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Abstract

Investigation of nitride fuels and their properties has, for decades, been pro-

pelled on the basis of their desirable high metal densities and high thermal

conductivities, both of which offer intrinsic advantages to performance, econ-

omy, and safety in fast and light water reactor systems. In this time several

key obstacles have been identified as impeding the implementation of these

fuels for commercial applications; namely chemical interactions with air and

steam, the noted difficulty in sintering of the material, and the high costs as-

sociated with the enrichment of 15N. The combination of these limitations,

historically, led to the well founded conclusion that the most appropriate

use of nitride fuels was in the fast reactor fuel cycle, where the cost burdens

associated with them is substantially less. Indeed, it is within this context

that the vast majority of work on nitrides has been and continues to be

done.

Nevertheless, following the 2011 Fukushima-Daiichi nuclear accident, a

concerted governmental-industrial effort was embarked upon to explore the

alternatives of so-called “accident tolerant” and “high performance” fuels.

These fuels would, at the same time, improve the response of the fuel-clad

system to severe accidents and improve the economy of operation for light

water reactor systems. Among the various candidates proposed are uranium

nitride, uranium silicide, and a third “uranium nitride-silicide” composite

featuring a mixture of the former.

In this thesis a method has been established for the synthesis, fabri-

cation, and characterization of high purity uranium nitride, and uranium

nitride-silicide composites, prepared by the spark plasma sintering (SPS)

technique. A specific result has been to isolate the impact of the processing

parameters on the microstructure of representative fuel pellets, essentially

permitting any conceivable microstructure of interest to be fabricated. This

has enabled the development of a highly reproducible technique for the pro-

duction of pellets with microstructures tailored towards any desired porosity

between 88-99.9%TD, any grain size between 6-24 µm, and, in the case of



IV

the uranium nitride-silicide composite, a silicide-coated UN matrix. This

has permitted the evaluation of these microstructural characteristics on the

performance of these materials, specifically with respect to their role as ac-

cident tolerant fuels. This has generated results which have tightly coupled

nitride performance with pellet microstructure, with important implications

for the use of nitrides in water-cooled reactors.
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Sammanfattning

Under årtionden har forskning om nitridbränseln och dess egenskaper

bedrivits p̊a grundval av nitridbränslets åtr̊avärda egenskaper avseende dess

höga metall täthet och hög värmeledningsförm̊aga. Dessa egenskaper besit-

ter väsentliga fördelar avseende prestanda, ekonomi och säkerhet för met-

allkylda som lättvatten reaktorer. Genom forskning har även centrala be-

gränsningar identifierats för implementering av nitridbränslen för kommer-

siellt bruk. Begränsningar avser den kemiska interaktionen med luft och

vatten̊anga, en uppmärksammad sv̊arighet att sintring av materialet samt

höga kostnader förknippade med den nödvändiga anrikningen av 15-N. Kom-

binationen av dessa begränsningar resulterade, tidigare, i en välgrundad

slutsats att nitridbränslet mest ändam̊alsenliga användningsomr̊ade var i

kärnbränslecykeln för snabba reaktorer. Detta d̊a kostnaderna förenade med

implementeringen av bränslet är avsevärt lägre. Inom detta sammanhang

har majoriteten av forskning avseende nitrider bedrivits och fortskrider än

idag.

Dock, efter kärnkraftsolyckan i Fukushima-Daiichi 2011, inleddes en

samlad industriell och statlig ansträngning för att undersöka alternativ till

s̊a kallade “olyckstoleranta” och “högpresterande” bränslen. Dessa bränslen

skulle samtidigt förbättra reaktionstiden för bränsleinkapsling systemet mot

allvarliga olyckor samt förbättra driftsekonomin av lättvattenreaktorer. Före-

slagna kandidater är urannitrid, uransilicid och en tredje “uran nitrid-silicid”,

komposit best̊aende av en blandning av de föreg̊aende.

Genom denna avhandling har en metod fastställts för syntes, tillverkn-

ing och karaktärisering av uran nitrid av hög renhet samt uran nitrid-silicid

kompositer, förberedda med tekniken SPS (Spark Plasma Sintering). Ett

specifikt resultat har varit att isolera effekten av processparametrar p̊a

mikrostrukturen p̊a representativa bränslekutsar. Detta möjliggör, i princip,

framställningen av alla tänkbara mikrostrukturer utav intresse för tillverkn-

ing.

Vidare har detta möjliggjort utvecklingen av en högeligen reproducerbar
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teknik för framställningen av bränslekutsar med mikrostrukturer skräddarsy-

dda för önskad porositet mellan 88 och 99.9 % TD, och kornstorlek mel-

lan 6 och 24 µm. Därtill har en metod för att belägga en matris av uran

nitrid-silicid framarbetats. Detta har möjliggjort utvärderingen av dessa

mikrostrukturella parametrars p̊averkan p̊a materialens prestanda, särskilt

avseende dess roll som olyckstoleranta bränslen. Detta har genererat resultat

som är tätt sammanlänkat nitridbränslets prestanda till kutsens mikrostruk-

tur, med viktiga konsekvenser för den potentiella användningen av nitrider

i lättvatten reaktorer.



Acknowledgments

I would like to take this opportunity to thank all of those who helped to

make this possible.

To my supervisor, Janne Wallenius, I want to thank you for giving me

this chance to study, for keeping me focused on the goal, for giving me the

chance to do things my way, but always offering your ear during those times

when things weren’t working.

To my colleagues and students in the lab: Pertti, Alicia, Mikael Valter,

Selim, Verena, Patrik, Emil, and others, I want to thank you for having an

open mind and for being patient as we learned together. Your friendship

made the task of navigating the unknown into something fun and exciting.

To my colleagues at Albanova, I want to thank you for all the conversations

and for all of the gossip. To you I submit this as evidence that I really was

“down at the lab” all those times. I would especially like to thank Denise for

having taught me so much during this last year, and having worked together

to build a fantastic team. The document which follows would have been far

poorer without you.

To my friends, I want to thank you for putting up with me; for all the

times you sat and listened to me get lost talking about work, or nuclear

power. You kept me sane these last few years.

To Angelica, especially, I want to thank you for your understanding, for

all the times you had to listen, and for all the times that this came first.

To my family, especially my mother and father, I want to thank you all

for everything. I wouldn’t be here without you.

VII





List of publications

Included paper

I Johnson, Kyle D.; Wallenius, Janne; Jolkkonen, Mikael; Claisse, An-

toine, Spark plasma sintering and porosity studies of uranium nitride,

Journal of Nuclear Materials, Vol. 473, 2016. Pg. 13-17.

My contribution: I performed experimental planning, all synthesis

and fabrication, sintering, characterization, and wrote the paper.

II Johnson, Kyle D.; Raftery, Alicia M.; Lopes, Denise Adorno; Wal-

lenius, Janne Fabrication and microstructural analysis of UN-U3Si2

composites for accident tolerant fuel applications, Journal of Nuclear

Materials, Vol. 477, 2016. Pg. 18-23.

My contribution: Together with co-authors, I performed experiment

planning, synthesis and fabrication experiments, sintering, characteri-

zation, and wrote the paper.

III Johnson, Kyle D.; Ström, Valter; Wallenius, Janne; Lopes, Denise

Adorno Oxidation of Accident Tolerant Fuel Candidates, accepted, Jour-

nal of Nuclear Science and Technology.

My contribution: Together with co-authors, I performed experiment

planning, synthesis and fabrication, sintering, characterization, experi-

ments, and wrote the paper.

IV Johnson, Kyle D.; Ström, Valter; Wallenius, Janne; Lopes, Denise

Adorno Influence of processing parameters on grain growth and oxi-

IX



X

dation of uranium nitride prepared by the SPS technique, Journal of

Nuclear Science and Technology. Submitted manuscript.

My contribution: Together with co-authors, I performed experiment

planning, synthesis and fabrication experiments, sintering, characteri-

zation, and wrote the paper.

V Lopes, Denise Adorno; Uygur, Selim; Johnson, Kyle D. Degradation

of UN and UN-U3Si2 pellets in steam environment, Journal of Nuclear

Science and Technology. Submitted manuscript.

My contribution: Together with co-authors, I performed experiment

planning, synthesis and fabrication experiments, sintering, characteri-

zation, and assisted in the editing of the paper.

Papers not included in the thesis

I Jolkkonen, Mikael; Malkki, Pertti; Johnson, Kyle D.; Wallenius,

Janne Uranium nitride fuels in superheated steam Journal of Nuclear

Science and Technology. Submitted manuscript.



Contents

Abstract III

Sammanfattning V

Acknowledgments VII

List of publications IX

Contents XI

1 Introduction 1

2 Considerations for High Performance and Accident Toler-

ant Fuel-Clad Systems 5

2.1 Accident Performance of the Uranium Dioxide-Zirconium Sys-

tem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Accident Tolerant Fuel-Clad Systems . . . . . . . . . . . . . . 8

2.2.1 Clad Candidates . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 Fuel Candidates . . . . . . . . . . . . . . . . . . . . . 12

3 ATF Performance 15

3.1 Thermal Properties . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2 Physical Properties and Irradiation . . . . . . . . . . . . . . . 17

3.2.1 Swelling and Fission Gas Release in LWR Conditions 18

3.2.2 Reactions with Air and Water . . . . . . . . . . . . . . 21

3.2.3 15N for UN . . . . . . . . . . . . . . . . . . . . . . . . 22

XI



XII CONTENTS

4 Fabrication of Accident Tolerant Fuels 25

4.1 Synthesis of Uranium Nitride . . . . . . . . . . . . . . . . . . 25

4.1.1 Metal Routes . . . . . . . . . . . . . . . . . . . . . . . 26

4.1.2 Oxide Routes . . . . . . . . . . . . . . . . . . . . . . . 28

4.1.3 Other Routes . . . . . . . . . . . . . . . . . . . . . . . 30

4.2 Sintering of Uranium Nitride . . . . . . . . . . . . . . . . . . 31

4.2.1 Conventional Sintering . . . . . . . . . . . . . . . . . . 32

4.2.2 Hot Isostatic Pressing . . . . . . . . . . . . . . . . . . 37

4.2.3 Spark Plasma Sintering . . . . . . . . . . . . . . . . . 38

4.3 Synthesis of Uranium Silicide . . . . . . . . . . . . . . . . . . 39

4.3.1 Casting . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.2 Chemical Routes . . . . . . . . . . . . . . . . . . . . . 40

4.4 Sintering of Uranium Nitride-Silicide Composites . . . . . . . 40

5 Materials and Methods 43

5.1 Preparation, Chemical Analysis, Elemental Analysis . . . . . 43

5.1.1 Preparation . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1.2 Chemical Analysis . . . . . . . . . . . . . . . . . . . . 44

5.1.3 Elemental Analysis . . . . . . . . . . . . . . . . . . . . 45

5.2 Synthesis of UN and U3Si2/U3Si5 . . . . . . . . . . . . . . . . 46

5.2.1 UN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2.2 U3Si2/U3Si5 . . . . . . . . . . . . . . . . . . . . . . . . 51

5.3 Spark Plasma Sintering . . . . . . . . . . . . . . . . . . . . . 54

5.4 Degradation Testing . . . . . . . . . . . . . . . . . . . . . . . 57

6 Results 59

6.1 Effects of Sintering Parameters on Microstructure: Porosity . 59

6.2 Effects of Sintering Parameters on Microstructure: Grain Size 62

6.3 Fabrication of the UN-U3Si2 Composite . . . . . . . . . . . . 66

6.4 Microstructural Dependence of Degradation . . . . . . . . . . 71

6.4.1 Oxidation and Thermogravimetry . . . . . . . . . . . 71

6.4.2 Hydrolysis and Autoclave . . . . . . . . . . . . . . . . 77

7 Conclusions 85

7.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 87



CONTENTS XIII

Bibliography 89





Chapter 1

Introduction

Almost since the beginning of commercial nuclear power, the basis of

the light water reactor (LWR) system has been a fuel-clad system based on

uranium dioxide and zirconium.[1][2] Over these decades this system, and

the plants themselves, has benefitted from steady and continuous improve-

ments in experience, design, fabrication, and operation which has led to

considerable enhancement of safety, performance, and economy.

This steady improvement has been punctuated by three major accidents

which have caused seismic shifts in perspective for the nuclear community

at large. The events of Three Mile Island (TMI), Chernobyl, and, more re-

cently, Fukushima-Daiichi have each, in their way, contributed to dramatic

improvements in nuclear safety and reliability. While there had since the

beginning been a focus on engineering these systems in order to survive so-

called design basis accidents (DBA), that is, specific accidents which had

been foreseen by plant designers and against which the system had been

specifically engineered to survive, each accident uncovered flaws in the ex-

isting technologies and oversight.[3] In the case of TMI, failures to properly

communicate the lessons learned from similar events led to the formation

of the Institute of Nuclear Power Operators (INPO), whose objective was

to promote improvements of safety and performance by the sharing of op-

erating experience across the entire fleet of US reactor operators.[4] The

production of hydrogen during this accident also led to the design of active

systems meant to suppress hydrogen overpressure and detonation in the case

1
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of severe accidents.[3] Following the Chernobyl Incident, this template for

cooperation was extended into the World Association for Nuclear Operators

(WANO), and an ever greater international focus on the improvement of

nuclear safety.[5] Together these fora for cooperation advanced reactor and

fuel-clad system performance on a number of fronts: improving plant ca-

pacity factors (CF) - i.e. the amount of time the reactor is operating at full

power, burn-up - the fuel residence time in a reactor, increasing understand-

ing of and reducing the occurrence of pellet-clad interactions (PCI), reducing

the probabilities for rod and fuel failures, as well as a host of other param-

eters which govern the safety and economy of reactor operation.[2] These

accidents also led to the beginning of the focus on severe accident accident

management (SAM) and beyond design basis accident (BDBA) system re-

sponse through the implementation of multiple layers of redundant active

and passive safety systems which, effectively, heavily engineered the entire

balance-of-plant (BoP) surrounding the fuel and clad in order to withstand

any possible accident scenarios.[3]

However, following the Fukushima-Daiichi Nuclear Accidents of 2011,

the catastrophic destruction wrought by the earthquake and subsequent

tsunami far exceeded the severity of the design basis accidents and emer-

gency response capability foreseen by the reactor planners. In the wake of

the failure of every redundant system, of every plant component designed

to protect the fuel and clad from melting, the international focus shifted

away from merely improving and engineering around the existing uranium

dioxide-zirconium system, but rather a serious and concerted attempt to

replace the system altogether in order to make it more robust in the face of

such beyond design basis accidents. This would entail a complete overhaul

of a system with thousands of reactor-years of operation, experience, and

optimization, with a new fuel-cladding combination with far fewer, or even

none; a daunting task to say the least.

This thesis will attempt to place the limitations of the present uranium

dioxide-zirconium system into perspective, as well as introduce a selection

of the most promising advanced systems - namely uranium nitride and the

uranium nitride-silicide composite - their properties, their limitations, and

the state-of-the-art in their development. Subsequently, the work done in
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support of this thesis work will be presented insofar as it contributes to

the understanding of these novel systems. Finally, the implications of these

contributions will be discussed in terms of their impact on future work and

opportunities for advancement within the field.





Chapter 2

Considerations for High

Performance and Accident

Tolerant Fuel-Clad Systems

In this section, the performance of the uranium dioxide-zircaloy system

under a reference severe accident, namely station blackout (SBO), will be

introduced. Those factors most impacting accident tolerance will be identi-

fied and the ability of novel fuel-clad systems to address these defects will

be discussed. Other important factors affecting the development and imple-

mentation of these systems will also be introduced.

2.1 Accident Performance of the Uranium

Dioxide-Zirconium System

Following the Great East Japan Earthquake of March 2011, the operating

reactors of the Fukushima-Daiichi Nuclear Power Plant, Units 1,2, and 3,

were automatically shut down and back-up diesel generators were activated

to remove decay heat from the system. Approximately one hour later, a

14 meter tall tsunami came ashore, killing an estimated 15,000 people and

disabling the backup generators at the Fukushima site which powered the

cooling systems; setting in motion the subsequent nuclear accident.[6]

5
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Figure 2.1: Decay heat as a fraction of nominal power following SCRAM,
occurring here at t = 1s. [7]

In the case of accident or transient conditions, such as the Tōhoku Earth-

quake, it is standard procedure to SCRAM, i.e. insert control rods into the

reactor core so as to halt the heat-generating process of nuclear fission within

that core. Almost immediately after the insertion of these control rods, the

power within the core decreased down to around 6% of nominal value. How-

ever, residual decay heat from fission products (FP) created during operation

decreases at a much slower rate (Figure 2.1); depending on the isotope in

question, this interval can represent hours, days, months, or even centuries.

During normal shut-down and transient conditions, reactors similar to

those at Fukushima-Daiichi, so-called Generation II reactor systems, require

power in order for pumps to circulate coolant and actively remove this decay

heat. This active power was severed with the failure of the backup, off-site,

and redundant systems. Once circulation of coolant and active removal

of heat from the system was disabled, coolant temperature and pressure

gradually but steadily increased. Within hours pressure had built up within

the reactor cores, more and more liquid coolant turned to steam, and the

liquid water level decreased such that the fuel and cladding was exposed to

only steam, causing temperatures of the fuel and clad to rise dramatically.

Surface oxidation and phase transformations in the Zr-alloy are expected to
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have taken place as temperatures surpassed 700°C and 850°C, respectively,

each causing embrittlement and reduction in strength of the cladding.[8] As

the temperature of the external zirconium cladding surface approached 1200

°C, reactions with steam resulted in very rapid oxidation of the clad, the

generation of considerable amounts of additional heat, and the release of

hydrogen through the reaction seen in Equation 2.1.[9, 10]

Zr + 2H2O → ZrO2 + 2H2 ∆H = 590.2kJ/mol (2.1)

Figure 2.2: Estimated conditions of Fukushima-Daiichi Unit 3, showing
melting and reorganization of core internals, consumption of reactor ves-
sel bottom plate, and deposition onto and consumption of the concrete floor
materials [11]

The additional heat generated by oxidation resulted in melting of the

fuel, fission products, clad, and structural materials; forming a molten al-

loy known as “corium,” which, coupled with cladding embrittlement and
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mechanical failure, caused a complete reorganization of the internal materi-

als to the bottom of the reactor pressure vessel.[11] This churning, molten

mass eventually ate through the reactor vessel itself (seen in Figure 2.2),

and began reactions with the concrete primary containment floor, as well as

releasing large amounts of hydrogen and radioactive gases into the contain-

ment.

Compounding an already severe situation were the onset of hydrogen

detonations within the secondary containments of Units 1-4 and the spent

fuel pool (SFP) building due to reactions of hydrogen produced from the

zirconium oxidation wth atmospheric oxygen. These explosions hampered

the ongoing accident mitigation efforts and contributed to the release of

radioactive fission products from the site, with well-known environmental,

economic, and political consequences.

2.2 Accident Tolerant Fuel-Clad Systems

It is on the basis of the performance of the uranium dioxide-zirconium

system that the following conclusions were drawn regarding its most urgent

deficiencies in need of being addressed:

1. An alternative cladding system should feature reduced oxidation ki-

netics and reduced heat of oxidation in steam[12]

2. An alternative cladding system should feature reduced hydrogen pro-

duction as well as hydrogen embrittlement during normal operation

3. An alternative cladding system should feature reduced vulnerability

to fracture and increased resistance to thermal shock and melting

4. An alternative fuel should possess higher thermal conductivity, re-

duced operating temperatures, reduced reactions with cladding, and

reduced probability for melting, relocation, and dispersion in accident

conditions

5. An alternative fuel-clad system should feature enhanced retention of

fission products during accident conditions
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Together these requirements infer a need for a new paradigm which is

able to tolerate severe accident scenarios, like SBO and loss of cooling ac-

cidents, without intervention for significantly longer periods of time. It is

evident that any solution to this problem will involve the tight coupling of

prospective fuels and clads, which together must demonstrate good chemical

and mechanical compatibility.[13] While the focus of this thesis will be on

the former, it is essential to introduce, however briefly, the notable ongoing

developments of the latter.

2.2.1 Clad Candidates

Having identified the rapid oxidation and failure of the zirconium cladding

in the wake of the Fukushima accident, efforts to identify potential alterna-

tives have highlighted several promising candidates. These clads are based

on SiC, principally championed by Westinghouse Electric Corporation, steel

alloys like FeCrAl, favored by GE-Hitachi, a modification of Zircaloy fea-

turing a FeCrAl, AlTi3 or other, coating on the outer surface to prevent

oxidation of the interior, evaluated by ORNL, and the coated Mo-alloy,

which is principally investigated by Areva.[8, 14]

The advantages offered by SiC-CMC (silicon carbide ceramic matrix

composite) cladding include low chemical activity in LWR environments, ac-

ceptable thermal conductivity, and high strength at high temperatures.[15]

The substantially higher decomposition temperature and reduced steam re-

actions result in a 2 or 3 order of magnitude reduction in hydrogen generation

during severe accident scenarios.[16] Indeed, modeling of SBO accident sce-

narios in the TMI-2 core using a SiC/UO2 clad/fuel configuration instead of

Zr/UO2 indicated the ability of the system to provide a cool-able geometry

due to the elimination of the exothermic hydrogen generation reaction be-

low 1600°C, as seen in Figure 2.3.[17, 18] This is despite generally increased

fuel temperatures due to lower thermal creep of SiC below 1300°C compared

to Zr, resulting in an increased fuel-clad gap and higher thermal resistance,

which occurs despite the far higher thermal conductivity of SiC itself.[16, 19]

Additional uncertainty remains as SiC may require increased thickness rela-

tive to Zr to retain sufficient strength, negatively impacting neutronics, fuel

loading, and increasing fuel centerline temperatures.[20, 21] Some conserva-
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Figure 2.3: Simulation of LBLOCA Accident using TMI-2 Core showing run-
away oxidation and failure of Zr-alloy clad using UO2 compared to SiC/UO2

system [24]

tive estimates have indicated that the potential for increased thickness may

result in the need to increase enrichment in UO2 fuel from the reference

4.9% to 5.5% in order maintain burn-up and cycle length, in turn incurring

a cost penalty for enrichment costs.[22] Added to this are the expected ad-

ditional fabrication costs compared to Zr-alloy, which are estimated to be

about 2.8 times larger.[22] These cost penalties could potentially be offset if

a high density alternative fuel, such as UN or U3Si2 could be implemented.

Despite the improved safety performance of the SiC-clad concept, signif-

icant uncertainties remain in final geometry, final fabrication techniques,

and the long term, low-temperature (200-400°C) irradiation performance of

the material.[20, 21, 23]

Steel-based alloys, such as the lead fast reactor cladding candidate Fe-

CrAl as well as APMT, Alloy 33, and others, have also been evaluated as

candidates of high interest.[12] The main benefits of this alloy include high

strength, resulting in the possible use of significantly thinner cladding ma-

terial, and several orders of magnitude lower oxidation relative to zircaloy

clads during high temperature transients, characterized by minimal oxida-

tion attack up to 1475°C.[20, 12] At the same time, the performance of

these materials under irradiation requires careful examination to exclude
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degradation in performance due to the complex chemical and neutronic en-

vironments by, for example, irradiation assisted stress corrosion cracking

(IASCC), and other radiation-induced phenomena such as creep, etc.[25]

The neutronic performance of the alloy due to parasitic thermal neutron

absorption would necessitate a dramatic reduction in equivalent full power

days (EFPD) by around 20% or by increasing UO2 enrichment and fuel vol-

umes, accommodated by the thinner cladding.[26, 27] The former would be

wholly unacceptable while the latter could be expected to induce a 15-35%

fuel cost, or 4-10% total electrical cost.[28]

Coated Zircaloy clads are characterized by having a performance highly

similar to modern reference clads, albeit with a surface coating designed to

delay or inhibit the rapid oxidation reactions at elevated accident conditions.

[12] As composite materials, the exact impact on, for example, neutronic

properties and oxidation behavior will be dependent upon the coating used.

FeCrAl based coatings, for example, will incur a slight neutronic penalty,

although a fraction of that demanded by the monolithic variant, with the

expectation that cycle costs would be manageable.[26] Nevertheless, consid-

erable challenges remain in the form of demonstrating good physical and

chemical compatibility between coatings and clads in terms of thermal ex-

pansion and chemical interaction, as well as ensuring robust performance in

the face of irradiation induced defects such as spallation and swelling.[17]

Despite the myriad technical challenges such coated fuels present, their es-

sential similarities to the reference Zr-alloys used today offer the quickest

and cheapest path for development and thus represent a key advantage for

early adoption.[13]

Each of these cladding candidates can be expected to be accompanied by

small to moderate increases in operational costs, as well as development re-

lated expenses - the price of extending oxidation resistance beyond 1200°C.

While the ability to avoid catastrophic damage to equipment, reactors, as

well as the environment and communities surrounding nuclear power plants

provides a powerful incentive for the implementation of these novel clad con-

cepts, operators will be reluctant to implement any change to their existing

system which will result in increased costs for electricity. It is therefore

imperative that, parallel to the advancement of more robust cladding sys-
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tems, high density, high performance fuels are also developed, particularly

with an eye for offsetting or reducing total electrical costs to accelerate the

implementation of accident tolerant fuel-clad systems.

2.2.2 Fuel Candidates

An essential requirement of an accident tolerant fuel is that it can be

integrated into the existing nuclear fuel cycle. This means that while any

new fuel-clad system will require changes in the existing infrastructure of

fabrication, reactor operations, reactor safety, and final disposition, the most

successful fuel candidates will require the least amount of changes to this

infrastructure. At the same time, any changes must be proportional to

the improvements in performance - either safety or economic - which they

confer. A new fuel would preferably be backwards compatible with existing

fuel fabrication facilities as well as existing commercial reactor systems.[12]

This holds true in both the long term and during the sensitive initial stages

of fuel development and qualification where new fuels will exist side-by-

side the present. During this qualification and transition stage it will be

imperative that the new fuel-clad system does not unduly influence the

safety and economics of the existing regime.

Ultimately, any prospective fuel must satisfy certain criteria in order to

be considered as a potential replacement for uranium dioxide; the essential

criterion being that a candidate fuel must “do no harm,” i.e. its performance,

with respect to safety and economy, in a given evaluation subset must be

either comparable or represent an improvement over the present fuel.[26]

These subsets can be divided into the following:

1. Normal Operation and Anticipated Operational Occurrences (AOO)

2. Postulated Accidents (DBA) and Severe Accidents (BDBA)

3. Used Fuel Storage / Transport / Disposition

4. Fabrication

The first three items can generally be divided into the category of perfor-

mance during normal and accident conditions, while the latter is predicated
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upon their manufacturability. For the sake of convenience it is helpful to

address each issue separately.





Chapter 3

Performance of Accident

Tolerant Fuels

Of primary importance for an accident tolerant fuel is that the perfor-

mance of the fuel-clad system is improved during accident conditions, ac-

companied by, at minimum, no net negative impact on normal operations.

This can be defined by any number of characteristics of the material physical

and chemical properties, fabrication-dependent microstructures, behavior of

the material during irradiation, as well as a host of other properties. In

Table 3.1, some of these properties are presented with respect to several

prospective fuels.

Table 3.1: Various Thermophysical Properties of ATF Fuels

Sample UO2 UN U3Si2 UN-U3Si2(10%)

Thermal Cond- 6.0-2.5[29] 19-25[30] 15-27.5[31] Not assessed
-uctivity (BoL)
W/mK: 600-1400 K
Melting Point (K) 3130[32] 3120[33] 1938[32] 1938
Peak Centerline 2450 1220 1230 1220-1230
Temperature (K)
Margin to melt (K) 680 1900 700 700
Density g/cm3 10.96 14.32 12.20 14.11
Uranium Density g/cm3 9.66 13.51 11.31 13.29

15
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In selecting a new fuel, two properties stand out in importance for per-

formance: i) thermal conductivity and ii) uranium density.

3.1 Thermal Properties
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Figure 3.1: Thermal conductivities of fuels of interest as a function of tem-
perature. Fuels are reference UO2 [29], SiC-doped UO2 [34], U3Si2 [31], and
UN [30]

The thermal conductivity of the fuel affects the rejection of heat to the

coolant, internal temperature distribution within the material, and the mar-

gin to melt. In all cases, a higher thermal conductivity is preferred in order

to decrease peak fuel centerline temperatures and reduce the likelihood of

fuel redistribution and melting. A plot showing the thermal conductivities

of selected leading accident tolerant fuel candidates can be seen in Figure

3.1. The development of SIC-doped UO2, for example, has been shown to

offer a thermal conductivity increase of 50%, providing a reduction in peak

centerline temperatures of around 200°C, from 2800 K to 2600 K.[34, 35]

These enhancements provide for a more gentle thermal gradient across the

fuel, providing positive effects for fuel performance such as fission gas re-
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lease, swelling, etc.[36] Large gains can be found in the form of U3Si2 and

UN, which offer an approximately 1000°C reduction in peak centerline tem-

peratures though, since U3Si2 has a far lower melting temperature, only UN

provides an increase in margin to melt in the material.[35]
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Figure 3.2: Specific Heat and stored excess enthalpy of fuels as a function
of temperature. Fuels are reference UO2 [37, 38], U3Si2 [31], and UN [39]

Additional properties affecting fuel temperature distributions are the

material heat capacity, which determines the amount of stored energy in

the system as a function of temperature, as seen in Figure 3.2. The combi-

nation of these parameters play a leading role in reactor dynamics and the

performance of the system during transient conditions.

3.2 Physical Properties and Irradiation

Performance

While the improvement of thermal conductivity in UO2 can, in conjunc-

tion with novel clads, address many of the safety-related concerns during

normal and accident conditions, they do not improve the economic case for

the commercial deployment of the fuel-clad system. Indeed, while SiC-doped
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UO2 provides a substantial increase in thermal conductivity, it comes at a

10% penalty in uranium density compared to the reference UO2 fuel, which

even at the nominal value has been deemed too low for use with high interest

clads such as SiC without incurring a cost penalty.[40, 34]

In this regard, the potential for fuel savings from a changeover to U3Si2,

UN, or composite UN-U3Si2 fuel becomes clear, as they offer a 17.1%-39.9%

increase in uranium density, depending on admixture content. While the

implementation of UO2-SiC has been deemed to be economically disadvan-

tageous in conjunction with the use of certain clad alternatives, the use

of the high density alternatives is expected to provide a return-on-revenue

between 4-11%.[22]

3.2.1 Swelling and Fission Gas Release in LWR Conditions

While upcoming irradiation tests will provide more detailed and operating-

condition specific irradiation performance data, a look at previous experi-

ments can offer an insight into how these potential fuels compare. For UN,

for instance, there exists an enormous amount of available data for fission

gas release and swelling for fast reactor conditions, and much less for light

water reactor applications. However, within this LWR experience, there is

data showing a strong temperature dependence for swelling, which decreases

to nearly 1% per percent burn-up once an average fuel temperature of 950 K

is reached, as seen in Figure 3.3:A.[41] This compares very favorably to val-

ues obtained for UO2 (Figure 3.3:B), which shows nearly identical behavior

at average fuel temperatures of 1373 K. [43] Data on U3Si2 (Figure 3.3:C)

is sparse, on the other hand, but has shown a tendency for low swelling

(≤ 1% per percent burnup).[44] This value is expected to be heavily de-

pendent on irradiation temperature, irradiation effects on microstructure

(amorphization vs recrystallization), and other parameters which have yet

to be determined by irradiation experiment campaigns.[46]

This rather low swelling of U3Si2 has been coupled with very low fission

gas release during low temperature operation, which has been described as

orders of magnitude lower than for UO2 (Figure 3.4:B). [44] Measurement

of fission gas release in UN at LWR conditions has been limited due to the

limited irradiation histories, though approximately 0.5% was measured at
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40MWd/kg and a pellet average temperature of 650°C.[41, 47] This is con-

sistent with work by Storms and others, who have proposed correlations for

the temperature, burnup, and porosity dependence of fission gas release in

UN, shown in Figure 3.4:A.[45] Irradiations at higher temperatures have in-

dicated a very strong temperature dependence for this value, with gas release

accelerating considerably above pellet average temperatures of 800°C.[48]

3.2.2 Reactions with Air and Water

The pyrophoricity of uranium nitride, i.e. the tendency of powder to oxi-

dize in air, has been noted since the very earliest studies into the material.[49]

This has had practical implications for attempts to fabricate UN, generally

leading to methods involving the production of finely divided powders be-

ing performed under protected atmosphere. The ignition of the powder in

air has been observed at 280°C [50] These reactions have generally led to

the production of U3O8 with a certain concentration of N dissolved, until

700°C, when the final product is uniformly U3O8.[51] Reactions of polycrys-

talline materials have similarly been observed to result in the formation of

consecutive layers, a so-called “sandwich structure,” of UO2, U2N3, and UN

which, due to the large molar volumes of UO2 and U2N3, have caused in-

creased stress and cracking, increased the surface area exposed to reaction,

and accelerated the rate of oxidation.[49, 52]

Similar reactions have also been observed for UN powders in boiling

water starting at the slightly lower temperature of 250°C,[53] they were

observed to be rapid at 280°C and 80 bar,[54] and have led to concerns

regarding the stability of the fuel in a steam/water environment. Attempts

to fabricate samples of waterproofed UN fuels by the addition of ZrN, AlN,

and other additives have so far led to limited success.[55]

The inability of UN to withstand reactions with steam/water at typical

coolant temperatures has hampered their deployment in LWR systems, and

continues to be seen as a major potential obstacle to their development

within future ATF systems.[22]
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Figure 3.5: Production cross sections for 14C by the energy-dependent neu-
tron interactions with 14N and 17O, for comparison [57]

3.2.3 15N for UN

Despite the extensive development of nitride fuels during the 1950s and

60’s, one impediment remained out of reach of being solved: “15N.” Nitrogen

is an abundant element, making up the vast majority of Earth’s atmosphere,

yet of this, 99.64% exists as the isotope 14N, while only 0.36% is 15N.[56]

In a thermal neutron spectrum, 14N suffers from a fairly high probability of

undergoing a so-called (n,p) reaction (see Figure 3.5), whereby an incident

neutron impacts an 14N nucleus, generating radioactive 14C and a proton,

according to Equation 3.1.

14N + n0 → H +14 C σn,p = 1.93b, T
14C
1/2 = 5730a [56] (3.1)

The byproduct of this reaction, 14C, creates certain difficulties for repro-

cessing of spent fuel, as the release of radioactive carbon, a biologically ac-

tive element, is strongly regulated and would thus require management.[58]
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Even more troubling from an operations perspective is the effect of parasitic

neutron absorption on the neutron economy, which has been estimated to

require an increase in 235U enrichment to 5.7% from 4.9% compared to UO2

in order to preserve fuel cycle length, a 50% increase in enrichment costs.[58]

Balancing the enrichment costs of uranium and nitrogen yields a breakeven

cost of around $8 900 per kg-15N, which implies an increase in fabrication

cost of at minimum $500 per kg-fuel, or 200%, for nitrogen alone.[58, 22]

Analysis of the clad-fuel economics show that $1 000 per kg-of 95% 15N can

deliver a total electrical savings of around 9%.[40] Considering that as of

this writing, the commercial price by the chemical exchange method stands

at nearly $150 000 per kg-15N,[59] significant progress must be made in or-

der to reduce these costs by at least two orders of magnitude before nitride

fuels can become commercially viable in a thermal spectrum. The extremely

prohibitive costs for this enrichment has been a major motivating factor for

the development of UN in a solely fast reactor context.





Chapter 4

Fabrication of Accident

Tolerant Fuels

Any assessment of a potential accident tolerant fuel must address the

feasibility of manufacturing the material. This should nominally include an

assessment of the technical feasibility of the fabrication, i.e. can this fuel

be made according to a certain specification and which are the parame-

ters permitting this, but also an economic assessment of the expected costs

associated with a particular route and the infrastructure required to imple-

ment it. This section will primarily attempt to address the former but will

endeavor to address the latter where possible.

4.1 Synthesis of Uranium Nitride

Early interest in uranium nitride and other so-called “semi-metallic”

compounds of uranium was propelled by the, perhaps intuitively, metal-like

properties which they exhibit, namely a metallic luster, a high electrical

conductivity and, importantly for nuclear applications, a high metal den-

sity and high thermal conductivity.[49, 60] Numerous methods have been

put forth for the preparation of uranium nitride, among these include di-

rect nitriding of uranium metal, hydriding-nitriding of uranium metal to

form powders, carbothermic reduction of uranium dioxide, and oxidative

25
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ammonolysis.[61, 62, 63, 64, 65] Additionally, several pathways have been

identified for the synthesis of uranium carbonitride, that is, a solid solution

of UC and UN.[66, 67] In this section, the literature behind the synthesis of

uranium nitride will be surveyed and the various methods put forward over

the years will be discussed.

4.1.1 Metal Routes

Early attempts at fabricating uranium nitride generally proceeded along

one of the so-called metal routes, that is, direct nitriding of uranium metal,

or by the hydriding-nitriding of uranium metal.[68] A third and less common

approach involved the arc casting of uranium metal in an argon-nitrogen

atmosphere.[69] Each method had certain advantages and disadvantages,

with the final result being a hyperstoichiometric uranium nitride between

UN1.5 and UN1.75, depending somewhat on the size, geometry, tempera-

tures, and durations of the reactions. The principle advantage of each was a

starting material which was readily obtained, at that time, and easy to han-

dle (metal), and which permitted the synthesis of a uranium nitride with

generally low oxygen and carbon impurities, provided adequate care was

taken to preclude oxidation of the product.

DirectMetal Route (4.1)

U +N2 → UN1.5−1.75, T > 850°C

UN1.5−1.75 → UN1.0, T : 900− 1300°C

In the case of materials prepared by direct nitridation (Equation 4.1) and

arc melting of monolithic uranium metal, the resulting grain size tended to

be very large, sometimes hundreds of microns, which had the added effect of

making full denitriding down to stoichiometric UN1.0 difficult, often leaving

some residual fraction of U2N3 and, in the case of arc melting, fractions

of unreacted uranium metal, as seen in Figure 4.1.[70, 71] This reduction

was often performed at temperatures of 1300 °C in a high purity argon

atmosphere, but was occasionally done under vacuum to provide for the

elimination of excess nitrogen overpressure, which permitted the use of lower

temperatures. [61, 72]
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200 µm

50 µm

Figure 4.1: UN microstructures produced by the direct metal method, using
arc melting, and exhibiting large grain sizes and microstructural inhomo-
geneity [69, 71]
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Hydriding −Nitriding Route (4.2)

2U + 3H2 → 2UH3, T : 200− 250°C

UH3 +N2 → UN1.5−1.75, T > 300°C

UH3 +N2 → UN1.5−1.75, T : 900− 1300°C

As the above methods produced monolithic products with questionable

homogeneity which did not immediately lend themselves for use in powder

metallurgical methods, the additional hydriding-nitriding route was also de-

veloped (Equation 4.2).[62, 73] This method entailed flowing hydrogen gas

over uranium metal at temperatures between 200°C and 250 °C over the

course of several hours, which resulted in the conversion of monolithic ura-

nium metal into a uranium hydride powder. As the difference in density

between the reactant and product is significant, 43% lower for the hydride

compared to the metal, a continuous hydriding front consumes the metal

and produces a fine hydride powder, typically reported to be 1-6 µm in size,

depending on the number of hydriding cycles.[74, 75, 76, 77] This powder is

then nitrided and denitrided in a manner similar to the direct metal routes

above. While finely divided and well suited for powder metallurgical ap-

plications, it is subject to oxidation in air which leads to gradual increases

in oxygen impurities.[78, 79, 80] In general, this method has not been de-

veloped to produce batches larger than laboratory scale or pilot irradiation

pins.

4.1.2 Oxide Routes

Parallel to the metal routes, work was also done on developing a fab-

rication route proceeding from the oxides of the uranium, as these com-

pounds are already a major component of the fuel cycle, and can rather

inexpensively be converted from the downstream after enrichment. During

initial development the principal advantage of the carbothermic route was

the elimination of the metal reduction step, which improved the economy of

the fabrication.[81] In this route, uranium dioxide (UO2) was reacted with a

hyperstoichiometric amount of solid carbon, generally graphite with a C/U
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ratio between 2.1 − 2.5, in the presence of flowing nitrogen gas, as seen in

Equation 4.3.[82, 83] This conversion has been seen to require temperatures

of 1600°C in the presence of nitrogen gas.[84]

CarbothermicNitriding Route (4.3)

UO2 + 2C + 0.5N2 → UN + 2CO, T : 1600°C

The uranium nitride produced by this reaction has been seen to contain

generally higher levels of oxygen and carbon impurities than those produced

by the hydriding-nitriding route, with the impurity fraction being rather

dependent on the exact proportion of UO2 and C used. Typically, higher

proportions of carbon added lead to more complete removal of oxygen, leav-

ing more residual carbon, while less carbon leads to the reverse, i.e. residual

oxygen. Typical values vary from lab to lab, but can be considered to be

on the order of 2000 ppm for both oxygen and carbon. Subsequent heat

treatments in excess of 1600°C in flowing hydrogen and nitrogen gas or am-

monia have been found to reduce the concentration of these impurities to

acceptable levels below 500 ppm each.[85, 86] Of importance to the economy

of light water reactor fuel, however, is that both steps in this process tend

to consume rather large quantities of nitrogen gas in a manner which does

not easily lend itself to recovery, complicating efforts to incorporate enriched
15N. Nevertheless it is this method which has received the most attention

worldwide, particularly with respect to fast reactor fuel applications, and

the literature on the application of the carbothermic route on uranium and

the other minor actinides is vast.[87, 88] This method is also well suited for

the fabrication of materials on a large scale.

The carbothermic route has also been adapted for use with the “gela-

tion” or “sol gel” method to produce so-called “microspheres” of uranium

nitride.[89] These microspheres tend to be very large, from 100µm to over

800µm in diameter, and have the potential to significantly reduce oxygen re-

activity and dust generation due to the large particle size. For these reasons,

this method is highly favored for the production of plutonium and minor ac-

tinide (MA) nitrides for transmutation and fast reactor applications.[90]
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A parallel route from the oxide exists in the form of the fabrication

of so-called “carbonitrides,” which consists of a solid solution of uranium

monocarbide and uranium mononitride, with varying fractions of each. The

fabrication method for this type of fuel is not wholly dissimilar from carboth-

ermic reduction, but generally involves the preliminary synthesis of uranium

carbide from uranium dioxide (as above), followed by reaction with ammo-

nia to form UNxC1−x. Various temperatures have been reported, between

600 and 1600°C, depending on the desired final product.[66, 91] However,

as these products tend to feature rather large fractions of carbon, they are

not considered “true nitrides” and will not be discussed further.

4.1.3 Other Routes

In addition to routes proceeding from the metal and oxides, other routes

have also been investigated, with the basic objective of reducing the costs or

number of steps required to reach the nitride. Early reports on the synthe-

sis of uranium mononitride by the reaction of uranium tetrachloride (UCl4)

with nitrogen and ammonia were found to be contradictory and difficult

to reproduce,[92, 66] though later authors successfully accomplished this

through the use of a two-step reaction with aluminum, shown in Equation

4.4.[93] A series of German authors have proposed a single step process

using the chloride, alternatively the bromide, and reaction with ammonia

to successfully form the sesquinitride.[94, 95, 96, 97] Despite the apparent

technical feasibility of this method, the authors note that the final nitrides

are “nicht ohne Schwierigkeiten...entfernbar” or “obtained not without dif-

ficulty,” and further work with respect to this method does not seem to have

progressed after the 1960s.

ChlorideNitridationRoute (4.4)

6UCl4 + 16Al + 9N2 → 6U2N3 + 16AlCl3, T : 800− 1000°C

Further reactions with halides generally feature a reaction of UF4, easily

obtained by conversion from UF6 following enrichment. Multiple methods

were proposed during the 1960s to accomplish this, the first being a two
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step conversion involving reaction with elemental silicon to form SiF4, boil-

ing point -65°C, for the removal of fluorine.[98] This reaction is shown in

Equation 4.5.

FluorideNitridationRoute (4.5)

4UF4 + 4Si+ 3N2 → 2U2N3 + 4SiF4, T : 800− 1200°C

Recently, the production of uranium nitride from the fluoridation of UO2,

termed “oxidative ammonolysis,” has been investigated, whereby an inter-

mediate product of ammonium uranium fluoride is reacted with ammonia

to form a higher nitride (uranium dinitride). This reaction can be seen in

Equation 4.6.[65]

OxidativeAmmonolysisRoute (4.6)

UO2 + 4NH4HF2 → (NH4)4UF8 +H2O, T : 20°C

(NH4)4UF8 + 6NH3 → UN2 + 8NH4F +H2, T : 800°C

This admittedly visually cumbersome series of reactions has the advan-

tage of requiring relatively low temperatures compared to other synthesis

routes, even if preliminary syntheses have shown a tendency towards rather

fine powders, 0.1-6 µm, and fairly high fractions of oxygen impurities (5%

UO2, or 6 000 ppm oxygen).

In many of the above reactions the final product of the nitriding pro-

cess is described as a higher nitride of UN1.5−1.75, or higher, which, given

sufficient time, temperature, and removal of nitrogen overpressure, can be

easily reduced down to the stoichiometric UN1.0 by the application of heat

treatments above 900°C.

4.2 Sintering of Uranium Nitride

The sintering of ceramic powders belongs in itself to its own subset of

materials science, referred to as powder metallurgy, which can trace its ori-

gins as far back as the development of pottery many thousands of years
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ago. Today, it is used in a host of industrial applications as a means to

produce high strength components across a multitude of sectors, including

the fabrication of nuclear fuel. In this section, the available literature on

the application of sintering technology on uranium nitride will be discussed

with respect to three different techniques, namely conventional sintering,

hot isostatic pressing, and spark plasma sintering.

4.2.1 Conventional Sintering

The conventional sintering method is the method currently used to pro-

duce uranium dioxide fuel worldwide. It entails the pressing of uranium

dioxide powders into so-called “green pellets,” that is, samples of compacted

powders with some measure of cohesion and with the approximate geometry

of the final product, but with only 50-60% of the theoretical density. These

compacts are then heated in a mixture of hydrogen and argon, at temper-

atures between 1600-1800°C for several hours.[99] Billions of pellets have

been prepared in this way, and the literature concerning its preparation is

extensive. In Figures 4.2 and 4.3, an example process flow chart for a typi-

cal fabrication plant, and the typical sintering conditions used for producing

reactor grade UO2, are shown.

Figure 4.2: Process flow chart for the fabrication of uranium dioxide pellets
using conventional sintering [100]
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Figure 4.3: Typical conventional sintering curves developed for UO2 as a
function of time and particle size/milling time [101]

Early attempts at sintering uranium nitride attempted to translate this

knowledge base and the existing infrastructure for dioxide fuel fabrication,

leading to the observation that consolidation of these powders would be

rather more difficult than oxide and carbide fuels.[87] Attempts to sinter

UN powder at 1700°C under vacuum, for example, showed no signs of den-

sification. Attempts to encourage sintering at higher temperatures ran into

considerable complications arising from the decomposition of uranium ni-

tride into uranium metal and nitrogen gas, a process dependent upon tem-

perature and nitrogen partial pressure over the sample, as seen in Figure 4.4

and Equation 4.7.

Decomposition of UraniumNitride (4.7)

UN → U(l) + 0.5N2(g)

(4.8)

The practical implication of this as regards sintering, is that early at-

tempts to sinter the material in argon and vacuum very often resulted in

the decomposition of significant quantities of material into the metal, which,

with a melting point of 1132°C, would form a liquid, reorganize, and effec-

tively destroy the sample.[102] The impact of this decomposition can be seen
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Figure 4.4: Decomposition of uranium nitride as a function of temperature
and nitrogen partial pressure [72]

in Figure 4.5. Hereafter, attempts to obtain high density using conventional

methods required the use of a nitrogen atmosphere, higher temperatures, or

heavily milled powders.

Switching to an atmosphere containing a controlled mixture of N2 and/or

Ar/H2 permits higher sintering temperatures while suppressing the decom-

position reaction, and thus achieves higher sintered densities. However, the

use of very high nitrogen partial pressures have also been observed to lead

to the formation of U2N3, which has similarly led to undesirable sintered

products.[103] By carefully controlling this value as a function of tempera-
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Figure 4.5: The macroscopic (top) and microstructural (bottom) effects of
severe thermal decomposition on UN sintered in vacuum for one hour at
1900°C [61]
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Figure 4.6: Early work on the sintering of uranium nitride, showing the op-
erational ranges of temperature and nitrogen pressure necessary to prevent
decomposition[62]

ture - neither too much nor too little - it is possible to maintain an accept-

able nitrogen stoichiometry in the sample. Figure 4.6 shows the operational

nitrogen pressure ranges for heating and cooling sintering cycles.[104]

Multiple studies have indicated that, operating within this configuration,

temperatures in excess of 2200°C will be required to achieve a sintered den-

sity of 92-95% within a couple of hours.[70, 84] Sintering at over 10 hours

could achieve a similar result using only 2000°C.[103] These high temper-

atures and sintering times have been associated with marked increase in

grain size within the sample, as well as causing steady oxygen uptake within

samples, negatively affecting microstructure and impurity control within the

material.[70] This represents a 200-400°C increase in sintering temperatures

compared to the sintering of UO2, which is sufficiently high so as to cause
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substantially increased wear on industrial furnaces, and as such has not been

favored for commercial applications. Moreover, the high flow rates of N2 gas

required in such sintering protocols will be prohibitively expensive if 15N is

to be used.

The application of extremely aggressive milling regimes has been found

to increase the sinterability of UN substantially, however. Reductions in

particle size to less than 0.1-1.0 µm by ball milling for 10-20 hours was found

to provide pellets of 95% theoretical density when sintered under argon at

1700°C for only 2 hours. But the ready oxidation of such finely divided

powders, noted in the study, are believed to cause prohibitive difficulty in

handling, and subsequent studies generally do not follow such an aggressive

powder preparation strategy.[105]

The difficulty in obtaining high density uranium nitride samples suitable

for light water reactor applications using a nitrogen-conserving, conventional

sintering process, has been seen as a major motivating factor behind the

present focus on developing nitride fuels for fast reactor purposes only.[84]

4.2.2 Hot Isostatic Pressing

Hot Isostatic pressing is a method whereby powder is pressed at high

pressure and simultaneously heated in order to encourage consolidation. It

was used with significant success in producing high density compacts of

uranium nitride. The technique is flexible and permits a wide variety of

powder sizes, up to 150 µm, to be efficiently sintered.[70] This presents

clear advantages in handling source materials due to significantly reduced

oxygen reactivity when compared to, for example, nanopowders produced

during milling. In general, studies have shown that it is possible to manufac-

ture pellets of density greater than 90% TD using temperatures of 1400°C
- 1450°C, and pressures of 20-45 MPa. [84, 62] Full density was able to

be achieved using higher temperatures and pressures without leading to de-

composition of the nitride into metal, though cracking was observed due to

differences in thermal expansion between the sample and canning materials,

and inclusions of U2N3 were detected in the slightly hyper-stoichiometric,

large-particle starting powders.[70] Despite this apparent success, the use of
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HIP on these materials has been reserved for niche space reactor applications

and has not been developed on a commercial basis.

4.2.3 Spark Plasma Sintering

Spark Plasma Sintering is a kind of field assisted sintering, where con-

solidation of powders occurs in the presence of heat, pressure, as well as an

electrical field utilizing high current, as shown in Figure 4.7 This process is

characterized by being exceptionally rapid, producing fully dense compacts

within a few minutes. Being a relatively new technique compared to the oth-

ers examined, this sintering method was not investigated during the “golden

age” of nitride fuel research, and thus the literature is less well developed.

Figure 4.7: Schematic of the die and sample configuration used in Spark
Plasma Sintering [106]

Nevertheless, initial investigations have demonstrated promising results.

Early work by Muta has shown that, while the technique can be sensitive to

wide differences in particle size, densities of >90% TD could be obtained by

sintering at temperatures and pressures greater than 1500°C and 50 MPa,

respectively, which represents a substantial reduction compared to conven-

tional sintering techniques. Malkki, meanwhile, reported the ability to fabri-

cate samples up to 14.08 g/cm3, equivalent to 99.8% TD inclusive impurities,

which had previously only been possible using HIP.[107]

Given these initial promising results, it is this method which has been

selected for investigation during this thesis.
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4.3 Synthesis of Uranium Silicide

The principle method of obtaining uranium silicide is by traditional met-

allurgical routes, namely by the melting of solid uranium metal and sold ele-

mental silicon in the desired stoichiometry.[108] As this process is inherently

batch-wise, and would necessitate the prior reduction of uranium oxides or

fluorides into metal, other, chemical methods have also been proposed. An

important consideration, and complication, for both of these methods is the

many different phases of uranium silicide which can be formed, as seen in

Figure 4.8, which means that any synthesis technique must take care to

suppress formation of undesired phases.

Figure 4.8: The uranium-silicon system[109]
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4.3.1 Casting

The casting, or melting, process is generally performed either by direct

arc-melting or by heating in a zirconia crucible, often followed by annealing

at temperatures in excess of 925°C in order to ensure homogeneity.[110, 111]

In the case of U3Si2, a slightly hyperstoichiometric amount of silicon is often

added in order to ensure that the formation of U3Si - an undesirable, lower

melting phase - is completely suppressed.[112] Using this method, impurities

in the final product are generally limited to those present in the initial metal,

as long as the cover gases during melting/heat treatment have been purified

of oxygen and moisture.

Being very brittle, monolithic U3Si2 can be easily converted to powder

by milling under inert atmosphere, followed by sintering to 98% TD at the

relatively mild temperature of 1500°C.[31] A further application involves the

dispersion of enriched (≈ 20%) U3Si2 into an aluminum matrix, which has

permitted a considerable reduction in the enrichment of research reactor

fuel.[113]

4.3.2 Chemical Routes

Work on chemical routes for the synthesis of U3Si2 are very novel, and are

motivated by the desire to avoid any potentially unnecessary reductions to

metal feedstock during the fuel cycle. At the writing of this thesis, modeling

work has demonstrated the technical feasibility for the synthesis of U3Si2,

albeit the formation of other phases cannot be excluded. Experimental at-

tempts to synthesize this phase have thus far been met with limited success,

though U3Si5 has successfully been prepared.[114, 115, 116] It remains to be

seen whether this method will become suitable for commercial applications.

4.4 Sintering of Uranium Nitride-Silicide

Composites

Recognizing the limitations of conventional sintering in delivering high

density uranium nitride compacts without necessitating excessively high

temperatures and nitrogen costs, an alternative, composite material has
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been proposed which takes advantage of so-called “liquid phase sintering”

to lower the temperatures required to achieve suitable densities for light wa-

ter reactor applications.[117] Several intermetallic sintering-aids have been

proposed, such as UAl, UBe, and U3Si5, but the favored candidate has been

the high density, low melting point phase of U3Si2.[118] Such a composite is

also considered to possibly have a positive effect in reducing oxygen/steam

reactions with UN by establishing a grain coating, while still maintaining a

17-40% higher uranium density, depending on the admixture fraction.[119]

A limited number of studies have been published on this composite, but

initial reports have shown that the addition of 25-35% mass fractions of

U3Si2 into UN have resulted in the production of compacts of 89-94% TD

when sintered conventionally at 1700°C.[120] This compares to 1900-2000°C
required to achieve the same densification in pure UN; a reduction of some

200-300°C.[70] Despite these promising results, evidence of reaction between

UN and U3Si2 was detected, suggesting the possibility of the formation

of an as-yet unidentified ternary phase, or of some other reaction, with

indeterminate consequences for fuel performance.[120, 121]





Chapter 5

Materials and Methods

In this section, the material preparation, analysis, and characterization,

and the experimental methods used during this thesis will be detailed. Spe-

cial emphasis will be placed on techniques which were employed successfully

and compared to those found to be rather less sucesseful.

5.1 Preparation, Chemical Analysis, Elemental

Analysis

5.1.1 Preparation

Uranium metal of natural and depleted enrichment, from various suppli-

ers, was the starting material for the synthesis of the UN, U3Si2, and U3Si5
samples which formed the basis of the experiments included here. As these

materials had a variety of ages and origins and geometries, all had formed a

dark, dull layer of surface oxides. As each of the produced compounds are

known to be sensitive to the presence of impurities, especially oxygen, this

layer was removed, rarely and less effectively by grinding with silicon car-

bide and more frequently and highly effectively by washing in a concentrated

nitric acid bath. The former method, in addition to being more laborious,

tended to result in the removal of more material while retaining larger frac-

tions of oxide layers due to geometric imperfections. The latter was found

to be extremely quick, ≤ 1 minute, and resulted in the complete removal of

43
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A) B)

Figure 5.1: A) Dark, dull appearance of old metal fragment and B) Bright,
metallic appearance of metal after cleaning in concentrated nitric acid

surface oxides while retaining larger fractions of mass. The metal was then

washed with ethanol/acetone, after which a thin, golden layer of oxide could

be observed to form. This source metal can be seen before and just after

cleaning in Figure 5.1.

The bulk of these materials had geometries which were not immediately

conducive to working, which from time to time necessitated diminishment

either by cryogenic fracturing, producing uncontrolled and rough fracture

surfaces, or by diamond sawing, which though controlled resulted in some

mass loss due to the saw blade thickness. Despite this, the sawing method

was generally preferred.

5.1.2 Chemical Analysis

As the metals used in this study had various and, at times, obscure

origins, it was necessary to conduct a thorough evaluation of the content of

impurities which, in this context, refers to the presence of elements residual

from the refining and reduction processes used to produce the metal, such

as aluminum, magnesium, calcium, etc. Two methods were used to confirm

the purity of starting materials: x-ray fluorescence (XRF) and inductively

coupled plasma optical emission spectrometry (ICP-OES).

XRF is a technique which a sample is bombarded by high energy x-rays

or gamma rays, followed by the assay of secondary (or characteristic) x-
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rays resulting from the de-excitation of each impurity.[122] It permits the

quantification of “heavy elements” which, while sensitive to significant inter-

ference from the fluorescence of uranium’s 5f electrons and multiple emission

peaks, is accurate down to the order of 100 ppm. XRF was performed cour-

tesy of Degerfors Laboratorium AB.

ICP-OES relies on the emission of photons by trace elements in an RF

field.[123] Since this technique can only be applied to liquid and gaseous

samples, the application on uranium metal requires dissolution into a HCL

and HNO3 solution. As it is also sensitive to interference from multiple

uranium peaks, it can be helpful to first perform a liquid-liquid extraction

of the uranyl ions, thus providing for greater accuracy of detection for the

lighter elements, which was accurate down to the order of parts per bil-

lion. ICP-OES measurement was performed by the Department of Nuclear

Chemistry, KTH.

These two methods offered generally good agreement and indicated the

presence of only trace amounts of aluminum, tungsten, silicon, and either

magnesium or calcium, depending on the particular reduction method used.

5.1.3 Elemental Analysis

Elemental analysis was performed first on the metals following cleaning,

and was used to assess the quantity of carbon, oxygen, and nitrogen in the

material. Oxygen and nitrogen was assessed using a LECO TC436DR and

inert fusion method, while carbon and sulfur was assessed using a LECO

CS440 and the combustion method. The accuracy of each measurement was

sensitive to the calibration provided and the element being analyzed, but has

been estimated at ± 10% of the measured value.[124] Each unit was provided

by Degerfors Laboratorium AB, whose assistance in operation, calibration,

and maintenance is gratefully acknowledged.

Despite the purest metal being many decades old, oxygen and carbon

was determined to be ≤ 200wppm O and ≤100wppm C, respectively, after

surface cleaning. Less pure metals, cleaned using the grinding technique,

were found to be as high as 800wppm O and 500wppm C.
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5.2 Synthesis of UN and U3Si2/U3Si5

5.2.1 UN

The metal hydriding-nitriding method was selected for the synthesis of

UN powders, due to its high suitability for lab-scale production of powders

ready for powder sintering. A quartz tube was used, along with a porous fil-

ter insert to allow free flow of gas while retaining solid particles in the heated

zone. The quartz tube was connected on either end to Swagelok gas fitting

systems in conjunction with Bronckhorst flow controllers to accurately in-

sert and measure a desired flow rate of gases. The design, implementation,

and testing of this system has been described fully by Hollmer, while modi-

fications have been described by Holst and Thorsen.[125, 126]
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Figure 5.2: Hydriding of uranium metal in flowing H2 at 225°C, showing lin-
ear decrease in the metal consumption rate as the hydriding front progresses
through the material.



5.2. SYNTHESIS OF UN AND U3Si2/U3Si5 47

After cleaning, the uranium metal was loaded into the quartz tube and

flushed with several chamber-volumes worth of inert Ar gas, followed by

gradual heating to 225°C, at which point the gas was changed to an approx-

imately 2:1 H2-to-Ar mixture. The flow rate for this was kept fairly low

(≈ 0.3L/min) so as to avoid “plugging” effects, where the mass of powder

was pushed to the top of the tube when gas flows were too high. This gas

flow was maintained for several hours until the hydriding front had consumed

the balance of the metal and converted it to a fine (1-6 µm) UH3 powder,

(Equation 4.2) which was later confirmed by integration of the total hydro-

gen flow over time and comparison with the input quantity of metal. This

reaction can be seen in Figure 5.2.
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Figure 5.3: Nitriding of UH3 powder up to 500°C in flowing N2 gas. Note
exothermic temperature excursion until around 375°C, simultaneous exhaust
of hydrogen and uptake of nitrogen, followed by only uptake of nitrogen.

Following hydriding, samples heated up to 500°C in flowing N2 gas, caus-
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ing the conversion from UH3 to U2N3 (Equation 4.2). The conversion is

simultaneous and highly energetic, resulting in the release of hydrogen from

the material as well as an exothermic temperature excursion at tempera-

tures between 225-375°C, as seen in Figure 5.3. During this stage of the

reaction, it was found to be important to keep both nitrogen flow rate and

heat ramping rates low to prevent pronounced excursions of temperature.

Under these conditions, the uptake of nitrogen was rapid (≤ 2000s for ≈50g

metal) and fairly quantitative, with 78-89% of the inserted nitrogen reacting

with UH3 to form a final stoichiometry between UN1.5 and UN2, which are

known to form a continuous phase.[127, 128] Elemental analysis of sesquini-

trides analyzed at this stage of reaction ranged between UN1.71 and UN1.83,

with an average of UN1.77±0.06 (n=6).
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Figure 5.4: Denitriding of higher nitride down to UN1.0 by heating in argon
at 1150°C. The rate of nitrogen release from the sample is low and linearly
decreases until a stoichiometric value is reached.

The product of the nitriding being a hyperstoichiometric nitride in ex-

cess of U2N3, it was necessary to reduce the material down to UN1.0 by
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heating in argon up to 1150°C for several hours. 1150°C was chosen as a

compromise of speed and necessity to preserve the lifetime of the quartz

tube. Full denitridation took up to 8 hours to complete at these temper-

atures, depending on sample size, with the evolved product being N2 gas.

At this high-temperature stage it is essential that argon is highly purified,

preferably below 1ppm O2/H2O, as the powder will getter these impurities.

Reducing oxygen from 1000 ppm to ≤ 20 ppm was shown to reduce oxygen

in the final product from ≥3000 ppm to ≤ 500 ppm.

Figure 5.5: SEM micrograph of UN powder, showing a fine, flaky, and easily
agglomerated morphology with an average particle size not exceeding 5 µm

Following denitridation, the UN powders were evaluated by elemental

analysis, with oxygen, nitrogen, and carbon content varying between sam-

ples. Carbon impurities were consistent with values measured in the metal,

while oxygen content generally increased by a few hundred ppm and nitro-
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gen ranging from 5.3%-5.5%. The highest purity powders produced in this

thesis by the metal route were found to contain 5.51% nitrogen, 400 ppm

O, and 100 ppm C. In Figure 5.5, a sample SEM micrograph of powder

produced via this method can be seen, showing the fine, flaky, and easily

agglomerated texture of the powders, which average no more than 5 µm in

diameter.

X-ray diffraction (XRD) was performed using a Siemens D5000 diffrac-

tometer with a Cu k-α source. Several methods were attempted to minimize

powder reactivity in air, including mixing with paraffin oil, among others,

but none were found to provide satisfactory resolution.[129][130] This was

corrected by using a Bruker Model A100B138-B141 specimen holder Figure

5.7) to provide low background, high resolution, and an air-tight atmosphere

which prevented reaction of the pyrophoric powders with air. Diffraction

generally revealed some proportion of UN and UO2 phases, with the highest

purity powders showing only the UN phase, as seen in Figure 5.6, with a

lattice parameter a =4.889 as evaluated by Rietveld analysis using MAUD,

consistent with literature.[131, 132]

Figure 5.6: Bruker Model A100B138-B141 air-tight specimen holder with
knife-edge used to provide high resolution, low background diffraction pat-
terns for pyrophoric powders
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Figure 5.7: X-ray diffraction patterns of powders of UN, U3Si2, and U3Si5
fabricated during this thesis.

5.2.2 U3Si2/U3Si5

The arc-melting method was selected for the preparation of ingots of

U3Si2 and U3Si5. As seen in Figure 4.8, U3Si2 and U3Si5 are the highest

melting phases of the U-Si system, meaning they lend themselves to be

formed easily by casting of the liquid and congruent solidification of the

melt. In this process, elemental fragments of uranium and silicon are placed

on a water-cooled, electrically conductive copper hearth and held under

argon. A strong voltage potential is created between the tungsten cathode

and copper anode, which causes ionization of the argon gas and a high

temperature, high current plasma to be formed. The temperature of the

plasma can be up to 3000°C, depending on the distance from the cathode

and the amount of current flowing through the circuit.[133]

When the plasma arc is directed at the sample, it rapidly heats and melts

at the point of arc contact. For the experiments included here, it was found
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Copper Hearth

W-Th Electrode

Sample Well 

Figure 5.8: Copper-hearth arc melting unit featuring triple thoriated tung-
sten electrodes used for sample synthesis

to be advantageous to orient the materials such that the uranium (melting

point 1132°C) was laid on top of the silicon (melting point 1414°C).[134]

This orientation caused the lower melting uranium to melt “around” the

silicide, which, due to its lower density, formed the larger fraction of volume

of material. Once the initial melt was formed, the material was flipped and

remelted for several seconds. This homogenization process was repeated

several times until no visual inhomogeneity in the solidification process was

observed.

Castings were prepared according to the desired stoichiometry of the

product, i.e. 7.3%wt Si, 92.7%wt U for U3Si2 and 16.4%wt Si, 83.6%wt U

for U3Si5. It bears mentioning that with this process, losses of silicon due to

vaporization were very low, so only small additional Si fractions were added,

0.1%wt, to replace these losses. The product generally resembled a small,

bean shape lump of metal, referred to hereafter as an ingot, which displayed

hints of surface discoloration due to adsorbed oxygen during cooling. In-
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Figure 5.9: Sample ingot of U3Si2 prepared by arc-melting, showing typical
geometries and surface features

	

U3Si2

U3Si2

U	metal

	

B)A)

Figure 5.10: Metallographs of U3Si2 using LOM (A), etched, showing large,
textured grains and using SEM (B) in BSE mode, showing a high degree of
phase purity, with only small fraction of Umetal and U3Si occurring in grain
boundary interfaces.

terestingly, this oxide layer often served to etch the surface of the material,

making grain sizes visible to the naked eye, as seen in Figure 5.9.

All samples were characterized by densitometry, i.e. the measurement of

density using the Archimedean method, usually either in chloroform or wa-

ter. Additionally, fractions of solid material were sequestered and mounted

in bakelite for evaluation by light optical microscopy (LOM) and SEM. Dur-
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Figure 5.11: Metallograph of U3Si5 prepared by arc melting seen by SEM
in BSE mode, showing a small fraction of USi occurring in grain boundary
interfaces.

ing LOM, the samples were etched by adding droplets of 8M nitric acid solu-

tion onto the surface for 10s intervals, until the grain structure was revealed.

Using SEM, it was possible to evaluate the residual porosity of the material

using image analysis and ImageJ, while chemical analysis was performed

using EDS in BSE mode.[135] Typical metallographs of U3Si2 can be seen

in Figure 5.10 and U3Si5 in Figure 5.11.

These methods constituted the bulk characterization methods employed

in this thesis, after which larger pieces were comminuted into fine, ready-to-

sinter particles, easily done due to the large, brittle grain structure resulting

from the cast, either by grinding with mortar and pestle or milling, both of

which were performed under an inert atmosphere to prevent oxidation. The

powders were then characterized by elemental analysis, which showed only

slight increases in oxygen (≤ 200 ppm) as well as by XRD, as seen in Figure

5.6.

5.3 Spark Plasma Sintering

After production, powders were consolidated using the spark plasma sin-

tering (SPS) method. This method is characterized by short sintering times,

fairly low temperatures - compared to the conventional route - not exceeding
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Figure 5.12: Example graphite die and punches used in this thesis, provided
by Müller & Rössner GmBH.

1650°C, and the application of modest pressing forces, which, being limited

by the graphite dies, varied between 40-130 MPa. In this process, the pow-

der is loaded into a graphite die and pressed using two graphite punches. A

thin layer of graphite paper separates the powder from the die in order to

prevent any die-powder reactions and to lubricate the pellet extraction pro-

cess. The die and punches can be seen in Figure 5.12. Due to the pyrophoric

nature of these powders, all powder handling activities, i.e. die loading and

preparation, as well as sintering, were conducted in an inert gas-filled glove

box, as seen in Figure 5.13.

After sintering, pellets were lightly pressed and ejected from the die.

During the sintering process, the graphite foil used to separate the powders

from the die generally bonds to the surface of the pellet, and was removed

by grinding with a SiC polishing pad (P320). In Figure 5.14 the as-sintered

and polished pellet can be seen.

After sintering, bulk characterization was performed, i.e. density mea-

surement, LOM, SEM, etc., while fractions of the pellet were cracked, pul-

verized, and characterized by powder methods, i.e. XRD and elemental

analysis. In general the procedures for these do not vary between U3Si2 and

UN, so they will not be repeated here, with the exception that etching of

UN was better achieved using a solution of 30:12:1 lactic acid:HNO3:HF,
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Figure 5.13: Glove box Dr.Sinter SPS-5.40 MK-VI at Stockholm University,
Department of Materials and Environmental Chemistry. This unit was used
for the production of all sintered samples in this study.

(A) (B)

Figure 5.14: Sample of pellets produced using the SPS method, showing (A)
bonded graphite foil and (B) the pellet after removal of the foil.
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developed by Musser.[71, 70]

5.4 Degradation Testing

Two methods were employed for evaluating the resistance of the ATF

candidates produced in this study to degradation: thermogravimetry and

autoclave experiments. The first method involved the steady heating of

fabricated samples in air while measuring the increase in mass due to the

conversion of the material to U3O8. Using this method, the influence of the

microstructural characteristics of the pellets could be evaluated based upon

the observed oxidation behavior. Four uranium-bearing compounds were

tested in this setup, UO2, UN, U3Si2, U3Si5, and the UN-U3Si2 composite,

which oxidize in air according to Equation 5.1. In these tests, monolithic

fragments of each sample, roughly cubic in shape, were placed in a platinum

boat with a MACOR cover on top to allow free flow of air but also to retain

any powders produced. These samples were then heated up to 800°C with

the change in mass over time recorded.

Air Oxidation (5.1)

UO2 +O2 → U3O8, Mass increase : 3.9%

UN +O2 → U3O8, Mass increase : 11.4%

U3Si2 +O2 → U3O8 + SiO, Mass increase : 20.8%

U3Si5 +O2 → U3O8 + SiO, Mass increase : 24.5%

The second method involved subjecting fractions of characterized pellets

to pressurized steam (300°C and 90 bar) and analyzing the resulting degra-

dation by both change in mass and by microstructural characterization after

exposure. In this manner too, the impact of the pellet microstructure on

degradation behavior could be analyzed. These reactions occurred in an au-

toclave (Figure 5.15) with the sample set in an alumina crucible which sat

in water. This was done in order to exclude interaction with boiling water

during heat up to 300°C. Careful calculations were employed to ensure that

the precise amount of water was added for each run such that a pressure



58 CHAPTER 5. MATERIALS AND METHODS

of 90 bar and water vapor would be produced at 300°C (actually 303°C).

Additional details regarding these calculations, and other experimental con-

siderations, can be found in the work by Uygur.[136] Using this method,

changes in mass of the sample due to reactions with steam could be mea-

sured, as well as fractions of samples removed for characterization by LOM

and SEM. For these experiments, only UN and UN-U3Si2 composite were

tested, with Equation 5.2 as the assumed reaction.

SteamOxidation (5.2)

UN + 2H2O → UO2 +NH3 + 0.5H2, Mass increase : 7.1%

Pressure Chamber

Alumina Crucible

Sample

Water

b)

Figure 5.15: (A) External view and (B) layout of internals of autoclave,
where sample is held in alumina crucible separating it from the water during
heating, but permitting steam exposure after vaporization



Chapter 6

Results

In this chapter, the experimental results obtained during this thesis will

be presented, and the context with which they add to the existing literature

will be highlighted.

6.1 Effects of Sintering Parameters on

Microstructure: Porosity

Earlier studies by Muta and Malkki indicated the ability to sinter UN

to high density using relatively low temperatures and short times using the

SPS technique.[137, 107] Despite this, no mapping had yet been developed

to understand the influence of sintering temperature and pressing pressure

on pellet density. In the work by Muta, pellets had been prepared up to

nearly 95% TD by using a temperature of 1600°C and a pressing pressure of

50 MPa.[137] Malkki, on the other hand observed nearly full density using

the same pressure and a temperature of 1650°C.[107] While the first study

emphasized the impact of the technique on thermal and physical proper-

ties, or rather the lack thereof, and the latter focused on the novelty of

achieving full density, neither fully established the sintering conditions nec-

essary to produce samples across the density ranges (90-100%) typical for

water-cooled reactor fuel.

A set of experiments was designed so as to cover this range, the results

59
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of which can be seen in Figure 6.1. Curiously, and in opposition to pre-

vious work, sintering at 1650°C and 45 MPa was found to produce pellets

with 96.4 ± 0.7% TD (n=7). Holding temperature constant and increasing

pressure to 90 MPa and 135 MPa was found to yield 99.0% and 99.9%TD,

respectively. In Figure 6.2, LOM and SEM micrographs of a sample sin-

tered to 99.9%TD can be seen. In the etched condition under LOM, the

grain characteristics can be observed, revealing an average grain size of 13.6

± 1.5 µm, highly consistent with the grain size used for UO2 fuel today. At

the same time, evaluation by SEM revealed a highly homogeneous material,

containing 0.5%vol UO2 and 0.15% porosity using image analysis.[135] Re-

ducing pressure to 27 MPa was found to considerably retard sintering, as a

sample prepared in this condition reached only 88.6% TD. Performing the

same evaluation of pressure dependence at 1450°C found a consistent 4%

drop in density across the evaluated pressures. With these results, it was

possible to design future pellets such that they would contain a controlled

amount of porosity. For all runs, holding times of 3 minutes were used.

88%	

92%	
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100%	
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%
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Applied	Pressure	(MPa)	

Sintered	at	1450	C	
Sintered	at	1650	C	

Figure 6.1: Sintering map for UN pellets prepared between 88%-100% the-
oretical density. In this chart, the effect of temperature and pressure can
clearly be seen, allowing the sintering of any pellet to the desired porosity.
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(A) (B)

Figure 6.2: (A) LOM micrograph of high density (99.9% TD) pellet pro-
duced in this study, etched to reveal an average grain size of 13.6 ± 1.5 µm
according to ASTM E112 and (B) under SEM.
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Figure 6.3: Plot of open porosity vs closed porosity for UN pellets produced
in this thesis.

Parallel to the mapping of sintering curves, it was also possible to chart

the closure of porosity of the material. As the residual porosity is re-

moved from the material during sintering, what is at first a large network
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of open, interconnected pores, known as “open porosity,” is transformed

into a pinched-off, disconnected pores known as “closed porosity.”[106] The

size, shape, and distribution of these pores can be affected by any number

of powder additives, e.g. pore formers, dopants, etc. In nuclear fuels, this

transition is of some importance due to the influence of open porosity on

the release of fission gases from the material, and its presence is generally

deemed undesirable.[138] By measuring the ratio of open porosity vs to-

tal porosity, it was possible to determine empirically this transition for UN

compacts prepared by the SPS technique, as seen in Figure 6.3.

From this data, it can be seen that the onset of pore closure occurs

between 2-6% total porosity, which stands in contrast to earlier work by

Kikuchi that showed pore closure at around 6%-10% porosity.[139] A rea-

sonable interpretation of this difference lies in the very different powder

handling methods employed in this study compared to the earlier, which

employed a combination of aggressive ball milling and conventional sinter-

ing.

At the same time, the reduction of oxygen impurities below 3000 wppm

successfully eliminated the occurrence of the sesquinitride (U2N3) phase

from the sintered product, confirming earlier work.[107, 140]

6.2 Effects of Sintering Parameters on

Microstructure: Grain Size

Having identified the requisite sintering parameters to achieve control

of porosity, the next microstructural parameter evaluated was grain size.

In this series of experiments, the response of the microstructure to varying

temperatures and pressures, as before, was measured, though in these cases

holding times were extended from 3 minutes to 15 minutes. In Table 6.1,

the material porosity and grain size measured after sintering with varying

temperature, pressure, and time, can be seen. In this table each pellet is

indexed according to a superscript, corresponding to the measured grain

size, and a subscript, corresponding to its total measured porosity.

As seen in Table 6.1 and Figure 6.4:A, certain combinations achieved a

remarkable amount of grain growth with in only 15 minutes, increasing from
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Table 6.1: Evaluated Grain Size and Porosities

Sample Sintering Holding Holding % (open) Grain
Temper- Pressure Time Total Size
ature (°C) (MPa) (min) Porosity (µm)

UN8.1
0.4 1650 135 2 (0) 0.4 8.1 ± 0.8

UN9.9
0.1 1650 135 3 (0) 0.1 9.9 ± 3.0

UN9.8
0.5 1650 135 9 (0) 0.5 9.8 ± 4.1

UN10.7
0.5 1650 135 15 (0) 0.5 10.7 ± 2.1

UN10.8
0.5 1650 90 3 (0) 0.5 10.8 ± 1.0

UN24.2
1.0 1650 90 15 (0) 1.0 24.2 ± 6.4

UN8.6
4.0 1650 45 3 (1) 4.0 8.6 ± 1.6

UN21.9
4.0 1650 45 15 (1) 4.0 21.9 ± 2.3

UN5.8
3.5 1450 135 15 (1) 3.5 5.8 ± 0.5

UN7.3
6.4 1450 90 3 (2.5) 6.4 7.3 ± 0.2

UN8.3
6.2 1450 90 15 (2.1) 6.2 8.3 ± 0.2

UN<5
8.7 1450 45 15 (4.4) 8.7 <5
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Figure 6.4: (A) 2D Plot of measured grain size as a function of holding time,
holding pressure, and sintering temperature and (B) 3D plot of measured
grain size as a function of holding time, holding pressure, and sintering
temperature with a heat map of density
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around 5µm to over 24 µm depending on the parameters used. Interpreting

this data can reveal certain trends; in general, higher temperatures and

longer holding times enhance diffusion and stimulate grain growth, as has

been reported in similar studies on UO2 using SPS.[141] In addition, the

application of higher pressing pressures tends to suppress the growth of

grains, a phenomenon which has been associated in other pressure-assisted

sintering processes such as HIP.[70] This is evident in samples prepared using

135 MPa, which saw no significant deviation in grain size despite an increase

in holding times from 2 to 15 minutes. Also significant is that increases in

holding time, assuming constant temperature and holding pressure, do not

have a significant effect on the amount of porosity in the sample.

Perhaps counterintuitively, however, some samples achieve larger grain

size despite the application of higher pressure, as seen in samples UN24.2
1.0 and

UN21.9
4.0 , where the sample prepared using 90 MPa contains larger, though

very similar, grain sizes than the sample prepared at 45 MPa. This is in-

terpreted to be consistent with the noted tendency of grain growth to occur

subsequent to densification.[106] As sample UN24.2
1.0 was sintered to higher

density than sample UN21.9
4.0 , it achieved a high grain size during the heat

treatment. The implication of this is that grain growth in SPS is a tight

coupling between 4 parameters: holding time, holding pressure, sintering

temperature and pellet density, all of which must be taken into account

in order to control the grain size of the final product, as seen in Figure

6.4:B. A selection of the produced microstructures can be seen in Figure 6.5

compared to the nominal powder particle size.

Based on these results, a second set of experiments was designed with

the objective of achieving closed porosity in pellets of 94-96% TD (typical

for light water reactor applications) by activating grain growth in the ma-

terial. This entailed the sintering of pellets to a desired density using a

specific combination of density and pressure (obtained from Figure 6.1) and

then applying a 12 minute “heat treatment” using a specific combination of

density and pressure obtained from Figure 6.4. The results of this run can

be seen in Table 6.2.

The ability to control the porosity and grain size in the sintered product

is immediately attractive from the perspective of measuring the impact of the
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A) B)

C) D)

Figure 6.5: (A) SE image of as-synthesized UN powder (average particle size
< 5 µm compared to samples with (B) 5.8 µm, (C) 10.8 µm, and (D) 24.2
µm

Table 6.2: Evaluated Grain Size and Porosities

Sample Sintering Heat Treat Sintering % (open) Grain
Temper- -ment + Heat Total Size
ature (°C) Temperature °C Treatment Porosity (µm)
and Pressure and Pressure Time
(MPa) (MPa) (min)

UN23.8
3.4 1650 / 75 1650 / 45 3 + 12 (0) 3.4 23.8 ± 3.4

UN10.5
3.8 1650 / 75 1450 / 45 3 + 12 (0) 3.8 10.5 ± 0.5

UN6.7
5.0 1650 / 45 1450 / 45 3 + 12 (0.3) 4.3 6.7 ± 1.3

UN10.7
8.7 1450 / 45 1450 / 45 3 + 12 (4.4) 8.7 <5
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microstructural characteristics on the physical and chemical properties of the

material. Moreover, the ability of the SPS technique to provide this precise

control merely by manipulating pressing pressure and sintering time, without

the use of the complex recipe of binders, additives, pore formers, dopants,

etc., which are used to achieve the same result in conventional sintering is

also promising. The demonstration of the ability to fabricate typical LWR

porosity, all in a closed state - with implications on fuel performance such

as fission gas release and degradation, to be discussed later - is considered

to be of significant interest.

6.3 Fabrication of the UN-U3Si2 Composite

In parallel to the development of UN fuel, international interest has also

been directed at composite UN-U3Si2 fuels which take advantage of the lower

melting point of the U3Si2 phase in order to lower the conventional sintering

temperature of UN, as well as possibly aid in providing enhanced oxidation

protection of UN.[118] Since the SPS method is able to deliver high quality,

high density pellets without the addition of such a sintering aid, it is within

the framework of the latter application that the sintering of the composite

material becomes interesting.

In these experiments, UN powder and arc melted U3Si2 were each fab-

ricated as described previously. Following synthesis, two methods were em-

ployed in order to mix these phases. The first method involved the grinding

of U3Si2 into finer particles using a mortar and pestle, followed by mixing

with UN powder by shaking in an ordinary laboratory falcon tube. The

second method, meanwhile, entailed the milling of the crushed U3Si2 us-

ing a SS316 cup and balls and Retsch PM100 planetary mill confined in a

glove box under inert atmosphere, followed by subsequent mixing with UN

powders in the same cup but without milling balls.

Using the first method, pellets of 4 compositions were manufactured,

with 5%, 10%, 20%, and 25% admixture of U3Si2 by mass, as seen in Table

6.3. An additional pellet was manufactured using the latter method at 10%

admixture. These powder mixtures were then sintered using 1450°C, 135

MPa, for 3 minutes, as seen in Figure 6.6.
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Table 6.3: Parameters of Sintered Pellets

Pellet Mixing Silicide Sintering Temperature Density
Method Content & Pressure (g/cm3)

UNUSi1 Manual 5% 1450°C, 135 MPa 13.92
UNUSi2 Manual 10% 1450°C, 135 MPa 13.72
UNUSi3 Manual 20% 1450°C, 135 MPa 13.72
UNUSi4 Manual 25% 1450°C, 135 MPa 13.82
UNUSi5 Milled 10% 1450°C, 135 MPa 13.66
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Figure 6.6: Sintering curve a single UN-U3Si2 composite pellet, showing
temperature (°C), pressure (MPa) , time (s), current (A), voltage (V) and
densification (Z-axis displacement of the punches)
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A)

B)

UN

U3Si2

UN

UN

U3Si2

Figure 6.7: BSE mode evaluation of (A) UN-U3Si2 manufactured by manual
mixing, showing large inclusions of U3Si2 and what resembles elementally
U3Si5 with added nitrogen content. In (B) the tendency of large

In the pellets produced by the manual grinding and mixing method,

very large silicide inclusions were observed in the sintered product. These

inclusions, shown in Figure 6.7:A, consisted of, in nearly all cases, a kernel of

U3Si2, enveloped by another layer of what resembled by EDS analysis U3Si5,

which in turn was enveloped by low porosity grains of UN with intergranular

inclusions of what, again, resembled U3Si5. This structure, in turn, was en-

veloped by an overall matrix of very high porosity UN, seen in Figure 6.7:B,
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with this pattern repeating throughout the material. This microstructure

is interpreted as a product of the very different particle sizes of the mixed

U3Si2, inherently larger due to only being ground down, and UN powder.

In this mixing configuration, the large particle size of U3Si2 likely acted as a

conduction node for the electric current flowing through the material, caus-

ing local temperatures to far exceed the 1450°C measured pyrometrically,

which in turn resulted in locally high densities as well as an as-yet undefined

interaction - possibly the formation of an unidentified ternary phase - con-

sistent with that observed in UN-U3Si2 composite samples conventionally

sintered at 1700°C and above.[120]

On the basis of these results, the second mixing method was employed,

whereby the U3Si2 samples were reduced to, as assessed visually, much

smaller particle sizes than the UN, and then sintered using the same pa-

rameters as previously. Using this method, the large silicide inclusions were

successfully removed and successfully sequestered into the grain boundary.

This resulted in, rather than strictly coating of UN grains, anchoring of the

grains at various points in the UN-UN grain interfaces, as seen in Figure

6.8. Evaluation by SE confirmed this morphology (Figure 6.9:A) while BSE

confirmed the stability of the U3Si2 phase when prepared in this condition.

___________
   30 um

Figure 6.8: Etched LOM of UN-U3Si2 prepared by the milling method,
showing sequestration of the U3Si2 (bright phase) into the grain boundary
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U3Si2

UN

(A) (B)

U3Si2

UN

Figure 6.9: UN-U3Si2 prepared by the milling method showing (A) dis-
tribution of phases in SE/EBSD mode and (B) chemical analysis in BSE
mode showing preservation of the U3Si2 phase and suppression of chemical
interaction during sintering

N O

Si U

Figure 6.10: Phase mapping of UN-U3Si2 prepared by the milling method
showing relative concentrations of N, O, U, and Si
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Phase mapping of the composite material for N, O, U, and Si (Figure

6.10) confirm that no interaction between UN and U3Si2 as N and Si content

remain confined to their respective phases.

To date this represents the only known method of fabricating UN-U3Si2
composites with low silicide fractions while still suppressing interaction be-

tween UN and U3Si2 phases, and is considered to be of significant interest

for future studies, especially for the fabrication of samples to test the chemi-

cal and thermo-physical properties of the composite during the qualification

stage of fuel development.

6.4 Microstructural Dependence of Degradation

Having isolated methods to control the fabrication of UN with controlled

microstructure via the SPS method, considered to be one of the principal

challenges facing UN fuel deployment, attention turned to another limiting

property, that is interactions with air and steam. As earlier studies had not

isolated the effect of material microstructure on the rates of degradation by

oxidation and hydrolysis, it was deemed to be of high interest to determine

what effect, if any, these material properties might have to retard degrada-

tion rates. Two methods were chosen for assessing degradation: oxidation

using thermogravimetry and hydrolysis using an autoclave.

6.4.1 Oxidation and Thermogravimetry

While there are clear differences in chemistry between reactions with air

and reactions with steam, it was considered to be of interest to perform a

preliminary assessment of the oxidation in air, especially as the TG method

offers considerable advantages to the autoclave system in terms of resolution

and on-line, in-situ measurement of the reaction. Samples of UN, each

with different densities and amounts of open porosity, a sample of UN-

U3Si2 composite, arc-casted fragments of U3Si2 and U3Si5, and a reference

sample of UO2 provided by Westinghouse Electric Corporation were each

prepared for TG analysis. The relevant material properties for each of these

samples are listed in Table 6.4, where the (*) following the theoretical density

denotes the calculated density based on inclusions of UO2 phases within the
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Table 6.4: Air Oxidation Reactions for ATF Fuels

Fuel Absolute % Open Grain Onset Maximum
(Theoretical) (Total) size Temper- Rate
Density Porosity µm ature (°C) Temper-
(g/cm3) ature (°C)

UO2 10.59 (10.97) 0.3 (3.5) 16.3 405 440
UN:0 13.03 (14.27) * 4.4 (8.7) 6.0 320 360
UN:1 13.73 (14.27) * 2.0 (3.8) 8.3 375 390
UN:2 13.91 (14.27) * 0.0 (2.5) 8.3 420 520
UN:3 14.24 (14.27) * 0.0 (0.2) 8.1 440 580
U3Si2 9.08 (9.10)* 0.0 (<1%) > 80 470 480
U3Si5 12.05 (12.17)* 0.0 (<1%) > 80 325 600
UN-(10%)U3Si2 13.78 (14.06) * 0.0 (2.3) 9.1 450 595

material. It bears mentioning that the grain sizes recorded for each silicide

compound are exceedingly large compared to the other samples, since these

were prepared in the as-cast condition.

As the temperature of each sample increased, each sample oxidized at a

rate specific to its material characteristics. Multiple runs performed on the

same sample material generated high congruity, and thus only one run per

sample is shown. In Figure 6.11, an overview of the oxidation rates of each

sample, compared to the reference UO2, can be seen.

While an overview of all reactions is interesting in itself, a more use-

ful perspective can be gained by comparing the rate of reactions for each

sample, obtained by differentiating each oxidation curve, as seen in Figure

6.12. For the purpose of establishing a basis for comparison, a reaction

onset temperature was defined for each sample corresponding to 5% of the

total reaction, while the temperature of maximum rate was determined by

comparison of the first derivative.

Beginning with the reference UO2, the onset of reaction occurred at

405°C (see Figure 6.12:A), while a maximum rate of 10% per minute was

observed at 440°C. Previous studies have noted that oxidation of UO2 in air

results in the conversion to U3O8, yielding a 3.95% mass increase and a fine

powder residue.[142] For UN of low density and high open porosity, (UN:0,
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Figure 6.11: Oxidation reactions of UO2, U3Si2, U3Si5, UN, as well as UN-
U3Si2 composite fuels up to 800°C, with 5°C/min heating rate

see Figure 4:B), reaction onset occurred at 320°C, while the maximum was

observed at 360°C. The reaction was rapid, reaching a peak consumption rate

of nearly 50% per minute before reaching completion by 380°C, highly con-

gruous with the behavior observed by Nelson.[143] A gradual mass decrease

can be observed up to 800 °C, which has been interpreted as the release

of nitrogen from a UNxOy intermediate product, consistent with previous

observations.[52, 51] A final mass increase of 11.4% was observed, while oxy-

gen in the residues were measured to contain 15.1± 0.2% O, each consistent

with the formation of U3O8, in accordance with previous studies.[144]

Reaction onset in U3Si2 (see Figure 6.12:C) occurred at 470°C, while the

maximum rate was observed at 478°C, indicating the highest temperature

reaction observed in this study. Nevertheless, the reaction was extremely

rapid, reaching nearly 80% per minute consumption of the material. For



74 CHAPTER 6. RESULTS

U3Si5 (see Figure 6.12:D), the onset of reaction occurred at a rather low

temperature of 325°C, while the maximum rate was observed rather late

in the oxidation at 600°C, suggesting a rather different oxidation reaction

for this material versus U3Si2. Moreover, the observed increase in mass

was lower, 20% and 24% was consistent with the conversion products of

U3Si2 and U3Si5 being U3O8 and SiO.[145] Given similar reactions in steam,

these measured mass increase would entail a 6x, 5x, and 1.8x increase in H2

production for U3Si5, U3Si2, and UN, respectively, when compared to UO2,

which will have important ramifications for the accident tolerance of these

materials.
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Figure 6.12: Oxidation reactions and reaction rates of ATF fuel candidates
UN (B) prepared with varying porosities, U3Si2 (C), U3Si5 (D), compared
to the reference fuel UO2 (A)

Of the ATF candidates, only U3Si2 appears to offer any improvement

in oxidation compared to reference UO2 fuel, while the behaviors of highly
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porous UN:0 and U3Si5 are considerably worse. Given the ability of previous

authors to study the behavior of UN prepared in this condition only, the in-

terest in U3Si2, here assessed to oxidize at significantly higher temperatures

than low density UN samples, is clear.

From this data it is evident that the oxidation behavior of UN is highly

dependent upon microstructure. While an onset temperature of 320°C was

observed in UN of low density and open porosity (UN:0), it has been shown

that by decreasing porosity the onset and rate of oxidation for UN can be

delayed considerably. The closure of porosity in the material can be seen

to reduce the rate of reaction by an order of magnitude, consistent with

oxygen diffusing more rapidly along grain boundaries and vacancies than

the bulk.[146] The effects of porosity reduction are so profound, that the

highest density sample (UN:3) was shown to be more resistant than UO2,

no doubt a product of the lower density of the latter sample. While it is

unlikely that a UN sample with such low porosity would be suitable for

use within a light water reactor due to issues of swelling, it presents an

intriguing opportunity for some low burn-up reactor designs, such as heavy

water-cooled reactors like the CANDU, where issues such as swelling are

minimal due to a very low burn-up (<1%).[147]

Increases in grain size were also shown to impact the rates of oxidation

(Figure 6.13), with increasing grain size reducing rates of reaction even be-

yond that obtained by samples with very low porosity and smaller grain size.

This observation is consistent with oxygen diffusion occurring more slowly

through UN grains, which is therefore even more slow in larger grains. In

other words, increased oxidation resistance can be maintained even if addi-

tional porosity is retained in the material in order to, for example, permit

UN fuels to proceed to higher levels of burnup.

Having determined the effects of grain size and porosity on the oxidation

of UN, it seems possible to conclude that the most oxidation resistant form

of UN - at least in air - will minimize porosity and maximize grain size,

insofar as each of these properties are balanced with other important fuel

performance parameters such as swelling, fission gas release, etc.

Evaluation of the UN-U3Si2 composite (Figure 6.14) revealed somewhat

surprising results in the context of the role of the silicide in preventing oxida-
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Figure 6.13: Oxidation reactions and reaction rates for UN prepared with
varying porosity and grain size, showing the increased oxidation resistance
obtained by increasing grain size

tion. When comparing the composite to the performance of UN:3 (porosity -

0.2%), the oxidation behavior is very similar, though with a slightly delayed

reaction onset and maximum reaction temperature for the composite. De-

spite this, the reaction seems to exhibit some of the rapid kinetics observed

with pure U3Si2, as the reaction rate accelerates and reaches completion at

the same point as the generally more poorly performing UN:2, with a mass

increase of 12.4%, in line with expectations. While this represents only one

U3Si2 admixture fraction and composite microstructure, the fact that the

composite performs more poorly than certain UN samples casts doubt on

its perceived role in increasing the oxidation resistance of UN.
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Figure 6.14: Oxidation reactions and reaction rates for UN-U3Si2 composite
compared to U3Si2 and UN:3

6.4.2 Hydrolysis and Autoclave

While the use of thermogravimetry in air offers key advantages in terms

of real time data collection, it does not, admittedly, reproduce the chemical

environment typical of interactions with pressurized steam in an LWR en-

vironment. Having identified the influence of microstructural properties in

air, the next logical step was to test the role of environment by repeating

the earlier experiments, this time in steam.

6.4.2.1 UN

While oxidation in air for high density, high grain size samples could be

delayed to beyond 400°C, reactions in steam were noted to occur even at

300°C.

Preliminary tests were conducted in order to assess the effects of am-

monia production on UN degradation, which had been indicated by earlier

studies to play a role in UN degradation.[54, 55] In these tests, the ex-

posure time was varied between 30, 45, and 60 minutes (see Figure 6.15),

followed by quenching, sample weighing, and refreshment of the water and

removal of reaction products. From these initial results it can be seen that
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the degradation of UN accelerates with increased exposure time, which is

here considered to be due to the role of NH3 in forming U2N3, as suggested

by Dell[54], which enhances break up of the material and increasing surface

area of exposure. The implication of this is significant when constructing

experiments designed to measure the hydrolysis reaction in response to dif-

fering cladding failure scenarios, as the reaction environment, i.e. the degree

to which it is static or dynamic, will have a considerable impact on reaction

kinetics.
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Figure 6.15: Hydrolysis reactions on UN fragments with identical mi-
crostructural charateristics (9 µm, 2% porosity) subjected to varying ex-
posure times I (30 + 60 min), II (45 + 45 min), and III (30+30+30 min)

Tests conducted on samples of varying porosity revealed a trend consis-

tent with that observed by thermogravimetry, that is, for samples prepared

with similar grain sizes, the rate of degradation varied directly with porosity.

As seen in Figure 6.16, the reduction in porosity from 3% to 1% reduced the

extent of reaction by a factor of over 3, despite all samples containing only

closed porosity.

Metallographic analysis following exposure reveal the effect of steam at-

tack on the UN matrix. Comparison wth the as-fabricated condition (FIgure

6.17:A) shows penetration of steam into the sample (FIgure 6.17:B) caus-

ing degradation of the material. Moreover, the nature of the degradation

can clearly be seen by negative space created by the relief of entire grains

from the matrix. Closer inspection of surfaces exposed to steam (FIgure
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Figure 6.16: Hydrolysis reactions on UN fragments with similar grain size
but progressively lower porosity

6.17:C) reveal the etching of the grain caused by the propagation of oxida-

tion through the grain boundary.

Analysis of the affected region via EDS (Figure 6.18 reveal the formation

of what is referred to in literature as a “sandwich structure,” that is a

surface layer of non-protective UO2, followed by a layer U2N3 formed by the

oxidation of the outer surface, which in turn covers the UN grain within.[49,

54]

The results of autoclave testing on UN have indicated the importance

of the so-called “sandwich structure,” namely the layers of UO2 and U2N3

which form on the surface of UN grains. These layers, having respectively

30% and 26% larger molar volume, will induce stress in a high density UN

matrix which will lead to weakening of the matrix, cracking, and relief of

grains, accelerating the rate of degradation.

In Figure 6.19:D the recorded mass increase after steam exposure of

samples with similar porosity (4-5%) but with grain sizes ranging from 6.7

µm to 23.8 µm (see Figure 6.19 A-C) can be seen. While air oxidation showed

an increased resistance of UN with increasing grain size, the opposite effect

was observed during reaction with steam. This is interpreted to be due to the

result of the previously mentioned “sandwich structure.” While oxidation

in air is controlled mostly by the rate limiting diffusion of oxygen through

the grain, the generation of U2N3 and UO2 seems to dominate. The effect
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Figure 6.17: LOM micrographs of UN (A) as-fabricated, (B) following steam
exposure showing degraded regions and preserved matrix, and (C) high mag-
nification showing etching of etching grain boundary causing weakening of
matrix
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UN

U2N3 + UO2

U2N3 + UO2

Figure 6.18: SEM/EDS metallographs showing the UO2, U2N3, UN “sand-
wich structure” resulting from steam exposure

on degradation in samples with larger grains is simply a reflection of the

reduced mechanical strength in ceramics with larger grains, which therefore

requires less stress to induce relief of grains from the matrix.

Taken together, it becomes possible to draw strong conclusions about

the performance of UN in a steam environment. In this case, the best

performing pure UN microstructure will be one which minimizes porosity,

but which also decreases the grain size in order to maximize the mechanical

stability of the ceramic matrix once hydrolysis begins.

Despite this, it seems doubtful based on these initial results that pure

UN, even in this optimized microstructure, would be able to withstand op-

eration temperatures on a long term basis in the condition of coolant ingress

into the pin. Moreover, by understanding this mechanism of collapse, it is

possible to understand the utility of the various proposed additives such

as U3Si2, CrN, AlN, whose objective is to form a protective oxide coating

at the UN grain boundary.[118] If such a coating can prevent the buildup

of mechanical stress which in this study led to intergranular cracking and

grain relief, they may offer continued improvements to degradation resis-

tance above those obtained here by optimizing the material microstructure.
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Figure 6.19: LOM micrographs of UN of 96% TD prepared with an average
grain size of (A) 23.8 µm, (B) 10.5 µm, and (C) 6.7 µm. The measured mass
increase of each sample following steam exposure is shown in (D)

6.4.2.2 UN-U3Si2 Composite

Within the context of improving the degradation resistance of UN, UN-

U3Si2 composites were fabricated according to the specifcations established

earlier. While thermogravimetric assessment of the composite did not seem

to offer any improvements to oxidation resistance, as mentioned in Section

6.4.1, specimens were nevertheless subjected to identical autoclave/steam

exposure conditions as pure UN to evaluate the role of environment.

While degradation of UN samples was dominated by intergranular crack-

ing and grain relief, an altogether different mechanism was observed for the

UN-U3Si2 composite, as seen in Figure 6.20:C&D. In this case, cracking of

the material in response to oxidation seems to occur intra-granularly, which

is a process that exposes far less fresh material to steam attack than the
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inter-granular mechanism noted previously. the effect of this differing mech-

anism can be seen in Figure 6.20:A, where the total mass increase in the

case of the composite (red) is around 5 times lower than pure UN prepared

with equivalent porosity.
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Figure 6.20: (A) Degradation progression of UN as a function of porosity
(black) and a high density UN-U3Si2(10%) composite (red) during identi-
cal exposure (300°C, 90 bar, 30 minutes), (B) as-fabricated microstructure
of UN-U3Si2 composite, and (C) and (D) post-exposure metallographs of
composite sample showing intra-granular cracking of material

Evaluation of the sample after exposure show no significant loss of UN

grains, revealing that the dispersed U3Si2 has served to strengthen the UN

matrix, making it more resistant to mechanical fracture despite the additive

being too diffuse to effectively “coat” UN grains, as seen in Figure 6.20:B.

Examination by SEM-EDS (Figure 6.21:A&B) reveals, in fact, the formation

of thin films of UO2 on the surface of the silicide phase (Figure 6.21:A). The

increased stress formed by this oxidation leads to cracks within the silicide
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Figure 6.21: SEM/EDS metallographs showing (A) the formation of the
thin films of UO2 forming on the U3Si2 phase, and (B) the precipation of
UO2 phases as the oxide film increases in thickness. In both cases, oxidation
of U3Si2 seems to precede that of UN

phase, which are in turn propagated within UN grains. As this oxidation

progresses, the thin film increases in thickness until such time that UO2

precipitates are formed (see Figure 6.21:B). In general, oxidation of the

silicide is observed to precede the diffusion of oxygen through UN grains, and

the formation of the UO2-U2N3-UN “sandwich structure” was not observed.

The impact of this altered failure mechanism is clear: where the degra-

dation of UN was accelerated by mechanical falure, the presence of even low

quantities of U3Si2 (10%w), served to stabilize the otherwise weak ceramic

matrix, and reduce the initial rate of oxidation by a factor of 5. As the tests

conducted so far have been rather short (30 minutes), and the degradation

of UN has been observed to accelerate due to longer exposure, it is reason-

able to expect continued performance improvement in this system over time.

Moreover, as this trial represents only the impact of a single admixture con-

tent with a particular microstructural characteristic, future studies should

focus on the impact of both of these parameters on the degradation kinetics.
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Conclusions

The deployment of UN fuels has, in the past, been limited by a combi-

nation of difficulty in sintering, reactions with air and water, and the high

cost of 15N, of which the first two have been addressed directly in this thesis.

Improvements in materials preparation and synthesis techniques have per-

mitted the fabrication of high purity UN and U3Si2 source materials, while

improvements in powder processing techniques has enabled the successful

development of new composite materials.

Using the spark plasma sintering technique, methods have been devel-

oped whereby porosity and grain size can be controlled in the sintered prod-

uct. A sintering map has been developed that permits the sintering to a

specified porosity between 88% and 99.9%, while investigation of the sin-

tering parameters affecting grain growth in SPS has permitted grain sizes

between 6-31 µm to be obtained. This has enabled the fabrication of sam-

ples with microstructures characteristic of fuels used in light and heavy

water reactor systems. In parallel, a method for the fabrication of high den-

sity UN-U3Si2 composite fuels has also been developed such that chemical

interactions between the admixed species has been suppressed, and the se-

questration of U3Si2 into the grain boundaries of the UN matrix has been

achieved.

Having refined techniques for the fabrication and characterization of high

performance fuel candidates, progress was made in the assessment of their

accident tolerance through the evaluation of the influence of microstructure

85
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on oxidation and hydrolysis in air and steam, respectively. Specifically, the

importance of eliminating open porosity from the material has been iden-

tified. Autoclave testing has highlighted the role of the formation of the

UO2-U2N3-UN “sandwich structure,” identified in previous studies,[49] in

inducing intergranular cracking, the relief of entire grains, and accelerating

degradation of the material during interactions with high pressure steam.

Moreover, these tests have determined that by reducing grain size and in-

creasing the mechanical strength of the ceramic, degradation in steam can

be reduced. It can therefore be concluded that a microstructure which min-

imizes both porosity and grain size will result in the most steam resistant

UN fuel, though these material properties will require balancing with other

important irradiation performance parameters. Nevertheless, the rapid re-

action at temperatures well below peak fuel operating temperatures leaves

even the most optimized microstructure vulnerable to coolant interactions

during normal operations.

Tests on the UN-U3Si2 composite have revealed a promising change in the

mechanism of failure provided by the dispersed intermetallic phase. In this

material it has been observed that, even though a complete “grain coating”

was not provided, the dispersion of U3Si2 had the effect of anchoring the UN

grains, which in themselves were resistant to corrosion due to slower diffusion

of oxygen through the dense matrix. This had the effect of increasing the

stability of the UN matrix, avoiding the wedging and cracking at the grain

interface and thereby preventing the relief of whole grains which was seen to

accelerate degradation in pure samples. Failure in these cases was observed

to be the result intra-granular cracking; a far slower degradation process due

to the lower amount of free surface generated.

The implication that significant improvements can be made to the water

resistance of UN by the addition of secondary phases is of considerable

interest, and demonstrates the importance of tightly coupling fabrication

parameters and material microstructure while bringing a broad spectrum

of analysis techniques to bear in order to understand the often complex

chemical and material processes involved in degradation.
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7.1 Future Work

Despite these developments, there remains substantial work in investi-

gating the thermo-physical properties and the thermal and irradiation per-

formance of these fuels; on ensuring their compatibility with next-generation

clads such as SiC, FeCrAl, and others; and on continuing to improve the un-

derstanding of their synthesis and fabrication, particularly with respect to

increasing scale to meet potential future industrial demand. In the latter

sense there remains tremendous potential to improve the fabrication meth-

ods developed here, particularly with respect to the fine tuning and opti-

mization of a multitude of individual parameters, e.g. heating/cooling rates,

die geometries, etc.k which, for necessity, were left unchanged during these

studies.

The application of these methods to a wider array of accident tolerant

fuel candidates, composites, and addititves, is also of interest. With the ob-

jective of delivering a truly “waterproof” high density fuel remaining out of

sight, the need to explore additional innovative concepts cannot be stressed

enough so long as cladding failure remains a statistical certainty. Finally,

and perhaps most urgently from an economic perspective, the reduction in

cost in the synthesis of 15N by at least two orders of magnitude is abso-

lutely essential for either of these fuels to ever be realized in a commercial

water-cool reactor system.
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[96] W. Burk, “Über die ammonolyse von uranhalogeniden, ii: Die reak-

tion des ucl3 und ubr3 mit nh3,” Zeitschrift für anorganische und

allgemeine Chemie, vol. 350, pp. 62–69, 1967.
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