that must be considered to explain this lower
value. First, our alloy’s composition has slightly more Mo than the
nominal. We have estimated the Mo content using an equation proposed
by Dwight (Dwight, 1960) as done by Seong et al. (2000). According to
Dwight, the lattice parameter of the gamma phase (diffraction analysis)
varies with the Mo content (at%) by the equation a (nm) =
0.34808-0.000314 (at.% Mo). By doing so, our Mo content is 22.17 at%
(a =0.34112), corresponding to 10.3 wt%. The theoretical density of the
U10.3Mo alloy can now be calculated at 17.11 g/cm®. The second aspect
that must be considered is related to the UO content of the powder. Our
pycnometer density value for the alloy powder is consistent with a UO,
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Fig. 12. Sampling plan for assessing the microstructure and thickness of the fuel plate meat.
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content of about 2.5 wt%, estimated by the rule of mixtures again, which
is compatible with what we see in the X-ray pattern (Fig. 8).

The hydrided and dehydrided powder particles have remarkably
similar particle shapes, as seen in Fig. 7. Most particles have a regular,
equiaxial shape, but some have a platelet shape. A favored crack plane
may be responsible for this (Leal Neto et al., 2014). On the surface of the
particles, conchoidal fracture marks, which indicate an amorphous
material, were also not seen. The U10Mo particle morphology is com-
parable to the appearance of the U3Si; particles shown in Fig. 5.

The hydriding-dehydriding procedure was successfully employed at
IPEN-CNEN/SP to produce U10Mo powder for manufacturing fuel based
on the U10Mo-Al dispersion. The U10Mo powder could be produced
with manual grinding with appropriate granulometry. The total pro-
cessing time for a batch of 3 kg of powder (safe mass) would be three
days, which would enable the fuel production plant at IPEN to manu-
facture around 70 fuel elements annually, providing an easy supply for
the RMB Reactor.

3.2. Fuel meat dimensions

After rolling, the deformation of the fuel meats showed a behavior
very similar to that of the traditional fuel manufactured by the IPEN-
CNEN/SP. The widening and elongation during rolling were very
similar to those usually observed. Table 4 displays the dimensions of the
fuel meats of the high uranium-loaded fuel plates manufactured in the
present work. The length and width values of the fuel meat satisfy the
current IEA-R1 research reactor specification, allowing for seamless
adaptation to the fuel plate thickness. This maintained the flexibility to
vary the thickness of the fuel plate to keep the fuel meat dimensions
within specification. The rolling operation presented no difficulties
related to the high uranium concentration in the fuel plates.

The uranium densities of the U3Og-Al fuel plates are significantly
lower than the target value of 3.2 gU/cm3, due to the high residual
porosity observed in the meat of finished plates. This porosity is
considerably higher than the typical value of around 9 % in volume
observed in low-concentration U3Og-Al fuel. The high porosity indicates
an intense fragmentation of the U3Og particles, which is expected due to
the higher interaction between the U3Og particles during meat defor-
mation with the increase in the volumetric fraction.

A similar observation is valid for the high uranium-loaded U3Si-Al
and U10Mo-Al fuel plates but with much less intensity. The residual
porosity also increases with the meat deformation but in a much less
pronounced way. Particle fragmentation also occurs, but it is much less
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intense than that observed in U30g-Al dispersions. Note that the particle
fragmentation for the U10Mo-Al dispersion is slightly smaller than for
the Us3Sip-Al, resulting in a consistent decrease in residual porosity. The
uranium density is little affected by the rolling operation for U3Siy and
U10Mo due to their low fragmentation, as shown in Tables 1 and 4.

The fuel meat’s residual porosity varies from fabricator to fabricator,
depending on various factors, such as the amount of fines (44 pm) in the
powder, the rolling schedule, the strength of the aluminum alloy used
for the frames and covers, the rolling temperature, the relationship be-
tween the size of the compact and the size of the cavity in the frame, and
most importantly, the amount of cold reduction (Matos and Snelgrove,
1992).

3.3. Homogeneity in the distribution of uranium in the fuel meat

X-ray radiographs of the high uranium-loaded fuel plates showed a
good distribution of uranium in the fuel meat, meeting the acceptable
standards for visual inspection and comparison with a standard. The
radiographs in Fig. 13 demonstrate good homogeneity for all the man-
ufactured plates, but dark and light regions at the meat’s ends suggest
abnormal thickening of the meat in this region (dog-bone). However, all
types of fuels examined met current thicknesses specifications for meat
and cladding.

3.4. Fuel meat and cladding thicknesses

The cladding thickness is a crucial fuel plate specification that pre-
vents the fuel meat from being exposed to the reactor environment. The
thickening of the meat of the fuel plate’s ends is a phenomenon resulting
from the difference in mechanical properties of the briquette and the
cladding, leading to a decrease in cladding thickness in this region (dog-
bone), which is inevitable and one of the most critical defects regarding
fuel plate qualification since the minimum cladding thickness in this
zone must meet the specification.

Table 5 presents the results of measuring the thickness of the meat
and claddings of fuel plates with high uranium loadings. The specifi-
cation divides the meat region into two zones. Zone 1, the central zone,
requires a minimum cladding thickness of 0.30 mm and a range of 0.76
+ 0.05 mm for meat thickness. Zone 2, also called the end defects zone,
extending 50 mm from the meat’s end, permits a minimum cladding
thickness of 0.25 mm and a maximum meat thickness of 1.07 mm. All
high uranium-loaded fuel plates easily met the thickness specifications
of the claddings and meat.

Table 4
Dimensional data on the fuel meats of high-loaded fuel plates.
Compound Fuel Plate Thickness Fuel Meat Fuel Meat Fuel Meat Fuel Meat U Density
(mm) Length Width Volume Porosity (gU/cm®)
(mm) (mm) (g/cm®) (vol%)
Specification 1.47-1.57 590-610 60.35-65.00 Not 7to 8 3.00
IEA-R1 Fuel Specified (typical)
(3.0 gU/cm®)
1.53 600.5 61.51 25.44 14.39 3.05
1.54 595.0 61.79 25.44 14.39 3.05
U30g 1.53 598.5 61.73 25.52 14.35 3.04
1.52 605.0 61.97 25.44 14.21 3.05
1.52 603.0 61.20 25.32 9.33 4.75
1.53 601.0 61.24 25.16 9.34 4.78
UsSiy 1.51 604.0 61.12 25.27 9.48 4.76
1.52 602.0 61.31 25.32 9.34 4.75
1.51 601.5 61.10 24.70 8.71 6.72
1.50 602.0 61.22 24.63 8.81 6.74
Ul0Mo 1.52 600.5 60.95 24.77 8.70 6.70
1.51 601.0 61.08 25.55 8.75 6.76
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Fig. 13. X-Ray radiographs illustrating the homogeneity of uranium distribu-
tion in the meat of fabricated fuel plates.

Table 5
Values for cladding and meat thicknesses.
Zone 1 Zone 2
Meat]| Cladding Meat Cladding
(mm) (mm) (mm) (mm)
min-max min-max min-max min-max
U30g 0.78-0.79 0.37-0.38 0.84-0.89 0.30-0.31
UsSiy 0.75-0.76 0.37-0.39 0.78-0.88 0.32-0.37
Ul0Mo 0.73-0.76 0.37-0.39 0.77-0.88 0.31-0.35

Preliminary tests showed that the UsSiy-Al dispersion-based fuel
plates exceeded the maximum meat thickness value specified in Zone 1
(0.81 mm). The thickness values of the claddings in Zone 1, despite
being within the specification (minimum of 0.30 mm), were smaller
than typical production values observed in traditional fuels manufac-
tured at IPEN-CNEN/SP, which ranged from 0.38 and 0.40 mm. This
behavior was related to the penetration of large UsSi; particles into the
cladding, caused by the increase in the volumetric fraction of UsSis,
which hindered the accommodation of Us3Sip particles in the meat
(especially the larger ones) because of the low volume of the aluminum
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matrix, forcing the penetration of the particles into the cladding. Fig. 14
illustrates this effect. The maximum particle size used in all dispersions
has been then reduced 150 pm (former value) to 125 pm to avoid this
problem, and the results presented in Table 5 were satisfactory. The
behavior of the U10Mo-Al dispersion was very similar to the UsSis-Al.

The thickness of the claddings and meats were measured by
destroying the thinnest plates (1.50 mm for U10Mo-Al, 1.51 mm for
Us3Siy-Al, and 1.52 mm for U30g-Al) as shown in Table 4. This method
yielded conservative estimates for the thickness of the cladding. The fuel
plates typically manufactured at IPEN-CNEN/SP have a thickness of
1.54 mm, but plates with a maximum of 1.57 mm can be produced
routinely without any difficulty. Therefore, the cladding thickness
values reported in Table 5 can be increased further.

3.5. Microstructure of the dispersion

To increase the uranium loading on fuel plates that used a U-Al alloy
with a uranium content limited to 18 wt%, the dispersion fuel concept
emerged in 1955 (Weber and Hirsch, 1955; Howe, 1955; Billington,
1955). The concept’s basic principle is to preserve the fuel’s pre-
irradiation properties after irradiation by controlling the microstruc-
ture. When exposed to radiation, a dispersion meat’s behavior is ulti-
mately determined by its microstructure. Some of the fission fragments
will recoil into the matrix phase of the dispersion even though they are
born in the uranium compound particles. For instance, aluminum has a
13.7 pm fragment recoil range (Weber and Hirsch, 1955). The magni-
tude of the irradiation damage in the dispersion depends on how much
fission products affect the matrix. To leave a continuous fission product-
free matrix region around the damage zone, a dispersion tries to
concentrate the irradiation damage in the dispersed phase and a highly
localized region surrounding the dispersed fissile particle.

An ideal dispersion must meet certain design goals, including large-
dispersed particle size compared to the fission product recoil range
(White et al., 1957), uniform particle dispersion in the aluminum ma-
trix, a continuous phase of a matrix with the highest volume fraction
possible, and a high uranium density fissile phase (to retain fission
fragments on their own). The discussion of microstructures will be
founded on this concept.

Fig. 15 shows the microstructure of the high uranium-loaded U3Og-
Al dispersion. The figure clearly shows the intense fragmentation of
U3Og particles, resulting in their alignment in a “stringering” pattern.
The low-magnification micrograph provides a better illustration of the
stringering, with elongated voids visible in the rolling direction. These
voids may have been formed due to the drag of U3Og particles through

Fig. 14. Optical micrograph illustrating UsSi, particles penetrating the clad-
ding, decreasing its effective thickness.
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Fig. 15. Optical micrographs illustrating the meat microstructure of U3Og-Al
fuel plates.

the flow of the aluminum matrix during deformation. Therefore, it can
be assumed that U3Og particles fragment and are dragged during rolling,
creating voids. With an increase in uranium loading, the formation of
voids also increases, both due to fragmentation and dragging. The vol-
ume fraction of the aluminum matrix also decreases simultaneously,
making it difficult to eliminate the voids during hot rolling.

The microstructure thus explains the high residual porosity present
in the meat, as shown in Table 4. The usual residual porosity for this fuel
type with 2.3 gU/cm?, fabricated at IPEN-CNEN/SP, is 9 % in volume. As
a result, the uranium densities for the U3Og-Al fuel plates are signifi-
cantly lower than the target value of 3.2 gU/cm?>.

Hobson and Leitten (1967) noticed that the fragmentation of U3Og
particles during rolling depends on the density and shape-related frag-
mentation resistance of the particles. Other factors, such as rolling
temperature, reduction per pass, and particle spacing, can also affect
fragmentation. Since the characteristics of the U3Og powder used to
manufacture all samples and the rolling process were kept constant, the
spacing between the particles, which is determined by on the uranium
loading of the sample or its U3Og concentration, is the sole factor that
affects fragmentation. Therefore, an increase in fragmentation was ex-
pected as the uranium loading increased.

Despite the high density of the U3s0g powder used in this work (8.35
g/cm®), the SEM micrograph shown in Fig. 3 reveals that the particle is
not cohesive, as confirmed by the SEM micrograph with higher magni-
fication shown in Fig. 16. Although the granules were sintered at
1400 °C for 6 h, their morphology suggests low resistance to fragmen-
tation. The sintered particle shows the interface (“necks”) between the
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original particles before sintering. During rolling, the particles are ex-
pected to fracture at these interfaces. Fragmentation is intensified when
the interaction between particles increases with the increase in the
volumetric fraction of U3Og. An alternative to minimize this problem
would be to sinter U3Og pellets and grind them instead of sintering the
granules. Fig. 17 illustrates the morphology of the U3Og particles ob-
tained by sintering pellets and subsequent grinding. Note the absence of
“necks” interfaces, with an aspect of continuity. The appearance of the
particle is comparable to that of the UsSi; particle (Fig. 5).

Fig. 18 shows the microstructure of the high uranium-loaded UsSis-
Al dispersion. Unlike in the case of U3Og, intense fragmentation of U3Siy
particles is not immediately noticeable in this microstructure. However,
some mild stringering is evident in Fig. 18. In a previous study, Durazzo
et al., (2017b) conducted a qualitative examination of particle frag-
mentation in a U3Sip-Al dispersion with a uranium density of 3.0 gU/
em®. They observed the beginning of UsSiy particle fragmentation dur-
ing the first hot-rolling pass, but without pronounced separation of the
fragments. Porosity formation was found to occur due to fragmentation,
and although porosity did not increase significantly during hot rolling,
the number of fine U3Siy particles slightly increased. Cold rolling, on the
other hand, resulted in more pronounced fragmentation of UsSi; parti-
cles and a noticeable decrease in the maximum particle size. Residual
porosity also appeared to slightly increase. Ongoing work aims to
quantitatively study the fragmentation of UsSi particles during rolling.

Fig. 19 shows the microstructure of the high uranium-loaded
U10Mo-Al dispersion. The microstructural appearance of the disper-
sion after rolling is comparable to the U3Siy-Al dispersion, with a lower
apparent level of pores. The existing pores appear to be associated with
recesses on the surface of the particles, and the marks on the particle
surface suggest some degree of cracking. However, no stringering is
visible. In contrast to U3Sip-Al dispersion microstructures, U10Mo par-
ticles do not appear to fragment when subjected to rolling; rather, they
become deformed and elongated in the rolling direction. Additionally,
there is a lower proportion of fine particles visible in the microstructure
of UlOMo dispersions, indicating that the Ul10Mo particles tend to
deform rather than fragment.

Ideally, a dispersion should have isolated particles of fissile material,
with a continuous aluminum matrix surrounding each particle. In the
case of the UsSiz-Al and U10Mo-Al dispersions, the microstructural
appearance can be regarded as satisfactory based on the theoretical
assumptions of an ideal dispersion. Nonetheless, the absence of specific
standards for the microstructural characteristics of the fuel plate meat
means that the assessment is subjective. It depends on the experience
and common sense of each manufacturer, supported by irradiation tests.
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Fig. 16. SEM micrograph (secondary electrons image) of a U3Og powder par-
ticle showing the interfaces.
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Fig. 17. SEM micrographs (secondary electrons images) of a U3Og powder
particle prepared by sintering and grinding U3Og pellets.

Although there are no quantitative requirements to disqualify the
microstructure of U3Og-Al, the microstructural appearance of high
uranium-loaded UsOg-Al meat deviates from the theoretical re-
quirements for a good quality dispersion.

3.6. End defects

Besides the thickening at the end of the meat (dog-bone), there is
another important terminal defect known as “fishtail”, which is related
to the shape of the fuel plate’s meat. Although this defect is not specified,
the only requirement is that it does not exceed the end defects zone, or
Zone 2, with a length of 50 mm. The geometry of this defect is consid-
ered normal for all high uranium-loaded dispersion fuel plates manu-
factured, and it is illustrated in Fig. 20. This type of end defect is typical
of traditional fuel plates manufactured at IPEN-CNEN/SP and is com-
mon in this type of manufacturing process.

The fishtail defect length was 14 mm for the U3Og-Al dispersion, 20
mm for the UsSiy-Al dispersion, and 30 mm for the U10Mo-Al disper-
sion, all of which fall within the maximum allowed value of 50 mm.
However, the value for the U10Mo-Al dispersion is notably higher than
the typical range of 10-20 mm observed in the manufacturing of fuel
plates with 3.0 gU/cm®. This discrepancy can be attributed to the dif-
ference in thickness between the briquette and the frame, which can
influence the occurrence of fishtail defects. When the briquette thickness
greatly exceeds the frame thickness, this defect becomes more pro-
nounced. Currently, the specification for the frame and briquette
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Fig. 18. Optical micrographs illustrating the meat microstructure of U3Sip-Al
fuel plates.

thickness is set at 4.2 &+ 0.1 mm, which can lead to a difference of up to
0.2 mm in thickness. To reduce the length of the fishtail defect, the
specification tolerance for the thickness of the frame plate can be
decreased to 4.20 £+ 0.05 mm. This proposal would be a good starting
point for the specification of the frame and briquette thickness.

4. Conclusions

Through this work, a substantial amount of experience was gained in
manufacturing high uranium-loaded full-size plates, primarily for UMo-
Al dispersion fuel, validating the previous procedures used for mini-
plates. Successful production was achieved using high-uranium-loaded
U10Mo-Al and UsSip-Al dispersions, utilizing the same processes as
those used for low-uranium-loaded fuel plate production at IPEN-CNEN/
SP. The UMo powder with the required granulometry was produced
using simple manual grinding, and the HMD technique generated
powder particles suitable for use as fuel.

The distribution of uranium in the meat of all types of fuel plates with
high uranium loading was homogeneous, with no observed bonding
failures. The final dimensions of the meat of the finished fuel plate met
the specification without changes to the thermomechanical treatment
adopted in routine production. The thicknesses of the fuel meat and
claddings of the fuel plates for all types of high uranium-loaded dis-
persions fell well within the specification.

The microstructures of the meats of the UsSis-Al and U10Mo-Al
dispersions were considered adequate. However, for U3Og-Al high ura-
nium loaded dispersion fuel, intense fragmentation of U3Og particles
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Fig. 19. Optical micrographs illustrating the meat microstructure of U10Mo-Al
fuel plates.
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Fig. 20. Optical micrographs illustrating the end defects of fuel meats.
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and pronounced “stringering” (alignment of the fragments in the rolling
direction) were observed, indicating that the microstructure did not
meet the theoretical requirements of good quality dispersion. This
microstructure issue could possibly be addressed by changing the U3sOg
powder production process by sintering U3Og pellets instead of granules.
However, despite the greater simplicity of the UsOg powder
manufacturing process, this fuel type should be discontinued at IPEN-
CNEN/SP, due to the limitations on the uranium density.

Three high uranium-loaded UsSis-Al dispersion fuel plates
(4.78-4.79 gU/cma) were fabricated to be irradiated in the IEA-R1
reactor. Studies are underway to investigate the use of silicon addition
in the aluminum powder to control the reaction of UMo particles with
the aluminum matrix of the dispersion.
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