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Um dos grandes desafios enfrentados atualmente nos mais diversos 
ramos do conhecimento, é o do saber multidisciplinar, aliando conceitos de 
diversas áreas. Hoje exige-se que os profissionais saibam transitar entres os 
conceitos e práticas, tendo um viés humano e técnico.

Neste cenário destaca-se as engenharias, as quais são um dos principais 
pilares para o setor empresarial. Analisar os campos de atuação, bem como 
pontos de inserção e melhoria é de grande importância, buscando desenvolver 
novos métodos e ferramentas para melhoria contínua de processos.

Estudar temas relacionados a engenharia é de grande importância, pois 
desta maneira pode-se aprimorar os conceitos e aplicar os mesmos de maneira 
mais eficaz. Destacam-se os assuntos voltados a engenharia do meio ambiente, 
apresentando processos de recuperação e reaproveitamento de resíduos e uma 
melhor aplicação dos recursos disponíveis no ambiente, além do panorama 
sobre novos métodos de obtenção limpa da energia.

O aumento no interesse se dá principalmente pela escassez de matérias 
primas, a necessidade de novos materiais que possuam melhores características 
físicas e químicas e a necessidade de reaproveitamento dos resíduos em geral. 
Além disso a busca pela otimização no desenvolvimento de projetos, leva cada 
vez mais a simulação de processos, buscando uma redução de custos e de 
tempo.

De abordagem objetiva, a obra se mostra de grande relevância para 
graduandos, alunos de pós-graduação, docentes e profissionais, apresentando 
temáticas e metodologias diversificadas, em situações reais.

Henrique Ajuz Holzmann
Géssica Katalyne Bilcati



SU
M

Á
RI

O
CAPÍTULO 1. ............................................................................. 1

OTIMIZAÇÃO DE DESEMPENHO DE EQUIPAMENTO MECÂNICO: 
APLICAÇÃO DO DMAIC DO LEAN SIX SIGMA PARA PROJETO DE MELHORIA 
DE MANUTENÇÃO

Brenda Manuely Couto Siqueira
Marcus Renato Pinheiro Mattos

 https://doi.org/10.22533/at.ed.6422424041

CAPÍTULO 2............................................................................ 12

INOVAÇÃO E RELACIONAMENTO COM STARTUPS: Análise Das Corporações 
Do Setor Da Construção Civil No Brasil

Thais Viana Chaves
Paulo Pinheiro Castanheira Neto

 https://doi.org/10.22533/at.ed.6422424042

CAPÍTULO 3............................................................................38

A ROBÓTICA IMPULSIONADA POR AVANÇOS TECNOLÓGICOS NA 
EDUCAÇÃO E NA INDÚSTRIA, DESTAQUE PARA A CONSTRUÇÃO CIVIL

Márcio Mendonça
Francisco de Assis Scannavino Junior
João Maurício Hypólito
Iago Maran Machado
Miguel Angel Chincaro Bernuy
Emerson Ravazzi Pires da Silva
Andressa Haiduk
Marcos Antônio de Matos Laia
Fabio Rodrigo Milanez
Michelle Eliza Casagrande Rocha
Janaína Fracaro de Souza Gonçalves
Marcio Jacometti
Fabio Nogueira de Queiroz
Rodrigo Rodrigues Sumar
Edinei Aparecido Furquim dos Santos
Luan Ferreira Pereira
André Luís Shiguemoto
Henrique Cavalieri Agonilha
Henrique Franciz Ximenes de Andrade Bilbao 

 https://doi.org/10.22533/at.ed.6422424043

CAPÍTULO 4............................................................................ 51

REUTILIZAÇÃO DE CONTAINER MARÍTIMO NA CONSTRUÇÃO DE ESPAÇOS 
EDUCACIONAIS: UMA ABORDAGEM SUSTENTÁVEL E INOVADORA

Ivonete Borne
Fabiano Salvadori
Oswaldo Hideo Ando Junior

 https://doi.org/10.22533/at.ed.6422424044



SU
M

Á
RI

O
CAPÍTULO 5............................................................................76

PRECIPITAÇÃO DE CARBONATO DE CÁLCIO INDUZIDO POR UREASE NA 
ENGENHARIA CIVIL: UMA REVISÃO INTRODUTÓRIA

Luiza Beatriz Gamboa Araújo Morselli
Jessica Torres dos Santos
Lara Alves Gullo Do Carmo
Julia Kaiane Prates Da Silva
Caroline Menezes Pinheiro
Guilherme Pereira Schoeler
Gustavo Luís Calegaro
Rafael Miritz Bartz
Alessandra Magnus Lazuta
Daniele Martin Sampaio
Pierre-Yves Mahieux
Robson Andreazza

 https://doi.org/10.22533/at.ed.6422424045

CAPÍTULO 6............................................................................86

REMEDIAÇÃO DA DRENAGEM ÁCIDA DA MINA DE URÂNIO OSAMU 
UTSUMI (MG) COM BIOCARVÕES EM BARREIRA REATIVA PERMEÁVEL EM 
LABORATÓRIO

Camila de Campos Souza
Aline Renee Coscione
Heber Luiz Caponi Alberti
Rodrigo Leandro Bonifacio
Ricardo Perobelli Borba

 https://doi.org/10.22533/at.ed.6422424046

CAPÍTULO 7............................................................................98

A TECNOLOGIA BLOCKCHAIN COMO VIA DE FACILITAÇÃO DAS 
EXPORTAÇÕES

Daiane Rodrigues dos Santos 

 https://doi.org/10.22533/at.ed.6422424047

CAPÍTULO 8.......................................................................... 123

ANÁLISE DO IMPACTO DA GERAÇÃO DISTRIBUÍDA FOTOVOLTAICA 
NA CURVA DE PATO EM UM SISTEMA ELÉTRICO E A UTILIZAÇÃO DE 
ARMAZENAMENTO COMO MÉTODO DE MITIGAÇÃO

Ana Beatriz Alves
Lucas Feksa Ramos

 https://doi.org/10.22533/at.ed.6422424048



SU
M

Á
RI

O
CAPÍTULO 9.......................................................................... 137

AVANÇOS NA TECNOLOGIA DE BATERIAS DE ÍONS DE LÍTIO PARA 
MOBILIDADE ELÉTRICA SUSTENTÁVEL: UM FOCO NA DEGRADAÇÃO 

Jordan Passinato Sausen
Bruno Knevitz Hammerschmitt
Marcelo Bruno Capeletti
Joelson Lopes da Paixão
Carlos Henrique Barriquello
Alzenira da Rosa Abaide
Paulo Sérgio Sausen

 https://doi.org/10.22533/at.ed.6422424049

CAPÍTULO 10......................................................................... 150

CONTEXTUALIZAÇÃO DE VEÍCULOS ELÉTRICOS E DE RECARGAS 
RÁPIDAS EM SISTEMAS DE ENERGIA E ENERGIA RENOVÁVEL

Marcelo Bruno Capeletti
Bruno Knevitz Hammerschmitt
Leonardo Nogueira Fontoura da Silva
Jordan Passinato Sausen
Carlos Henrique Barriquello
Alzenira da Rosa Abaide

 https://doi.org/10.22533/at.ed.64224240410

CAPÍTULO 11......................................................................... 160

ANÁLISE DE VAZAMENTO ATRAVÉS DO MEDIDOR ULTRASSÔNICO 
DIGITAL: ECONOMIA DE ÁGUA ATRAVÉS DO HIDRÔMETRO

Marcos Roberto Ananias

 https://doi.org/10.22533/at.ed.64224240411

CAPÍTULO 12......................................................................... 167

LA DESCONTAMINACIÓN DE AGUAS RESIDUALES UTILIZANDO ZEOLITA, 
COMO SOLUCIÓN DE DESARROLLO LOCAL

Maria Shirlendy Guerrero Alcivar
Olinda Elizabeth Caicedo Arévalo 
Lucia Katherine Macias Sánchez
Peter Joshue Navarrete Guerrero
Marjory Elizabeth Caballero Mendoza 
Bolívar Humberto Ortega Bravo 
María Veneranda Pita Mera
María Belén Lozano Molina
Luzmila Elizabeth Burbano Mera
Galo Arturo Perero Espinoza

 https://doi.org/10.22533/at.ed.64224240412



SU
M

Á
RI

O
CAPÍTULO 13......................................................................... 186

ANÁLISE DO COMPORTAMENTO ELÉTRICO E MECÂNICO DA LIGA 
EUTÉTICA DE Al-1,5%Ni TRATADA TERMICAMENTE

Luane Luiza Pereira Marques
Deibson Silva da Costa
Wellington Bruno Silva de Jesus
Héricles Ruiliman Oliveira de Souza
Emerson Rodrigues Prazeres
Otávio Fernandes Lima da Rocha
Maria Adrina Paixão de Souza da Silva

 https://doi.org/10.22533/at.ed.64224240413

CAPÍTULO 14......................................................................... 195

ANÁLISE DO RISCO BIOMECÂNICO COM FERRAMENTAS ERGONÔMICAS 
EM POSTO DE INJEÇÃO PLÁSTICA NO DISTRITO INDUSTRIAL DE MANAUS

Kyssia Roberta Sena Batista de Souza
Neila Newdirley Câmara Pinto

 https://doi.org/10.22533/at.ed.64224240414

CAPÍTULO 15......................................................................... 210

DETERMINAÇÃO DO COEFICIENTE DE DESCARGA PARA VERTEDORES: 
ESTUDO EM LABORATÓRIO

Larissa Ayumi Namie
Pedro Henrique Donato Aporta,
Andrea Sartori Jabur

 https://doi.org/10.22533/at.ed.64224240415

CAPÍTULO 16......................................................................... 219

EFICIÊNCIA E PERFORMANCE ENTRE RACK PARALELO DE BAIXA 
TEMPERATURA E UNIDADES LOW CONDENSING

Carlos Roberto Inácio
Leandro Dornelas Moura 
Alexandre Fernandes Santos
Eliandro Barbosa de Aguiar 

 https://doi.org/10.22533/at.ed.64224240416

CAPÍTULO 17.........................................................................237

MODELAGEM DE TRANSFERÊNCIA DE CALOR TRANSIENTE EM UM MFPL 
QUE OPERA NO MODO BLOWDOWN

Arthur Durigan Bahdur
Tiago Barbosa de Araújo

 https://doi.org/10.22533/at.ed.64224240417



SU
M

Á
RI

O
CAPÍTULO 18.........................................................................248

ANALYSIS OF THE PHYSICAL MODELS USED FOR NUCLEAR CERAMIC 
FUEL

D. S. Gomes
https://doi.org/10.22533/at.ed.64224240418

CAPÍTULO 19.........................................................................259

AN INVESTIGATION OF THE PERFORMANCE OF TRISO FUEL AND MOLTEN 
FLUORIDE SALTS

Daniel de Souza Gomes

 https://doi.org/10.22533/at.ed.64224240419

CAPÍTULO 20........................................................................275

EVOLUTION OF DISPERSED FUEL USED FOR RESEARCH AND TEST 
REACTORS

D. S. Gomes
https://doi.org/10.22533/at.ed.64224240420

CAPÍTULO 21.........................................................................287

MODELAGEM DE ENSINO REMOTO PARA AULAS DE PRÉ-CÁLCULO NA 
ENGENHARIA

Ubirajara Carnevale de Moraes
Vera Lucia Antonio Azevedo

 https://doi.org/10.22533/at.ed.64224240421

CAPÍTULO 22........................................................................299

O ENSINO DA MATEMÁTICA BÁSICA NOS CURSOS DE ENGENHARIA 
FLORESTAL CORRELACIONADA COM AS NECESSIDADES DAS EMPRESAS 
DA ÁREA: ELABORAÇÃO DE MATERIAL DIDÁTICO PARA O ENSINO DE 
EQUAÇÃO DO PRIMEIRO E SEGUNDO GRAU

Liliana K. J., de MOURA
Willian dos S., RODRIGUES
Juliana P. L. P., dos PASSOS
Luis F. S., VANINI

 https://doi.org/10.22533/at.ed.64224240422

CAPÍTULO 23........................................................................305

O ESTUDO DO NEUROMARKETING PARA ELABORAÇÃO DE SITES 
HOSPITALEIROS

Cristina Quitéria de Brito

 https://doi.org/10.22533/at.ed.64224240423



SU
M

Á
RI

O
CAPÍTULO 24........................................................................ 318

PREPARAÇÃO DE FILMES DE ALGINATO DE SÓDIO E EXTRATO DE 
KALANCHOE CRENATA (ANDREWS) HAW (SAIÃO) PARA APLICAÇÃO 
COMO CURATIVO CICATRIZANTE 

Marisa Cristina Guimarães Rocha 
Joaquim Teixeira de Assis
Nancy Isabel Alvarez Acevedo
Ana Angélica Monteiro de Barros

 https://doi.org/10.22533/at.ed.64224240424

SOBRE OS ORGANIZADORES...................................................332

ÍNDICE REMISSIVO.................................................................333



Engenharias: desafios e soluções nas múltiplas fronteiras do conhecimento Capítulo 20 275

Data de aceite: 01/04/2024

EVOLUTION OF DISPERSED FUEL USED FOR 
RESEARCH AND TEST REACTORS

 

CAPÍTULO 20

D. S. Gomes
Instituto de Pesquisas Energéticas e 

Nucleares (IPEN / CNEN - SP) 
São Paulo, SP

ABSTRACT: Currently, 222 research 
reactors are operating in 53 countries in 
Brazil, four units. Nuclear fuel type used in 
research reactors depends on the thermal 
power level, classified by power classes, 
such as critical and subcritical units 
operating below 1Kw, working from 1 kW 
to 1 MW, and over 1 Mw, being 28 facilities 
operating on a medium power spectrum 
from 1 MW up to 10Mw. Alternatively, 
they divided the research reactor into low-
enriched uranium below 20% of U-235 and 
highly-enriched uranium over this limit. In 
the 1950s, the superheat section of the Fifth 
Boiling Reactor Experiment (BORAX-V) 
used enriched uranium (93 wt.% U-235) as 
uranium dioxide in a matrix of stainless steel. 
In sequence, it divided a fast dispersion 
fuel evolution into three ages. The 1950s 
predominated U–Al alloy. In the 1960s, the 
U3O8–Al and UAlx-Al followed the 1980s, 
focusing on high uranium density up to 4.8 
gU/cm3 planned to U3Si2-Al and U10Mo/Al. 

Today, global research focuses on U-10Mo 
dispersion and monolithic forms. Many 
thermal physical features of dispersed fuels 
can help define the application field, mainly 
focused on neutron activation analysis and 
radiopharmaceutical production.
KEYWORDS: Research reactors, monolithic 
fuel, U3O8/Al, U3Si2/Al, U-10Mo/Al.

INTRODUCTION
Nuclear fuels are materials capable 

of producing energy through a self-
sustaining process of nuclear fission. 
They contain fertile materials such as 
U-235 or Pu-239, shown in many shapes 
as solid and liquid forms. The Research 
and material test reactors have employed 
dispersion fuel plates manufactured using 
an aluminum matrix. The fuel plates in 
which it dispersed the fissile material in 
powder form within an aluminum matrix 
to form a fuel core cladded between two 
aluminum alloy sheets [1].
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Early experiments used aluminum in the function of the superior features, such as low 
cost, accessible manufacturing, a low abortion cross-section, higher corrosion resistance, 
and excellent mechanical response. Fuel technology used for the research reactors has 
adopted dispersion using Al or Zr as a metallic matrix and fissile compounds based on 
ceramic fuels (e.g., uranium dioxide, carbides, and nitrides) [2].

Summarily, the timeline of dispersion fuel shows at least three phases. In 1950, 
Starting from the U-Al fuel system, increasing the volume of UAlx in the fuel plates had its 
limits, UAl-Alx dispersion fuel, with uranium densities increase of 30% to 50% compared 
with U-Al alloys in 1960 [3]. In 1980, the U3Si2-Al (77 wt.% U3Si2) for low-temperature 
applications showed a higher uranium density of 4.8 g.cm-3, and U3Si for high-temperature 
applications. In 1992, occur an increase in U3Si2 density of 12.2 g. cm-3 [4-5]. The current 
phase has developed a U-Mo monolithic form with densities of 17 g.cm-3. At the turn of 
the millennium began European plans, such as FUTURE and Surface Engineering of Low 
ENrIched Uranium–Molybdenum (SELENIUM) to irradiations of disperse low enrichment 
uranium (LEU) (19.7% 235U) based U-7w%Mo, with 8gU.cm-3, finished in 2015 [6]. In 
this period, American partners concentrated on developing monolithic UMo while Europe 
focused on dispersed solutions.

Highly enriched uranium (HEU) fuels with (over 20% 235U) were used worldwide 
in research reactors for isotope production. However, in 1978, a new horizon to avoid the 
proliferation risk occurred with the Reduced Enrichment for Research and Test Reactor 
(RERTR), supported by the US Department of Energy (DOE). In the 1980 decade, the 
RERTR program reduced the usage of HEU fuels.

Aluminide fuels (UAlx-Al) with a density range of 0.4-0.8 gU.cm-3 and peak densities 
of 1.7 gU.cm-3. Since 1990, metallic UMo alloy fuels have been one of the adequate fuels 
for converting HEU to the more proliferation-resistant LEU. 

The U3Si2-Al is recognized as one of the best options, with high uranium loading and 
enrichment below 20% [7]. After the Fukushima accident in 2011, there has been a renewed 
interest in higher fissile density fuels, such as UN. and U3Si2, for light water reactors mainly 
due to their proven high thermal conductivity [8]. On the other hand, has been tested many 
uranium alloys, such as U6Fe, U6Mn, and many more combinations.

The code of federal regulation emitted the 10 CFR 50.64 limited the use of HEU fuels 
for American research reactors in 1986 [9]. However, there are still a few HEU reactors in 
operation. The University of Missouri Research Reactor (MURR), operating at 10 megawatts 
using an enrichment of 93%, is the university’s most powerful research reactor. The NBSR 
is heavy water moderated and cooled, financed by the National Institute of Standards and 
Technology (NIST) work with fuel dispersion and enrichment of 93%.

This study focuses on dispersion fuel used in research and test reactors, showing the 
multiple options, such as ceramic dispersed and ceramic-metal dispersed in the aluminum 
matrix and metallic fuel. The main objective comprises permitting complementary concepts 
of dispersion and monolithic fuel, showing the art state of the fuel plate technology.
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MATERIALS AND METHODS 
Over the years, research reactors have used fuel plates manufactured of uranium 

fissile particles dissolved in an inert aluminum matrix. The plates in these reactors consist 
of a fuel core, or “meat,” in an aluminum alloy cladding. Formerly, cast and wrought alloys 
of uranium and aluminum, consisting of UAl3 and UAl4 precipitates in an aluminum matrix, 
were used for the fuel meat. Thus, it is essential to understand uranium behavior.

Properties of dispersion fuels
Uranium has three allotropic forms: solid from 25 °C to 1132 °C and liquid phase. 

In the solid state, uranium shows three phases orthorhombic, tetragonal, and gamma. The 
orthorhombic α-uranium phase had four atoms per unit cell, stable from room temperature to 
< 667 °C. Phase transformation α-β occurs at 667 °C with a volume increase (ΔV/V) of 1.06. 

The uranium structure shows a tetragonal-beta phase, stable from 667 °C to 775 
°C, revealing 30 atoms per unit cell. In the second phase transition, β-γ at 775 °C appoint 
to volume decreasing (ΔV/V) of 0.736 because of Body-centered cubic (BCC) present in 
the gamma-phase is stable between 775 °C to 1132 °C or melting point. Ideally, the UAlx 
comprises a combination of UAl2, UAl3, UAl4, and other Aluminum phases. Table I shows a 
simple comparison of some physical properties of intermetallic and ceramic fuels.

Physical properties UAlx UAl2 UAl3 UAl4 U3Si2 U3O8 U-7Mo U-10Mo
Melting point (°C) NA 1590 1350 730 1665 1150 1145 1150
Density (g.cm-3) 6.4 8.1 6.8 6.0 12.2 8.3 18.4 18.2
U densities (gU.cm-3) 4.5 6.6 5.1 4.1 11.3 7.0 17.1 16.4

Table I. Comparison of intermetallic fuels UAlx, U-ҳMO with the ceramics U3O8 and U3Si2

Tracing an evolutionary timeline of dispersion technology found four periods. During 
1950, predominate U-Al alloy materials, followed by UAl/Alx dispersion fuel, with uranium 
densities increase of 30% to 50% compared with U-Al alloys in 1960.. Figure 1 shows the 
thermal conductivity of uranium, U7Mo, and U10Mo.
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Figure 1: Thermal conductivity of uranium and versus temperature

During 1980, the silicide dispersion U3Si2/Al was typically 7.5 wt% Si, with densities 
superior to U-Al. In 1990, UMo/Al started, followed by monolithic fuels. Early experiments 
used aluminum for its superior features, such as low cost, accessible manufacturing, a 
low abortion cross-section around 0.22 barn, higher corrosion resistance, and excellent 
mechanical response. Over the years, the research reactors adopted uranium intermetallic 
fuels, such as U–Al, U–Si, and U–Mo, which provided an easy solution for neutron sources 
and material tests. Uranium metallic has a higher density of 18.1 g.cm-3 and thermal 
conductivity of 35 W.m-1.K-1. The fuel element is formed by assembling a series of spaced 
fuel plates, allowing the light water flow that serves as a coolant and moderator. Figure 2 
displays some thermal conductivity of commons materials used in dispersions. 

Figure 2: Thermal conductivity of metallic fuels
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Physical properties U U3Si2 U-10Mo U-6Zr-2Nb U-7Nb
Density (Ug cm-3) 19 18.1 16.06 12.92 15.0
Melting point (°C) 1132 1665 1160 1160 1499
Thermal conductivity (W.m-1.°C-1) 27 8.5 11.3 11.4 21.1

Table II. Fissile materials to produce aluminum dispersion fuel for thermal and fast reactors.

Over time, many applications of aluminum dispersion at high temperatures reveal a 
higher potential for self-propagation of aluminothermic reactions under irradiation. Besides, 
U-Al dispersion showed good thermal conductivity comparable to metal alloys and excellent 
corrosion resistance. Also, it shows suitable mechanical strength at high temperatures and 
easy fabrication. An essential drawback of the U-Alx dispersion is a low uranium content, of 
1.7 gU.cm-3, in the fuel meat found (37 vol% of UAl). Besides, the swelling is an unwanted 
result of the chemical reaction between uranium and aluminum intermetallic compounds 
produced, so-called aluminides. Table III shows the properties of uranium-aluminide 
compounds contained in the fuel plates.

Compound UAl2 UAl3 UAl4
Melting Point (°C) 1619.85 1349.85 730.85
Enthalpy of formation (kJ.mol-1) -92.27 -104,60 -129,99
Theoretical density (g.cm-3) 8.14 6.8 6.06 - 5.7
Uranium density (gU.cm-3) 6.64 5.08 4.16
Uranium content (wt.%) 81.3 74.4 68.5 - 64
Formation energy ΔE ( kJ.mol-1) 6.8 -9.3 -3.8
Lattice volume (Å3) 115.630 77.285 187.285
Crystal system FCC Cubic Orthorhombic

Table III. Physical properties of uranium-aluminide compounds contained in the fuel plates.

In the 1960s, the Oak Ridge National Laboratory (ORNL) and Argonne National 
Laboratory (ANL) developed the manufacturing route of the U3O8 powder by oxidation of 
uranium metal in air oxygen. The U3O8-Al dispersion fabrication process combines powder 
metallurgy hot roll bonding procedure, which may generate swells or blisters if heated above 
600 °C. Early, U3O8-Al dispersion fuel made it possible to increase between 30% to 50% 
the volume fraction of fissile material. Before 1978, the U3O8-Al dispersion fuel produced 
contained a ceramic compound with a density of 1.3 gU.cm-3 in fuel meat 18 vol% of U3O8. 
The Experimental programs qualified some lower-density fuel dispersion, including UAlx-A1 
with a uranium density of 2.3 g.cm-3 and U3O8-Al for densities up to 3.2 gU.cm-3. The UZrHx 
shows uranium loading for up to 3.7 gU.cm-3 and U3Si2-A1 for up to 4.8 g.cm-3. 

Though aluminum dispersion has many advantages, many remaining subjects need 
a deep study, such as the interaction layer formed between uranium and aluminum for 
metallic fuels U-Mo and ceramic U3Si2/Al generating (UAlSi)3 phase. Moreover, the current 
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phase has developed a U-Mo monolithic form with densities of 17 g.cm-3. During the 
evolution of intermetallic fuels, many tests were performed using U6Fe, U6Mn, U-MO, and 
much more combinations.

Developing low-enriched fuels to replace high-enriched fuels used for high-flux 
reactors requires increased uranium density to offset the enrichment decrease. U-Mo/Al 
dispersion fuel with uranium loadings of up to 8g.cm-3 under irradiation increased coarse 
porosity between the matrix and the interaction phase when the fuel-Al interaction consumed 
a significant part of the Al-matrix. Besides, the meat porosity depends on a metallurgic 
powder route, which can reduce with atomized powder from 12% to 1.2%.

The oxidation of the cladding is a barrier to the thermal flux transport because of 
the low thermal conductivity of the boehmite of 2.25 W.m-1 C-1 than Al-6061 alloy of 160 
W.m1.C-1. This way, the U3Si2/Al submitted at high heat flux over 550 W.cm-2 produces a 
dense oxide layer developed, followed by a layer with a granular aspect, most probably 
caused by pitting corrosion.

Brazilian research reactors
In this context, In Brazil, there are four research reactors in operation: the IEA-R1 

and the MB-01 reactors, both at the Nuclear Energy Research Institute (IPEN, São Paulo); 
the Argonauta, at the Nuclear Institute of Nuclear Engineering (IEN, Rio de Janeiro) and the 
IPR-R1 reactor, at the Nuclear Technology Development Center (CDTN, Belo Horizonte). 
The IEA-R1 is in operation supported by IPEN, with its first criticality in 1957. It has a thermal 
neutron flux of 4.6×1013 n.cm-2.s-1 and a fast flux of 1.3×1014 n.cm-2.s-1 under a steady state. 

IEA-R1 operates ceramic fuel-dispersed U3O8-Al with demineralized water serving 
as coolant and moderator at the velocity of 0.8 m.s-1 and uses beryllium and graphite as 
reflectors. In 1997, the IEA-R1 got an operating license for 5 MW. In 1998, the IPEN started 
producing and qualifying its own U3O8/Al, with a density of 2.3 g.cm-3. Since 2007, the IPEN 
has expanded into manufacturing fuel plates using uranium silicide U3Si2/Al, with a density 
of 3.0 g.cm-3. Training, Research, Isotopes, General Atomics (TRIGA) IPR-R1 reactor, 
acquired in 1960 by current CDTN, was the second research reactor installed in Brazil, with 
the first criticality notified in 1960.

TRIGA IPR-R1 reactor, acquired in 1960 by current CDTN, was the second research 
reactor installed in Brazil, with the first criticality notified in 1960. The timeline of IPR-R1 
had various purposes, from iodine irradiation for health applications to the production of 
radioisotopes for industrial applications and tracers for environmental studies. In worldwide 
are 66 units installed in 24 countries, operating with metallic fuel, the uranium-zirconium 
hydride (UZrHx).
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Ceramic fuels and metallic fuels
Nuclear fuel technology widely uses ceramics as a superior option for a vast gamma 

of applications, mainly in light water reactors, providing about 10% of the global electricity 
demand with nearly 443 power reactors in operation. Ceramic oxides and metallic cladding 
comprise the most used fuel systems, completing over sixty years of experience. Ceramic 
oxides, such as UO2, U3Si2, and mixed oxide fuel (MOX) (U-Pu)O2 and (Th-Pu)O2, using 
zirconium alloys as a coating, are preferable in thermal reactors. Besides, fast reactors do 
not use neutron moderators like water or graphite. The best nuclear option is plutonium or 
composed ceramics, such as nitrides (U-Pu)N or carbide (U-Pu)C. 

The Ceramic-metallic (CERMET) fuels were research objects of the nuclear space 
propulsion program, which started in 1953 and ended in 1973. Cermet fuel comprises 
ceramic fuel particles uniformly dispersed in a metal matrix. The aerospace program GE700 
developed cermet fuel, such as W-UO2 and Mo-UO2, from 1962 to 1968 in ANL, besides 
for a naval propulsion plan to qualify uranium nitride (UN) particles dispersed in a tungsten-
molybdenum alloy matrix (W/Mo-UN). Nautilus was the first nuclear submarine, with a sea 
trial in 1955, operating with light water as a coolant and moderator. Table IV shows the 
thermal properties of ceramics dispersed into Al-matrix at 25 °C.

Physical Properties UO2 U3O8 U3Si2 (U-20Pu)O2

Melting Point (°C) 2875 1150 1665 2750
Density (g.cm-3) 10.06 8.4 12.2 11.07
Uranium density (gU.cm-3) 9.7 7.1 11.3 9.77
Thermal conductivity (W.m-1°C-1) 8.68 6.0 10.2 7.82

Table IV. The thermal properties of ceramic fuels used in light water reactors.

This way, the Nautilus had a compact core work with highly enriched uranium, using 
plates of UO2 dispersed in a zirconium matrix. However, the old option fuel planned for the 
naval reactor showed UO2 dispersed in a metal matrix of zirconium or stainless steel. Figure 
3 displays the linear thermal expansion coefficients of materials used in dispersions.

Figure 3: Linear thermal expansion of fuels used in dispersions. 
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Metal fuels are ideal for fast reactors, showing higher densities of fissile and fertile 
materials and providing higher core performance, such as a higher breeding ratio and 
less fissile inventory. The U-Zr hydride fuel with densities of 3.7 g/cm-3, using aluminum or 
stainless steel as cladding, is the most used in training reactors (TRIGA). Thus, has arisen 
other alloys, such as U-Zr, U-Zr-Nb, and U–Pu–Zr alloys. 

RESULTS AND DISCUSSION
The U-Alx-Al dispersion’s thermal conductivity depends on the uranium content 

weight fraction and porosity. Assuming an average porosity of the order of 7%, with 20 
wt% of uranium, found a thermal conductivity is 160 W.m-1.K-1 and decreases with uranium 
increase. When uranium content reaches 70 wt%, the thermal conductivity drop to 20 W.m-

1.K-1.In part because the thermal conductivity of metallic uranium is reduced compared 
with Al-6061. The thermal conductivity of U3Si-Al and U3Si2-Al dispersions also rely on fuel 
content and porosity. With 20 wt% of U3Si2, the thermal conductivity is 90 W.m-1.K-1. When 
it reaches 50 wt%, the thermal conductivity drop to 22 W.m-1.K-1. For U3Si, the thermal 
conductivity at 20 wt% is 120 W.m-1.K-1 and drops to small values at 50 wt%. For U3Si and 
U3Si2, the porosity will increase with volume content that achieves a maximum of 50%. Table 
V displays some aluminum matrix properties.

Physical properties Al-6062 Al-606-T4 Al-606-T6 Al-7075-T6
Temperature, solidus to liquidus (°C) 582 - 651 582 - 651 582 - 651 477 - 635
Thermal conductivity (Wm-1.K-1) 189 154 167 173
Specific heat capacity (J.kg-1.°C-1) 896 896 896 960
CTE (µm.m-1.°C-1) 23.6 23.6 23.6 21.6
Ultimate tensile strength (MPa) 117 241 310 524
Yield tensile strength (MPa) 48.3 145 276 462
Elongation at break (%) 25% 22% 17 3%
Modulus of elasticity (GPa) 68.9 68.9 68.9 71.7
Shear modulus (MPa) 26 27 26 26.9
Poisson 0.33 0.33 0.33 0.33

Table V. Aluminum-matrix materials normally used for dispersions U3Si2/Al and U10Mo/Al 

U3Si2 is a qualified fuel with high uranium loading and performance for research 
and test reactors. Also, U3Si2 fuel shows high resistance to driven gas swelling. Under the 
manufacturing route of U3Si2, it exhibited chemical reactions with Al-matrix to form some 
U(SiAl)3 phases, U3Si, and U3Si2. The composition and homogeneity of the alloy and heat 
treatment determine the quantity of each aluminide phase present. The two phases, U3Si2 
and USi, can exist at equilibrium. This reaction between silicide intermetallic and aluminum 
matrix produces an interface layer that transforms crystalline into amorphous compounds 
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with lower thermal conductivity. Still, the critical temperature to occur amorphization is 290 
°C. U3Si2 has advantages compared with U3Si related to fission gas swelling: comparatively 
U3Si forms giant bubbles, and U3Si2 tiny bubbles. Both U3Si2 and U3Si have a thermal 
conductivity of ~15 W.m-1.°C-1. The average thermal expansion coefficients of U3Si2 and 
U3Si over the range of 20°C to 600°C are 15.2 ҳ 10-6 and 15.8 ҳ10 -6 per °C, respectively.

Fuels swelling
The swelling level is a function of the temperature, irradiation of fuel density, and 

concentration of the fissile uranium. Because of the fission of U235, the swelling has two 
reasons: the solid fission products can induce crystal damage coupled with fission gas 
forming bubbles. Thus, it reduces the thermal conductivity of the fuel plate, producing a 
higher temperature gradient. Figure 4 shows the consequence of temperatures on total fuel 
swelling in fuel plates.

Figure 4: Fuel plate swelling versus irradiation temperature. 

Then, the fission gas released speeds up the loss of the mechanical properties of the 
plate. The swelling curve exhibits a sharp knee that shifts to a higher fission density. The 
knee of the curve happens because of the rapid multiplication of the gas bubble, and the 
bubble size increases linearly. UMo surfaces. Equations (A) and (B) representing swelling 
rate given as function of fission and molybdenum content in weight for UXMo. 

	 (A)

 (B)

where ΔV/V represents the fuel swelling for the U-Mo alloy, wMo is the weight fraction 
of Mo in the fuel alloy, and f represents the fission density (fissions.cm-3 ).
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In UMo/Al, swelling produces geometric deformations, which could fracture. The 
swelling is a function of fission densities; 3×1021 f/cm-3 has about 20% of swelling, while 
the fission rate of 7 ×1021 f.cm-3 achieves 44%. Swelling deformation increases the stress 
on meat fuel, and it calculated the cladding matrix as a function of fission density. Figure 5: 
Uranium loading versus fission phase percents.

Figure 5: Uranium loading versus fission phase percents

Interdiffusion layer
Interaction layer (IL) growth between fuel particles and the matrix partially represents 

the plate fuel performance. The interaction layer growth data for U3Si, U3Si2, and USi 
dispersions in the Al matrix show a few empirical correlations for silicides dispersion. The IL 
growth rates did not decrease with the decreasing U/Si ratio by fission, while the growth is 
a typical interdiffusion process between U, Si, and Al. Early irradiation studies showed that 
adding small amounts of silicon to the aluminum matrix drastically altered the composition 
of the (U-Mo-Al-Si) zone, reducing irradiation-induced growth. However, the thickness of the 
interaction layer grows more slowly than in UMo/Al dispersions. 

The growth rate of the interface depends on temperature under irradiation. Besides, 
U3Si2/Al dispersions are free of porosity formation, in contrast to UMo/Al. Although U3Si is 
unsuitable for a plate-type geometry because of unstable swelling, it is still applicable for 
fuel rods. Both U3Si2 and USi are brittle U3Si is rigid and relatively soft.

The microstructure of U3Si2/Al dispersions fuel plates submitted to a high heat flux 
suffer unwanted changes. At severe conditions performed using a maximum heat flux of 520 
W.cm-2, leading to a cladding surface temperature of 180 - 200°C and fuel meat temperatures 
of 220 - 240°C. As a result, these experiments found degradations on the outer aluminum 
surfaces of the U3Si2 coupled with higher fission products released at maximum fuel burnup 
of 25% U-235. Equation (C) represents an empirical correlation for UxMo fuel given as a 
function of fission and fraction of molybdenum in weight.
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	 (C)

where y is the interaction thickness (cm), wMo is the weight fraction of Mo in the fuel 
alloy, f is the fission rate density (fissions.cm-3.s-1), ∆t is time (seconds), and R represents 
the gas constant (1.987 cal.mole-1.K-1), and T is the temperature (K).

The presence of Mo in U introduces a complexity to the interdiffusion behavior of 
U–Mo. Aluminum reacts with molybdenum, forming intermetallic or ternary phases, such as 
U6Mo4Al43 and UMo2Al20, U6Mo4Al43. However, adding some wt% Si to the Al matrix can retard 
the formation of the UMo/Al interaction layer and change the properties of the interaction 
phase. Since silicon has a higher chemical affinity for U than Al, this way, it forms a silicon-
rich interface layer between UMo particles and Al, which retards UMO/Al interdiffusion but 
does not avoid it.

CONCLUSION
This research was based on the physical properties of aluminum dispersions fuel, 

such as U/Al, U3O8/Al, U3Si2/Al, and U10Mo/Al. Many behaviors analyzed strongly depend 
on thermal conductivity, thermal expansion, fission-induced swelling, and interaction layer 
growth. Besides, the results used are over time databases produced in international research 
programs, such as RERTR, SELENIUM, and FUTURE, resulting from a large irradiation 
spectrum. Studying the thermal properties, such as thermal conductivity and expansion, 
can produce an understanding of fuel plate deformation behavior. The thermal properties 
fundamental for a simulating mechanical response have been a critical safety aspect. The 
production of an interaction layer is an unwanted effect that reduces the life of fuel plates. 

Over the years, a rapid evolution in the manufacturing route of dispersion fuels has 
occurred, and many results reported do not offer a perfect conclusion of values, showing 
significant uncertainties. However, its model for fuel meat swelling is based on published 
in the open literature. The mathematical models got from swelling results from diversified 
experimental data and theoretical results. There are a few interaction layer growth models, 
partly because of the vast gamma of nuclear facilities employed. Besides, each laboratory 
uses a particular manufacturing route and works with different fuels composition and other 
aluminum cladding. Although the maximum IL thickness can achieve 1.68 mm, it decreases 
the thermal conductivity of the fuel meat, especially under the significant fission rate and 
long irradiation time.
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