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Abstract 

Oxidation of uranium carbide (UC) was investigated because it is used as a preliminary treatment prior 

to storage and permanent disposal of carbide nuclear fuels. Working with UC present some challenges, 

mainly related to its radioactivity and pyrophoricity, therefore initial studies were conducted on 

zirconium carbide (ZrC) which is isostructural and exhibits similar chemistry to UC. High temperature 

environmental scanning electron microscopy (HT-ESEM) was used to examine in situ the oxidation of 

both ZrC and UC. Oxide products were subsequently analysed using macro to nano characterisation 

techniques, such as focused ion beam secondary ions mass spectroscopy (FIB-SIMS) and high 

resolution transmission electron microscopy (HRTEM).  

Oxidation of ZrC was studied from 1073 to 1373 K in air and at 1073 K in a 200 Pa oxygen atmosphere. 

UC oxidation was studied from 723 to 1173 K at different oxygen atmospheres (2–100 Pa) and from 

873 to 1173 K in air.  

A key result was the improved understanding of the role of cracking in the oxidation mechanism of 

both carbides. Cyclic cracking parallel to the carbide/oxide interface and crack propagation at corners 

was found to be responsible for the Maltese cross shape of the oxide in ZrC. The oxidation mechanism 

of ZrC was governed by oxygen diffusion through a layer of constant thickness formed by the cyclic 

debonding of the interface after the oxide layer reached approximately 20 µm at 1073 K. The interface 

was an approximately 2 µm thick intermediate layer comprising zirconia nanocrystals (≤5 nm) in an 

amorphous carbon matrix. Crack length stabilisation was characteristic of UC oxidation to UO2+x while 

an exponential increase of crack length triggered an explosive transformation producing U3O8 in 

samples oxidised from 723 to 848 K in 2–100 Pa O2 atmosphere. The explosive transformation was 

caused by UC self-ignition which proceeded as a self-propagating high-temperature synthesis (SHS) 

reaction through the previously fragmented sample. UC oxidised in air from 873 K to 1173 K showed 

that better oxide conversion can be achieved at lower temperatures, 873 K, as oxide sintering at higher 

temperatures, 1173 K, limited further oxidation only on cracked surfaces. Oxide cracking was ascribed 

to the stresses generated from the volumetric transformation from the carbide to the oxide.  
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1. Introduction 

1.1 Motivation  

The aim of this project was to investigate the oxidation mechanism of single phase carbide materials, 

primarily uranium carbide (UC) fuels, as a preliminary step to understand the oxidation behaviour of 

mixed phase carbides. Mixed uranium-plutonium carbide fuels are primary candidates for fast breeder 

reactors because of their higher uranium density and greater thermal conductivity compared to the 

widely used uranium and mixed uranium/plutonium (U/Pu) oxide fuels. While these carbides offer 

improved properties during use, they also need to be treated at the end of their cycle to form a stable 

oxide form that can be safely disposed of. Additionally, UC and (U,Pu)C are part of a legacy of fuels 

present in the UK (see section 1.2.3). These were manufactured around the 1950s in order to be tested 

in the Dounreay Fast Reactor (DFR) and the Prototype Fast Reactor (PFR) both built in the Dounreay 

site, Scotland. After decades of temporary storage at the Dounreay site, some of the irradiated materials 

have now been transferred to Sellafield awaiting oxidation treatment before temporary storage and/or 

final disposal. However, some depleted carbide fuels, like UC, were never inserted in a reactor, hence 

they are unirradiated. The unirradiated legacy of UC fuels from Dounreay, approximately 4.5 tonnes, 

have been transferred to Springfields, instead of Sellafield, at the NNL laboratories, for oxidation 

treatment. Several attempts performed at an industrial scale to oxidise large batches of UC in air in 

furnaces have been challenging. Temperature is difficult to control in the furnace as the material is 

pyrophoric and releases a large amount of heat during oxidation, the enthalpy of reaction for UC ignition 

was estimated to be -1487 kJ/mol1. Despite high temperatures, around 1273 K, full oxide conversion 

was not achieved as some unreacted UC was found in the oxide product along with carbon (in the form 

of either bonded carbon or free carbon). By reviewing previous work on UC it is shown that UC 

oxidation is not completely understood (more details can be found in section 2.2.3). Hence, the primary 

focus of this study was to get a better understanding of the oxidation mechanism and sudden self-

ignition of UC, with the hope to apply a similar methodology to mixed carbide fuels, representative of 

the behaviour of (U,Pu)C. Good understanding of the oxidation and self-ignition of UC is of paramount 

importance as it affects not only fuel decommissioning but also safe fuel handling.  

Despite the need for understanding UC oxidation at a laboratory scale, this material was not readily 

available for experimental work. The application for the required security clearance to work on site, 
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NNL Springfields, the training to get access to the laboratories and the typical bureaucratic delays 

involved when working with active materials allowed the first experiments on UC to be perfomed only 

after quite some time (~ 1 year and a half). To provide a methodology to be performed when UC was 

available, baseline work has been performed on an inactive carbide: zirconium carbide (ZrC). This is 

an ultra-high-temperature ceramic (UHTC) that can be used in high temperature applications in the 

nuclear industry due to its useful properties such as low neutron absorption cross section, good physico-

chemical stability at high temperatures and high melting point (around 3700 K)2.  

This thesis describes oxidation studies performed on hot pressed ZrC samples, depleted UC pellets 

coming from the legacy of fuels from the Dourneay site and UC pellets recently manufactured in France 

at the Atomic Energy Commission (CEA) Cadarache, France. The baseline study performed on ZrC 

gave many insights into understanding the oxidation mechanism of UC. This was possible thanks to the 

use of state-of-the-art techniques such as high temperature environmental scanning electron microscopy 

(HT-ESEM), focused ion beam-secondary ions mass spectroscopy (FIB-SIMS) and high resolution 

transmission electron microscopy (HRTEM). A considerable improvement in the understanding of the 

oxidation mechanism and self-ignition of UC was possible with the use of the HT-ESEM. This was 

only made possible thanks to the invaluable and prompt support from Dr Olivier Fiquet at the CEA 

Cadarache, France and Dr Renaud Podor at the Marcoule Institute for Separation Chemistry (ICSM), 

Marcoule, France.  

1.2 Role of carbide materials in the nuclear industry 

1.2.1 Fast breeder reactors 

Nuclear energy nowadays is mostly produced in light water reactors (LWR) or pressurized heavy water 

reactors (PHWR) where the fuel is commonly uranium dioxide (UO2) and the energy is generated by 

fission of uranium 235U by slow neutrons3. In these types of reactors, LWRs, the uranium oxide fuel is 

enriched up to 3 – 5 % in 235U, as opposed to the natural abundance of 0.7%. The enrichment process 

is necessary to generate power in nuclear power plants (NPPs) as 235U is the only naturally occurring 

isotope that is thermally fissile. Hence, in the presence of slow neutrons, 235U undergoes fission inside 

the reactor releasing high kinetic energy neutrons (average kinetic energy ≥ 0.1 MeV4) and fission 

products. Slow neutrons, or thermal neutrons, are generated in a reactor with the use of a moderator. 

Moderators, such as water, heavy water or graphite, are usually used to slow down fast neutrons to low 

speed thermal neutrons in order to increase the chance of fission in thermal reactors.  The term 

moderation is used to identify the slowing down of neutrons to low kinetic energy neutrons (average 
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kinetic energy  ≤ 1 eV4).  In other types of reactors, such as fast breeder reactors (FBRs) like the DFR 

and the PFR, fast neutrons are used to produce energy instead of slow neutrons. In FBRs there is 

therefore no need for a moderator and the fuel is 238U, a fertile material which can be converted into a 

fissile material inside the reactor. In FBRs energy can be produced when the fertile 238U is converted 

into the fissile 239Pu by neutron capture4 or it can be directly released during fission of 238U5. The 

plutonium produced from neutron capture of 238U can then be used as fuel in LWR and FBR as mixed 

oxide (MOX) fuel4. The general setup of a FBR is mainly based on a central part, or core, of plutonium 

where fission reactions occur surrounded by a blanket of 238U where new 239Pu is produced by 

subsequent neutrons capture4. During operation, the occurring of subsequent neutron capture can 

produce a variety of plutonium isotopes, for example, from 239Pu the fertile isotope 240Pu can be 

produced, which can then be converted into fissile 241Pu4.  

The power per kg of fuel that could be produced using FBRs is much greater than the power obtainable 

from LWRs because, in principle, all the mined uranium can be used directly to produce fission energy. 

Fission energy in FBRs is produced directly during fission of 238U and indirectly via production of the 

fissile 239Pu. An estimate of the power obtainable from natural uranium using a FBR instead of a LWR 

is estimated to be 60 times larger6. Additionally, FBRs can use several types of nuclear fuel, from MOX 

(PuO2 + UO2) fuels, metallic fuels or mixed nitride or carbide ceramics. Carbide fuels, in particular, are 

considered to be advantageous over oxide fuels due to their increased uranium density and thermal 

conductivity (see section 1.2.2).  Research on carbide fuels and FBRs has, however, declined in the past 

decades because of the extensive use of LWRs. Recently, interest in carbide fuels has risen again with 

research and testing being performed in India at the Indira Gandhi Centre for Atomic Research 

(IGCAR). At IGCAR, (U,Pu)C fuels have been manufactured and used for the first time to produce 

electricity in a fast breeder test reactor (FBTR)7. In the recent years, fast reactor technology has received 

new interest in countries like France, India and Russia8 with new fast reactors being proposed or built. 

In Japan there were two FBRs, however, after the Fukushima accident, new safety regulatory 

requirements were put in place by the government, hence, all NPPs were temporary shut down. Some 

NPPs will be restarted after implementation of the required additional safety systems, this is valid for 

the FBR JOYO, in Ōarai, Ibaraki, while the other FBR present in the country, MONJU, will be 

permanently closed.  

1.2.2 Carbide fuels 

Carbide fuels were predominantly investigated in the 1950s and 60s where the research focused on 

developing new types of fuel. Interest in UC11,12 and (U,Pu)C 10,13 has revived recently when these were 

considered as candidates Accident Tolerant Fuels (ATF), now called Advanced Technology Fuels, in 

Generation IV reactors. France, for example, has made investments in uranium carbide research a few 
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years ago when UC9 and (U,Pu)C10 were newly fabricated at CEA. They were considered potential 

advanced nuclear fuels to be used in Generation IV reactors10.  Carbide fuels have improved properties 

when compared to oxide fuels but must be handled in inert environment as they are considered 

pyrophoric. Hence, every step involved in the production, processing and operation needs further 

precautions when compared to the handling of the more commonly used oxide fuels. The higher thermal 

conductivity in mixed carbides compared to oxide fuels allows more efficient heat transfer in accident 

scenarios. This enables the carbide fuels to dissipate localized heat more easily than oxide fuels. Within 

the definition of ATF, it is stated that these fuels should be able to tolerate better, or at least for longer 

time, the loss of active cooling during an accident whilst improving fuel performance during operation, 

when compared to oxide fuels14. The improvement of having a fuel with higher uranium density, or 

fissile density, for example, allows the reactor core to be smaller for the same amount of fissile material.  

A summary of the main parameters of ATF fuels, such as carbides and nitrides, is given in Table 1.1. 

Table 1.1 A comparison of properties for mixed uranium – plutonium oxide, carbide, nitride fuels3. 

Properties (U0.8Pu0.2)O2 (U0.8Pu0.2)C (U0.8Pu0.2)N 

Theoretical density (gcm-3) 11.04 13.58 14.32 

Melting point (K) 3083 2750 3070 

Thermal conductivity (Wm-1K-1) 

1000K 

2000K 

 

2.6 

2.4 

 

18.8 

21.2 

 

15.8 

20.1 

Space group Fm3̅m 

(Fluorite) 

Fm3̅m 

(Rock salt) 

Fm3̅m 

(Rock salt) 

Breeding ratio 1.1 1.2 – 1.3 1.2 – 1.3 

Handling Air Inert atm. Inert atm. 

 

Improved properties of UC compared to the widely used UO2 are its higher fissile material density (1.34 

times the one of UO2) and better thermal conductivity (25.3 W/(m·K) which is 2.6 times higher than 

that of UO2)15. One of the main drawbacks of using carbide and nitride fuels instead of oxide fuels, 

however, is that they need to be carefully handled, as they are potentially pyrophoric and there is little 

experience of them being used in NPPs. Additionally, at the end of their fuel cycle they cannot be safely 

stored untreated because they are potentially pyrophoric and reactive with moisture and gases1,12. 

Hence, they need to be conditioned into a suitable oxide form prior to final disposal. This is evidenced 

by the decision of the UK’s Nuclear Decommissioning Authority (NDA) on the carbides and mixed 

carbides legacy fuels present in the UK16,17 that need to be oxidised prior to final disposal. 
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1.2.3 The UK exotic fuels legacy 

A large legacy of exotic fuels is present in the UK, which are mostly stored at the Dounreay site, 

Scotland. The term exotic is used to describe a miscellaneous category of fuels comprising of 

unirradiated mixed uranium plutonium carbides and oxides, unirradiated highly enriched uranium 

oxides, metals, tetrafluorides, and irradiated oxides and carbides which were once tested in the DFR 

and PFR. Even though the storage conditions of these exotic fuels are considered safe and secure, their 

storage location is by definition temporary. The majority of these fuels have been stored at the Dounreay 

site since the 1950s, however, now that the facilities in Dounreay are reaching the end of their design 

life and most of the site is under decommissioning, a reconsideration on the long term fuels storage is 

needed16. Among these exotic fuels, some unirradiated UC fuels were transferred to NNL Preston, 

Springfields site, UK waiting for oxidation treatment prior to safe long term storage and/or disposal. 

Oxidation is indeed considered the best option to convert reactive material, pyrophoric materials, such 

as UC, to a less reactive compound. A less reactive compound than a carbide is considered to be an 

oxide, for example UO2 or U3O8, as these are commonly stored worldwide as spent fuels and they are 

not pyrophoric in an environment containing air/oxygen, unlike UC1.  

There is still no clear plan about the closed fuel cycle of the carbide fuel inventory of the UK, mostly 

because the carbide legacy is only a subset of the ~100 tonnes of legacy fuel which needs enhanced 

security arrangements at Dounreay16. A clear plan regarding a Geological Disposal Facility (GDF) in 

UK has not yet been defined, moreover, the amount of legacy carbide is low (for example the amount 

of unirradiated UC fuel is 4.5 tonnes while the irradiated PFR carbide fuel that would require final 

disposal is 1.6 tonnes18), so no final decision has been made. The preferred options for the carbide fuels 

coming from Dounreay differ depending on the irradiation history of the fuels.  

The current plan for the irradiated carbide fuels, (U,Pu)C, considers the removal of the carbide fuel 

pellets from the pins followed by an oxidation process in order to get a final oxide form. This will be 

done at the Sellafield site, UK. The oxide pellets will then be sealed into storage cans ready for disposal. 

These cans will then be packed into IFCs (Irradiated Fuel Containers) for final disposal into a GDF18. 

The GDF siting and designing is an ongoing process in the UK, but its construction is not going to start 

for at least another 20 years19, so the exotic carbide fuels after treatment into an oxide form will be 

initially stored at temporary sites until final disposal is available.  

The inventory of exotic fuels which was still stored at the Dounreay site in 2013 was categorized into16: 

1. Unirradiated plutonium bearing fuels (13 tonnes, containing 2 tonnes of plutonium) 

2. Unirradiated high enriched uranium fuels (1 tonne) 

3. Irradiated fuels (12 tonnes) 
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The unirradiated depleted UC fuel was sent a few years ago to the NNL Preston, Springfields site. The 

credible option for UC fuels is to oxidise them to U3O8 and store them at the Capenhurst repository site, 

before a final option is decided when a GDF is available. UC fuel oxidation treatments to U3O8 were 

performed at NNL, Preston, and internal reports on initial tests are dated 200320 and 200521. These tests, 

performed at an industrial scale in belt furnaces and muffle furnaces were performed first at a small, 

pellet-scale and then upgraded to a larger scale containing between 1 to 5 kg crushed UC pellets. Large 

scale belt furnace experiments were performed in the range of 1173 – 1273 K and some challenges were 

involved. Achieving a fully oxidised product was found to be difficult in one step process as unreacted 

UC was still present even after oxidation at 1273 K for many hours20. In the final oxide product, free 

carbon or bonded carbon was detected using a carbon combustion analyser. Whether the detected carbon 

was unreacted carbon or unreacted UC is not known due to experimental technique limitations (see 

section 3.1.9). Sintering was reported to occur at high temperature (1173 K) but this was not linked with 

conversion limitations20.  

1.2.4 The TRISO fuel concept 

One of the possible applications of ZrC in the nuclear industry is to substitute for silicon carbide (SiC) 

in the tri-structural isotropic-coated (TRISO) fuel particles. TRISO particles were used and are being 

used in high temperature reactors (HTRs), which is one of the Generation IV concept reactors22,23. 

TRISO fuel particles are made of a fuel kernel covered by a porous thin buffer made of carbon which 

is subsequently covered by two layers of high density pyrolytic carbon separated by an additional layer 

of SiC24. These were used in High Temperature Gas cooled Reactor (HTGR) in the past, like the Dragon 

reactor in Winfrith, Dorset, UK25. The porous layer is capable of adsorbing fission products, 

accommodating fission gases and protecting the carbon layers from irradiation damage24.  The carbon 

layers act as barriers to fission products and help to maintain the SiC layer under compression on the 

internal side and reduce the tensile stresses in the outer side. The property of the SiC is to provide 

strength to the fuel and retain metallic fission products. Many different materials were tested as fuel 

kernels, for example in the Dragon reactor, TRISO particles with kernels made of UC, UC2, UC2/ThC2, 

UC/ZrC or UO2 were fabricated and tested26. ZrC has been used as a replacement of SiC thanks to its 

high melting temperature, above 3500 K, low neutron absorption cross section and good resistance to 

fission products. HTRs are considered to operate at temperatures above 1873 K, but this temperature is 

considered a limitation for TRISO particles made with SiC coating. SiC loses mechanical integrity 

above 1973 K due to transformation into α-SiC, hence fuel temperature needs to be well below 1973 

K27. Studies on ZrC coated UO2 TRISO particles showed the performance of ZrC to exceed SiC in 

retention of fission products, for example cesium27. However, a lack of understanding of the principle 

properties of ZrC makes the implementation of such material to replace the SiC coating difficult 23.  
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1.3 Thesis structure 

The work performed for this thesis is presented in eight chapters. The first chapter, just here concluded, 

gave an overview of the background needed to understand why an oxidation study on carbide fuels was 

performed. The second chapter focuses on the properties of carbides, ZrC and UC, in relation to their 

crystal structure and their oxide formation. A literature review on the oxidation mechanism for both 

carbides follows. Sections 2.1.4 and 2.2.5 include some basic calculations that describe the volumetric 

changes involved in the transformation from the carbide to the oxide. This is used as a preliminary 

assessment for the stress quantification in the oxides which will be shown in Chapter 6. Chapter 3 

includes a general overview of the techniques used to characterise the materials presented in this thesis, 

the second section focuses on the characterisation of the carbides prior to oxidation. This is followed 

by section 3.3 which describes the methodology used to perform oxidation experiments. Chapter 4 and 

Chapter 5 are the two main results chapters of this thesis, each describes the results obtained from 

oxidation experiments performed on ZrC and UC, respectively. Chapter 6 is a general overview of the 

key points that need to be understood when assessing the behaviour of carbides in an oxidising 

environment. It is followed by Chapters 7 and 8 which summarise the major findings from this work 

and present recommendations for future work. 
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2. Carbide chemistry 

This chapter describes the crystal structures of zirconium carbide (ZrC), uranium carbide (UC) and the 

oxides resulting from their oxidation. The structure of the final oxide is considered to play a crucial role 

in the oxidation mechanism of these carbides, especially for UC, hence a paragraph is dedicated to their 

chemistry. Along with the description of the carbide and oxide crystal structures, the volume change 

associated with transformations from the carbide to the oxide was calculated and is reported here. 

Finally, sections 2.1.3 and 2.2.3 summarise the current proposed oxidation mechanisms for both 

carbides derived from the literature. 

2.1 ZrC   

2.1.1 The Zr-C system 

ZrC is classified as an Ultra-High Temperature Ceramic (UHTC) thanks to its high thermal conductivity 

(20 W m-1 K-1 at 300 K22) and high melting point (around 3700 K28). It also presents other interesting 

properties: high strength (tensile strength is reported to be 105 MPa, bend strength from 100-300 MPa, 

compressive strength 345 MPa at room temperature22,29) and hardness (room temperature hardness 

varies from 20 to 34 GPa22), typical of ceramics with covalent bonds, alongside high thermal and 

electrical conductivity more typically associated with metals22. Potential applications of ZrC are in 

hypersonic vehicles30,31 or the nuclear industry. With respect to the nuclear industry, it is considered a 

candidate for fission product barrier coatings by substituting for SiC in advanced nuclear fuels, such as 

the TRISO fuel particles27,32 described in section 1.2.4. The benefits for nuclear applications reside in 

its high temperature stability in inert atmospheres, low neutron absorption cross section and chemical 

stability23. Solid solution of bi-carbide fuels (U, Zr)C and tri-carbide fuels (U, Zr, X)C where X could 

be niobium (Nb), tantalum (Ta) or hafnium (Hf), were tested in the past, as ZrC was known to increase 

the melting point of UC33. ZrC presents similar chemistry and the same crystal structure (see section 

2.2.1) as UC, for this reason, it was chosen in the present work as an inactive simulant for oxidation 

studies before active experimental work on UC was performed.  
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The nature of the chemical bonding in ZrC is still under debate with the influences of covalent, metallic 

and ionic bonding being considered22. Such behaviour is also shared by other carbides of the IV, V and 

VI group of the transition metals, hence, similar properties are shared between carbides of these groups. 

ZrC crystallises in a face-centred cubic (fcc), rock salt structure (Fm3̅m space group 225). It is well 

known that ZrC is highly non stoichiometric and is usually called ZrCy  where y can range from 0.6 to 

0.9834. This range is consistent with values reported by other researchers who found that the 

hypostoichiometric form, identified as ZrC1-x, can accommodate large quantities of carbon vacancies, 

with up to 50% of carbon sites being unoccupied22,35. The non-stoichiometric compounds have attracted 

much interest recently36 as they exhibit different properties when compared to their stoichiometric 

analogue. ZrC1-x should, for example, present enhanced mechanical properties, such as higher hardness 

due to the presence of ordered carbon vacancies37. Furthermore, carbon vacancies could also improve 

the oxidation resistance of this material, however, there is insufficient data to reach a definitive 

conclusion on this point37. Experimental data are indeed difficult to obtain due to the challenges 

involved in the reliable production and characterisation of ordered nonstoichiometric carbides. One of 

the biggest difficulties lies in the accurate identification of the phases present and their stoichiometry 

in ZrC1-x compounds. Hence, in the past, phases like ZrC0.51, ZrC0.63, ZrC0.67 and ZrC0.74 were incorrectly 

identified as Zr2C36. One of the main issues for the stoichiometry identification resides in the non-linear 

relationship between lattice parameter and C/Zr ratio. The lattice parameter is found to increase when 

the C/Zr ratio ranges from 0.58 to 0.8 and then it decreases when the C/Zr ratio goes from 0.8 to 122. 

Hence, a calculated value of the lattice parameter could be related to different C/Zr ratio. The initial 

increase of the lattice parameter could be due to the expansion required to accommodate carbon 

interstitials, the decrease above C/Zr = 0.8, instead, could be related to an increase in the bond strength22. 

The data available for the lattice parameter versus C/Zr ratio, however, are quite scattered leading to 

considerable uncertainty which makes it difficult to establish conclusive relationships. 

Figure 2.1 shows the phase diagram of Zr-C system reproduced from the latest critical assessment of 

Fernandez-Guillermet38. The phases labelled as “α” and “β” in Figure 2.1 respectively correspond to a 

hexagonal close packed (hcp) and body centred cubic (bcc) crystal structures. The phase change 

between α and β is related to the zirconium metal compound and it occurs at approximately 1133 K39.  
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Figure 2.1 Phase diagram of the Zr-C system, showing the dependence of the phases with temperature (T) and 

atomic fraction of carbon (XC) first assessed by Fernandez-Guillermet38 and Jackson and Lee22 

2.1.2 ZrO2 and its polymorphs 

Zirconia is the oxide of both Zr and ZrC and it exhibits ZrO2 stoichiometry. Zirconia presents several 

polymorphs. The most commonly observed are: monoclinic, m-ZrO2, which is stable at room 

temperature, tetragonal, t-ZrO2, found above approximately 1473 K and cubic, c-ZrO2, stable above 

2650 K40,41. An orthorhombic polymorph was also reported, which is metastable42, as well as a 

rhombohedral one43. Slightly different temperatures44 have been reported for the transitions between 

the three main polymorphs, with Patil et al.45 suggesting that the monoclinic to tetragonal transformation 

occurs within a temperature range: from 1203 to 1493 K. When the tetragonal polymorph is cooled it 

transforms into the monoclinic polymorph, this occurs with a volume expansion reported to be 

approximately 4–5 vol%41,46,47. This volume expansion is used in several applications, from engineering 

to dentistry, as it provides a toughening mechanism. Substitution of tetragonal zirconia in monoclinic 

zirconia samples, for example, is used to increase both the strength and fracture toughness of monolithic 

compounds48. This is achieved because such volume expansion induces compressive stresses46 and if 

these stresses are concentrated on crack tips they hinder further crack propagation46,49. The 

transformation from cubic to tetragonal was reported to occur with a 2.31vol%41 volume expansion. 
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However, fewer references are available on the volume changes associated with this transformation, 

probably because the pure cubic polymorph is only stable at high temperatures. Improvements of ZrO2 

mechanical properties are usually achieved by adding metallic oxides in ZrO2, such as MgO, CaO or 

Y2O3, to stabilise the cubic polymorph at room temperature50. The tetragonal polymorph can also be 

stabilised at room temperature by addition of dopants47, but this polymorph is usually considered a 

metastable phase50, because it is found at room temperature only after rapid cooling or when it is has a 

small grain size, below a critical value43. By stabilising the high temperature phase to room temperature, 

when the stabilised ZrO2 compound is heated and cooled, no volume transformations to the monoclinic 

phase can occur so the material is less vulnerable to cracking. Depending on the amount and the type 

of the oxide used in combination with ZrO2 the new compound is referred to by different names. 

Common names are Partially Stabilised Zirconia (PSZ), or Yttria Stabilised Zirconia (YSZ).                 

2.1.3 ZrC oxidation 

Despite its high temperature stability in inert environments, ZrC readily oxidises in oxygen atmosphere 

starting from relatively low temperatures. Shimada et al.51 reported ZrC oxidation at 653 K. Many 

authors51-58 studied the mechanism of ZrC oxidation under several conditions of temperature and oxygen 

partial pressure using powders51,53,59, sintered pellet56,60 and single crystals52,57,58.  However, a 

conclusion for the overall oxidation mechanism could not be reached as it is influenced by many 

variables including the stoichiometry of ZrC, sample porosity and grain size23,61.  

Shimada et al.62 proposed a mechanism for the oxidation of ZrC from 773-873 K which involves the 

formation of two oxide layers, called zone 1 and zone 2. Zone 1 is reported as a dense carbon enriched 

layer made of amorphous ZrO2 or ZrO2-x that grows parabolically to a thickness of approximately 2-4 

µm acting as a diffusion barrier. Zone 2, which grows above zone 1, is reported as a cracked zirconia 

layer that grows linearly and contains particles of c-ZrO2 which grew to form 5-20 nm size crystallites 

and some unoxidised carbon. Several authors proposed their own oxidation mechanism, however, in 

the recent review of Katoh e al.23 an oxidation mechanism which contains all the previous findings was 

presented and is summarised with equations 2.1 and 2.2: 

 
𝑍𝑟𝐶 +

(1 − 𝑥)

2
𝑂2 → 𝑍𝑟𝐶𝑥𝑂1−𝑥  + (1 − 𝑥)𝐶 

(2.1) 

 
𝑍𝑟𝐶𝑥𝑂1−𝑥 +

(1 + 3𝑥)

2
𝑂2 →  𝑍𝑟𝑂2 + 𝑥𝐶𝑂2 

(2.2) 

This mechanism involves the formation of an oxycarbide, named ZrCxOy, as an intermediate compound 

prior to the formation of ZrO2. The formation of such a ZrCxOy phase can occur via partial substitution 
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of carbon with oxygen or the incorporation of oxygen in vacant octahedral sites. What is missing from 

equations 2.1 and 2.2 is the explicit reaction of carbon with oxygen. At low temperatures (<873K), 

carbon is reported to remain as inclusions embedded in the oxide layer. With the increase of temperature 

carbon oxidises at a higher rate up to a temperature where carbon and zirconium oxidation occur at the 

same rate (above 1270 K). The oxidation mechanism involves a series of stages23 where ZrC is first 

oxidised to the oxycarbide, then the increase in temperature and oxidation leads to the formation of c-

ZrO2 and carbon63. By increasing the temperature further, the tetragonal64 and the monoclinic55 form of 

ZrO2 appear which induces the oxide layer to become more porous due to inter-crystalline fracture. 

Above 1470 K the porous ZrO2 layer starts to sinter becoming a barrier for oxygen diffusion23. 

The influence of the transformations between the polymorphs of zirconia with temperature and the 

influence of carbon oxidation during ZrC oxidation bring complexity to the mechanism just described. 

Furthermore, carbon, may in fact, be present in the structure of the initial material, as free carbon and 

is also produced, presumably in an amorphous form, during the reaction of ZrC with oxygen (through 

the reaction given in equation 2.1). Some controversies in the proposed oxidation mechanisms are 

related to the characterisation of the intermediate compound formed during the first stages of the 

oxidation. When ZrC reacts with oxygen, it could transform either into an oxycarbide phase or directly 

oxidise to ZrO2 therefore liberating carbon. Both an oxycarbide phase and a carbon-rich sublayer were 

reported as intermediate products from the oxidation reaction. Voitovich et al.56 were the first to identify 

an unknown compound, present in their oxidised ZrC samples, as an oxycarbide. Subsequently, other 

authors have described oxycarbides as intermediate compounds during ZrC oxidation51,53,65. The 

oxycarbide, however, has never been experimentally observed, as it is presenting the same rock salt 

structure as ZrC34,54. The issues in the characterisation of ZrCxOy resides in the fact that it is isostructural 

with ZrCy and presents similar cell parameters37. Gendre et al.34 reports that oxycarbides showing 

C/Zr≥0.8 have exactly the same XRD pattern as ZrC (Powder Diffraction File, PDF, 035 078466), while 

oxycarbides with C/Zr≤0.7 display some additional zirconia peaks34. If ZrCy can exist over a wide range 

of nonstoichiometry, the oxycarbide ZrCxOy is also able to exist in this range depending on the oxygen 

content. The similarities between the ZrCy structure and the ZrCxOy, however, makes characterisation 

via XRD or TEM challenging.  

Apart from this oxycarbide controversy, kinetics of the oxidation of this material were reported to be 

either parabolic or linear depending on experimental conditions (an overview of oxidation kinetics is 

reported in the methodology chapter of this thesis, section 3.3.2). Kuriakose et al.58 reported linear 

kinetics from 827 to 925 K in a 100 kPa oxygen atmosphere, conversely, other authors reported  

parabolic or other non-linear kinetics65 based on diffusion models through the oxycarbide layer. What 

has been well established, however, is that ZrC undergoes rapid oxidation at approximately T>870 K23 

and that the oxide formed develops with the typical Maltese cross shape67. The rapid oxidation reported 
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above 870 K is usually correlated to the formation of a porous and cracked oxide layer. The Maltese 

cross shape of the oxide is reported not only for ZrC but for many other carbides and borides of the 

group IV, V and VI of the transition metals68-71. UC can also show the Maltese cross transformation 

during oxidation72, see section 2.2.3. Furthermore, this particular shape of the oxide was observed in 

metals, tungsten for example73, however, the name Maltese cross was not used in this case. 

2.1.4 Volume change involved in the transformation from ZrC to ZrO2  

One of the most important consequences of ZrC oxidation is the considerable volume expansion that is 

induced by the transformation of ZrC to ZrO2. During this expansion, the material develops into a 

characteristic Maltese cross shape in which cracks are present. It is well reported that the oxide formed 

during ZrC oxidation is voluminous, porous and/or cracked. Cracking of the oxide layer is usually not 

ascribed to the volume expansion induced during transformation from the carbide to the oxide but, 

instead, to the phase transformation of ZrO2 occurring upon cooling57 from the tetragonal/cubic form, 

stable at high temperature, to the monoclinic form, stable at room temperature. In order to visualise the 

volume changes involved during oxidation of ZrC, Figure 2.2 shows the crystal structures of ZrC and 

the most common polymorphs of ZrO2 in sequence as reported in the phase diagram from room 

temperature to high temperature: monoclinic, tetragonal and cubic. 

 

Figure 2.2 Crystal structure of cubic ZrC along with the three most common polymorphs of ZrO2: monoclinic, 

tetragonal and cubic 

The influence of such volume changes on the oxidation mechanism of ZrC and UC is considered key 

to the results reported in this thesis, hence they have been calculated and are now given. The volume 

changes associated with the transformation from ZrC to ZrO2 along with the volume changes during 

the transformation from one ZrO2 polymorph to another were measured and are reported in Table 2.1. 

The reported values were calculated by retrieving crystal structure data, namely the cell volume, on 

compounds analysed with XRD and reported in the literature. The volume change, ΔV, was found using 

equation 2.3:  
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𝛥𝑉 (%) =  

 
𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑍
−

𝑉𝑟𝑒𝑎𝑔𝑒𝑛𝑡 

𝑍
𝑉𝑟𝑒𝑎𝑔𝑒𝑛𝑡 

𝑍

 × 100 
(2.3) 

 

where V is the cell volume of each compound and Z is the unit cell. It is worth noting that for each 

compound slightly different values of the cell volume, V, are reported by different authors. In order to 

decide which value to use, the XRD reported data were also analysed. The values shown in Table 2.1 

are the ones from those studies which presented similar XRD patterns to those measured in this thesis 

(see section 4.1.3). As can be seen from the data reported in Table 2.1 the volume transformation 

involved from the cubic to tetragonal polymorph of ZrO2 occurs with a volume shrinkage, contrary to 

what has been reported41 (see section 2.1.2). A possible explanation is that ΔV was calculated using 

XRD volume cell data measured at room temperature on a stabilised cubic zirconia compound. The 

cubic polymorph of zirconia74 volume cell data shown in Table 2.1 was indeed measured by stabilising 

this polymorph at room temperature mixing ZrO2 powder with Al2O3 before the cold pressing and 

sintering stages. Hence, a pure ZrO2 cubic polymorph formed at high temperature during oxidation of 

ZrC may have a different cell parameter than the one reported here. Experimental data on such high 

temperature phases are, however, difficult to obtain as most of the XRD data are based on high 

temperature phases stabilised at room temperature. It is worth noting that the calculation of ΔV between 

the tetragonal to the monoclinic polymorph is, instead, in good agreement with the values reported in 

the literature.  

By looking at the volume transformation from ZrC to the ZrO2 polymorphs calculated in Table 2.1, the 

polymorph which undergoes the least volume expansion looks to be the tetragonal polymorph. 

However, previous studies suggest the cubic polymorph to have the smaller cell volume and that the 

cubic to tetragonal transition occurs with an increase in volume75. 
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Table 2.1 Space groups, specific volumes, lattice parameters and volume changes associated with transformation 

between ZrC and its ZrO2 polymorphs (data for the ZrO2 cubic polymorph were obtained on an Al2O3 stabilised 

zirconia). 

Zirconium 

compound 

Space 

Group 

Cell 

Volume 

(nm3) 

Z  Lattice 

Parameters 

(Å) 

Angles 

(°) 

Ref Reaction ΔV 

(%) 

ZrC 

cubic 

Fm3̅m 0.103 4 4.69 90 66   

ZrO2 

monoclinic 

P21/a 0.141 4 
a = 5.31 

b = 5.21 

c = 5.15 

90 

99 

90 

90 

76 ZrCm-ZrO2 +36 

ZrO2 

tetragonal 

P42/nmc 0.067 2 
a = 3.60 

b = 3.60 

c = 5.15 

90 

90 

90 

77 ZrCt-ZrO2 

t-ZrO2  m-ZrO2 

+29% 

+5% 

ZrO2 

cubic* 

*stabilised 

Fm3̅m 0.135 4 
5.13 90 74 ZrCc-ZrO2 

c-ZrO2  t-ZrO2 

+32% 

-1% 

 

A controversy exists in regards of which polymorph of zirconia is formed during oxidation of ZrC. 

Many authors reported the presence of c-ZrO2 in the oxide from the first stages of ZrC oxidation51,56,57. 

Tamura et al.78, however, reported formation of t-ZrO2 at 823 K on ZrC powder oxidation. At 1073 K 

the m-ZrO2 polymorph was found to predominate, however, the tetragonal compound was still being 

observed. Zhang et al.79 showed that the polymorphic transformations in zirconia are affected by 

environment, particle size and oxygen vacancies. During oxidation of ZrO2 in an oxidising atmosphere 

(with oxygen partial pressure of 38 Torr), amorphous ZrO2 crystallised directly to tetragonal and then 

to monoclinic contrarily to what was seen in a reducing atmosphere where the cubic polymorph 

formed79. In the oxidising atmosphere when the temperature increased above 803 K, the crystal size 

increased and the zirconia crystals transformed from tetragonal to monoclinic79. Zhang et al.79 reported, 

however, that the local structure of amorphous ZrO2 resembled c-ZrO2 and not t-ZrO2. Amorphous 

compounds present a random structure, with no symmetry, hence, their nearest structure would be the 

one with lower symmetry, in this case, m-ZrO2. Monoclinic ZrO2 was reported to be the local structure 

in amorphous zirconia thin films by Cho et al.80. 
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The experience acquired during this PhD reveals that differentiating the tetragonal and cubic 

polymorphs of ZrO2 is challenging. Results achieved from experiments performed with XRD and in 

situ HT-XRD were unable to differentiate them because they both have similar XRD patterns. To further 

complicate the matter, these polymorphs were always present alongside monoclinic ZrO2 which has 

most of the same XRD peaks in common. Attempts at characterising single nano-crystals of zirconia 

were made with the use of a HRTEM. The size of the crystals formed during oxidation, however, were 

too small to allow single crystal diffraction patterns to be obtained in a TEM. Selected area diffraction 

(SAD) polycrystalline ring patterns had the same issues encountered with XRD analysis.                                                                                                                                                                                          

2.2 UC 

2.2.1 The U-C system 

Uranium carbide, UC, is isostructural with NaCl (space group Fm3̅m number 225)81,82. As shown in the 

phase diagram (Figure 2.3), three U-C compounds exist depending on the relative concentration of the 

elements: these are referred to as the monocarbide (UC), the dicarbide (UC2) and the sesquicarbide 

(U2C3) forms.  

The rock salt structure of stoichiometric uranium monocarbide, UC, is stable up to the melting point 

(2780 K82). The formation of pure monocarbide is, however, difficult to achieve due to the fact that it 

has narrow composition limits83, hence, uranium carbide samples are generally classified into 

hypocarbides, UC1-x, and hypercarbides, UC1+x
84. Figure 2.3 reveals that UC exists in 

hypostoichiometric and hyperstoichiometric forms above 1400 K. The fcc crystal can accommodate 

both a carbon deficiency or excess carbon, hence, it allows the presence of a region of UC1±x. Carbon 

atoms (atomic radius 70 pm) are much smaller than the uranium atoms (atomic radius 175 pm) and 

therefore they fill the octahedral interstices81,85 of the crystal. With the increase of carbon in the ideal 

fcc crystal the lattice parameter of UC linearly increases82.  

The transition from UC to the UC2 structure develops by successive incorporation of the carbon atoms 

into the octahedral interstices: in UC the octahedral holes contain only carbon atoms while in UC2 these 

are occupied by C2 groups. The transition from UC to UC2 occurs via the formation of 

hyperstoichiometric UC1+x as intermediate compounds. The dicarbide form, UC2, exists in two different 

crystal structures: a tetragonal form, α-UC2
82, showing a CaC2 structure (14/mmm, space group 139)86 

below 2040 K and a cubic form, β-UC2 , reported to have either the same NaCl structure as UC, (space 

group Fm3̅m number 225)86 or the CaF2 structure like UO2
87 above 2040 K. The dicarbide form is 

always hypostoichiometric, hence, it is generally called UC2-x
82.  
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The sesquicarbide phase, U2C3, exists up to the temperature of decomposition (which is reported to be 

2106 K in Manara et al.82 and 1780 K in Matzke81). Above this temperature U2C3 decomposes into 

UC1±x and β-UC2. The existence of these phases with temperature and carbon composition are shown 

in Figure 2.3. 

 

Figure 2.3 Phase diagram of the U-C from Manara et al.82 with the addition of the metastable domain which is 

highlighted in green with the relevant phases (U2C3 in this case is not considered). Temperature is labelled as T 

(K) and the atomic fraction of carbon as XC. 

Matzke81 reports the formation of U2C3 + C upon decomposition of the α-UC2 below 1780 K. However, 

the decomposition of UC2 is so slow during cooling that at room temperature UC2 can still be observed 

as a mixture with carbon instead of as U2C3. Hence this is why, Manara et al.82 proposed a metastable 

phase diagram (reported in green in Figure 2.3) where the U2C3 phase is completely omitted and it is 

replaced by the phase α-UC2-x + C below 1780 K. Many controversies exist with regard to the synthesis 

of U2C3
88. Two routes are reported, one is called the synthetic reaction88 and the other is called the 

decomposition reaction82. These are shown in equations 2.4 and 2.5 : 

 𝑈𝐶 + 𝑈𝐶2 →  2𝑈2𝐶3 (2.4) 
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 2𝑈𝐶2 →  𝑈2𝐶3  + 𝐶 (2.5) 

The rate of these reactions is different, usually, the decomposition reaction (equation 2.5) is considered 

to be slower. Frost87 mentioned that the U2C3 phase cannot be produced by powder compaction or 

casting directly. Application of stresses, for example compressive load87 or application of high pressure 

and suitable atmosphere82 are generally required. When the U2C3 phase is produced, however, it can be 

easily quenched to room temperature82. Experimental studies on this phase are still controversial and 

the main reason for disagreement in the literature is due to discrepancies in the phases reported at high 

temperatures, probably induced by experimental challenges. Phase diagrams, for example,  make use 

of high temperature investigations described via room temperature examinations on specimens first 

annealed at the desired temperature and then quenched, or cooled fast, to room temperature81. Due to 

the very slow rate of formation of U2C3 this phase is not always present within the expected range of 

temperature, but it is replaced by the UC2 phase. Hence why the hyperstoichiometric carbide fuels are 

usually referred to as a mixture of UC + UC2, and not as a mixture of UC + U2C3. The UC2 present in 

the UC + UC2 fuels is reported to precipitate as plates along the (1 0 0) planes giving the acicular, or 

needle-shaped, structure named Widmanstätten microstructure81,87. Frost87 reports this microstructure 

to be typical of U-C alloys containing from 50-58 at % carbon. This particular carbon-rich structure can 

be seen in Figure 2.4a, while the carbon deficient (hypostoichiometric) form is shown in b and contains 

UC with uranium metal along grain boundaries87.  

 

Figure 2.4 Microstructure of UC alloys: a) hyperstoichiometric UC showing UC2 needle-shaped precipitates in 

UC grains; b) hypostoichiometric UC showing U metal at the UC grain boundaries. Image taken from Frost87 with 

scale reported to be as 150 x. 

The structure and properties of carbide materials depend mainly on the fabrication method. Physical 

properties, like thermal conductivity, are strongly affected by the production method of the pellets as 

different methods and set up conditions affect the structure and characteristics of the fuel. Porosity, 
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presence and distribution of second phases, density and grain size are important parameters. The three 

main methods for carbide production are3: (i) melt casting89,90; (ii) metal hydration – dehydration91,92; 

and (iii) carbothermic reduction of oxides93,94,95. These methods are not going to be described in this 

thesis as they were not used for the development of this work. 

2.2.2 Oxides of uranium 

Uranium oxides are fascinating materials due to their f-orbital chemistry and their ability to adopt 

different oxidation states96. There are many oxides showing a range of oxidation states, from +2 to +6, 

contributing to the complex chemistry of these compounds97. As a result of this, for the actinide series, 

uranium exhibits the largest number of oxides. Table 2.2 shows the uranium oxide phases correlated to 

their oxidation state. 

Table 2.2 Known stable uranium oxide phases, the * indicates metastable phases97. 

Oxidation states +2 +4 +5 +6 +4/+6 +5/+6 

Compound: U UO* UO2 U4O9 UO3 U3O7 U3O8 

 

The uranium oxidation state in mixed-valency U3O8 and U3O7 compounds was reported by Sanyal et 

al.98 to be a mixture of U(V)/U(VI) for U3O8 (70/30 % ratio) while it was a mixture of U(IV)/U(VI) for 

U3O7 (70/30 % ratio). U4O9 is also reported to be mixed-valent and the possible U valency combinations 

per unit cell for this compound and for U3O8 reported by Kvashnina et al.96 are: 

 𝑈4𝑂9 → 2𝑈(𝐼𝑉) + 2𝑈(𝑉) 𝑜𝑟 3𝑈(𝐼𝑉) + 𝑈(𝑉𝐼) (2.6) 

 𝑈3𝑂8 →  𝑈(𝐼𝑉) + 2𝑈(𝑉𝐼) 𝑜𝑟 2𝑈(𝑉) + 𝑈(𝑉𝐼)   (2.7) 

Uranium dioxide, UO2, is thermodynamically stable and presents a fluorite, CaF2, structure where the 

uranium sublattice is fcc and the oxygen sublattice is primitive cubic. UO2 can tolerate a range of 

stoichiometry which extends from hypostoichiometric to hyperstoichiometric compositions97 because 

its fluorite structure contains empty octahedral sites which can be occupied by O2
- ions forming the 

hyperstoichiometric UO2+x compound97. Oxygen interstitials and oxygen anions were seen to aggregate 

forming clusters, these clusters are composed of two oxygen vacancies and four interstitials for the so 

called 2:2:2 cluster97. In U4O9 and U3O7 compounds these clusters are defined as cuboctahedral clusters 

centred in fluorite lattice holes99,100. Figure 2.5 illustrates the cuboctahedral cluster described by Garrido 
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et al.99 for U3O7 where eight oxygen anions are replaced by twelve anions. It is reported that in U4O9 

these clusters are at a sufficient distance for the crystal to maintain the cubic structure, while in U3O7 

there are additional clusters which provokes a lattice distortion that induces tetragonal symmetry99. 

 

Figure 2.5 Cuboctahedral cluster schematic described by Garrido et al.99 for U3O7. 

The minimum and maximum oxygen content that can be accommodated while still retaining the fluorite 

structure are UO1.67 at 2720 K and UO2.25 at 2030 K97. UO2 melts at 3120±20 K, with this temperature 

decreasing for compounds deviating from stoichiometry. Uranium oxide presents several forms in the 

range of UO2-UO3, for example, U4O9 and U3O8 are considered hypostoichiometric97,101 and can adopt 

a number of crystal structures. The intermediate phase U3O7 is also found, usually reported as an 

intermediate during UO2 oxidation. The UO2 fcc structure can, indeed, accommodate extra oxygen 

atoms forming the polymorphs U4O9 and U3O7 which are generally described as UO2 with enhanced 

anion sub-lattices99. For example, Garrido et al.99 state that when UO2 oxidises to the U3O7 phase the 

positions of the uranium atoms and approximately 70% of the oxygen atoms in the crystal lattice are 

hardly affected. The compound U3O7 is reported in the phase diagram of Higgs et al.102 but it is 

considered a metastable phase in the phase diagram of Guéneau et al103.  Oxygen solubility in UO2+x is 

temperature dependent104: for example above 773 K uranium oxides with stoichiometry of UO2.26 - 

UO2.33 can be converted to U3O8 
105. At high oxygen/uranium ratio and below 780 K, U3O8 is present in 

a mixture with U3O7, while above 780 K U3O8 is present in a mixture with U4O9
97,102. The phase diagram 

for the U-O phase in the range of O/U from 1.90-2.40 is shown in Figure 2.6. 
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Figure 2.6 Phase diagram of the U-O system with O/U = 1.9 to 2.4 adapted from Higgs et al.102 and Guéneau et 

al.97. Temperature is labelled with T. 

The U4O9, U3O7, U3O8 and UO3 phases exist in several crystal structures as a function of temperature. 

U4O9 exists as rhombohedral α-U4O9 at T<348 K, cubic β-U4O9 from 348<T<893 K and cubic γ-U4O9 

from 893<T<1400 K in the phase diagram of Guéneau et al97. In the literature the stability range of such 

phases vary, for example Cooper et al.106 (reported by Guéneau et al97 in reference to the β-U4O9 phase 

in the range of 348<T<893 K) reported that β-U4O9 is stable from 353 to 873 K and that U4O9 appears 

in three polymorphs from room temperature to 1273 K. Bevan et al. 100 reported the β-U4O9 compound 

to be stable above 353 K. Similarly U3O8 exists as the orthorhombic α-U3O8 
107,108 from room 

temperature to 483 K97 where it transforms to the pseudo-hexagonal β-U3O8
109,110.  

Due to the large number of oxides and crystal structures possible across the temperature range 

investigated in this thesis and the fact that the techniques available for analysis were XRD and TEM 

performed on polycrystalline samples, the identification of the U4O9/U3O7 compounds was not practical 

as these can be hardly differentiated from UO2. Oxidation to U4O9, for example, only presents very 

weak superlattice lines and a slight increase in scattering angles in XRD data111. U4O9 is reported to 

have broader peaks than UO2 and a unit-cell volume that is only 0.7% smaller104. Furthermore, many 

controversies still exist in the literature regarding the oxidation mechanism of UO2, with some authors 
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referring to U3O7/U4O9 as the intermediate phase112 while others considers U3O7 as the first phase to 

form105,113. A recent publication from Rousseau et al.104 showed that the cubic U4O9 phase is formed 

before the tetragonal β-U3O7 on oxidation of UO2 powder at 523 K, contrary to what was previously 

reported113,114,115. Rousseau et al.104 advised that the phase transition sequence for the oxidation of UO2 

below 673 K should be modified from equation (2.8 to equation 2.9: 

 𝑈𝑂2 → 𝑈3𝑂7/𝑈4𝑂9 → 𝑈3𝑂8 (2.8) 

 𝑈𝑂2 → 𝑈4𝑂9−𝑦 → 𝛽 − 𝑈3𝑂7 → 𝑈3𝑂8   (2.9) 

In addition to the disagreement over which is the first compound to form when UO2 oxidises, the 

mechanism of formation of U3O8 is still under debate. Allen et al.116 described the transformation from 

the UO2 fluorite structure to the α-U3O8 layered structure via a sequence of structural changes due to 

displacement of the (1 1 1) planes. The transformation from the UO2 cubic structure to the tetragonal 

structure of U3O7 was related to the addition of oxygen as interstitials. Further addition of oxygen in the 

lattice could induce the transformation to the monoclinic structure of U2O5. The transition from this 

structure to the layered structure of U3O8 was via a possible intermediate compound such as β-U2O5 and 

subsequently α-U2O5 which has a similar structure to U3O8
116. The final step to U3O8 was related to the 

addition of further oxygen. Desgranges et al.117 provided evidence of the possible transformation from 

the α-U4O9 phase to the U3O8 phase by stretching of “crumpled sheets”, or cuboctahedra, which are the 

interstitial oxygen clusters present in both U3O7 and U4O9 (see Figure 2.5). These sheets are considered 

crumpled in α-U4O9 due to mechanical strain, induced by the surrounding atoms which want to maintain 

their UO2 positions. Under shear transformation these crumpled sheets could become the regular sheets 

seen in the U3O8 structure. The mechanism proposed by Desgranges et al.117 has two preconditions: 

1) The crumpled sheets should lie in the same plane so that when the shear transformation occurs 

U3O8 is created in a large domain. 

2) The energetic balance should favour the formation of U3O8, hence, a minimum concentration 

of crumpled sheets should exist.  

The competition between these two conditions is considered to be affected by, for example: grain size 

of the compound, temperature and doping of the UO2 structure117. Regarding the size effect this was 

related to the fact that for small grain size (approximately under 1 µm, the exact value is unknown117) 

the disorientation of the crumpled sheets in U4O9 may not allow this shear transformation. The effect 

of temperature on the cuboctahedra distortion could explain why, at high temperature, the U3O8 phase 

forms directly on UO2
117. This has been correlated to the increase of thermal motion with temperature 

which loosens the dense UO2 layer, hence, the formation of a cuboctahedron could immediately induce 
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such a shear transformation117. At low temperatures, below 673 K, U3O8 instead develops after the 

formation of a U3O7 layer117. The U3O7 layer is considered to be a metastable phase which is stabilised 

by mechanical stresses118, namely tensile stresses due to lattice mismatch because U3O7 has a smaller 

unit cell volume than UO2 in the bulk. In this case, the tensile stress in the U3O7 layer hinders the shear 

transformation of the cuboctahedra and more energy is required.  This shear transformation and 

consequently the formation of U3O8 can occur only after the U3O7 layer cracks as this releases the tensile 

stresses concentrated in the oxide layer118. Desgranges et al.118 showed that the oxidation mechanism of 

UO2 could be described by the presence of tensile stresses in the oxidised layer which are induced by 

lattice mismatch because U3O7 has a smaller unit cell volume than UO2 . The lattice parameters used in 

Desgranges et al.118 study were: a=b=c=5.47 Å for UO2 and a=b=5.363 Å, c=5.531 Å for U3O7. 

Cracking of the oxide layer is key to the development of U3O8 over U3O7 as pointed out by Desgranges 

et al.117,118. Additional results which indicated that cracking of the oxide layer is critical to help explain 

the oxidation mechanism of UO2 were reported in the work of Quémard et al.119. In their study119 the 

formation of macrocracks was linked with the expansion of the sample during oxidation of a UO2 single 

crystal. By following the sample expansion mechanism, it was possible to explain the typical sigmoidal 

curve associated with the UO2 oxidation mechanism. Neither numerical measurement of how cracks 

propagate nor the nature of the cracks, whether they are linked in a network or separated, was 

performed.  

In this thesis, a novel approach is developed and used. This novel method links crack propagation and 

crack networking to the oxidation from UC to UO2 and from UC to U3O8 and it will be discussed in 

Chapter 3 section 3.3 and Chapter 5 section 5.3.  The products from UC oxidation with temperature and 

oxygen partial pressure will be discriminated by the use of phase diagrams where TEM or XRD analyses 

could not help.   

 

2.2.3 UC oxidation 

The oxidation of uranium carbide is complex as it is greatly affected by temperature, oxygen partial 

pressure, oxide products and the stoichiometry of the initial material and process conditions97,120. In the 

1960s and 1970s many studies were performed as interest in UC and mixed carbide fuels for breeder 

reactors was high121-126. These studies were generally focused on the oxidation of fresh fuels to gather 

information on its reactivity for safe handling or in case of accident scenarios in the reactor. Some work 

also focused on the reprocessing of these fuels127,128. The aim of oxidation as a reprocessing step or for 

the final disposal of carbides, is to avoid ignition while producing a carbon free, single phase oxide. 

The final oxide form should satisfy additional requirements such as specific surface area and moisture 
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content. Studies on UC129,130 were tailored to the conditions at which the oxidation of mixed carbides, 

namely mixed uranium – plutonium carbide, (U,Pu)C, needed to be performed13. This was because 

experiments with (U,Pu)C impose additional safety requirements when compared with those with UC, 

especially if depleted uranium is used. The additional requirements when studying (U,Pu)C involve 

working in hot cells instead of glove boxes, (or even just fume hoods for depleted uranium), due to the 

high level of radioactivity of (U,Pu)C. Hence, UC was widely used in the past as a less active simulant 

to understand the behaviour of (U,Pu)C in oxidizing environments. This was because to understand the 

oxidation chemistry of a ternary fuel such as (U,Pu)C it is important to understand first the oxidation 

chemistry of the binary fuel, UC. 

Recently, uranium carbide has been considered as a candidate fuel for Generation IV reactors, so further 

studies have been performed in order to assess both its oxidation and ignition mechanisms11,131,132. 

Oxidation of UC has been tested in different environments, namely air and oxygen, CO2 and steam. 

Reactions performed in the first two environments are called dry routes, while the wet route considers 

steam as an oxidizing agent. For the scope of this thesis, only oxidation in air/oxygen will be described. 

Studies in air and oxygen atmospheres were performed over a range of temperatures from 333 K133 to 

1673 K123 at different oxygen partial pressure from 2Pa132 to 100kPa129,134. The oxidation mechanism of 

UC is still not well understood as different mechanisms have been proposed and the presence of either 

a protective or low density non-protective oxide layer is under debate135. Also, the effect of aging and 

moisture is considered to significantly affect the reactivity and oxidation of this material1. Hence, 

oxidation could potentially be different when experiments on fresh UC fuels are compared with aged 

UC fuels, which is the case for the material studied in this thesis. 

The proposed oxidation mechanism of Iyer et al.130 is described by the following reactions: 

 𝑈𝐶 +
𝑥

2
𝑂2 →  𝑈𝐶1−𝑥𝑂𝑥  + 𝑥𝐶   (2.10) 

 𝑈𝐶1−𝑥𝑂𝑥 +
(2+𝑥′−𝑥)

2
𝑂2 →  𝑈𝑂2+𝑥′ + (1 − 𝑥)𝐶   (2.11) 

 𝐶 + 𝑂2 → 𝐶𝑂2  (2.12) 

 
𝑈𝑂2+𝑥′ +

(2 − 3𝑥′ − 𝑧)

6
𝑂2 →  

1

3
 𝑈3𝑂8−𝑧 

(2.13) 

This mechanism involved first the incorporation of oxygen into the uranium carbide crystal structure 

with the precipitation of carbon, which is considered highly reactive (equation 2.10). The oxycarbide 

can then be converted into UO2+x followed by precipitation of carbon as a second phase (equation 2.11). 
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The oxide phase and/or carbon is considered to potentially act as a diffusion barrier to oxygen, however, 

due to the volume difference between carbide and oxide stresses in the oxide can arise until the oxide 

layer cracks (this will be discussed in detail in section 2.2.5). Oxygen at this stage can penetrate through 

these cracks and contacts the unoxidised surface130. Formation of the oxycarbide and UO2+x (equations 

2.10, 2.11) is considered to occur simultaneously with the oxidation of carbon (equation 2.12). Iyer et 

al.130 proposed that the formation of U3O8 (equation 2.13) occurs only when the bulk of carbon is 

removed after oxidation. Different reactions have been reported121 as the intermediate products could 

be UC2, UO2, UC1-xOx, or U3O8 may form directly. Furthermore, carbon could be oxidised to CO136 

and/or CO2
81 depending on oxygen partial pressure and temperature137.  

Mukerjee et al.127 proposed that the controlling mechanism of UC microsphere oxidation could either 

be governed by diffusion or by surface area with increase of oxygen partial pressure. Even when the 

reaction rate was considered surface controlled they stated that the rate controlling step may still be 

solid state diffusion. The diffusion controlled mechanism was proposed under low oxygen partial 

pressure (≤ 5 kPa) where a protective oxide layer formed on the UC microspheres, in this case the rate 

limiting step was oxygen diffusion through this uncracked layer. The surface controlled mechanism, 

instead, was considered for oxidation at higher partial pressure of oxygen (Po2 > 20kPa). In this case 

the oxide layer peeled off/cracked after a certain thickness was reached. This was related to the fast 

release of gas products, CO2, which induced cracking in the oxide layer. Cracks facilitated the oxygen 

access to the surface of the UC carbide core whose size was the rate limiting step of the reaction. Still 

the mechanism was considered governed by diffusion of oxygen through the oxide layer before cracking 

occurred. For intermediate partial pressures of oxygen, competition between stresses due to the 

voluminous product and the fast release of CO2 existed. In this case the critical thickness of the oxide 

was a function of the oxygen partial pressure. Mukerjee et al.127 found a correlation between size of 

samples and oxidation: small mass samples (12 mg) underwent a surface controlled reaction while 

larger samples (≥ 60 mg) experienced a diffusion controlled reaction. This study was performed in a 20 

kPa oxygen atmosphere with a heating rate of 4 K/min. The sample size was considered the total weight 

of microspheres, consequently a large sample size refers to a multilayered arrangement of the UC 

microsphere in a crucible. 

Matzke81 and Besson et al.72 studied the kinetics of oxidation of sintered UC and reported linear kinetics 

at low temperatures (from 833 to 1073 K) while parabolic kinetics were found at higher temperatures. 

The linear kinetics were associated with a diffusion process in a layer of constant thickness (which 

could be a layer of UO2 stabilised by carbon) as the oxygen mobility is fast in the textured U3O8. Besson 

et al.72 reported the Maltese cross shape of the oxide during UC oxidation and related this to the 

laminated texture of U3O8.  
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Murbach et al.128 studied the oxidation of uranium carbide under several atmospheres: from oxygen to 

CO2 and steam. In all environments, the reactivity of the material was found to be greatly affected by 

the history, or aging, of the material. With the term aged used to represent reactive, or pyrophoric, 

materials. Fresh UC fuels could be converted to the aged, reactive form, by exposure to moist air for a 

few days. The difference between the reactive form and the freshly prepared fuel form lay in the effect 

of temperature: fresh fuel oxidised slowly below 873 K while aged fuels ignited at about 573 K. On 

ignition, no chemical difference was found, the only difference was the specific surface area which 

increased from few cm2/g to 219 cm2/g. 

Many authors reported unirradiated UC to be more reactive than irradiated (U,Pu)C, however a clear 

explanation for this is still lacking20,138.  

Previous studies on aged UC performed at NNL on pellets (diameter of 1.9 cm, length around 2 cm, 

average density of 13.13 ± 0.07 g/cm3) coming from the Dounreay reactor, similar to the ones used in 

this thesis, suggested that whole single pellets were not fully converted during oxidation at 1223 K, not 

even for dwell times as long as 24 h20. Increasing the time was not considered to help reaching a full 

conversion as the reaction appeared to stop before the heating stage was completed. Possible sintering 

of the oxide at high temperature, 1273 K, was reported but its influence on the oxide conversion was 

not discussed20,139. The main issues reported were the influence of the bed depth in the reaction 

conversion, increase in temperature due to the heat release from oxidation, and the need for a low carbon 

content oxide which is achievable at high temperatures. The identification of the carbon remaining in 

the system as either free carbon or unreacted UC was an issue as no suitable techniques were used for 

its characterisation. 

From the many studies and contrasting results reported on UC oxidation it is clear that the oxidation 

mechanism is affected by many parameters. Here are only some: sample age, history of the material, 

shape and size, the form of the samples (powder, single crystal or sintered pellet) and oxidizing 

environment. For simplicity, the overall mechanism can be given by two reactions: 

 𝑈𝐶 + 2𝑂2 →  𝑈𝑂2  + 𝐶𝑂2   (2.14) 

 3𝑈𝑂2 + 𝑂2 →  𝑈3𝑂8 (2.15) 

with the oxidation of carbon still under debate as several forms have been reported such as: reactive, 

non-reactive, carbon coming from oxidation of UC (equation 2.10) or from the oxycarbide (equation 

2.11). Carbon oxidation to either CO/CO2 is by itself complex and it is affected by temperature and 

oxygen partial pressure. An additional complication is the possibility of UC undergoing ignition.  
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2.2.4 UC ignition 

The term ignition, or “thermal ignition”, in a solid is described by Dell and Wheeler1 as a rapid and self-

propagating chemical reaction which makes the temperature of the sample rise quickly. This self-

propagating reaction occurs because the heat liberated by this exothermic chemical reaction, exceeds 

the heat that can be dissipated by either conduction, convection or radiation. Hence, the temperature 

rises at an increasing rate. For self-ignition to occur, the initial temperature rise needs to be sufficiently 

high to increase the rate of the exothermic reaction which, therefore, produces more heat1. The 

temperature rise could increase from several hundreds to 2000 K in a short time (≤ 1 second) if the 

reaction is exothermic enough and if the ignition products do not offer a barrier to the reaction self-

propagation.  

Ignition has been studied mostly in carbon and metals, where the products of the reaction are either a 

gas (CO/CO2 for carbon) or a solid (the oxide product from metal oxidation). During UC ignition, shown 

in equation 2.16, the products of the reaction are both a solid (U3O8) and a gas (CO2)1: 

 3𝑈𝐶 + 7𝑂2 →  𝑈3𝑂8  + 3𝐶𝑂2  (2.16) 

it could therefore be expected that UC is less reactive than uranium metal as the two products could 

slow the rate of the reaction acting as a barrier. The energy released for the process in equation 2.16, 

however,  is high so that UC is pyrophoric1. Exothermic or endothermic reactions are described by the 

enthalpy (H) of the reaction: ∆rH<0 for exothermic reactions and ∆rH >0 for endothermic. To compare 

the heat release from different reactions the ∆rH needs to be calculated. For the reactions considered in 

this system, the standard enthalpy and entropy of reaction ∆rH0 and ∆rS0 were calculated along with the 

standard Gibbs enthalpy of the reaction ∆rG0. These were evaluated on the reactions shown in 2.14, 

2.15 using equations 2.17 and 2.18: 

 ∆𝑟𝑋 =  ∑ 𝑟𝑖𝑖 ∆𝑓𝑋𝑖
0   (2.17) 

 ∆𝑟𝐺0 =  ∆𝑟𝐻0 − 𝑇∆𝑟𝑆0 (2.18) 

where X is the enthalpy H or entropy S, r > 0 for reaction products and r < 0 for the reactants. As can 

be seen from Table 2.3 the ignition reaction of UC presents the highest standard enthalpy of reaction, 

ΔrH0, which is evaluated as – 1487 kJ/mol. The same reaction has the highest standard Gibbs enthalpy 

of the reaction which means that it is the most spontaneous reaction to occur in the system.  
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Table 2.3 Enthalpies of formation (ΔfH0) for the species in this system, standard enthalpy and entropy of reaction 

(ΔrH0, ΔrS0) and standard Gibbs enthalpy of the reaction (ΔrG0). 

Species ΔfH0  

 (298.15 K) 

(kJmol-1) 

S0  

(298.15 K) 

(JK-1mol-1) 

Reaction 

(Equation 

no) 

ΔrH0 

(298.15 K) 

(kJmol-1) 

ΔrS0 

(298.15 K) 

(JK-1 mol-1) 

ΔrG0 

(298.15 K) 

 (kJmol-1) 

Ref 

UC -97.9 ± 4.0 

 

59.3     81 

 

CO2 -394.4 213.6  -393.5    

C (s)  5.7      

O2  205      

UO2 -1085.0 ± 

1.0 

77.03 (2.14) -987.1 -181.6 -932.9 140 

 

U3O8 -3574.8 ± 

2.5 

282.54 (2.15) 

 

(2.16) 

-319.8 

 

-1487.21  

 

-153.6 

 

 

-229.9 

-274.1 

 

-1419.6 

 

140 

 

1 

 

UC ignition was first studied by Dell and Wheeler1 where the initiation and propagation of this 

transformation were linked to at least 12 factors, ranging from specimen properties (sintering 

temperature, mass and geometry, particle size, thermal conductivity, thermal pretreatment, age and 

abrasion treatments) and oxidising environment (oxygen partial pressure, flow rate, oxide formed, 

heating rate and atmosphere). The exposure of the specimens in air, for example, was considered the 

cause for an increase of sample roughness due to a grain boundary etching mechanism, which was 

responsible for an increase of the oxidation rate and therefore ignition1. This is extremely important in 

the oxidation of the UC fuel from the Dounreay reactor, studied in this thesis, as these fuels were stored 

in air for many decades (as described in section 1.2.2). Hence, a different ignition mechanism could be 

expected depending on the air exposure effects for each sample batch. 

Recently, Le Guyadec et al.131 studied UC powder at 473 K and associated the mechanism of ignition 

to the formation of a poorly crystallized and cracked layer of UO2. By comparison, the formation of a 

stable and protective oxide layer would prevent the ignition of UC. Such a layer would be a solid 

solution of UCO/UO2-x where the UO2 is well crystallised. Such protective oxide layers are considered 

to form either with rapid heating rates in air (10 or 20 K/min) or with low oxygen concentrations in 

argon (1–3% O2). The overall process consists of oxygen diffusion through a compact layer of UO2 or 

an interfacial reaction on UC when the oxide layer breaks. Le Guiyadec et al.131 reported that 

temperatures during ignition of UC could rise to well above 1773 K accompanied by a blast effect.  
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Further work on UC powder ignition was reported by Berthinier et al.12, self-ignition temperatures were 

reported to be between 439–540 K in differential scanning calorimetry (DSC) experiment in air and 

471–543 K using a differential thermal analysis (DTA). The difference was related to the geometry of 

the two crucibles and the powder bed height used which both affected the way gases can flow around 

the sample.  

As revealed in this section, the ignition mechanism of UC is complex as it is affected by many 

characteristics related to the sample (size, specific surface area, geometry, powder bed height), to the 

oxidising environment (heating rate, temperature, gases) and the oxide product morphology (poorly 

crystallised versus well crystallised). In this thesis, the UC ignition mechanism was monitored in situ 

on sintered fragments using a state-of-the-art technique: HT-ESEM. The ignition behavior was 

correlated to a sample fragmentation process and the effects of ignition on the oxide morphology were 

characterized by SEM investigations (see Chapter 5). 

2.2.5 Volume change involved in the transformation from UC to U3O8 

Sections 2.2.3 and 2.2.4 described the main reactions and parameters responsible for either UC 

oxidation or ignition. The overall mechanism is complex and disagreement is still present in the 

literature. The discussion from many authors 81, 127, 130, 131 is centred around the two following reactions: 

• Diffusion of oxygen through a protective UO2+x layer 

• Interfacial reaction occurring when the oxide layer cracks 

Oxide cracking was observed in all experiments performed in this thesis (see Chapter 5) hence the 

second mechanism is important. Previous works57,118 reveal that cracking is usually associated with 

either the fast rate of CO/CO2 gas effusion from the system or due to volume changes resulting from 

formation of the oxide inducing stresses in the system. To better understand the influence of the volume 

changes occurring during oxidation of UC, the crystal structures of UC, cubic UO2 and α-U3O8, the 

stable form at room temperature97, are shown in Figure 2.7.  

 

Figure 2.7 Crystal structures of cubic UC, cubic UO2 and orthorhombic α-U3O8. 
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Figure 2.7 representation reveals that the volume cell of U3O8 is much larger than the UC and UO2 ones, 

a value of all cell volumes is given in Table 2.4. The reported increase in volume from UC to UO2 is 

approximately 30 %128, this large volume increase has been exploited in the past for the oxidative 

decladding of UC nuclear fuels, based on the UO2 method128. This method consists in puncturing the 

fuel cladding at regular intervals and expose the fuel rod to air at approximately 673 K. The volume 

expansion induced by the transformation from UC to UO2 is used to cause the splitting of the cladding 

which allow the fuel to be extracted. In Table 2.4 the volume expansion calculations for both UC to 

UO2 and UO2 to U3O8 transformations are shown.  

Table 2.4 Space groups, specific volumes, densities, lattice parameters and volume changes associated with 

transformation between UC and uranium oxides. 

Uranium 

compound 

Space 

Group 

Cell 

Volume 

(nm3) 

Z  Density 

(g/cm3) 

Lattice 

Parameter 

(Å) 

Angle 

(°) 

Ref Reaction ΔV 

(%) 

UC 

cubic 

Fm3̅m 0.121 4 13.68 4.95 90 141   

UO2 

cubic 

Fm3̅m 0.163 4 10.98 5.47 90 142 UC  UO2 +35 

α-U3O8 

orthorhombic 

C2mm 0.333 6 8.39 
a = 6.71 

b = 11.96 

c = 4.14 

90 

90 

90 

110 UO2U3O8 +36 

 

The volume expansions reported in Table 2.4 were calculated, in a similar way to ZrC, using equation 

2.3 as described in section 2.1.4. The Z number has been adjusted considering the number of uranium 

atoms for each compound.  

In Chapter 5 the volume expansion transformations between these compounds will be shown in situ 

during oxidation in an oxygen atmosphere. The observed volume expansion for the transformation from 

UC to UO2 was much higher than the theoretical value evaluated as 35%, in the same way, the volume 

transformation from UO2 to U3O8 monitored in situ (see Chapter 5) was much larger than the theoretical 

36%. The difference between the observed volume change and the calculated volume change may be 

due to the fact that in the real system samples are not single crystals but grain boundaries and porosity 

exist. The influence of cracking is also not considered and when UO2 forms this is generally described 

as an adherent layer on the UC surface, U3O8, instead, always appears as a voluminous detachable 

powder81,131. The main explanation attributed to the characteristic popcorn like morphology and 
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voluminous formation of U3O8 is related to the 36% increase in volume during conversion from UO2
112. 

UO2 pellets are said to spontaneously pulverise when oxidised in air at 673 K due to the stresses 

involved with the 30 % volume expansion143. However, as shown in Table 2.4, the transformation from 

UC to UO2 also undergoes a considerable volume expansion (only 1% lower than the one from UO2 to 

U3O8). The transformation from UC to UO2, however, is reported to form a protective and adherent 

oxide layer. Probably this contradictory explanation is related to the fact that most of the oxidation 

studies to U3O8 are based on UO2 oxidation, hence the 35% expansion effect from UC to UO2 is not 

considered105,144,145. The sigmoidal kinetics of UO2 oxidation to U3O8 were recently correlated to the 

formation of cracks119 formed in the intermediate oxide layer, presumably made of U3O7/U4O9. Cracks 

were reported to form when UO2 single crystals are oxidised to U3O7
118,119, which is one of the 

compounds responsible for the intermediate step between UO2 to U3O8
146. The U3O8 transformation 

induces a considerable change in the morphology of the oxide, typically called popcorn like. Such 

dramatic expansion could be correlated to the transformation from a cubic to an orthorhombic crystal 

structure. Desgranges et al.117 proposed a model for such a disruptive volumetric change based on the 

stretching of the cuboctahedral oxygen clusters (see section 2.2.2). Allen et al.116 described this dramatic 

transformation as a displacement of planes and the transformation from a fluorite structure to a layered 

structure. During the UC oxidation, studied in this thesis, the additional volume transformation from 

UC to UO2 needed to be considered. As shown in Chapter 5 the transformation from UC to U3O8 was 

well above a 70% volume increase (in section 5.3.2 in this thesis, approximately 10 times increase in 

linear dimension related to an overall volume expansion estimated as ~26 times132, measured on a 2D 

SEI, will be reported). Such dramatic volume expansion will be associated with the effects of an 

explosive reaction induced by UC ignition which triggered formation of U3O8. This ignition mechanism 

will be correlated to sample fragmentation which induced a large and reactive surface area. The nature 

of this dramatic sample fragmentation could be related to the mechanical stresses related to the volume 

transformation to either UC to UO2 or UO2 to U3O8 induced by lattice mismatches.  

2.3 Further considerations 

By comparing ZrC and UC crystal structures and oxidation behaviour, it is clear that many similarities 

exist between these two compounds. For example, the equations that govern the oxidation mechanism 

of ZrC (equations 2.1 and 2.2) are similar to the ones of UC (equations 2.10, 2.11 and 2.12). These 

describe the oxidation mechanisms of both carbides by formation of an oxycarbide and liberated free 

carbon prior to oxidation to the dioxide compound. However, there are also some differences between 

their oxidation mechanisms which are explained here. The complexity of carbon oxidation has been 

assessed in UC studies, however, studies have not been as comprehensive for ZrC. During ZrC 
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oxidation, carbon is considered to either be dispersed in the oxide as an inclusion or to oxidise directly 

to CO2 at high temperatures. The carbon detected in the oxide layer has never been correlated to possible 

unreacted ZrC. On the contrary, in UC oxidation studies, the detected carbon in the oxide was 

considered to be either free carbon or unreacted UC. Even though the chemistry of oxidation of ZrC 

and UC is similar at the beginning, when an oxycarbide is formed followed by a dioxide, the oxide 

compounds and crystal structures that can develop after this stage are quite different. During oxidation 

of ZrC only one phase can form, ZrO2, which presents three main polymorphs: m- ZrO2, t- ZrO2 and c- 

ZrO2. During oxidation of UC, instead, at least four oxides can form, namely UO2, U4O9, U3O7 and 

U3O8 and each of these presents at least two polymorphs. The oxidation mechanism for both materials 

is not yet well understood, hence, the choice of studying oxidation of ZrC as a preliminary step before 

studying UC is possible.  Both carbides undergo oxidation to a dioxide product with an associated 

volume expansion of approximately 30% (see section 2.1.4 and 2.2.5). Furthermore, both ZrC and UC 

undergo oxidation showing the typical Maltese cross shape of the oxide. Cracking of the oxide is 

relevant in both systems and the possible sintering of the oxide at high temperatures was reported for 

both ZrC23 and UC139. A change in the oxide morphology with temperature was observed in both 

carbides (for example a voluminous and pulverised oxide or a compacted oxide) and the challenges 

involved in the identification of the oxide polymorphs were similar.  

To improve our understanding of the oxidation mechanism of these two carbides, the approach used in 

this thesis was to combine results from different analytical techniques: some of them have never been 

applied before on these materials. Characterisation was performed through a hierarchical series of 

analyses: starting from macrostructural characterisation of the oxide products, through microstructural 

analyses on the interface carbide/oxide and finally with nanostructural characterisations of the 

intermediate layer. Some analyses were performed only on ZrC due to challenges involved when 

working on active nuclear materials, for example no FIB-SIMS or HTREM analysis on FIBbed 

specimens were possible on UC. Even though some analyses were not performed on UC, both materials 

were studied for the first time with a state-of-the-art technique: the HT-ESEM. This analysis gave 

invaluable information on the oxidation mechanism of both materials and on carbides in general. 

Oxidation was studied in situ, and furthermore the ignition reaction occurring on UC was monitored 

and characterised for the first time. Thanks to this study and assessment of the literature for both 

materials, it was possible to outline an organic discussion on their oxidation mechanisms, which can be 

representative of carbide materials in general, this is shown in Chapter 6.  
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3. Methods and Materials 

The aim of this chapter is to give an overview of the experimental techniques and materials used in this 

thesis. Section 3.1 introduces the characterisation techniques used on ZrC and UC samples. Section 3.2 

describes the materials used and section 3.3 describes the oxidation experiments conducted in furnaces, 

in HT-ESEM and using TGA/DTA (section 3.3). Finally, section 3.4 describes the method developed 

with an image analysis technique, ImageJ, for the quantification of sample expansion, crack 

propagation, crack length and crack network connectivity during in situ oxidation experiments of UC 

shown in Chapter 5. 

3.1 Basics of characterisation techniques 

3.1.1 Density measurement 

Archimedes method was used to evaluate the density of ZrC samples (g/cm3) (see section 3.2.1) with a 

Sartorius balance (Sartorius AG, Göttingen, Germany), model YDK01. Density was measured for 

samples cut with the electrical discharge machining method (EDM) from bulk hot pressed discs 

produced via the route described later in section 3.2.1. Samples were first weighed in air and then 

submerged in ultrapure water, MilliQ water, (Merck KGaA, Darmstadt, Germany) using two metallic 

plates, one placed in air and one in water, provided by Sartorius. A thermometer was immersed in the 

water to measure the fluid temperature. The equation used to calculate the sample density is shown in 

equation 3.1: 

 𝜌 =
𝑚𝑎𝑖𝑟 ·(𝜌𝑤𝑎𝑡𝑒𝑟−0.0012)

0.99983 ·(𝑚𝑎𝑖𝑟−𝑚𝑠𝑢𝑏)
 + 0.0012 (3.1) 

where ρ is the density of the sample measured with Archimedes method, also called bulk density, ρwater  

is the density of the water (whose value is found tabulated with temperature in the Sartorius YDK01 

user’s manual), mair is the weight of the dry sample measured in air and msub is the weight of the sample 

submerged in water. The value of 0.0012 takes into account the density of the air. Density values are 

taken as the average of three measurements and the error is reported as the standard deviation obtained 

for these three. Sample densities are usually reported as percentage (%) of the theoretical density (TD) 
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of the compound. The term theoretical density is used to describe the density of a material that contains 

no porosity. The TD can be calculated from lattice parameter measurements obtained with XRD. A 

range of published values have been reported for the theoretical density of ZrC. For example, Silvestroni 

et al.69 reported a value of 6.63 g/cm3, while a density of 6.73 g/cm3 is reported in the CRC handbook147. 

In this study three XRD patterns (see section 3.1.2) were taken for different ZrC hot pressed disc 

specimens, all manufactured using the same procedure (see section 3.2.1), from these it was possible to 

calculate the lattice parameter and then the theoretical density of the manufactured ZrC samples. The 

lattice parameters calculated from the three XRD patterns mentioned above were: 4.6912 (±0.0007) – 

4.6936 (±0.0009) – 4.682 (±0.001) Å, measured with Rietveld refinement. Rietveld refinement was 

performed by Dr. Denis Horlait at Imperial College London, UK, now at the Centre d'Etudes Nucléaires 

de Bordeaux-Gradignan (CENBG), France. From these values it was possible to obtain the theoretical 

density, TD, for ZrC using equation 3.2:  

 
𝑇𝐷 =  

𝑍 ·  𝑀. 𝑊.

𝑁𝐴  ·  𝑉
 

(3.2) 

 

where Z is the formula units (Z = 4 for ZrC), M.W. is the molecular weight of ZrC (103.235 g/mol), NA 

is Avogadro’s number and V is the volume of the cell. In the case of cubic crystal structure the volume 

of the cell is: 

 𝑉 = 𝑎3 (3.3) 

where a is the lattice parameter obtained using the method above. The values for TD obtained using 

equation 3.3 and 3.2 were 6.64 – 6.67 – 6.63 g/cm3. The TD values calculated on hot pressed ZrC 

samples manufactured for this thesis were in good agreement with that reported by Silvestroni et al.69 

of 6.63 g/cm3. Hence, to compare the density values obtained with the Archimedes method in term of 

percentage of the TD a value for TD = 6.63 g/cm3 was used. The sample density expressed as % of the 

TD is calculated with equation 3.4: 

 % 𝑜𝑓 𝑇𝐷 =
𝜌

𝑇𝐷
 · 100 (3.4) 

where ρ is the sample bulk density calculated with equation 3.1 which considers the presence of both 

open and closed porosity. Porosity not only affects the bulk density, it also affects the value of the 

surface area of a sample as described in the section below. 
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3.1.2 B.E.T.: Brunauer, Emmett and Teller method 

A common technique used to examine the available surface area with gas or vapour adsorption, 

including pores and irregularities, is the Brunauer, Emmett and Teller148 (BET) method149. The BET 

method is based on measuring the physical adsorption of a gas, or vapour, on the surfaces of a solid 

from volumetric measurements. Gases can adsorb onto solid surfaces due to the presence of physical or 

chemical interaction forces150. When physical forces are involved, the adsorption is called physical, 

when chemical forces are involved chemisorption occurs. Physical adsorption occurs when inter-

molecular attractive forces, between the solid and the gas, are larger than those between the gas 

molecules, hence the gas is adsorbed onto the solid. In chemisorption chemical bonds form between the 

gas and the compound via sharing or transfer of electrons like in chemical bonds. Physical adsorption 

is reversible and non specific because ideally all gases can be adsorbed to all solids. Chemisorption, 

however, is specific to the compound and gas involved. It is not reversible and in order for 

chemisorption to occur, first some physical adsorption needs to be present150.  

In the BET method, nitrogen (N2) is usually used as the adsorbate gas, after the sample has been 

degassed either in vacuum or under inert gas flow at temperature in order to remove any contaminants. 

The amount of adsorbate gas corresponding to a monomolecular layer on the surface can then be 

correlated to the specific surface area (SSA) of the sample using the Brunauer, Emmett and Teller148 

adsorption isotherm equation. With decreasing temperature the quantity of gas adsorbed increases at 

given pressure150. This method was used to evaluate the SSA of uranium oxide samples after oxidation 

treatments (results are shown in section in 5.2.1). The BET measurements for U3O8 samples were kindly 

provided by Simon Everall at NNL Preston using a Micromeritics Tristar 11 (Micromeritics Instrument 

Corp.Norcross, GA, USA). Samples of approximately 0.5 g were used in duplicate for each individual 

run (filling <1/4 of the analysis tube bulb). Samples were first degassed for 1 h at either 373 K and/or 

423 K, in vacuum (<20 mTorr) using a Micromeritics VacPrep 061 degasser (Micromeritics Instrument 

Corp.Norcross, GA, USA), to remove volatile contaminants. Run 1 samples (see experimental details 

in section 3.3.5 and results in section 5.2.1) were all degassed at 423 K. Run 2 samples, instead, were 

degassed at 373 K prior to BET analysis, then the same samples after analysis were reweighed and 

degassed at 423 K for a second BET analysis. This was to check the influence of the degas temperature 

on the SSA data for U3O8. Technical grade N2 was used and calibration was performed with a carbon 

surface standard. Data were obtained using a Tristar 3000 Micromeritics Surface Area Analyser 

(Micromeritics Instrument Corp.Norcross, GA, USA) evaluating the amount of N2 adsorbed at the 

boiling temperature of liquid nitrogen which is 77 K. All results obtained were used to show the SSA 

trend for the U3O8 samples obtained at 873, 973, 1073 and 1173 K shown in section 5.2.1.   
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3.1.3 XRD: X-Ray Diffraction 

X-ray diffraction (XRD) is a non-destructive technique used to obtain information on the crystal 

structure of a compound. It allows phase identification to be performed and for the properties of 

materials, like thermal expansion, and the effects of stresses, thermal or mechanical, on the crystal 

structure to be measured. XRD analysis was performed on the initial ZrC powder, hot-pressed pellets, 

and partially oxidised samples. The XRD analysis performed on the hot-pressed ZrC specimens was 

used to measure the lattice parameter, a, of the compound, whereas that performed on partially oxidised 

samples was used to characterise which phases and which zirconia polymorphs were present in the 

oxide layer. A Bruker D2 Desktop diffractometer (Massachusetts, USA), with a Cu Kα source, was 

used to characterise ZrC and ZrO2 before and after oxidation experiments. Samples were tested between 

angles, θ, in the range of 25º to 75º 2θ. The lattice parameter, a, used to measure the sample TD (see 

section 3.1.1) was obtained from the 2θ values for the characteristics diffraction peaks from the ZrC 

pattern using Bragg’s Law, shown in equation 3.5, where λ=1.5406 Å. Using Bragg’s Law, it is possible 

to derive the interplanar spacing, called dhkl, which is then inserted in equation 3.6, with hkl being Miller 

indices. These indices are tabulated in the correlated Powder Diffraction File (PDF) of the International 

Centre for Diffraction Data (ICDD) database.  

 𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 (3.5) 

 𝑎 = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2 (3.6) 

Figure 3.1 shows a schematic for the derivation of the Bragg’s law: it is possible to see that the additional 

path (highlighted in red) required for the X-rays to be scattered from atoms positioned at a distance dhkl 

is equal to 2dhklsinθ. Rietveld refinement used to calculate the lattice parameter of the initial ZrC 

samples from XRD patterns was performed by Dr. Denis Horlait. 
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Figure 3.1 Derivation of the Bragg's law. 

In situ oxidation of ZrC powder (see section 3.2.1 for powder details) was performed using a High 

Temperature – XRD (HT-XRD) X’pert Multi-Purpose Diffractometer (MPD) (Philips, Amsterdam, the 

Netherlands), in air atmosphere. ZrC powder was placed on a platinum holder (HDK 2.4, Buhler, 

Germany) and analysed from room temperature to 1306 K, with scans performed every 50 K using a 

Ni-filtered CuKα radiation. The powder was scanned for angles of 2θ =25º to 75º.  

UC fragments and oxide powders obtained after oxidation experiments at NNL were analysed using an 

X’Pert 3 powder diffractometer (PANalytical, The Netherlands) with Ni-filtered CuKα radiation. 

Samples were scanned from 2θ =10 to 75° and the analysis was kindly provided by Sarah May, NNL 

Preston. 

Identification of phases present in the XRD patterns was performed using the International Centre for 

Diffraction Data (ICDD) database by comparing the peak positions in the experimental patterns, with 

those previously tabulated for relevant compounds and listed in the Powder Diffraction Files (PDF) 

contained in the database. When a compound is identified from XRD data in this thesis, it will be 

accompanied with the associated PDF code and reference. 

3.1.4 SEM: Scanning Electron Microscopy 

Scanning electron microscopy (SEM) uses the information derived from the interaction of accelerated 

electrons on a sample surface to obtain details of the sample topography, sample crystalline structure 

and chemical composition of an area approximately 1µm deep from the top surface151. The interaction 

of high energy electrons (which can be accelerated up to 1000 keV151) with the sample surface, which 

is thick enough so that these electrons are not transmitted through it, originates a wide range of signals, 

such as electrons, X-rays and photons151.  
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The electrons used in a SEM have energies in the range of 2-40 keV, and they are generated from three 

types of sources. The most common electron source is a tungsten filament which is heated to high 

temperatures, above 2773 K151, using high current to produce electrons from its tip, this phenomenon is 

also called thermionic emission.  Another source of electrons via thermionic emission can be achieved 

by using a lanthanum hexaboride (LaB6) filament which produces a brighter beam and has a longer 

lifetime than tungsten filaments. A Field Emission Gun (FEG), can be thermal or cold, depending on 

whether electron emission depends on temperature, thermionic emission, or only from the high electric 

field. This high electric field is obtained by using high voltage and a sharp tip (on the order of 100 nm 

or less) which can be made of a sharpened tungsten crystal. FEGs generate the highest resolution as 

electrons are generated from a small area when compared to the other sources, however, they require 

much higher vacuum, ultra-high vacuum, better than 10-10 Torr151, compared to the two other electron 

source types. The electrons generated from the gun are then accelerated to an anode and finally focused 

into a probe (which could have a diameter in the order of few nm to few µm) by passing through a series 

of electromagnetic lenses (condenser and objective).  A schematic diagram of a SEM is provided in 

Figure 3.2. 

 

Figure 3.2 Schematic of a Scanning Electron Microscope. 

The signals commonly used when a sample is analysed under SEM are: secondary electrons (SE), 

backscattered electrons (BSE) and X-rays. Secondary electrons, are those which leave the sample after 

being knocked out of their atomic orbitals by an incident high energy electron, they typically show 

energies below 50 eV. Secondary electron imaging is typically used to provide topographical 

information, however, some compositional contrast may be present under SE Imaging (SEI) as the 

detector can collect some backscattered electrons. Backscattered electrons are incident electrons which 
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are scattered back into the detector from the sample after interaction with the atoms in the target. They 

are fewer in number than secondary electrons but they have higher energy, on the same order of 

magnitude to that of the incident electrons. Typical SE detectors are the Everhart-Thornley detectors 

which are usually placed on the side of the sample, SE are attracted to this type of detectors by a positive 

bias of few hundreds volts. BSE have high energies, hence, a few hundred voltage bias cannot deflect 

them (that is why the main signal from the Everhart-Thornley detectors is from SE). As BSE have 

undergone very few scattering they are bounced back towards the column from the sample surface, 

hence, the BSE detector needs to be placed within the column152. Resolution obtained with the signal 

from BSE is lower than that obtained from SE because the probability of nuclear interactions is 

relatively low, meaning back scattered electrons tend to interact with a larger volume of material before 

knocking on a nucleus to be scattered back into the detector from deeper in the material. This means 

that the signal obtained is from a larger volume than that of the incident primary electron beam. The 

information obtained from BSE is compositional: brighter contrast is obtained from elements with large 

atomic mass, as the chance of backscattering increases with the increase of atomic number, whilst dark 

areas indicate light elements.  From BSE images (BSEI) it is also possible to obtain crystallographic 

information thanks to a phenomenon called electron channelling153.  Figure 3.3 schematically shows the 

origin of electron channelling contrast: if the crystal has a particular orientation to the electron beam, a 

channel provided by atoms arrangement could form which allows electrons to travel deeper into the 

specimen before being scattered. Hence the degree of backscattering will be lower for grains that present 

“channels” to the beam (see Figure 3.3a) in comparison to grains that are “non-channelled”. In the latter 

case, backscattered electrons originate closer to the surface (see Figure 3.3b)153. Electron channelling 

contrast can therefore be used to visualise grains dimensions.  

X-rays in a SEM are generated when a high energy electron knocks an electron from an atom’s inner 

shell, causing an electron from a higher energy shell to move into the empty orbit in a series of energy 

jumps. The difference in energy can be emitted in high-energetic electromagnetic radiation like X-

rays151,154. Measurement of the X-ray energy obtained provides information on the elements present in 

the sample, as each element emits characteristic X-rays (usually in the range of 0 to 10 keV). Elements 

present characteristic arrangements of electrons in defined energy states and the energy of X-rays 

emitted depends on the energy differences between these154. Two types of detectors are available for 

analysis of the characteristic X-ray spectra. X-rays energy can be detected by an Energy Dispersive X-

ray Spectroscopy (EDS or EDX). The measurement of the wavelength of the X-rays emitted, instead, 

is performed with a Wavelength Dispersive X-ray Spectroscopy (WDS or WDX).  
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Figure 3.3 Schematic of electron channelling contrast: two crystal orientations are subjected to the same beam 

orientation, a) channelling, b) non-channelling situation. 

The resolution of a SEI can be improved by choosing an appropriate sample working distance (see 

Figure 3.2), beam current, accelerating voltage and spot size. SEIs on ZrC and oxidised ZrC samples 

were obtained with a LEO Gemini (1525 FEG-SEM, Zeiss, Jena, Germany) equipped with BSE detector 

and an EDX with ultrathin polymer window for chemical analysis (INCA, Oxford Instruments, Oxford, 

UK). Some images were also acquired on a JSM 6400 (JEOL, USA) equipped with an EDX (INCA, 

Oxford Instruments, Oxford, UK) with ultrathin polymer window. To study oxide samples with the 

SEM, a coating of chromium was applied to reduce sample charging. Samples were generally mounted 

on stubs with carbon tape, or with silver paste dissolved in acetone when samples also needed to be 

characterised using FIB-SIMS as this meant that carbon contamination was avoided.  

SEI characterisation of the uranium oxide powders produced during HT-ESEM experiments using a 

FEI Quanta 200 FEG ESEM (Thermo Fisher Scientific, Massachusetts, USA) on UC were performed 

with the same instrument in SEM mode. The images on UC samples and oxidised U3O8 powders 

performed at NNL Preston were acquired with a FEI Quanta 200 FEG (Thermo Fisher Scientific, 

Massachusetts, USA). 

3.1.5 HT-ESEM: High Temperature Environmental SEM 

An environmental SEM (ESEM) is a SEM capable of working with various gases (such as air, oxygen, 

argon, water vapour, CO2) in the sample chamber. It can also be coupled to a heating stage so that the 
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sample surface morphological changes can be followed with temperature, in this case the ESEM is 

called a high temperature ESEM (HT-ESEM). As shown in section 3.1.4 standard SEMs require the 

column and sample chamber to be under vacuum to work effectively. In a HT-ESEM, instead, high 

resolution SEIs can be acquired in gaseous environment at pressures as high as 50 Torr155 in the sample 

chamber and at temperatures as high as 1673 K156. This is possible because there are narrow apertures 

in the region between the electron gun and the sample chamber and a differential pumping system is 

applied. A high vacuum is maintained in the region where the electron gun is, and in most of the column, 

to avoid beam degradation due to scattering of the electrons with gas molecules. The sample chamber, 

instead, can sustain high pressures thanks to the action of multiple Pressure Limiting Apertures (PLAs). 

These PLAs divide the ESEM in several regions which are connected to a different pumping system, 

hence, each region is at a different pressure. For example, if two PLAs are integrated in an ESEM, these 

subdivide the ESEM chamber in three regions which can sustain pressures of 10 Torr, in the sample 

chamber, 10-1 Torr in an intermediate region (called first environmental chamber) and 10-4 Torr in a 

second environmental chamber while the column is at 10-5 Torr155. Multiple PLAs are necessary to 

reduce the pressure gradient between environmental chambers whilst maintaining a large total pressure 

difference. The PLAs are located at the bottom of the column, close to the sample chamber, so that the 

beam can travel for the majority of the distance between the gun and the sample in a high vacuum 

atmosphere, limiting scattering. The scattering of the beam of electrons by gas molecules affects the 

quantity of electrons reaching the sample, and indeed, this occurs along the entire beam path but more 

when the pressure of the gas is high. The presence of the PLAs stop any scattered electrons reaching 

the sample. Hence, to reduce the number of electrons scattered by the gas and blocked by the PLAs, 

these are placed close to each other and in the proximity of the sample at the bottom of the column, so 

that the high pressure chamber volume is minimised and electrons travel for most of the column in the 

chamber with highest vacuum. Most scattering will occur in the last chamber, the sample chamber, 

which has the largest gas pressure, hence the working distance between the sample and the last aperture 

is also minimised155. ESEMs are provided with both SE and BSE detectors. Working with a HT-ESEM 

means that samples can be heated to high temperatures (up to 1673 K156). Development of techniques 

and equipment that allow accurate measurements of the sample temperature is important156 as this 

allows results obtained in a HT-ESEM to be compared with those from other techniques, for example 

thermogravimetric analysis (see section 3.1.8).  

The experiments performed on both ZrC and UC were carried out at ICSM using a HT-ESEM FEI 

Quanta 200 FEG ESEM (Thermo Fisher Scientific, Massachusetts, USA) equipped with a 1773 K hot 

stage in collaboration with Dr Renaud Podor156,157,158 using oxygen and air atmospheres. The details of 

the experimental conditions used to perform these oxidation experiments are described in section 3.3.6.  
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3.1.6 TEM: Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) uses information derived from electrons which are 

transmitted through a specimen rather than scattered from the sample as in SEM. The electrons used for 

TEM analysis are generated from the same type of guns used in SEMs. Specifically, electron sources 

can be thermionic using LaB6, or FEGs using fine tungsten needles. The set-up of the beam is similar 

to the one of a SEMs, where a grid called Wehnelt cylinder is placed in between the cathode and the 

earthed anode which has a hole in the centre159 (this set up is represented in Figure 3.2 with the name 

electron gun). The Wehnelt cylinder is slightly negatively charged so that the electrons coming from 

the cathode converge to a point before they pass through the anode. The electrons are then converged 

and manipulated throughout the column with the use of several electromagnetic lenses. For the electrons 

to pass through the sample it needs to be electron transparent, or sufficiently thin, in the range of 10-

300 nm depending on the material. Usually the thinner the better, so for incident electrons with an 

energy of 100 keV, TEM samples should be approximately 100 nm thick159. In common with SEM, the 

basis of TEM imaging is the interaction of the incident beam with the specimen which can produce 

backscattered, secondary electrons, like in a SEM, but also some electrons which travel through the 

sample and are deviated in comparison to the incident beam.  

Two main modes are available in TEM: bright-field (BF) and dark-field (DF) imaging. In BF mode the 

transmitted beam is allowed to pass through the objective aperture, when there is little diffraction (hence 

more electrons travel through the specimen without interaction) the image is bright. In DF mode, the 

diffracted beams pass through the objective aperture, hence the image is created from the information 

obtained from the diffracted beams. When there is more diffraction the resulting part of the image will 

be bright. The contrast generated during imaging can be related to the atomic number of the material 

but also to the thickness of the sample. For example, in BF imaging thicker regions appear dark as fewer 

electrons are transmitted, or similarly, electrons are diffracted to a greater extent. In the same way, 

regions with high atomic number produce dark areas in the resultant image, compared to regions made 

up of low atomic number atoms. This is because in high atomic number regions there is more probability 

of interaction, or diffraction, between the electrons and the nucleus. In comparison to bright-field 

imaging, when dark-field imaging is used, thick and high atomic number regions result in bright areas 

in the micrograph, as the beam has been diffracted much more than in thin or low atomic number 

regions, which appear dark.  

Elastically scattered electrons give rise to the contrast observed in TEM images and they are also 

involved in the formation of diffraction patterns (DP)159. Elastic scattering refers to processes where 

energy is conserved and inelastic scattering involves energy-losses. Scattering is key in TEM analysis 

as it provides information on the chemical nature and crystalline structure of the specimen analysed. 
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Several types of scattering are involved, high angle elastic scattering is mostly determined by the atomic 

number of a compound, hence it is responsible for compositional contrast. Electron diffraction used to 

obtain diffraction patterns, instead, is mainly related to small angle (< 3°) elastic scattering. This low 

angle scattering is mostly due to the crystallography of a compound as it is affected by atomic planes, 

d spacing and interatomic distances. Diffraction was previously discussed with regard to XRD (see 

section 3.1.3), however in the case of TEM, electron diffraction produces DP. The main difference 

between X-ray and electron diffraction is that electrons are scattered much more strongly than X-rays 

because they interact not only with the electron cloud, like X-rays, but also with the atom’s nucleus, 

this is because unlike X-rays which are electromagnetic waves, electrons are particles that carry a 

negative charge159.  

Diffraction patterns can be obtained in a TEM via a selected area diffraction pattern (SADP), where the 

diffraction pattern is formed in the diffraction plane (or back focal plane of the objective lens). This is 

achieved by removing the objective aperture and inserting the diffraction aperture. There are different 

aperture sizes that can be chosen which allows an area to be isolated, from which the SADP is taken. 

Typical images obtainable via SAD are categorised into: spots arranged in rings for samples containing 

randomly distributed grains (polycrystalline species), halos for amorphous compounds and ordered 

spots for single crystals. In the latter case, the spots are arranged according to the symmetry and the d 

spacing of the lattice. By using Bragg’s law (equation 3.5) it is possible to derive the d spacing of the 

compound analysed in the area chosen for SAD analysis. The identification of the compound is done 

by comparison of the calculated d spacing with the ones tabulated in the PDF from the ICDD database 

for the phases possibly present in the system. The way a TEM may be operated in diffraction mode is 

shown in Figure 3.4. 
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Figure 3.4 Schematic of imaging and diffraction modes in a TEM. Adapted from160. 

HRTEM can be used to obtain directly images that represent the lattice. Lattice images are obtained in  

a HRTEM by using a large objective aperture so that the direct beam passes and some diffracted beams 

pass through. The lattice image shows phase contrast which is related to the interference of the diffracted 

beams with the direct beam160. The lattice image can be used directly to obtain information on the d 

spacing of the lattice.  

The TEMs used in this thesis were: a JEOL JEM 2000FX, a JEOL JEM2100F and a JEOL 2100Plus, 

the details of each of these are now provided. Characterisation of the intermediate layer between the 

carbide and the oxide in partially oxidised ZrC samples was performed with a JEM 2000FX (JEOL, 

Tokyo, Japan) using a tungsten needle gun and a High Resolution – TEM, HRTEM, JEM 2100F (JEOL, 

Tokyo, Japan) with a FEG (Schottky type made of tungsten tip covered by zirconium oxide). TEM 

samples were prepared with the FIB (Focused Ion-Beam) technique using Helios Nanolab 600 (FEI 

Company, Hillsboro, OR, USA) thanks to Dr. Ecaterina Ware at Imperial College London. SADPs were 

indexed by matching dhkl values with PDF reference patterns from ICDD. The SingleCrystal software 

package (version 2.3 CrystalMaker Software Limited, Oxfordshire, UK) was used to simulate the SADP 

obtained from single crystals and recheck the assigned indexes. 

Characterisation of uranium oxide powders produced during in situ UC oxidation experiments was done 

using a HRTEM, JEOL 2100Plus (JEOL, Tokyo, Japan). Imaging was performed in the BF mode, SAD 
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patterns were indexed by matching the dhkl values with PDF reference patterns obtained from the ICDD 

database. Powders were prepared by crushing the oxide product diluted in pure ethanol with an agate 

pestle in an agate mortar. 10 µl of this ethanol solution was then deposited on a TEM copper grid, 

carbon-coated. Powders were adherent to the copper grid by Van der Waals forces. 

3.1.7 FIB-SIMS: Focused Ion Beam – Secondary Ions Mass 

Spectroscopy 

Focused Ion Beam-Secondary Ions Mass Spectrometry (FIB-SIMS) uses a similar principle as SEM: a 

beam is rastered across a sample surface and the signal from the sputtering is used to obtain an image161. 

However, while SEM is a non-destructive technique, FIB is destructive as the effects of the incident 

beam is that electrons, atoms and molecular fragments are irreversibly sputtered from the surface (see 

Figure 3.5).  

 

Figure 3.5 FIB-SIMS schematic showing the sputtering effects of the primary ion beam on the surface. A 

quadrupole mass spectrometer is depicted. 

Instead of firing electrons onto a surface, like in a SEM, in a FIB-SIMS primary ions, typically 

positively charged, are fired towards a target at an energy around 30 keV162. The primary ions used in 

this thesis were gallium ions fired from a gallium ion source, with this equipment the beam spot size 

varies from 10 nm when using a current of 20 pA to approximately 600 nm at 20 nA162. By choosing 

an appropriate beam current it is possible to use FIB-SIMS for a variety of applications: from imaging 

using a low current (for example 30-100 pA), to sample surface and depth profile chemical composition 
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(using a high current, like 20 nA) to sample milling. When the primary ions hit the surface, the collision 

produces a variety of signals as electrons, molecules and ions are created and released in the vacuum. 

The ions and electrons formed during FIB-SIMS analysis generally come from the top surface of the 

specimen. The ions formed by the interaction with the primary beam are called secondary ions, and they 

can be distinguished in a mass spectrometer according to their mass to charge ratio (m/z). As mentioned 

earlier FIB-SIMS can be used for imaging: ion imaging or electron imaging. Electron images taken with 

FIB-SIMS are made by secondary electrons sputtered during the interaction of the beam with the 

surface. The SE interaction comes from a small volume which is approximately 10 nm × 10 nm × 10 

nm deep, with electrons formed at low voltage (~50 eV). To understand the difference in signal during 

FIB-SIMS analysis compared to SEM analysis, Figure 3.6 is a schematic of the ions volume of 

interaction during FIB analysis compared to electrons volume of interaction during SEM analysis. It is 

evident that the volume of interaction of FIB-SIMS analysis is smaller and narrower than that obtained 

in a SEM, hence, SIMS gives information which is surface specific compared to EDX. Both analyses 

give chemical composition information of the sample, SIMS mostly characterises the sample surface, 

EDX gives chemical information from a volume which could be more than 2 µm deep.  

 

Figure 3.6 Schematic showing the volume of interaction of ions during FIB-SIMS analysis and electrons during 

SEM analysis. Adapted from Coumbaros et al.163 

By increasing the current of the beam, FIB-SIMS can be used to mill or to create compositional depth 

profiles. The gun is usually made of a liquid metal ion source of gallium (Ga+), with imaging resolution 
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at 5nm or better161, however, other sources are possible such as Plasma FIB made of xenon ions which 

provide faster ion beam milling rates while maintaining the accuracy of a conventional gallium FIB. 

The FIB-SIMS used in this study was a FEI FIB200-SIMS (FEI Company, Hillsboro, OR, USA). This 

microscope has a single-beam gallium ion gun and it can be used for both imaging and sputtering. 

Sputtering of the surface (either for cleaning the surface from the top layers or to obtain MS data) was 

achieved by using a high current (approximately 20000 pA). Surface cleaning of a partially oxidised 

ZrC sample cross section, previously polished, was done using FIB sputtering for 5 minutes at 20000 

pA (the effects of this process can be seen in Figure 4.20, Chapter 4). SIMS chemical analysis on a 

partially oxidised ZrC sample cross section was done on a 100 µm square region made of ten 10×100 

µm rectangles sputtered at a current of 3000 pA. Secondary ions, negative and positive, were collected 

to characterise the chemical composition of the ZrC sample cross section. SIMS data were acquired 

with the use of a Hiden EQS 1000 SIMS probe (Hiden Analytical Ltd, Warrington, UK), pulse counting 

quadrupole. The abundance of each species across the 10 rectangles analysed was normalised to the 

highest value (in counts per second, cps/cps) so different species, showing different yields, can be 

shown together (see section 4.2.3). To estimate the amount of material sputtered by the action of the 

FIB, a non-destructive technique was used on the ZrC sample characterised by SIMS. A Zygo NewView 

200 3D optical interferometer (Zygo Corporation, Middlefield, CT, USA) was used to evaluate the 

sample topography. The action of the gallium beam sputtered the ZrC sample side of approximately 0.6 

µm, the same current applied to the ZrO2 side of the sample cross section caused a sputtering of 

approximately 1.6 µm. FIB-SIMS was also used to monitor the oxygen diffusion profile during a ZrC 

oxidation in 16O/18O atmosphere, the details of this experiment and the set up of the FIB-SIMS used are 

explained in section 3.3.4. 

3.1.8 Thermal Analysis 

Thermal analysis identifies a family of techniques capable of monitoring the response of a material to 

changes in temperature. An important thermal analysis method is thermogravimetric analysis (TGA) 

which is often coupled with differential thermal analysis (TGA/DTA) or differential scanning 

calorimetry (TGA/DSC). From the combination of these analyses it is possible to measure properties 

and parameters such as the enthalpy of a reaction and thermal capacity of a compound. It is also possible 

to monitor together mass changes (loss or gain) combined with heat flow which are an indication of 

phase transitions and reactions, such as oxidation. These three analyses, TGA, DTA and DSC, 

respectively give data on the mass, temperature and heat changes of a compound. The combination of 

two of them can give invaluable information, for example, monitoring the mass changes with heat 

(TGA/DSC) gives an indication of which reaction is ongoing, if exothermic or endothermic, and the 

rate of advancement of this reaction which is related to the fraction of reacted sample. Mass gain 
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combined with heat release is, for example, representative of oxidation reactions like in the case of ZrC 

and UC, where the oxide products weigh more than the reactants. Mass loss, instead, could be 

representative of a decomposition process, or a sample degassing.  

The instrument set-up for a TGA/DTA or TGA/DSC is made of two identical crucibles, one is for the 

sample and the other is for reference, usually made from alumina, connected to a sensitive thermocouple 

and precision balance. Both crucibles sit in the same furnace chamber which can be either cooled or 

heated. Inside the chamber gases, such as air, oxygen or argon, can be introduced. The sample under 

examination is placed in the crucible and the mass gain or loss is detected with temperature using the 

precision balance on the sample crucible. For the temperature or heat difference to be detected, instead, 

a reference crucible is needed. In fact, DTA measures the difference in temperature between the crucible 

containing the sample and the reference crucible which are in the same environment. By comparison, 

DSC measures the amount of energy required to keep the crucible and reference crucible at the same 

temperature. Both techniques give an indication of whether the sample is undergoing an exothermic or 

endothermic reaction, this will be shown in the graph as a peak or trough (that could be pointing up or 

down for exothermic or endothermic reactions depending on the instrument characteristics). The area 

underneath the peak is proportional to the heat of transition of a reaction. To get quantitative information 

on the heat release and change of enthalpy during the reaction, calibration against certified standards is 

required.  

TGA/DTA and TGA/DSC were used for ZrC and UC experiments to monitor the weight gain versus 

time and check if the reaction was completed. All analyses were performed on sintered fragments, not 

powders. Heat release was measured in UC oxidation studies to detect whether sample degradation due 

to storing samples in air was affecting the carbide to oxide ratio in the sample (see section 5.1). On UC 

oxidation studies, a TGA/DSC was also coupled with a mass spectrometer (MS) so it was possible to 

monitor the gases arising during oxidation. 

ZrC sample oxidation in isotherm mode was performed in a TGA/DTA Netzsch STA 449F1 (Netzsch 

Group, Germany) at 1073, 1173, 1273 and 1373 K. Samples were first exposed to an inert, argon 

atmosphere using a 60 ml/min flow rate as the sample was heated from room temperature at a rate of 

10 K/min. Then, when the desired temperature was reached, argon flow was maintained for 

approximately 15 minutes to allow temperature stabilisation before an air atmosphere was introduced 

at a flow rate of  60 ml/min.  

UC samples chosen from inert-stored and air-stored crushed pellets where oxidised in a TGA/DTA 

Netzsch 449C STA (Netzsch Group, Germany). Samples inserted in the TGA/DTA were first exposed 

to an isotherm in argon, set at 200 ml/min, at room temperature to ensure that the TGA/DTA chamber 

did not contain any oxygen. The isotherm in argon at room temperature was performed for at least 3 h, 
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or when possible, for 14 h overnight. This was found to be necessary as UC samples are reactive and 

they oxidised during the heating ramp in argon if the chamber was not completely purged. The 

TGA/DTA was not located inside an inert glovebox, hence some oxygen contamination was possible. 

After the isotherm in argon performed at room temperature, heating was done at a rate of 50 K/min 

under argon flow (100 ml/min) to the desired temperature (either 973 K or 1073 K). When the 

temperature was achieved, the sample was hold for 20 minutes in argon to allow temperature 

stabilisation before switching the atmosphere to air. The air flow was set to 60 ml/min, to be consistent 

with ZrC experiments. However, as the adjustment of the flow rate needed to be performed manually, 

this was first done on the argon flow which was switched from 100 ml/min to 60 ml/min just before air 

was inserted in the chamber. This avoids any buoyancy effect related to the switch of the flow from 100 

to 60 ml/min during oxidation. 

Samples chosen from an air-stored crushed UC cylindrical pellet were oxidised in a TGA/DSC STA 

1500 (Rheometric Scientific, UK). Three samples were chosen and they are called respectively samples 

A, B and C. Samples A and B were chosen from the fragments obtained from the crushed UC middle 

core (see Figure 3.9a for the identification of the pellet core and outer layer). Sample C was chosen 

from the fragments obtained from the crushed outer layer (see section 3.2.2). Samples were heated from 

room temperature to 1673 K with a heating rate of 10 K/min in a dry compressed air flow set to 28 

ml/min. 

3.1.9 Combustion Analyser for Carbon  

Amongst the possible methods to characterise the amount of light elements in a compound, such as 

carbon, oxygen, nitrogen and hydrogen, combustion analysis techniques are extensively used. These 

techniques can provide reliable results in only a few seconds with little, or even no, preparation. A 

carbon combustion analyser from Horiba (Horiba Scientific, Middlesex, UK), the EMIA 320 V2 C/S 

analyser, was used. Samples made of metal, ceramic, glass and polymer can be fully combusted in this 

instrument to allow chemical characterisation of carbon and sulphur. A small amount of a sample (a 

mass of 75 - 400 mg was recommended by the instrument manufacturer, but in practice a size of 20-

100 mg was found to be preferable) is placed in cylindrical quartz (SiO2) and aluminium oxide (Al2O3) 

crucibles. These crucibles were pre-annealed at 1273 K for at least 30 minutes before use, then stored 

in a clean desiccator to avoid any possible hydrocarbon impurities and carbon contamination. 

Hydrocarbons or impurities in general could affect the carbon analysis results which quantify the 

amount of CO2 produced in the system. The system comprises the combustion analyser chamber, 

sample and crucible. The sample, after being weighed and placed at the centre of the crucible, is covered 

with a fixed amount of accelerants (using the measuring cups provided), in this case copper and iron, 

which help to homogenise the sample temperature during combustion and to conduct current. The 
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crucible is then inserted in the analyser chamber, this is heated quickly (a few seconds) via high 

frequency induction coils in pure oxygen. Everything in the crucible that can combust is gasified into 

CO, CO2 and SO2. For carbon analysis the amount of CO and CO2 is analysed via a non-dispersive 

infrared (NDIR) sensor164. The CO2 detector contains two sub-sensors, one is optimised for large 

quantities of CO2 and the other for low quantities. The detector to be used can be decided by the user 

depending on the amount of carbon expected from the analysis. A schematic of the equipment is shown 

in Figure 3.7 

 

Figure 3.7 EMIA C/S Combustion analyser schematic, the principles of a combustion analysis is shown on the 

image on the left, while on the right the instrument set up is summarised. Adapted from95,164. 

From the peak obtained on CO and CO2 analysis the value of carbon is derived. Quantification of carbon 

from CO/CO2 measurements is possible thanks to a calibration performed with three blanks (where 

accelerants are inserted without sample) and three tests performed with standards, instead of the sample, 

containing a known and fixed amount of carbon before the test is performed. The carbon analysis on 

ZrC samples reported in this thesis was obtained using at least three replicated measurements for each 

sample. This carbon analyser technique was used throughout this work to quantify the amount of carbon 

in ZrC samples. For UC samples a different model of combustion analyser was used, the EA1108 Fisons 

(Thermo Fisher Scientific, Massachusetts, USA) (CHNS/O) Analyser Carlo – Erba, however the same 

principles apply. The carbon analysis on UC was kindly provided by Jennifer Alcock at NNL Preston, 

each sample was tested three times and the sample mass used was in the range of 2 – 8 mg. 

The only drawback of this carbon analyser technique is that it cannot differentiate between bonded 

carbon or free carbon. This is particularly challenging in the study of carbides, due to the fact that these 

compounds are highly non-stoichiometric. Hence, without knowing whether the amount of carbon 

quantified with the combustion technique is free carbon or part of the carbide itself, calculating a value 

for the stoichiometry is not reliable. This is the reason why no values for ZrC stoichiometry have been 

derived from these carbon analyses data. The amount of carbon measured on bulk ZrC samples will 
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only be reported and compared to the value given for commercial powder used to fabricate these 

samples.   

3.2 Sample preparation and characterisation 

Carbides are known to be highly non-stoichiometric, and as was discussed in Chapter 2 the 

identification of the stoichiometry of these compounds is challenging.  

The stoichiometry of a compound can be derived using several analytical techniques. For example, 

XRD analysis (see section 3.1.2) is used to measure the lattice parameter of a compound by applying 

Rietveld refinement on the diffraction patterns. By comparing the XRD determined lattice parameter 

with tabulated values from compounds with different stoichiometry it is possible to infer the 

stoichiometry of the initial compound. As reported in section 2.1.1, there is a non-linear relationship 

between the ZrC lattice parameter and C/Zr ratio. This implies that for a calculated value of the lattice 

parameter there could be different C/Zr ratios, above and below C/Zr=0.8. Hence, XRD analysis does 

not seem to provide a definitive value for ZrC stoichiometry. Another method which is commonly used 

to determine compound stoichiometry is the full combustion method in a TGA (see section 3.1.8). This 

method monitors the weight gain/loss of a sample before and after oxidation is complete with a TGA 

in either oxygen or air. From weight gain/loss data is possible to derive the initial stoichiometry of the 

carbide. First, the stoichiometric ideal mass gain/loss of a compound needs to be calculated (e.g. ZrCx 

with x=1 oxidises to ZrO2). Then, this calculated value is compared to the experimental value measured 

from TGA data. The difference between these two gives an indication of the initial sample 

stoichiometry, whether it was hypostoichiometric (hence, x<1) or hyperstoichiometric (x>1). An 

example of how this method can be applied to carbides is given in the following section, 3.2.1, for ZrC. 

A drawback of the TGA method is that weight gain/loss measurements do not give an indication of 

whether carbon remained in the system after full combustion or whether the initial material was made 

of more than one phase. Hence, a thorough characterisation of the initial and final sample should be 

coupled because small quantities of carbon, or ZrC, retained in the system after full combustion can 

affect the stoichiometry value. The same problem applies to second phases present in the initial material 

prior to oxidation. To quantify the presence of small quantities of carbon in a system, a carbon analysis 

technique can be used. However, as explained in section 3.1.9 this technique presents limitations. For 

example, it cannot differentiate between free carbon or bonded carbon. Hence, with this technique it is 

difficult to characterise the starting material because if a higher percentage of carbon than expected is 

found, it is not possible to determine whether it is free carbon or hyperstoichiometric ZrC. Even after 

applying several techniques, such as a full combustion experiment in a TGA with characterisation of 

the initial and final samples with a carbon combustion technique, it is challenging to calculate a value 
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for the stoichiometry. Furthermore, ZrC can tolerate up to 50%22,35 of carbon vacancies without 

changing its crystal structure, hence XRD cannot help differentiate between stoichiometric or 

hypostoichiometric ZrC.  

3.2.1 ZrC 

ZrC samples were prepared by hot pressing ZrC commercial powder (with a particle size of 3-5 μm, 

90% < 8μm with 0.2% < Hf < 2%, Grade B, H.C. Starck, Karlsruhe, Germany) inside a hot press furnace 

(FCT Systeme, GmbH, Germany) in an argon atmosphere. Two disc shaped samples were 

manufactured: one made of approximately 42 g of ZrC powder used to fill a 40 mm graphite die which 

was hot pressed at 2123 K, the height was about 0.5 cm and it was used to cut six cuboid samples (called 

Batch-1). The other type of discs was made of 85 g of ZrC powder filled in the same 40 mm die, the 

final height of the disc was 1 cm and they were hot pressed at 2273 K (called Batch-2). Before the 

powder was inserted in the die, the die was lined with graphite foil to facilitate extraction of the sample 

from the die after production. Both discs were heated to 873 K before a ramp of 20 K/min was used to 

reach 2073 K. A further ramp of 10 K/min was used to reach 2123 K or 2273 K. Samples were hot 

pressed in an argon atmosphere for 1 h after the 50 MPa of uniaxial pressure was completely applied 

(which took approximately 15 minutes). After production, the following treatment was applied to both 

discs: they were first ground and polished with Struers MD-Piano cloths: 120, 500 and 1200 to remove 

the graphite foil from the surface. Then they were machined via electrical discharge machining method 

(EDM) to obtain samples with standardised dimensions. The disc shaped pellet hot pressed at 2123 K 

was cut into cuboid specimens of 15 mm × 8 mm × 5 mm dimensions which are referred to in this thesis 

as Set A. Each disc shaped pellet hot pressed at 2273 K was instead cut into seven 10 mm side cubes, 

which were named Set B. Some samples of dimensions 4 mm × 4 mm × 0.5 mm were cut from one 

cube hot pressed at 2273 K and they are called Set C. Each set of samples was used for a different 

oxidation test. The samples showed high density (>96% of the theoretical density, TD), the value of the 

density for the two specimens is reported in Table 3.1 where the sample density was calculated using 

the Archimedes method (see section 3.1.1) with errors calculated as the standard deviation of three 

measurements.  

Table 3.1 Density measurements calculated on samples cut by EDM on the bulk disc shaped specimen. 

Sample Atm.  Temperature 

(K) 

Dwell 

time 

(h) 

Pressure 

(MPa) 

 

Dimensions 

(Diameter; 

height) (mm) 

Density 

(g/cm3) 

TD 

(%) 

Batch - 1 Ar 2123 

Ramp 10 (K/min) 

1 50 40; 5 6,39 ± 0.01 96.5 ± 0.02 

Batch - 2 Ar 2273 

Ramp 10 (K/min) 

1 50 40; 10 6.51 – 6.58 

± 0.02 

97.8 – 99.2 

± 0.02 



78 

 

Samples were characterised by XRD, from which it was possible to obtain the values for the ZrC lattice 

parameters shown in section 3.1.1, and by SEM. Sample surfaces which needed SEM characterisation 

were polished with the Struers MD-Piano cloths 2000 – 4000 and MD Dac coupled with diamond 

solution. The polished surface was characterised with a SEM (LEO Gemini 1525 FEG-SEM, Zeiss, 

Germany), grain structure was shown via channelling contrast (see section 3.1.3). The surfaces of 

samples from Batch-1 and 2 are shown in Figure 3.8. 

 

Figure 3.8 BSEIs of polished ZrC surfaces, a) ZrC sample hot pressed at 2123 K: grain microstructure is shown 

by channelling contrast, b) ZrC sample hot pressed at 2273 K, less porosity is present compared to Figure 3.8a. 

As discussed in section 3.2 the stoichiometry of these samples is not going to be reported, due the 

difficulties involved in this measurement, however, the carbon content measured with the carbon 

combustion technique will be reported for comparison with the carbon content provided by the 

manufacturer. It is worth noting that attempts were made to define the stoichiometry of the pellets hot 

pressed at 2123 K. Three methods were used: first, from the XRD analyses on the hot pressed 

specimens, the lattice parameter was evaluated. Then, full combustion experiments were performed in 

a TGA in air and lastly, carbon analysis was performed using the EMIA 320 V2 analyser on ZrC 

fragments. All three methods gave different values for the stoichiometry, this is shown in Table 3.2. A 

brief description of the methods used follow below. 

Table 3.2 Stoichiometry of ZrC hot pressed sample hot pressed at 2123 K (Batch-1) measured with three 

techniques. (*) the ratio C/Zr was obtained from the plot “lattice parameter vs C/Zr ratio” in Jackson and Lee22. 

 Carbon   analyser TGA XRD 

C/Zr 0.97 ± 0.01 

(C = 11.2% ± 0.1) 

1 (0.9997) ± 0.01 0.6* 

a = 4.692 Å ± 0.0003 
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The ratio C/Zr was measured with Horiba EMIA V2 carbon analyser, while the lattice parameter from 

the XRD pattern was obtained by Rietveld refinement. A C/Zr ratio of 0.6 was obtained by comparing 

the lattice parameter calculated by Rietveld refinement with the values reported in the lattice parameter 

versus C/Zr ratio plot shown in Jackson and Lee.22. The method used to evaluate the stoichiometry of 

ZrC with the full combustion method in a TGA is here described. A ZrC sample was inserted in a 

TGA/DTA and heated to 1073 K in an argon atmosphere, when the temperature was reached, air was 

inserted and the temperature was kept constant for 5 h. Full combustion was reached after 3 h. The 

initial mass of the sample and the mass gain (Δm (%)) measured with the TGA were recorded.  

From the mass gain evaluated via TGA it is possible to calculate the mass of the final sample with 

equation 3.7: 

 
𝑚𝑓𝑖𝑛𝑎𝑙 =

𝑚𝑍𝑟𝐶  · 𝛥𝑚

100
 

(3.7) 

where mZrC is the mass of the initial sample, mfinal is the mass of the oxide calculated from the Δm (%) 

measured with the TGA data (taking into account the sample buoyancy in the TGA). From the final 

mass of the sample is possible to derive the mass of zirconium in ZrO2 via equation 3.8: 

 
𝑚𝑍𝑟 𝑖𝑛 𝑍𝑟𝑂2

= 𝑚𝑍𝑟 𝑖𝑛 𝑍𝑟𝐶 =
𝑚𝑓𝑖𝑛𝑎𝑙  · 𝑀. 𝑊.𝑍𝑟

𝑀. 𝑊.𝑍𝑟𝑂2

 
(3.8) 

where M.W. is the molecular weight of ZrO2 (123.218 g/mol) and Zr (91.224 g/mol). To obtain the mass 

of carbon present in the initial sample, a pure stoichiometric sample is considered, hence C/Zr = 1 with 

no second phases present, hence, equation 3.9 is used: 

 𝑚𝐶 𝑖𝑛 𝑍𝑟𝐶 = 𝑚𝑍𝑟𝐶 − 𝑚𝑍𝑟 𝑖𝑛 𝑍𝑟𝐶  (3.9) 

Therefore the C/Zr ratio was obtained via: 

 𝐶

𝑍𝑟
=

𝑚𝐶 𝑖𝑛 𝑍𝑟𝐶/𝑀. 𝑊.𝐶
𝑚𝑍𝑟 𝑖𝑛 𝑍𝑟𝐶/𝑀. 𝑊.𝑍𝑟

 
(3.10) 

As shown in Table 3.2, the stoichiometry values obtained with these three methods are in disagreement. 

The value reported with the full combustion method (C/Zr = 1± 0.01) is 0.03 larger than the value 

obtained with the carbon analysis technique and 0.4 larger than the value obtained with the XRD 

method. 
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ZrC commercial powder has, according to the manufacturer, Starck, a carbon content of 11.6 wt% 

(11.1% being combined and 0.5% being free carbon). ZrC pellets from Set A had a carbon content of 

11.2 wt% ± 0.1, while pellets from Set B had a carbon concentration of 11.9 wt% ± 0.1 both measured 

with the Horiba EMIA 320 V2 carbon analyser. The commercial ZrC powder analysed with the same 

equipment and methodology showed a carbon concentration of 11.7 wt% ± 0.1, in agreement with the 

data provided by the manufacturer.  

3.2.2 UC 

Two sets of UC samples were used in this study. One was used for experiments performed at NNL 

Preston, UK, in furnaces and in a TGA/DTA (results are described in sections 5.1, 5.2, 5.4.1), another 

set was used at ICSM, France, in a HT-ESEM (results are described in sections 5.3 and 5.4.2). Both UC 

sets are 235U depleted (and so contain ≤ 0.3% 235U ). UC samples used at NNL Preston came from the 

Dounreay site and belonged to the legacy of fuels temporarily stored there since the 1950s (see section 

1.2.3). Cylindrical pellets used had a height and diameter of approximately 2 cm and they weighed 

approximately 81 g. They were identified as batch SP 535/A155/I, box 1330 SL, Dounreay site label 

and were stored in air. Figure 3.9a is a photo of one of the cylindrical pellets used in this study. It is 

possible to see the presence of an outer rim, called here outer layer, which was the first part of the 

sample to detach whilst crushing. Fragments obtained from the outer layer were called outer layer 

fragments, otherwise, they were called middle core fragments as they were obtained from the crushing 

of the remaining core (see section 3.1.8). NNL Preston had a wide legacy of UC fuels coming from 

Dounreay site showing different sizes and dimensions. Some annular pellets were also used for 

oxidation studies to compare the effects of size and mass in oxidation. The annular pellets had a height 

of approximately 1 cm, an outer diameter of 0.8 cm and inner diameter of 0.2 cm and they weighed 

approximately 5 g. Characterisation of the cylindrical pellets performed by NNL prior to this work, 

reported these to be comprised of UC and a second phase. The second phase, U2C3, was present as 5% 

by weight, calculated from Rietveld Analysis from XRD. Characterisation of a UC cylindrical pellet 

polished cross section was performed by NNL prior to the work presented in this thesis and the BSEI 

is shown in Figure 3.9b. The BSEI shows the grain dimension via channelling contrast, little porosity 

is present in these fuels. UC cylindrical pellets were characterised by XRD and SEM before oxidation 

studies were performed on fragments obtained after pellets were crushed. Due to the hardness of UC, 

the process of crushing can take up to several minutes. During UC crushing, or even during handling 

of UC pellets in air, sparks are observed, hence, the crushing was performed inside a particular sample 

steel holder which is shown in Figure 3.9c. This was to avoid the spread of sparks or fragments and 

most importantly to avoid contact with the person performing the experiment.  
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Figure 3.9 a) Photo of a cylindrical UC pellet used in this thesis: the outer layer rim is highlighted with a white 

dashed line; b) BSEI of a UC polished sample (courtesy of NNL) showing the grains dimensions; c) equipment 

used for crushing UC pellets made of a pestle and container, hammer is used to impact the pestle sitting on top of 

a UC pellet; d) XRD patterns of fragments taken from the UC outer layer and the middle core showing similar 

composition; e) crushed UC fragments: the large fragments were used in furnace experiments while small 

fragments were used in TGA/DTA experiments. 

Characterisation of UC fragments by XRD is shown in Figure 3.9d. A XRD pattern taken from a 

fragment coming from the outer layer (the first area to spall after crushing) is plotted along with an 

XRD pattern taken from a middle core fragment (representing a fragment obtained by crushing the UC 
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core after the outer layer spalled). Both were obtained after crushing the sample in air. UC, U2C3 and 

UO2 phases are present in both. Fragments obtained from UC pellets were used for either oxidation 

studies in furnaces (using fragments of large dimensions, ~ 2 cm long, shown in Figure 3.9e, with a 

mass of approximately 1 g) or for TGA/DTA experiments (fragments of small dimensions, ~ 20 mm 

long, shown in Figure 3.9e, with a mass of approximately 50 mg).  

UC pellets, disc shaped, (>91% of the theoretical density, TD) reported to have a U/C stoichiometry of 

1.00 ± 0.03, measured with the full combustion method, were manufactured and characterised at CEA, 

Cadarache, France. These were shipped to ICSM for HT-ESEM studies to be performed. Upon arrival, 

samples were stored in an inert glovebox. Fragments of various sizes with masses of approximately 3.3-

17.5 mg were obtained after crushing the disc shaped pellets inside the glovebox, fragments are shown 

in Figure 3.10a. The morphology of the surface can be seen in the SEI shown Figure 3.10b. 

 

 

Figure 3.10 a) Photo of a UC pellet coming from CEA Cadarache used for HT-ESEM studies, b) SEI of a crushed 

fragment inside HT-ESEM. 

3.3 Oxidation 

3.3.1 ZrC oxidation in a furnace  

ZrC samples produced via hot pressing, namely Set A, B and C described in section 3.2.1, were used 

for oxidation studies in furnaces (Set A and B), in a HT-ESEM (Set C), and in a TGA/DTA unit (Set 

C).  In detail, Set A was used for oxidation tests in air in a muffle furnace at 1073 K, where the cuboid 

specimens were placed in an alumina crucible and then in the furnace prior to heating. Samples were 
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kept at temperature for a set dwell time (1h) and then cooled to room temperature. These samples were 

used for characterisation of the intermediate layer between the oxide and the carbide performed by 

SEM-EDX, FIB-SIMS, TEM and HRTEM (results are described in section 4.2).  

Set B was used for quenching experiments in a chamber lift furnace (Lenton, Derbyshire, UK) at 

1073 K, 1173 K, 1273 K and 1373 K with fixed quenching times from 0 to 480 minutes so that different 

stages of oxidation could be followed. Before each oxidation experiment, the cubes were washed in an 

acetone ultrasonic bath and dried at 110°C overnight, to ensure that no moisture remained, this was 

important to avoid inaccurate weight measurements. Prior to the oxidation test, each sample was 

weighed and its dimensions were taken with the use of digital callipers (accuracy of 0.01 mm). Then 

samples were placed inside alumina or zirconia cylindrical crucibles and inserted into the chamber lift 

furnace, with crucibles sitting on an alumina plate. The furnace was heated at 1073 K, 1173 K, 1273 K 

and 1373 K using a heating rate of 10 K/min. The sample quenched at time = 0 minutes (which 

represents the time the furnace reaches the desired temperature) was the first to be extracted. This was 

to allow the effects of the heating ramp, prior to the isotherm heating for all temperatures, to be noted. 

Samples were taken out of the furnace with the use of tongs and left to cool in air before being weighed. 

Results from weight gain measurements, dimensions of the oxidised samples, oxide layers thicknesses 

and unoxidised carbide core dimensions were used for kinetic analyses (see section 4.1.1), 

Set C was used to perform in situ HT-ESEM oxidation studies, TGA/DTA studies and 16O/18O double 

oxidation experiments performed in a quartz tubular furnace. Prior to each experiment, samples were 

weighed and dimensions were taken with the use of digital callipers. These samples were used to study 

the diffusion of oxygen through the intermediate layer and the formation of the Maltese cross shape of 

the oxide (respectively shown in sections 4.3 and 4.4). 

3.3.2 Kinetics 

Oxidation kinetics can be derived by fitting the mass gain or loss of a compound with time with a 

mathematical representation that describes reaction rates as linear, parabolic, cubic, logarithmic or a 

combination of these165. Reaction rates are not sufficient to elucidate the oxidation mechanism by 

themselves, however, coupling these with microstructural characterisation can give an idea of the 

mechanism ongoing in the compound. To understand which rate law is controlling the mechanism of 

oxidation of ZrC hot pressed specimens (Set B), mass gain measurements were monitored with time for 

partially oxidised, quenched samples (see section 3.3.1). From the weight change obtained with time, a 

kinetic evaluation was performed by plotting the weight, normalised per initial sample surface area. 

Surface area was determined from the sample’s initial dimensions (measured with a digital calliper) 

using equation 3.11: 
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 𝐴𝑐𝑎𝑟𝑏𝑖𝑑𝑒 = 2(𝑎 · 𝑏) + 2(𝑏 · 𝑐) + 2(𝑐 · 𝑎) (3.11) 

where a, b, and c are the dimensions of the initial sample (EDM and grinding of the initial bulk disc 

does not ensure perfectly 1 cm3 cubes, hence a≠b≠c).  

After plotting the weight change to the initial surface area, a parabolic rate law was fitted. However, 

the microstructure of the oxide was heavily cracked, and parabolic rate laws are usually representative 

of oxygen diffusion through a compact and protective oxide scale. The inspection of partially oxidised 

samples showed that the carbide core shrank considerably, hence, the change in dimensions of the 

carbide core was taken into account for a second kinetic analysis. The weight change data were plotted 

a second time against the carbide core surface area. This was possible by measuring the dimensions of 

the carbide cores. This was achieved through direct measurements with digital callipers for the tests 

performed at 1273 K and 1373 K, in which the oxide layer was not adherent, hence, the core could be 

directly measured. The samples oxidised at 1073 K and 1173 K presented adherent oxide layers to the 

carbide core, meaning that the dimensions of the carbide core could not be directly measured. In this 

case the carbide core size was obtained by subtracting the oxide layer thickness from the measured 

dimensions of the oxidised cube (measured using callipers). The oxide thickness measurement was 

taken with an optical microscope on sample cross sections made after cutting the samples in half with 

a diamond-copper saw (Isomet Low Speed Saw, Buehler, Braunschweig, Germany). Surface area 

measurements of the carbide cores were necessary as the carbide cores experienced considerable shape 

changes: turning from a cubic sample into a sphere (see Figure 4.2). In the case where carbide cores 

were spheres equation 3.12 was used: 

 𝐴𝑐𝑎𝑟𝑏𝑖𝑑𝑒 =  4𝜋𝑟2 (3.12) 

where r in this case is the radius of the sphere (average value taken from three measurements). 

The weight gain data versus time, normalised per initial surface area or carbide core surface area, were 

then fitted according to equations 3.13 and 3.14, representing respectively linear and parabolic kinetics: 

 ∆ 𝑊

 𝐴
= 𝑘𝑙  𝑡  (3.13) 

 (
∆ 𝑊

 𝐴
)2 = 𝑘𝑝 𝑡  (3.14) 

where ∆𝑊 is the weight change (g) after oxidation, A is the initial or carbide core surface area (m2), kl 

and kp are the linear (gm-2s-1)  and parabolic (g2m-4s-1) rate constants respectively and t is time (s)166-168.  
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3.3.3 Oxide layer thickness 

The oxide layer of partially oxidised ZrC samples at 1073 and 1173 K was measured with the use of an 

optical microscope (Olympus microscope, Tokyo, Japan) on sample cross sections after cutting the 

samples in half with a diamond-copper saw (Isomet Low Speed Saw, Buehler, Braunschweig, 

Germany). Oxide thicknesses were taken in the middle point of each side making an average of three 

measurements. The oxide layer of samples oxidised at 1273 K and 1373 K did not adhere to the carbide 

core and instead completely detached, In this case the oxide thickness was estimated with the use of 

digital callipers (accuracy of 0.01 mm) taken in the centre of the oxide layer (to avoid the corner effect 

where the oxide layer is thicker, see Figure 4.6 in Chapter 4). To do so the oxide layer was broken in 

half. The oxide layer thickness data were plotted as a function of time according to the linear law shown 

in equation 3.15: 

 𝛿𝑜𝑥𝑖𝑑𝑒 = 𝑘𝑙,𝑜𝑥𝑖𝑑𝑒 𝑡  (3.15) 

where δoxide is the thickness of the oxide layer, and kl,oxide is the linear rate constant for the oxide layer 

thickness (cm s -1)  as a function of temperature and t is time. 

3.3.4 Oxygen tracer study: TGA/DTA mock-up, 16O/18O experiment and 

FIB ramp preparation 

A sample of ZrC from Set C was used in a mock-up experiment performed with a TGA/DTA Netzsch 

(STA 449F1) prior to double oxidation in 16O/18O. The sample had starting dimensions of approximately 

4 × 4 × 0.5 mm3  and a mass of 57.6 mg. This was inserted into the TGA/DTA for a double oxidation 

experiment in air, mimicking the 16O/18O experiment performed in a tubular quartz furnace and 

described in section 4.3.2. First the sample was heated in an inert (argon) atmosphere from room 

temperature to 1073 K at 10 K/min, after the desired temperature was reached, the inert atmosphere was 

maintained for an additional 15 minutes to allow temperature stabilisation before swapping to air. Both 

argon and air flows were set to 60 ml/min. The air atmosphere was introduced into the chamber for 4 

minutes before swapping again to argon for the cooling stage. This allowed the oxidation stage to be 

only 4 minutes long during an isotherm at 1073 K. The sample was characterised after the first oxidation 

and before being reinserted into the TGA/DTA for a second oxidation using the same method. The 

sample was characterised again after this second oxidation. A 4 minutes long exposure in air atmosphere 

was found to be appropriate for the sample size chosen, because the oxide layer was found to be adherent 

and flat. This makes it suitable for FIB-SIMS analysis which requires a flat surface. The information 

obtained from the TGA/DTA experiment was used to implement the double oxidation experiment in 
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16O/18O as described here. A ZrC sample (with dimensions of 4 × 4 × 0.5mm3 and mass of 55.9 mg) 

from Set C was placed in an alumina crucible inside a quartz tubular furnace which first was evacuated 

to 10-5 Pa. A flux of 20 000 Pa of research-grade oxygen, 16O, was then introduced into the chamber. 

The sample was exposed to a temperature of approximately 1073 K for 4 minutes. Then the furnace 

was evacuated and cooled to room temperature before the second oxidation was performed. The second 

oxidation consisted of exposing the partially oxidised sample to 20 000 Pa of oxygen, in this case 18O 

enriched, for 4 minutes at approximately 1073 K. Characterisation of the partially oxidised sample after 

16O/18O experiment was not performed to avoid possible sample damage during handling. The sample, 

presenting an oxide layer of approximately 40-50 µm (measured on the sample oxidised in the 

TGA/DTA) was placed on a SEM aluminium stub and secured using thick silver conductive paint glue. 

The sample was coated with chromium (approximately 10-15 nm) to avoid charging due to the oxide 

in the SEM and FIB-SIMS. Two attempts were made to perform a ramp across the oxide/carbide 

interface with the FIB-SIMS. One was attempted at the edge of the sample, the other in the centre. The 

oxide layer was thick, hence FIB milling took a long time (more than two days) without producing a 

suitable ramp. The ramp made in the centre of the sample was too narrow, as the walls shadowed the 

surface, hence, no good oxygen signal was obtained when SIMS analysis was performed. A third, 

successful attempt, was made with an Oregon Physics Plasma FIB (Hillsboro, OR, USA) with a beam 

current of 500nA, and accelerating potential of 30keV, using a Xe beam for 45 minutes to create a ramp 

in the centre of the specimen. A ramp with an angle of 26.6º and width of 150 microns was created and 

the surface was smoothed using the same beam at conditions of 5nA, 30 keV for 25 minutes. The surface 

had a roughness of approximately 5.2 microns. The width of this ramp was larger (it was 150 µm) than 

the other two ramps and this allowed for a good secondary ions signal, as the ramp walls did not interfere 

during ion sputtering for MS analysis. The final ramp used for chemical characterisation presented in 

section 4.3.4 with SIMS and EDX was smoothed with the use of the FEI FIB200-SIMS in the centre on 

the plasma FIBbed ramp. It showed a 30° slope with a width of 45 µm and height of 40 µm with a 

smooth surface that allowed SIMS data to be less noisy then the signals obtained on the plasma ramp. 

3.3.5 UC oxidation in a furnace 

UC samples, either fragments or pellets, were oxidised in a muffle furnace Carbolite GSM 11/8 

(Carbolite Gero Ltd., Hope, UK) presenting a wound silica chamber of approximate dimensions 125mm  

 185mm  345mm. Samples were weighed before being placed in an alumina crucible (Almath 

Crucibles Limited). UC fragments were placed in the furnace and oxidised at 873 K, 973 K, 1073 K or 

1173K for 4 h and 17 h dwell times in air.  

UC pellets, both cylindrical and annular, were first weighed and then inserted into the furnace in an 

alumina crucible (Almath Crucibles Limited) and oxidised at 873 K or 1173 K using a 6 h dwell time 
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in air. The furnace heating rate was set at 10 K/min until the desired temperature was achieved. A 

constant temperature was then maintained for the desired dwell time. Cooling was not forced, hence the 

furnace chamber was kept closed until the furnace temperature reached approximately 373 K. 

Dimensions of the UC remnant cores from oxidations at 873 K and 1173 K of cylindrical pellets were 

taken with callipers. Mass of the remnant cores was taken with a laboratory scale in order to calculate 

oxide conversion. Conversion, named X, is a uranium carbide conversion and is evaluated with equation 

3.16: 

 𝑋 =
𝑛 𝑡=0− 𝑛 𝑡

𝑛 𝑡=0
  (3.16) 

where n represents the number of moles. UC moles prior to oxidation experiment are described by nt=0, 

the moles present in the unreacted UC cores are described as nt. Nt=0 is evaluated by dividing the initial 

mass of the UC pellet with the molecular weight of UC (250.04 g/mol). Nt is evaluated by dividing the 

mass of the UC remnant cores by the molecular weight of UC. 

3.3.6 HT-ESEM on ZrC and UC 

The high temperature environmental SEM experiments were performed in a HT-ESEM, FEI Quanta 

200 FEG ESEM (see details in section 3.1.5) and were performed on ZrC samples from Set C. Samples 

were heated in the chamber to 1073 K or 1473 K, under vacuum. When the required temperature was 

reached and had stabilised, oxygen was introduced into the chamber to a pressure of 200 Pa. The in situ 

oxidation was followed by continuously monitoring the corner of the sample. SEIs were taken every 

second during the first 5 min of oxidation, then every 5 s up to 2 h, before the interval was increased to 

30 s until the experiment was completed after 16 h. All SEIs were recorded from a 1050 µm squared 

field of view centred on the same region.  

The HT-ESEM experiments for UC were performed with the FEI Quanta 200 FEG ESEM. UC 

fragments were removed from the inert glovebox and transferred in air to the ESEM laboratory where 

the samples were weighed prior to insertion in the chamber. Samples were heated to the desired 

temperature in the range 723 – 1173 K under vacuum (approximately  610-3 Pa). After the desired 

temperature was reached and had stabilised, an oxygen or air flux was introduced into the chamber at a 

partial pressure between 2 – 100 Pa. The surface morphological changes occurring during in situ 

oxidation were constantly monitored on a sample corner. SEIs of the corner and edges of the samples 

were taken for the entire length of the experiment, during heating in vacuum and when oxygen was 

inserted. SEIs were recorded every 3 or 5 seconds as soon as oxygen was inserted in the chamber, then 

they were taken every 15 seconds. SEIs were taken every second in particular conditions, for example 

when sample ignition needed to be monitored (see section 5.4.2). SEIs were recorded with the same 
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field of view of 908 × 836 μm2. SEI characterisation on the samples after oxidation or on the oxide 

powders mounted on TEM grids was performed with the HT-ESEM in SEM mode.  

3.4 ImageJ analysis method 

Image analysis, conducted with the Fiji ImageJ169 software, was used to quantify morphological changes 

of the surface occurring during oxidation treatments. As described above, SE micrographs were taken 

at regular intervals to capture the corners of the sample. Each frame of the resulting movie, created with 

the images recorded, was then analysed with the image analysis software to track the sample surface 

expansion (dilatometric analysis) and the crack propagation ongoing during oxidation. The progression 

in the SEIs was monitored by comparing specific features over time (for example pores, grain features 

or pre-existing cracks) which identified a specific portion of the surface visible throughout the entire 

experiment. When a specific area was chosen as suitable, it was kept in the field of view until the end 

of the experiment so continuous data could be recorded. An example of a typical area chosen on a 

sample surface is shown in Figure 3.11a, where each vertex of the highlighted polygon was placed on 

a recognisable feature. 

 

Figure 3.11 Image analysis technique developed on SEIs taken in a HT-ESEM, the sample in this case is a UC 

fragment which is oxidised at 723 K in an oxygen atmosphere of 10 Pa O2, a) the yellow polygon tracked on the 

surface was chosen for dilatometric analysis; b) crack propagation is calculated within the polygon area chosen 

for the dilatometric analysis: cracks are highlighted in red; c) a software plugin called skeletonization was used to 

measure the crack length within the polygon area. Adapted from Gasparrini et al.132 

The vertices of the polygon shown in Figure 3.11a and b was manually adjusted over time so that each 

vertex remained on its associated feature, hence, any transformation that occurred on the surface could 

be tracked. In this way by measuring the change in area of the polygon over time, an estimate of the 

sample area expansion could be recorded. The same region was used for crack propagation analysis. 
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Cracks were highlighted in red all over the surface as shown in Figure 3.11b, however, only the area 

covered by cracks highlighted in red within the yellow polygon was measured. This provided an 

estimate of crack area coverage. By considering how this developed with time, the rate of crack 

propagation could be monitored. Cracks were identified using a thresholding method; for all samples 

analysed with this technique pixels with a greyscale value below 10 were marked as cracks (where 0 is 

black and 255 was white). In this way, the very dark areas of the image, lying below the threshold, were 

identified as cracks and highlighted in red (see Figure 3.11b). The result is a two-dimensional value 

which represents the area covered by cracks within the chosen region. All data, dilatometric and crack 

area, were then normalised to the value measured at time t = 0 (which was the moment when oxygen 

was inserted in the chamber), so that values were expressed as a percentage (%). All data started from 

0% by subtracting the measurement obtained at time t = 0 to the following measurements. This 

normalisation enabled data comparison between different samples for either dilatometric measurements 

or crack propagation measurements. To estimate the way cracks were interconnected, a plugin available 

from the ImageJ software, called skeletonization, was used. The skeletonisation method involves a 

binary thinning process which identifies the centrelines, or skeletons, of areas/objects170. The plugins 

used in this work were the Skeletonize (2D/3D) and Analyse Skeleton (2D/3D)171 available in ImageJ. 

The result obtained by applying these techniques on the crack area previously highlighted in red is 

shown in Figure 3.11c: a 2D area is now represented by a 1D system.  From the cracks centreline 

obtained within the selected polygon it was possible to quantify the total length which represents the 

crack length. Cracks branching and number of junctions were obtained directly by applying the Analyse 

Skeleton plugin. Information on crack junctions was used to estimate how cracks were interconnected 

in a network: more junctions mean more cracks are interconnected.  

To estimate the overall surface area of the sample and volume expansion before and after an experiment, 

the sample borders from a low magnification image were tracked using the same technique used to draw 

the yellow polygon shown in Figure 3.11a. The change in the area measured at the beginning and at the 

end of the experiment gave a rough estimate of the sample total area expansion (even though this does 

not take into account the presence of cracks or pores, as low magnification SEIs do not have enough 

resolution to detect these). 
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4. ZrC oxidation 

The work presented in this chapter reveals the mechanism of oxidation of hot pressed ZrC specimens 

under oxygen atmosphere from 1073-1373 K. Previous oxidation studies have been performed on single 

crystals57-172, powders65-51 or sintered samples55 although the results are inconsistent. The need for a 

better understanding of the oxidation mechanism of ZrC is particularly important considering its 

potential applications in the nuclear industry as a coating or in hypersonic vehicles where maintaining 

its integrity when in contact with oxygen is key. A comprehensive analysis is presented here using a 

variety of analytical techniques which investigated the kinetics, the morphology of the intermediate 

ZrC/ZrO2 layer, the presence of an enriched carbon layer rather than an oxycarbide and the development 

of the Maltese cross shape of the oxide.  

4.1 Oxidation kinetics and oxide layer characterisation 

4.1.1 Kinetics 

Efforts in the past have been made to study the oxidation of ZrC however this is not yet well understood 

due to controversial results in the same range of temperatures23. Discrepancies in activation energy 

values in experiments performed over the same range of temperature showed that a competition between 

diffusion-controlled and phase boundary controlled reaction occurs65,173. Previous studies have been 

mostly performed on ZrC powders or single crystals and kinetics were found to be either parabolic or 

linear depending on the type of samples, temperature and oxygen partial pressure23,173.  In this study the 

kinetics of oxidation were monitored for hot pressed specimens of ZrC (set B) (see section 3.4.1) from 

1073-1373 K in air via mass gain measurements normalised per unit surface area over time. Two 

approaches were used: first the mass gain was normalised to the initial surface area of the carbide 

samples (data shown in Figure 4.1) measured with equation 3.11 section 3.3.2 where a, b and c are the 

initial dimensions of the ZrC cubes. These data were then compared with data resulting from the 

normalisation per carbide core surface area of partly oxidised samples (data shown in Figure 4.3).  
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Figure 4.1 Kinetic data for ZrC samples oxidised from T=1073-1373 K in 1 atm of air with quenching at 0, 900, 

1800, 3600, 7200, 14400, 21600 and 28800 seconds; a) weight gain normalised per sample initial surface area; b) 

square of weight gain normalised per initial surface area showing parabolic kinetics 

Plot 4.1b shows the square of the weight gain versus time from 1073-1373 K which according to the fit 

can be well described by a parabolic behaviour (R2 ≥ 0.96 for all temperatures) using equation 3.14, 

section 3.3.2.  However, these data were normalised per sample initial surface area and did not take into 

account the drastic change of the carbide core during oxidation. The interpretation of the experimental 

data without considering the change in the samples surface area was shown to be erroneous in previous 

metal oxidation work as demonstrated by Mrowec et al.174, and it is even more misleading in oxidations 

that involve a Maltese cross evolution of the oxide which occurs for many borides and carbides of the 

group IV,V,VI of the transition metals68,71. For example the carbide core evolution during oxidation is 

particularly drastic in ZrC oxidation67 as its core shrinks from the initial shape, in this case cubic, to a 

spherical shape as shown in Figure 4.2. Hence, it is important to characterise the carbide surface area 

at each stage of the reaction. In order to avoid any ambiguity the surface area data used in kinetic studies 

should always be specified: for example whether they are related to the samples initial surface area or 

to a partly oxidised sample surface area.   
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Figure 4.2 Photo of ZrC specimens oxidised at 1273 K in air in a chamber lift furnace with quenching at specified 

times to follow the evolution of the oxide: top row shows the Maltese cross development of the oxide layer with 

time, at the bottom the carbide core evolution is shown after the oxide layer has been removed: the cubic core 

turns into a sphere. Image adapted from Gasparrini et al.67 

The weight gain data shown in Figure 4.3 were normalised per carbide core surface area by using 

equations 3.11 (for cuboid cores) and 3.12 (for spherical cores) described in section 3.3.2. The results 

of this normalisation are shown in Figure 4.3a. Data for oxidation at 1073 K can be fitted to one kinetic 

regime while two regimes are needed for samples oxidised at higher temperature (1173-1373 K). The 

trend describing the kinetics in samples oxidised at 1073 K was linear (using equation 3.13 in section 

3.3.2) while the data for those oxidised at 1173 K, 1273 K and 1373 K fit a linear trend up to 2 h of 

oxidation (shown in Figure 4.3b) followed by a drastic change as the oxidation growth accelerated 

(Figure 4.3a). Comparing data from Figure 4.3a with Figure 4.2 reveals that the oxide growth in this 

region is severe and is accompanied by shrinkage of the unoxidised carbide core that changed from a 

cubic to a rounded shape. For oxidation times over 2 h the carbide core assumed a spherical shape while 

the oxide developed with the characteristic Maltese cross shape. 
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Figure 4.3 Kinetic data for ZrC samples oxidised from 1073-1373 K in 1 atm of air with quenching at 0,  900, 

1800,  3600, 7200, 14400,  21600 and 28800 seconds; a) weight gain normalised per quenched carbide core surface 

area showing two regimes for 1173-1373 K: linear up to 2h of exposure followed by catastrophic oxidation; d) 

linear fit of data that obey a linear regime. 

By fitting the data plot in Figure 4.3b with a linear law (with R2 ≥ 0.99 for all temperatures) it is possible 

to evaluate the kl, or linear rate constants, which are the slopes of these straight lines. The linear rate 

constants versus temperature plotted in Figure 4.4 did not follow one clear trend. Oxidation at 1073 and 

1173 K showed an increase in oxidation rate, but at 1273 K a slowdown occurred as the rate is lower 

than that at 1173 K. 

 

Figure 4.4 Plot of kl (linear rate constant) versus temperature for specimens oxidised from 1073-1373 K. 
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This slowdown in the kinetics needs further explanation therefore additional experimental observations 

were performed on these samples.  

4.1.2 Oxide layer growth 

Detailed characterisation of the oxide layer gave an explanation for the oxidation rate slowdown 

observed from 1173 K to 1273 K. A closer look at the partially oxidised samples revealed that 

specimens oxidised at 1073 K and 1173 K formed an adherent and compact oxide layer, while samples 

oxidised at 1273 K and 1373 K formed a brittle oxide layer that detached from the carbide core (see 

bottom row in Figure 4.5).  

 

Figure 4.5 Evolution of the oxide layer at 1073 K (top row) and at 1373 K (bottom) for samples that have been 

quenched at the indicated times. The photo on the right shows a close-up picture of the Maltese cross shape of the 

zirconium oxide sample (oxidised at 1273 K for 240 minutes). 

The oxide layer found at 1073 K and 1173 K was observed to be highly adherent as demonstrated by 

its ability to survive the diamond saw cutting procedure used to create sample cross sections. Also its 

ability to remain compact under stresses was demonstrated during an oxidation experiment in a TGA 

when the partially oxidised sample damaged an alumina crucible and remained compact instead of 

crumbling as its volume expansion was greater than the volume of the crucible.  

At higher temperatures (1273 K and 1373 K) the oxide layers had lower adhesion as a gap between the 

carbide and the oxide was seen. This can be seen in Figures 4.5 (bottom) and 4.2 as the carbide core 

surface area was measured with the use of digital callipers (see section 3.3.2) as the oxide layer was 

stripped off during sample handling. In some cases the oxide layer was cracked and lifted in the centre 

(see Figure 4.5 bottom row: samples quenched at t = 0 and 15 minutes). Figure 4.6a and b shows the 

oxide layer appearance in the two temperature ranges: a sample oxidised at 1073 K for 4 h in comparison 

with one at 1373 K for 30 minutes, different oxidising times were chosen so that the oxide layer 

thickness had similar dimensions and therefore the visual comparison is easier between these two. 
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Figure 4.6 Photos of partly oxidised ZrC samples; a) sample cross section of a sample oxidised at 1073 K for 4h 

showing the points where the oxide layer was measured (yellow line on the oxide layer); b) photo of a partly 

oxidised ZrC sample at 1373 K for 30 min showing the gap between the carbide and the oxide, this photo was 

taken by removing the top oxide layer; c) sample shown in b) highlighting the position where XRD scans 

(described in section 4.1.3) were performed: “top side” describes the top white oxide surface exposed to the air, 

“bottom side” describes the black layer found in contact with ZrC. 

Figure 4.7a shows the values of the oxide thickness versus time measured for samples which followed 

a linear kinetics (shown in Figure 4.3b). The linear correlation between oxide thickness and time was 

found using equation 3.15 in section 3.3.3. A linear correlation is in agreement with the observations 

made on the oxide cross sections showing a porous, non-protective oxide layer (which is described in 

section 4.2.1). From the slope of the linear fitting shown in Figure 4.7a is possible to obtain the linear 

rates for the oxide layer growth, termed kl,oxide which are shown in Figure 4.7b. Oxidation at 1073 K and 

1173 K showed similar oxide growth rate, however at higher temperatures the oxide thickness rate 

increased dramatically. This can be seen experimentally as the oxide at high temperatures is heavily 

cracked, voluminous and appears brittle. Furthermore, it detached from the carbide, while at 1073 K 

and 1173 K the oxide that formed was compact and adhered well to the carbide core (see Figure 4.5). 

The increase of the oxide layer growth rate occurring at 1273 K was accompanied by a slowdown of 

the reaction rate shown in Figure 4.4. 
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Figure 4.7 a) Plot of the oxide layer thickness versus time for oxidation at 1073-1373 K fitting a linear law, oxide 

thickness was measured up to 2h for oxidation at 1173-1373 K; b) plot of the linear rate constants for the oxide 

layer growth evaluated from the slope of straight lines in Figure 4.7a.  

The increase of the oxide layer growth rate shown in Figure 4.7b and measured in (cm/s) is therefore 

linked with a slowdown of the specific mass gain rate, measured in (g m-2 s-1) and shown in Figure 4.4 

which needs to be further investigated, see following section. 

4.1.3 XRD characterisation of oxide and HT-XRD oxidation 

In the gap between the oxide and the carbide core, black powder was found on the samples oxidised at 

1273 K and 1373 K. This change in the oxide properties, from adherent and compact in samples oxidised 

at 1073 K and 1173 K to voluminous and brittle in samples oxidised at 1273 K and 1373 K, was 

investigated by XRD. Additionally, the presence of black powder near the oxide layer was investigated, 

this was to provide an explanation for the decrease in kl observed at 1273 K which corresponded to an 

increase in kl,oxide.  Characterisation of the oxide layer, formed at different temperatures, was performed 

using XRD for samples oxidised for 30 minutes from 1073 to 1373 K. XRD scans were performed on 

the top oxide surface (see description of top oxide in Figure 4.6c)  in samples oxidised at 1073 K and 

1173 K. Due to the difficulties of handling the oxide formed at 1273 K and 1373 K without causing 

damage, XRD was first performed on the crushed oxide layer, then it was performed on a cracked oxide 

piece which remained intact during handling. The XRD analysis was performed both on the top white 

surface and the bottom black surface (labelled as top and bottom in Figure 4.6c) of this sample. The 

analysis is shown in Figure 4.8. 
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Figure 4.8 XRD characterisation of oxide layer formed during ZrC oxidation from 1073 K to 1373 K in air for 30 

minutes, scans were made on the top of the oxide layer of a sample cross section for T=1073 K and 1173 K, scan 

was made on the top and bottom sides of a piece of the oxide layer which detached from the core at 1273 K and 

on crushed oxide layers formed at 1273 and 1373 K. Phase identification was performed by comparing peaks with 

PDF 037 148476 for m-ZrO2, 050 108977 for t- ZrO2, 049 164274 for c- ZrO2 and 01 081 1544175 for ZrO1.95. 

ZrO2 is known to present different polymorphs which are stable in a particular range of temperatures, 

see section 2.1.2. In this study oxidation at low temperatures, 1073 K and 1173 K, formed an oxide 

which was mostly made of m-ZrO2 and either by t/c-ZrO2 or substoichiometric ZrO1.95. The difficulty 

in differentiating between one of the two polymorphs or the substoichiometric phase is due to the 

similarities in their XRD pattern when the m-ZrO2 phase is also present. The XRD pattern of m-ZrO2 

overlaps almost all the peaks present in the other phases, the only peak that can differentiate m-ZrO2 

from the other polymorphs is the one at 2θ = 30°. A peak around 2θ = 30° is however present in all the 

three phases: 30.271° for t-ZrO2 30.120° for c-ZrO2 and 30.177° for ZrO1.95 (see PDF 037 148476 for 

m-ZrO2, 050 108977 for t- ZrO2, 049 164274 for c- ZrO2 and 01 081 1544175 for ZrO1.95) which makes 

the characterisation difficult considering the broad nature of the peaks in Figure 4.8. However, the 

experimental observation made on a sample oxidised at 1073 K which showed its compactness and 

resistance to stresses during a TGA/DTA run first led to the identification of the second polymorph with 
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the tetragonal polymorph of zirconia which is known to improve the strength and toughness of ZrO2 

when dispersed within it due to its ability to undergo stress induced polymorphic transfomation48. Rama 

Rao et al.65 however detected the cubic polymorph of zirconia below 1073 K during ZrC powder 

oxidation which then transformed to the monoclinic polymorph at higher temperatures. The pure c-

ZrO2 polymorph is usually considered to be stable at much higher temperatures than the ones 

investigated here, between 2640 K up to the melting point at 2950 K176 (see section 2.1.2), but other 

authors found the cubic polymorph during oxidation of ZrC at relatively low temperatures62. The 

identification of the second polymorph in this work is considered to be either t/c-ZrO2 due to the 

discrepancies found in literature and the difficulties of differentiating these two polymorphs with the 

available techniques (XRD, TEM) when the monoclinic polymorph is also present. Still, it is evident 

that the second polymorph found in samples oxidised at 1073 K and 1173 K in combination with m-

ZrO2 enhanced the capabilities of zirconia to sustain stresses.  

Figure 4.8 reveals that the oxide layer after oxidation at 1273 K and 1373 K, crushed into powder, was 

m-ZrO2. The expansion from cubic to tetragonal and tetragonal to monoclinic is considered to be 

approximately +2%41 and +4%46 in volume, therefore the brittle and porous appearance of the oxide 

which grew thicker compared to that formed after oxidation at 1073 K and 1173 K could be explained 

by the stresses induced by these transformations. When XRD was performed on an oxide fragment 

formed at 1273 K two different compositions were seen on the top and bottom side of the oxide. The 

detached oxide layer showed a black appearance on the bottom side, where it had been in contact with 

ZrC and a white appearance on the top side. The top part was comprised of m-ZrO2, however the bottom 

part had a black colour which presented a peak around 2θ = 30°. The black powder found in between 

the carbide and the oxide in oxidations at 1273 K and 1373 K could either be free carbon arising from 

the reaction happening at the interface, as previously reported by Voitovich and Pugach56 and Shimada 

et al.64, or substoichiometric zirconia which had been reported to be black177 with an XRD peak around 

30° along with the t/c-ZrO2 polymorphs. Substoichiometric zirconia in air it is difficult to imagine as 

zirconia is known to be irreducible178, however Ma et al.178 reported the formation of a substoichiometric 

layer sandwiched between Zr and zirconia during an oxidation study of zirconium at a 2×10-8 Torr 

oxygen pressure. The formation of substochiometric zirconia in Ma et al.178 was linked to an interfacial 

energy minimisation which favoured a three layers structure Zr/ZrOx/ZrO2 to a two layers structure 

made of Zr and stoichiometric ZrO2. Additionally, Shimada et al.179 suggested the presence of an oxygen 

deficient ZrO2-x at the interface ZrC/ZrO2 in ZrC single crystal oxidation due to a decrease of oxygen 

potential at the interface due to the presence of an oxygen diffusion barrier made of c-ZrO2. However, 

in their study179, the presence of substoichiometric zirconia was assigned after EDX measurements, 

which are known to be not particularly reliable for quantitative analyses of light elements. The black 

oxide phase shown in Figure 4.6c showing the pink XRD pattern in Figure 4.8 was identified as 

substoichiometric zirconia as it well matched the ZrO1.95 XRD pattern (PDF 01 081 1544175) and the 
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XRD pattern and black appearance reported in Sinhamahapatra et al.177. Additionally, the fact the 

carbon combustion analysis performed on both the top white side and the black bottom side of the oxide 

showed the same result ruled out the possible presence of carbon (see section 4.1.4).  

At 1273 K and 1373 K partially oxidised samples were missing the adherent intermediate layer (which 

will be characterised in section 4.2) found between ZrC and ZrO2 seen on samples oxidised at 1073 K 

and 1173 K (compare Figure 4.6a and b). Instead of an adherent intermediate layer, a black layer of 

identified substoichiometric zirconia was observed next to the carbide side.  

The apparent slowdown in the oxidation kinetics, kl (measured in g m-2s-1) observed at 1273 K (see 

Figure 4.4) could be related to either a mass gain rate decrease or a surface area increase. In carbide 

oxidation there are competitive reactions which can govern the overall oxidation mechanism. The 

competition is usually between carbide oxidation and carbon oxidation, whose reactions can be seen in 

equations 4.1 and 2.12.  

 𝑍𝑟𝐶 + 𝑂2 →  𝑍𝑟𝑂2  + 𝐶  (4.1) 

Experimental evidence showed that the surface area decreased over time during oxidation, therefore the 

slowdown in kinetics is related to a mass gain rate decrease. The mass gain rate decrease could be 

related to the loss of carbon occurring during carbon oxidation (equation 2.12) over carbide oxidation 

(equation 4.1). This occurs when reaction 2.12 prevails over reaction 4.1 or when carbon present already 

in the system is oxidised following reaction 2.12. Carbon oxidation would prevail in the interface region 

between ZrC/ZrO2 where a layer of amorphous carbon was detected in samples oxidised at 1073 K (see 

section 4.2). The gap observed after oxidation at 1273 K and 1373 K between the carbide and the oxide 

could be due to the preferential oxidation of carbon which would leave the system as CO/CO2. The 

premise of carbon oxidation in the region in between the carbide and oxide leaving a layer of 

substoichiometric zirconia (detected via XRD in Figure 4.8) will be described further in section 4.2 

where the characterisation of the carbon layer in between ZrC/ZrO2 is shown.  

Formation of t/c-ZrO2 below their generally accepted polymorphic stability ranges which are from 1478 

K40 (1448 K47) to 2650 K40 for t-ZrO2 and above 2650 K40 (2643 K47) for c-ZrO2 (see section 2.1.2) was 

confirmed during an oxidation experiment performed on ZrC powder in a High Temperature-XRD 

(described in section 3.1.3). As can be seen in Figure 4.9, when ZrC powder is heated in a static air 

environment from room temperature to 1306 K the first oxide polymorph that was formed matched the 

t/c-ZrO2 pattern. The t/c-ZrO2 XRD pattern was seen from 891 K to 1203 K, while for temperatures 

above this range m-ZrO2 related peaks appeared.  
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There are several ways in which t-ZrO2 can be stabilised over m-ZrO2 for example due to surface energy 

(or critical crystallite size), the presence of ion impurities or oxygen vacancies. Regarding the critical 

crystallite size, the formation of t-ZrO2 before m-ZrO2 can be explained with the theory of Garvie180,181 

which states that a “critical crystallite size” exists for ZrO2, which means that below a size of 5 - 16 nm 

t-ZrO2 crystals are favourable in comparison with m-ZrO2 crystals, while above a critical size of 30 nm 

m-ZrO2 are favoured. This occurs because t-ZrO2 crystals are stabilised due to their reduced crystals 

surface free energy182 when compared to m-ZrO2.  As it is going to be further discussed in section 4.2.2 

and shown in Gasparrini et al.67, the crystallites of ZrO2 formed in this system have a size of 

approximately 10 nm which agrees well with the theory of Garvie181. Another mechanism proposed by 

different authors for the stabilisation of t-ZrO2 at lower temperatures, even down to room temperature, 

is the presence of oxygen ion vacancies47. The presence of stable tetragonal polymorph in bulk ZrO2 

has been explained by the presence of oxygen ion vacancies within the ZrO2 lattice supposedly been 

generated either at higher temperature or in vacuum47. Srinivasan et al.183 reported the transformation 

from the tetragonal to the monoclinic ZrO2 polymorph to be related to the adsorption of gaseous oxygen 

at relatively low temperature, such as 573 K or during cooling during an HT-XRD study of zirconia. In 

our case the transformation from tetragonal to monoclinic seen to occur at high temperature, above 

1099 K, could be related to the growth in size of the crystals or the removal of oxygen vacancies. The 

characterisation of a layer of substoichiometric zirconia on hot pressed ZrC in samples oxidised at 1273 

and 1373 K shown in Figure 4.8 suggests that the first oxide formed during ZrC oxidation could be 

characterised by oxygen vacancies.  
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Figure 4.9 HT-XRD pattern of ZrC powder oxidised from room temperature to 1306 K on a platinum foil with 

scans taken every 50 K under static air. Peaks were indexed using PDF 035 078466 for ZrC, PDF 037 148476 for 

m-ZrO2, 050 108977 for t- ZrO2, 049 164274 for c- ZrO2 or compared to the platinum foil blank XRD pattern. 

Previous studies of ZrC oxidation revealed that the ZrO2 crystallites formed are c-ZrO2
65, 62,179

 not t-ZrO2 

which instead is typically identified in ZrO2 oxidation studies180,183,45. Due to this controversy and the 

similarities in their XRD pattern, as previously explained, both the tetragonal and the cubic polymorphs 

have been considered to be present in our system. During ZrC oxidation, the peaks related to ZrC first 

underwent a shift towards higher angles accompanied by a decrease in height (see Figure 4.10a). 

Previously a shift towards higher angles has been related to the formation of an oxycarbide phase34, 

however previous oxycarbide studies have been performed on compounds made via a carboreduction 

route from ZrO2 and carbon, never during the oxidation of ZrC. No experimental evidence for an 

oxycarbide phase is reported in this thesis (see challenges involved in the characterisation of the 

oxycarbide phase in section 2.1.3), therefore, the observed shift towards higher angles is ascribed to a 

decrease in lattice spacing of the initial ZrC sample. The decrease in lattice spacing could be related to 

the formation of an oxycarbide.  Figure 4.10a shows a close-up of the XRD patterns seen in Figure 4.9, 

here is possible to better visualise the shift towards lower 2θ of the Pt peaks induced by thermal 

expansion while the ZrC peaks are shifting towards higher 2θ. The peaks related to t/c-ZrO2 first occur 

at 891 K, these are centred on 2θ = 30°, 50° and 60°, and can be related to either t- ZrO2 and/or c-ZrO2 

due to the broad nature of the XRD pattern (see 050 108977 for t-ZrO2, 049 164274 for c-ZrO2).  The 
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broad nature of the peaks is usually related to either imperfections in the crystal lattice or when the 

crystallites size gets smaller than 1 µm184. Lattice imperfections are related to dislocations, 

microstresses or chemical heterogeneity184,185.  Also a change in the sample thickness can affect the 

width of the peaks. At the end of the experiment, the oxidised powder was found to be shaped as a 3D 

spiral in the air. The 3D oxide spiral height was much larger than the ZrC sample powder thickness 

obtained after sample preparation (ZrC was flattened and dispersed in an acetone solution to be as 

adherent as possible to the platinum holder). However, as soon as the platinum holder was handled for 

removal of the sample from the XRD chamber, the oxide structure collapsed into powder. Considering 

the strange structure assumed by ZrO2 during the experiment, the broad quality of the peaks could be 

related to the lifting of the oxide powder from the sample holder (considering a spiral shaped structure). 

Figure 4.10b, however, compares the in situ and ex situ XRD patterns performed on the ZrO2 powder 

produced after the HT-XRD experiment. The in situ scan was performed at 308 K after cooling the 

platinum holder to room temperature, here the powder was still structured as a 3D spiral in the air. The 

post mortem pattern was performed ex situ on the powder stored in air atmosphere. The sample in this 

case was flattened on the sample holder by using the usual sample method preparation. By comparing 

these two patterns it is possible to see that peak broadening was still present in the post mortem analysis. 

Thus the broadness of the peaks was not induced by change in sample height but by either the formation 

of small crystals or the presence of defects in the oxide. Both the in situ and post mortem analyses show 

the presence of m-ZrO2 and t/c-ZrO2 polymorphs in the oxide powder.  

 

Figure 4.10 a) HT-XRD pattern of ZrC powder showing the platinum peaks shifting to lower 2θ angles while ZrC 

peaks are shifting to higher 2θ angles, peaks related to t/c-ZrO2 first appear at 891 K; b) in situ XRD pattern of 

the oxidised powder at the end of the experiment at room temperature compared to the post-mortem XRD analysis 

on the oxidised powder. Peaks were indexed using PDF 035 078466 for ZrC, PDF 037 148476 for m-ZrO2, 050 

108977 for t- ZrO2, 049 164274 for c- ZrO2 or compared to the platinum foil blank XRD pattern. 
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As a final note, the same HT-XRD experiment was performed a second time using a new HT-XRD 

instrument equipped with a furnace. In the new experiment, the sample sat on an alumina crucible and 

it was heated from all sides, not only from the bottom like it was in the previous HT-XRD experiment 

(see Figures 4.9 and 4.10) using a platinum holder. The shape of the oxide powder at the end of the 

experiment did not present the spiral structure previously reported. Hence, the spiral shape of the 

previous experiment was caused by the different heating methodology. 

4.1.4 Carbon analysis of oxide layer 

Characterisation of the oxide layer by XRD showed this to be comprised of m-ZrO2 and by either t/c-

ZrO2 following oxidation at 1073 K and 1173 K. Oxidation at 1273 K and 1373 K showed the crushed 

oxide to be comprised of m-ZrO2 however when the oxide layer was examined on the bottom surface a 

black layer was observed. This black layer was related to either free carbon arising from the reaction 

happening at the interface or substoichiometric zirconia. Free carbon is difficult to detect with XRD 

considering the fact that if present it would be in small (ppm range) quantities. The XRD pattern 

obtained on the bottom, black side, of the oxide layer in sample oxidised at 1273 K showed a peak 

around 2θ = 30° which well matched the pattern and colour characteristic of substoichiometric 

zirconia177. However, in order to fully characterise this black layer, a carbon analysis technique was 

used. Fragments taken from the oxide layer of samples oxidised at 1073 K and 1373 K were analysed 

in the EMIA C/S Analyser (described in section 3.1.9). Figure 4.11 shows the results of the carbon 

analysis performed on oxide fragments taken from specimens oxidised for 8h at 1073 K, 1173 K and 

1273 K and from specimens oxidised at 1273 K for 30 minutes (the same sample was used for the XRD 

analysis shown in Figure 4.8) and at 1373 K for 1 h. The samples oxidised for 8h from 1073 to 1273 K 

were chosen so that it was possible to measure the carbon content (%) on the top side of the oxide layer 

far from the ZrC side. The samples oxidised for 30 minutes at 1273 K and 1 h at 1373 K were chosen 

in order to measure the carbon content of the bottom black side of the oxide layer.  
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Figure 4.11 Carbon content analysis performed in (%) on the top side of the oxide layer of samples oxidised from 

1073 to 1273 K for 8h and on the bottom side of the oxide layer for samples oxidised at 1273 K for 30 minutes 

and at 1373 K for 1h. 

The results from the carbon analysis showed that there is a surprising increase of carbon content with 

temperature in the top surface of the oxide layer. In the XRD pattern no presence of ZrC is seen therefore 

the carbon content measured with this analysis is related to free carbon. When comparing the top white 

oxide layer with the bottom black oxide layer in a sample oxidised at 1273 K no difference in carbon 

content can be detected. This indicates that the black layer seen on the bottom side of the oxide layer is 

likely to be substoichiometric zirconia and not free carbon because if it was free carbon an increase of 

carbon content should be expected. The presence of substoichiometric zirconia was suggested as a 

possibility in the previous section and here confirmed.  

4.2 Intermediate layer: morphology and chemical 

characterisation 

4.2.1 SE/BSE imaging and EDX chemical characterisation 

As mentioned in section 4.1.3, carbon is key in carbide oxidation and it can be either found dispersed 

into the oxide layer as inclusions or it can leave the sample as CO/CO2 (see equation 2.12 in section 

2.2.3).  When carbon inclusions oxidise, they create voids which may appear as pores in the pre-existing 

cracked and porous zirconia layer23. Carbon has been reported in ZrC single crystals oxidised at 873 K 

in 2.6 kPa O2 and its presence at the interface was related to the low oxygen potential at ZrC/ZrO2 
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interface due to the presence of an oxygen diffusion barrier made of c-ZrO2
179. This carbon could be 

produced during reaction of ZrC or the oxycarbide ZrCxO1-x (see section 2.1.3), and its nature is still 

under debate as it could be amorphous carbon or graphite23. The presence of carbon and/or the 

oxycarbide in the intermediate layer between the carbide and the oxide is thoroughly discussed in this 

section. Characterisation of the intermediate layer between the carbide and the oxide was performed on 

a partly oxidised polished sample’s cross section (set A) oxidised at 1073 K in air for 1h. As shown in 

Figure 4.6a the oxide is adherent to the carbide core, even after sample preparation involving diamond 

saw cutting and subsequent grinding and polishing. Figure 4.12a shows the SEI of the interface between 

the carbide and the oxide layer where a dense pore-free intermediate layer approximately 20 µm thick 

is present. BSEI of sample’s cross sections from set B oxidised at 1073 K for 30 min is shown in Figure 

4.12b.  

 

Figure 4.12 a) SEI of a ZrC polished cross section (set A) after oxidation in air at 1073 K for 1 h; b) BSEI image 

of a sample cross section (set B) oxidised at 1073 K for 30 min where red dashed lines highlight the intermediate 

layer between ZrC/ZrO2 (dark zones) labelled as 2, zone 1 is ZrC and zone 3 is ZrO2, starred yellow symbols 

highlight points where EDX analysis was performed, the size of the stars refers to two EDX scans which are 

shown in Figure 4.13 

The presence of an intermediate layer with different chemical composition was highlighted with BSEI 

analysis (see dark regions contoured by red dashed line in Figure 4.12b). By comparing samples 

oxidised at 30 min and 4h under BSEI mode it was possible to see that the intermediate layer for the 

former was approximately 0.7 – 6.5 µm wide while the intermediate layer in the sample oxidised for 4h 

at the same temperature was approximately 1.3 – 9.8 µm wide. An increase of the intermediate layer 

width is observed with time however this has an irregular shape (see Figure 4.12b) so that the width 

was expressed as a range.   

EDX analysis performed across the intermediate region on the sample oxidised for 30 minutes at 1073 
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K revealed carbon, oxygen and zirconium in agreement with the suggestion of Shimada et al179 of an 

oxycarbide compound in between the carbide and the oxide.   

 

Figure 4.13 EDX analysis performed on each point labelled with a starred symbol in Figure 4.12b, the different 

size of the symbols refers to the two EDX analysis shown with two starred symbols sizes in Figure 4.12. 

Composition is shown in atomic (%) and the stripes show the stoichiometric values of oxygen and zirconium in 

ZrO2 and ZrC. 

Multiple EDX analyses were performed on the cross sections of samples from set B oxidised at 30 min 

and are shown in Figure 4.13. Analysis performed on the sample oxidised for 4h at the same temperature 

of 1073 K showed again the intermediate region to be comprised of zirconium, carbon and oxygen. 

EDX was here used to qualitatively show the ratio in which the light elements (carbon and oxygen) 

occur across the sample surface. This is despite the fact that it is difficult to employ EDX for the 

quantitative analysis of these species due to its poor sensitivity for light elements and due to the possible 

presence of contamination in the SEM chamber by environmental C and O. The results of EDX analysis 

are provided as a reference for general discussion and in section 4.2.2 they will be shown to be in good 

agreement with the results obtained by TEM analysis.   

From EDX analysis summarised in Table 4.1 it is possible to see that zirconium and oxygen are present 

in a stoichiometric ratio 1:2 both in the oxide layer (labelled as 3 in Figure 4.12b) and in the intermediate 

region (labelled as 2 in Figure 4.12b). This intermediate region is then shown to be comprised of carbon. 

This result will be confirmed in section 4.2.2, where the interface is found to be comprised of ZrO2 
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nanocrystals embedded in an amorphous carbon layer67. This layer is made of two materials, carbon 

and ZrO2 nanocrystals, it is homogeneous macroscopically but heterogeneous microscopically, hence, 

it could be considered a composite material. The ZrC side, labelled as 1 in Figure 4.12b, was 

contaminated by excessive carbon in the EDX analysis, see Table 4.1. From the BSEI seen in Figure 

4.12b some dark regions appear near pores in the ZrC side and across the ZrO2 layer and these dark 

regions correspond to the presence of light elements, such as carbon. Pores shown in the ZrC side, zone 

1, in Figure 4.12b were mostly of lenticular shape and they varied between sizes of approximately 0.2 

µm × 0.4 µm to 0.8 µm × 1.5 µm (measured on BSEI in Figure 4.12b), the dark regions were usually 

surrounding them having approximately the same area of the pore. Chromium was neglected in the 

analysis as it had an abundance of 0.5% across the sample surface and its presence is related to the 

chromium coating deposited during sample preparation. 

Table 4.1 Chemical composition across the surface of a hot pressed ZrC polished sample and across the ZrC side, 

interface and ZrO2 side shown in Figure 4.12b (labelled as 1, 2 and 3) of samples oxidised at 1073 K for 30 

minutes. All data shown are in atomic (%), (*) means that only few measurements included this element (oxygen 

in ZrC side (1) and carbon in ZrO2 (3), these data are included for qualitative information; this is the reason for 

the total % to be different to 100 in these layers). 

ZrC hot pressed ZrC side (1) Interface (2) ZrO2 (3) 

Zr (%) O (%) C (%) Zr (%) O* 

(%) 

C (%) Zr (%) O (%) C (%) Zr (%) O (%) C* 

(%) 

37.8 ± 

1.1 

4.4 ± 

0.8  

56.1 ± 

3.6 

37.6 ± 

5.7 

8.5 61.5 ± 

6.1 

22.7 ± 

0.7 

44.2 ± 

2.4 

33.2 ± 

3.0 

33.5± 

2.9 

62.8± 

5.2 

18.4 ± 

1.7 

C/Zr = 1.5 ± 0.1 C/Zr = 1.6 ± 0.3 O/Zr = 2 ± 0.2 O/Zr = 1.9 ± 0.2 

 

4.2.2 TEM and HRTEM characterisation  

To investigate whether the intermediate layer seen in Figures 4.12 is the oxycarbide layer discussed 

previously by other authors53,51,23 , TEM and HRTEM were performed. Nanoscale characterisation of 

the intermediate layer was done on FIB milled TEM samples. These were taken by making cuts across 

the intermediate region for a sample oxidised at 1073 K for 1 h (Set A). Multiple specimens were 

FIBbed across the intermediate dense region, as well as parallel to the interface ZrC/intermediate layer 

(see Figure 4.14a for a summary of the FIBbed samples analysed by TEM and HRTEM). The sample 

labelled as 1 in Figure 4.14a was FIBbed in between the ZrC and intermediate dense region and this 
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can be seen in Figure 4.14b; sample 2 was FIBbed parallel to the intermediate region and is shown in 

Figure 4.14c. This sample was prepared after the sample had its surface FIB sputtered so that the 

intermediate layer, which was observed with TEM during investigation of sample 1 (see Figure 4.15a), 

was revealed. The sample labelled as 3 in Figure 4.14a was FIBbed across the dense intermediate region 

and is shown in Figure 4.14c. 

 

Figure 4.14 a) Summary of the samples FIB extracted from the cross section of a sample oxidised at 1073 K for 

1h: sample labelled as 1 is shown in b), sample 2 is shown in c) and sample 3 is shown in d); b) Liftout needle of 

a TEM sample FIBbed across the interface immediately prior its removal for thinning; c) liftout needle on a TEM 

sample FIBbed parallel to the interface, the cross section surface was previously sputtered by FIB in order to 

reveal the nature of the intermediate layer to be FIBbed; d) first stages of the FIBbing of a third TEM sample. 

Bright-field TEM imaging of sample 1 shown in Figure 4.14a and 4.14b revealed that the dense 

intermediate layer next to the ZrC side (see Figure 4.14b) is comprised of two areas which are labelled 

as 2 and 3 in Figure 4.15a. The circled areas show the regions where the SAD patterns were taken and 

the size of the aperture used. The region labelled as zone 1 was indexed as the [1 1 0] zone axis of ZrC 

and the indexed SAD pattern is shown in Figure 4.15b.  Zone 3 SAD pattern revealed this region to be 

made of a polycrystalline material with SAD rings of Figure 4.15c matching monoclinic ZrO2 (by 

matching polycrystalline rings with PDF 037 148476 for m-ZrO2 the error is ≤ 0.01 Å). 
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Figure 4.15 a) BF TEM image taken on the sample shown in Figure 4.14a; b) and c) SAD patterns were taken 

from the regions labelled as 1 and 3 highlighted in Figure a. Image adapted from Gasparrini et al.67 

EDX analysis was performed on this sample, several EDX analyses were performed by focusing the 

beam down to a dimension of approximately ≤ 2 µm at different points across the three regions shown 

in Figure 4.15a. The results are summarised in Table 4.2.  

Table 4.2 Chemical composition across the three regions identified as ZrC, intermediate layer and ZrO2 labelled 

in Figure 4.15a as zone 1, 2 and 3. All data shown are in atomic (%). 

ZrC side (1) Intermediate layer (2) ZrO2 (3) 

Zr (%) O (%) C (%) Zr (%) O (%) C (%) Zr (%) O (%) C (%) 

58.7 ± 

3.1 

6.7 ± 

2.6 

24.1 ± 

1.9 

15.7  ± 9 25.5 ± 2.8 54.7 ± 9.9 33.9 ± 5 40.1 ± 

20.3 

26.1 ± 12.9 

C/Zr = 0.4 ± 0.1 O/Zr = 1.6 ± 1 O/Zr = 1.6 ± 0.4 

 

The results obtained by EDX on several points across zones 1, 2 and 3 were affected by a large source 

of error (see Table 4.2), this can be related to the heterogeneous chemical composition of the sample. 

For example, on the right side of the intermediate layer, identified as ZrO2 by SADP (SADP was taken 

on the circle labelled as 3), some areas had an almost stoichiometric ratio, O/Zr = 1.9, while others 

showed O/Zr = 1.1 and even 0.2 (in these cases the C/Zr ratio was respectively equal to 0.9 and 1 

showing the possible presence of unreacted ZrC). As previously mentioned (see section 4.1.3), EDX is 

not accurate for light elements such as carbon or oxygen, however, it is here reported as a qualitative 

indication of which elements are present across the three regions and their qualitative abundance. It is 

clear that the chemical composition is not homogeneous on the right and left side of the intermediate 

layer, labelled as 2 in Figure 4.15a, this could be linked to the fact that the sample is made of 

nanocrystals (in the order of nm, see following HRTEM analysis). Hence, the area investigated with 

EDX detect the chemical abundance of crystals that could have completely different composition, 

ranging from unreacted ZrC to stoichiometric ZrO2. From the analysis shown in Table 4.2, it can be 
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derived that the ZrC region is carbon deficient while the ZrO2 layer is oxygen deficient however the 

error on the oxide layer is large: some areas were stoichiometric ZrO2 with little or no carbon, while 

others showed the presence of large amounts of carbon, up to approximately 40 atomic%. The 

intermediate layer is made of carbon, zirconium and oxygen. The aperture used (diameter 3 µm) in the 

TEM for the diffraction analysis shown in Figure 4.15b and c did not allow the characterisation of zone 

2 as the aperture size was larger than the area of interest which is approximately 2 µm wide. Further 

characterisation was therefore performed using a HRTEM.  

HRTEM analysis on the region labelled as zone 2 in Figure 4.15a is shown in Figure 4.16a and b. The 

region in between ZrC and polycrystalline m-ZrO2 is a 2 µm wide layer found to be comprised of 

amorphous carbon and small ZrO2 nanocrystals (<5nm)67. The amorphous layer characterised by EDX 

was made of 93 atomic% in carbon and 4 atomic% of oxygen. SAD analysis of the nanoparticles, 

containing zirconium and oxygen, was not performed as they could not be centred under the diffraction 

aperture as they were small.  

 

Figure 4.16 a) High resolution TEM image of the intermediate layer between ZrC and m-ZrO2 labelled as zone 2 

in figure 4.15a); b) high resolution details showing an amorphous carbon matrix containing nanocrystals of ZrO2 

(< 5 nm). Image adapted from Gasparrini et al.67 

Instead, attempts were made to characterise the nanoparticles shown in Figure 4.16b using a nano beam 

electron diffraction technique (NBD). Instead of obtaining SAD patterns with the use of a diffraction 

aperture on a large parallel beam, the NBD technique uses just a small size parallel electron beam which 

is generally focused to a size of approximately 5 – 10 nm. In this study, the SAD patterns acquired were 

obtained with a parallel beam focused to a size between 10 – 40 nm. By using this technique is possible 

to centre the beam directly on the region from which the diffraction pattern needs to be taken. In this 

way, it was possible to obtain SAD patterns from the particles embedded within the amorphous carbon 

layer.  
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Figure 4.17a shows the expanded beam used to choose the area of interest within the intermediate layer 

seen in Figure 4.16a, the darker regions are the particle agglomerates. By focusing the beam down to 

the size highlighted by the dashed line in Figure 4.17a, it was possible to obtain the SAD pattern 

presented in Figure 4.17b.  

 

Figure 4.17 NBD characterisation of the intermediate layer seen in Figure 4.16a: a) expanded parallel beam is 

focusing on some particles within the intermediate layer, the dashed line represents the size of the focused beam 

used to obtain the SAD pattern shown in Figure b; b) SAD pattern of the particle within the circle in Figure a). 

The SAD analysis was performed by measuring the distance between the rings and by comparing this 

with PDF 035 078466 for ZrC, PDF 037 148476 for m-ZrO2, 050 108977 for t- ZrO2, 049 164274 for c- 

ZrO2. The polycrystalline material observed under NBD analysis shown in Figure 4.17b matched with 

ZrC and t-ZrO2, more than c-ZrO2, even though the peaks of t/c-ZrO2 are so similar that the presence 

of both cannot be ruled out (see Table 4.3). SAD analysis presented an uncertainty of ~ 0.02Å calculated 

as standard deviation from multiple measurements using an image analysis software, Fiji ImageJ.  

Table 4.3 Calculated values of the d spacing measured from the rings shown in Figure 4.17b, these were compared 

with PDF tabulated for ZrC and the polymorphs of ZrO2. Peak intensity is given within brackets.  

d spacing (Å) 

 

 

 

 

 

SADP           

Figure 4.17b 

t-ZrO2                    

PDF 050 108977
 

 

c-ZrO2                   

PDF 049 164274
 

 

ZrC                        
PDF 035 078466

 

 

m-ZrO2                  

PDF 037 148476
 

 2.92 2.95 (I=100%) 2.96 (I=100%)  3.16 (I=100%) 

2.69   2.71 (I=100%) 2.84 (I=68%) 

2.33   2.35 (I=82%) 2.62 (I=21%) 

2.28     

1.80 1.81 (I=43%) 1.82 (I=32%)   

1.65   1.66 (I=66%)  

1.41   1.41 (I=50%)  



112 

 

The values in bold in the SADP d spacing column shown in Table 4.3 were matched with either ZrC 

and t-ZrO2 patterns, only one d spacing (with value = 2.28 Å) could not be assigned. The d spacing of 

m-ZrO2 were inserted in Table 4.3 to show that none of its characteristic peaks could be matched with 

the SADP shown in Figure 4.17b. 

A second TEM sample, labelled as 2 in Figure 4.14a, was FIBbed parallel to the interface region (see 

Figure 4.14c). This was used to confirm the presence of the intermediate layer observed in sample 1. 

The FIBbed section parallel to the interface was aimed to acquire a larger part of the intermediate layer. 

Figure 4.18a shows the dark-field image of this specimen, where the intermediate region is on the 

bottom part of the picture. The borders of this intermediate layer are not sharp and the intermediate 

layer does not run perpendicular to the sample cross section. EDX analysis was performed with a 

linescan technique: the line shown in Figure 4.18a represents the area where chemical analysis was 

performed and the resulting element chemical profile is seen in Figure 4.18b. The region where the 

intermediate layer ends, or develops, is the zirconia layer.  

 

Figure 4.18 a) DF TEM image of sample shown in Figure 4.14c, the orange line highlights where the EDX linescan 

was performed; b) EDX linescan showing the atomic composition of zirconium, oxygen and carbon across the 

intermediate layer.  

The zirconia layer near to the intermediate region seen in sample 1 presented several cracks (see Figure 

4.15a). A third specimen, sample 3 seen in Figure 4.14a, was FIBbed in between ZrC and the 

intermediate region, this region presented several cracks. Stresses in this region were so intense that 

during TEM analysis the sample broke. The analysis could only be performed on the part of the sample 

which remained attached to the copper grid. Bright-field images of the remaining part of the sample can 

be seen in Figure 4.19a. High magnification image of the surface shows nanoclusters and agglomerates. 

HRTEM analysis on this area showed the region to be made of ZrO2 nanocrystals, it was possible to 

measure that the interplanar spacing was between 0.322 – 0.358 nm for particles seen in Figure 4.19c. 
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Comparing this value with the d-spacing of m-ZrO2, t- ZrO2, c- ZrO2 and ZrC (PDF 035 078466 for ZrC, 

PDF 037 148476 for m-ZrO2, 050 108977 for t- ZrO2, 049 164274 for c- ZrO2) the monoclinic form of 

ZrO2 matches well this value having a d-spacing of 3.1647 Å (-111), 3.63907 Å (011) and 3.69765 Å 

(110). 

 

Figure 4.19 a) Bright-field images of a FIBbed TEM sample cut within the intermediate region and the ZrO2 layer 

after breaking b) high magnification bright-field image showing nanoclusters and agglomerates, c) lattice fringes 

of nanoparticles shown in figure b, d) d spacing value evaluated from one of the nanoparticles shown in c. 

The analysis performed by TEM on the sample’s cross section showed this to be comprised of a 

crystalline ZrC layer separated from polycrystalline m-ZrO2 by an unexpected, thin layer of 

approximately 2 µm wide, amorphous carbon with t-ZrO2 (and/or c-ZrO2) nanocrystals embedded in it. 

The polycrystalline layer of m-ZrO2 was found to be highly stressed and contained several cracks.  The 

intermediate layer of amorphous carbon was detected and further characterised with a different surface 

technique: FIB-SIMS and this study is presented in detail in the following section. 

4.2.3 FIB sputtering and SIMS analysis  

A sensitive surface chemical technique coupled with the action of a focused ion beam (FIB-SIMS) was 

used on a sample polished cross section in order to reveal the nature of the dense intermediate layer 
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previously observed in Figure 4.14a after surface cleaning. The same sample used for SEM and TEM 

characterisation (see Figure 4.14c) oxidised for 1h at 1073 K was characterised with FIB-SIMS in order 

to confirm the presence of an intermediate layer, observed to be as thin as 2 µm with TEM, across the 

region labelled as 2 (see Figures 4.20a and b). 

 

Figure 4.20 Images of the sample cross section seen in Figure 4.12a and 4.14a, zones labelled as 1, 2, 3 highlight 

ZrC, the dense layer, and the intermediate region (discussion is in the text below): a) SE FIB image of the dense 

intermediate region prior sputtering; b) SE FIB image of the dense intermediate region after sputtering at 20000 

pA for 5 minutes; c) SEI of the intermediate region after sputtering with the FIB-SIMS across the surface used to 

perform chemical analysis (shown in Figure 4.21). 

Figure 4.20a reveals that the intermediate region between ZrC and ZrO2 observed under SEI in a FIB-

SIMS was still characterised by the compact layer previously seen by SEM but in disagreement with 

TEM analysis. From previous analyses, a compact intermediate layer was shown between ZrC and 

porous ZrO2, this was approximately 30 µm thick under SEM investigations (see Figures 4.12a and 

Figure 4.14b). TEM analysis on a sample FIBbed from this pore-free layer showed, instead, a 2 µm 

thick intermediate layer between ZrC and a cracked ZrO2 layer (see Figure 4.15a). The dense region in 

between ZrC/ZrO2 labelled as 2 in Figure 4.20a changed, however, dramatically in appearance after 

applying a gallium sputtering action across the surface (compare Figure 4.20a with b). Figure 4.20b 

shows that after sputtering the dense intermediate layer previously shown in Figure 4.20a developed as 

a cracked layer, which from TEM analysis was shown to be made of ZrO2. Also, a thin layer with a 

different contrast in between zone 1 and 2 (labelled as zone 3) appeared. The surface shown in Figure 

4.20b after sputtering confirmed the observations obtained from TEM analysis of a 2 µm thick 

intermediate layer (compare Figure 4.20b with Figure 4.15a). A high magnification SE image on this 

area can be seen in Figure 4.20c where the intermediate 2 µm thick intermediate layer is embedded in 

a sputtered region which resembled the cracked zirconia layer. Chemical analysis performed by SIMS 

on the sputtered surface across zones 1, 2 and 3 was performed to confirm the chemical composition of 

these three layers, previously characterised by EDX (see section 4.2.1). SIMS analysis was made via 

sputtering 10 rectangles across the interface (see description in section 3.1.7), secondary ions were 
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analysed via mass spectrometer (MS), as can be seen in Figure 4.21b, c and d. The results from this 

analysis are shown in Figure 4.21b, c and d where ions are grouped according to their chemical nature: 

carbon ions, oxygen ions and zirconium ions.  

 

Figure 4.21 a) SEI of the sample cross section seen in Figure 4.20c after FIB-SIMS sputtering, the 10 rectangles 

show the regions where the positive and negative secondary ions were collected for MS analysis across the 

ZrC/ZrO2 interface; b) carbon related secondary ions, c) oxygen related secondary ions, d) zirconium related 

secondary ions sputtered from the surface and expressed normalised to cps/cps (counts per second) 

Figure 4.21 shows the distribution of secondary ions obtained during FIB-SIMS analysis across 

ZrC/ZrO2 interface. Only ions related to zirconium, carbon and oxygen were considered. Figure 4.21b 

shows the carbon related species across ZrC/ZrO2 interface, Figure 4.21c shows oxygen related species 

and Figure 4.21d shows zirconium related species. It is possible to see that in zone 1, ZrC side, which 

is represented by the data plotted from -50 to -10 µm in Figure 4.21b, c and d, no oxygen ions were 

detected. On the contrary, the carbon species showed the highest cps, along with the zirconium positive 

related ions, in particular Zr2 (+) and ZrC2 (+). ZrC2 ions decreased dramatically to zero just 10 µm 

away from the interface in the region where the dense intermediate layer labelled as 2 in Figure 4.20a 
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was seen. In the region plotted as 10 – 50 µm the carbon related ions showed a low intensity while all 

the oxygen species increased. In particular, the species related to ZrO and ZrO2 (see Figure 4.21d) 

reached the highest yield and they were not detected on the ZrC side. Negative ions related to zirconia 

such as ZrO2 (-) and ZrO3 (-) were collected in zone 2 however their intensity was small in comparison 

with the ZrO2 positive ion and therefore they were excluded from Figure 4.21c.  

The results shown in Figure 4.21, along with the TEM analysis, confirmed that just a few microns away 

from the interface, in zone 2, ZrO2 is formed. This layer appeared as a compact, intermediate layer 

under SEM investigation, but showed an irregular morphology after sputtering. Microcracks are visible 

(compare Figures 4.20 a, b and c) and this is in agreement with what was previously detected by TEM 

analysis. The 2 µm wide intermediate region which was revealed in the TEM was seen after FIB 

sputtering and it is labelled as zone 3 in Figure 4.20c. This layer sits within the 10 µm wide rectangle 

used for SIMS analysis which is centred around 0 on the x axis in Figures 4.21b, c and d. Within this 

region, which is highlighted with a red dashed line, both the secondary ions related to carbon, oxygen, 

zirconia and zirconium carbide were detected which shows this to be the transition layer. 

One of the main findings of this analysis is that the oxygen ion signal, which is related to either single 

oxygen molecules or to zirconia was zero on the ZrC side.  Similarly, the ions related to the ZrC phase, 

such as ZrC2 (+), also gave no signal just a few microns away from the 2 µm wide intermediate layer. 

This means that no presence of an oxycarbide layer is detected on either of the two sides: the ZrC and 

the ZrO2 side within a distance of 4 µm to the intermediate layer.   

Carbon ion yield was low on the zirconia side, however it increased approximately 30 µm away from 

the interface. The sample surface sputtered by FIB was monitored with an optical interferometer (see 

section 3.1.7) which allowed characterisation of surface topography. The sputtering action was 

measured to be approximately 0.6µm on the ZrC side and 1.8 µm in the ZrO2 side. In the ZrO2 region 

some sections of oxide appear to have been removed as if the oxide spalled off, therefore the instability 

of the SIMS signal 30 µm away from the interface was linked to this.  

After SIMS analysis, EDX was performed on each rectangular area and outside the region shown in 

Figure 4.21a to confirm the chemical characterisation of this region performed via SIMS. All elements 

have been taken into account apart from gallium which has been neglected as it was the incident species 

used for FIB sputtering (its abundance was anyway ≤ 0.5 atomic %).  The summary of the EDX data 

can be seen in Figure 4.22, all data are shown in atomic %. 
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Figure 4.22 EDX analysis performed with a SEM LEO Gemini on each rectangle sputtered by FIB shown in 

Figure 4.21 a) and on areas just outside the FIB sputtered region (which is highlighted with a dashed line); results 

are shown in atomic %. EDX spectra are added below the plot showing the presence of oxygen and carbon on the 

ZrC side outside the sputtered region while no oxygen is seen in the EDX spectra acquired within the sputtered 

region. 

The ZrC side only contained zirconium and carbon species within the FIB sputtered region, in 

agreement with SIMS analysis (compare Figure 4.21b and c with Figure 4.22), however, in the same 

area but outside the FIB sputtered region, zirconium, carbon and oxygen were present. The presence of 

oxygen on the ZrC side was also shown in the EDX data acquired using the JEOL 6400 SEM on samples 

oxidised at 1073 K for 30 minutes (see Table 4.1). In the ZrO2 region, carbon was not detected with 

EDX within the sputtered region. It was, however, detected in the area where the FIB was not used 

similarly to was reported in previous SEM-EDX analysis in Table 4.1. The presence of oxygen on the 

ZrC side of the interface and of carbon on the ZrO2 side of the non-sputtered areas of the sample could 

be related to either polishing or other actions performed during sample preparation. Attention must be 

taken when chemical analyses are performed on polished and prepared samples as these actions can 

induce the presence of oxygen or carbon when these elements were not previously there.  The EDX and 
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SIMS analyses, however, gave the same results within the FIB sputtered region, showing the reliability 

of these two techniques. Earlier, issues were described for EDX regarding its lack of sensitivity for light 

elements, however the similarities between the EDX and the SIMS analyses give the EDX results 

credibility. The agreement between EDX and SIMS analyses is the reason why quantitative EDX results 

were included in this thesis, still, they should be considered qualitative data which give an indication of 

the chemical distribution of the elements present. 

FIB-SIMS characterisation coupled with HRTEM and SEM+EDX analysis have revealed the nature of 

the intermediate layer in between ZrC and ZrO2, however the role and relevance of this intermediate 

layer during oxidation of ZrC has not been discussed yet. In order to investigate this, SIMS analysis 

was used to track the oxygen diffusion pathway during ZrC oxidation during a double oxidation 

experiment with two oxygen isotopes: 16O and 18O. 

4.3 Diffusion of oxygen through intermediate layer using an 
18O tracer technique 

4.3.1 TGA/DTA double oxidation mock-up experiment 

A sample of ZrC from Set C was used in a mock-up experiment performed with a TGA/DTA Netzsch 

(details can be seen in section 3.3.4). 

Figures 4.23b and c show the sample mass gain and DTA data during the two oxidation stages.  The 

mass signal for both oxidations showed a peak at the 93rd minute which was induced by the buoyancy 

effect of swapping the atmosphere from argon to air. This sudden mass increase however was not related 

to any reactions as the DTA signal remained stable.   

 

Figure 4.23 a) TGA/DTA set up showing the temperature profile and the argon/air gas profile, the swap between 

argon and air occurs at minute 93, 15 minutes after the temperature stabilised in argon atmosphere; b and c) show 

the mass gain and DTA profile during the first and second oxidation of ZrC. 
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The partially oxidised ZrC sample dimensions after the first and second oxidation are shown in Table 

4.4. After each oxidation, the oxide layer grew approximately 30 µm (15-20 µm for each side). Sample 

weight change was not reported as some powder was found in the crucible that could not be recorded 

in the measurements.  

Table 4.4 ZrC sample from set C dimensions: before experiment, after first oxidation and after second oxidation. 

The height, width and thickness of the sample are given as a, b and c respectively. 

Before oxidation  After first oxidation  After second oxidation 

a (mm) b (mm) c (mm) a (mm) b (mm) c (mm) a (mm) b (mm) c (mm) 

3.91 4.25 0.5 3.95 4.28 0.53 3.98 4.32 0.56 

 

The partially oxidised sample at the end of both oxidation runs showed a compact oxide layer with a 

slight greenish colour. The colour appearance was found in other oxidation experiments (for example 

in quench experiments) and is usually reported in the literature when dopants are added to zirconia to 

change the Zr valence186. It is reported that heating in reducing or oxidising atmosphere can also alter 

the colour of doped zirconia due to the irregular oxygen concentration of the crystals which may be 

induced by a rapid cooling rate, higher than the oxygen diffusion rate, that does not allow crystals to 

reach oxygen equilibrium186.  

The four minute oxidation time used in this experiment was suitable for the implementation of the 

16O/18O double oxidation experiment as the oxide layer remained flat throughout, with the Maltese cross 

shape of the oxide having not yet developed. The flatness of the oxide is important if SIMS analysis 

needs to be performed as it requires a flat surface. 

4.3.2 16O/18O double oxidation experiment 

A tracer technique was used to determine how oxygen combines with the carbide during ZrC oxidation. 

This was possible by setting a double oxidation experiment in a quartz furnace exposing a ZrC sample, 

from Set C, first to a normal research-grade oxygen atmosphere (mostly consisting of 16O plus the 

natural 18O abundance of 0.2%) and then exposing the partially oxidised sample to a second oxidation 

in an enriched 18O atmosphere (40% enriched in 18O), for details of the experiment set up see section 

3.3.4. 
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4.3.3 SEI and EDX on the 16O/18O ramp 

Figures 4.24a and c show the top view of the sample surface showing the attempts made to create a 

ramp across the oxide layer suitable for SIMS analysis. Several FIB techniques were used, and the 

successful ramp across the ZrO2/ZrC interface presented in this study was made using an Oregon-

Physics Plasma (see section 3.3.4). A schematic of this ramp is highlighted and shown from the side in 

Figure 4.24b. The width of the ramp allowed for a good secondary ions signal. The chemical analysis 

acquired with SIMS and EDX was performed on a 30 degrees slope created in the centre of the Plasma 

FIB ramp described in section 3.3.4. This slope is highlighted in Figure 4.24d, e and f. This ramp 

presented a smoother surface compared with the ramp made by the Plasma FIB, evidenced by the 

decreased noise in the data acquired.  
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Figure 4.24 a) Top view schematic of the ZrC sample oxidised in 16O/18O environment, three attempts were made 

to obtain a suitable ramp for chemical analysis across the ZrO2/ZrC interface, only the Plasma FIB ramp, 150 µm 

wide, was used; b) side view schematic of the ramp used in this study; c) SEI of the two ramps milled on the top 

surface of the sample; d) BSEI of the ramp showing colour contrast related to different chemical composition, 

cracks are visible on the top oxide surface; e) SE FIB image: three layers are visible (highlighted with dashed 

lines), f) high magnification ions FIB image showing zone 1, 2 and 3. 
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Figure 4.24e and f shows three regions within the ramp milled across the ZrO2/ZrC layer. These three 

regions were chemically characterised by EDX and they are, from bottom to top:  1) ZrC, 2) the 

intermediate layer and 3) ZrO2. The results of point scan EDX, performed across these regions can be 

seen in Table 4.5, errors were evaluated by averaging the values and taking the standard deviation of 

the measurements taken within the same region.  

Table 4.5 Chemical composition of the ramp shown in Figure 4.24 e and f: ZrC (zone 1), interface (zone 2) and 

ZrO2 (zone 3) for ZrC sample oxidised at 1073 K in an isotopic exchange setup for 4+4 minutes first in 16O then 

in a 18O atmosphere. All data shown are in atomic %.(*) means that only few measurements included this element 

(this is the reason for the total % to be different to 100 in this layer). 

ZrC side (1) Interface (2) ZrO2 (3) 

Zr (%) O (%) C (%) Zr (%) O (%) C (%) Zr (%) O (%) C* (%) 

45.1 ± 

4.0 

7 ± 2.5 46.2 ± 4.8 27.2 ± 

3.2 

42.8 ± 1.8 28.9 ± 3.0 34.0 ± 2.5 61.5 ± 4.5 15.8 ± 

2.6 

C/Zr = 1.0 ± 0.1 O/Zr = 1.6 ± 0.1 O/Zr = 1.8 ± 0.2 

 

EDX analysis revealed that the ramp reached the inner ZrC layer, which is close to stoichiometry. In 

between the cracked oxide layer and ZrC, a dense intermediate region was observed. This intermediate 

layer showed irregular borders, previously observed on the sputtered sample cross section. In order to 

fully characterise this intermediate layer and to monitor the pathway of the oxygen through the oxide 

layer, SIMS analysis was performed on the region highlighted in Figure 4.24f and the results are 

discussed in the section below. 

4.3.4 SIMS analysis across the 16O/18O ramp 

Figure 4.25a and b show the SIMS oxygen elemental mapping: Figure 4.25a shows the total oxygen 

abundance map across the surface while Figure 4.25b shows the 18O- isotopic fraction (IF) distribution 

on the same region. A MATLAB code was used to plot the secondary oxygen ion data on the ramp and 

to fit the profile seen in Figure 4.25d. 

The 18O- isotopic fraction (IF), is a useful tool187 as it indicates the oxygen isotope distribution on the 

surface and evens sharp changes in ion signal intensities due to sample topography or localised 

charging188. IF is evaluated from equation 4.2: 

 
𝐼𝐹 =

𝑂 
18 −

𝑂 
16 − + 𝑂 

18 −
 

(4.2) 
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where 16O- and 18O- represent the oxygen ion intensities detected by FIB SIMS. 

Figure 4.25a shows that the total oxygen, which is the sum of both 16O- and 18O- ions. This was evenly 

distributed across zone 3 apart from sharp changes of intensities due to sample morphology due to the 

presence of cracks and pores.  

 

Figure 4.25 a) Total oxygen map evaluated across the FIBbed area seen in 4.24 f with SIMS; b) Map of the isotopic 

fraction (IF) defined as 18O/(16O+18O), the black dotted box highlights the area where an average value of IF was 

calculated; c) averaged IF profile calculated from the region shown in b) and plot across zone 3 to zone 1; d) IF 

plot extracted from the highlighted box in c) fitted to the Fick’s law. 

Figure 4.25b shows the IF map where an 18O- enriched region is visible across zone 2, the intermediate 

layer. When the data of the IF map were fitted within a narrow region, in order to avoid sharp changes 

in intensities due to changes in sample morphology, it was possible to obtain an IF profile which is 

shown in Figure 4.25c. This profile revealed a gradient of 18O throughout the intermediate layer 

(labelled as zone 2 in Figure 4.25a). SEI confirmed this intermediate layer to be 5.8 to 16.9 µm wide. 
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To characterise the IF gradient across the interface, an averaged IF profile was computed by an 

integrated linescan method in MATLAB. This method evaluated an averaged value of the IF in a 

selected region, highlighted by a black dotted rectangle in Figure 4.25b. This particular region was 

chosen because the border between zone 2 and 3 run parallel to the border between zone 1 and 2. The 

IF averaged in this region was then normalised to 1 and the profile was solved using the Fick’s second 

law of diffusion for a semi-infinite media, considering a constant source of gas188: 

 𝐶′(𝑥) = 
𝐶(𝑥)−𝐶𝑏𝑔

𝐶𝑔− 𝐶𝑏𝑔
= 𝑒𝑟𝑓𝑐(

𝑥

2√𝐷 𝑡
) (4.3) 

where C’(x) is the isotopic fraction which is normalised to the natural 18O isotopic abundance, Cbg equal 

to 0.2 %, and the gas tracer concentration Cg during the second anneal equal to 40 %. The parameter x 

represents the thickness of the intermediate region where the diffusion profile is measured highlighted 

with the black square in  Figure 4.25b, t represents the time of sample exposure to the oxidising gases 

and D is the diffusion coefficient. From the overall IF profile, the gradient through the intermediate 

layer was isolated from the rest of the analysis before fitting with equation 4.3 was performed (see 

Figure 4.25d). The same profile is highlighted with a square in Figure 4.25c. The fitting shown with an 

orange line in Figure 4.25d was performed using equation 4.3 where x = 0 represents the border between 

zone 3 and 2 in Figure 4.24a; the obtained diffusion coefficient was D = 9×10-10 cm2/s with R2=0.93. 

The diffusion coefficient for oxygen through the intermediate region in between ZrC/ZrO2 is larger than 

the diffusion coefficient of approximately DB = 1·10-11 cm²/s evaluated by Brossmann et al.189 measured 

as grain boundaries diffusion on undoped ultrafine monoclinic ZrO2 at 1073 K. The discrepancy 

between the value reported in this thesis and the value reported in Brossmann et al.189 could be related 

to the fact that ZrO2 crystals in their study were an order of magnitude larger than those present in our 

sample, 70-300 nm189 compared to 10 nm nanocrystals observed via TEM (see section 4.2.2). 

Furthermore, the 18O diffusion coefficient evaluated in this work, is representative of oxygen diffusion 

through a layer where oxygen not only diffuses but also reacts to form ZrO2 and/or CO/CO2.   

No 18O gradient was present in zone 3, see Figure 4.25b, hence, it is plausible that during the second 

oxidation step 18O passed through a stoichiometric zirconia layer, hence, it could not react with it. The 

absence of 18O diffusion gradient in zone 3 could also be related to the porous nature of the oxide layer. 

Confirmation of the nature of stoichiometric ZrO2 was given by EDX analysis on the oxide layer just a 

few microns away from the interface (see Table 4.5). SIMS analysis (see Figure 4.25b) suggests that 

oxidation proceeded with inward formation of the oxide layer by oxygen penetration through cracks. 

The cracks seen in the oxide layer mostly followed the grain boundaries (see Figures 4.24d and e) and 

they could be induced either by stresses related to the volume expansion occurring in the transformation 

between ZrC to ZrO2 or the stresses revealed by gas effusion when carbon oxidises into CO/CO2.  
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4.4 Maltese cross formation 

The formation and development of cracks along grain boundaries is described in detail in this section 

where these are linked with the development of the Maltese cross shape of the oxide. The morphology 

of the Maltese cross shape of the oxide seen in Figures 4.2 and 4.5 was investigated using an in situ 

technique: HT-ESEM (see details in section 3.1.5). During quench experiments it was possible to see 

the development of the Maltese cross when the oxidation became drastic, approximately after 2 h from 

oxygen exposure, the oxide growth proceeded quickly and the carbide core shrank from its original 

shape to a rounded one (see Figure 4.2). Cubic specimens assumed a spherical carbide core shape while 

cuboid specimens assumed an elliptic shape. The Maltese cross morphology of the oxide is usually 

explained by the result of cracking along sample edges due to the good adherence of the oxide to the 

unreacted carbide core which does not permit stress relaxation due to spalling68,71. The Maltese cross is 

reported for groups IV, V and VI of the transition metal carbides and borides. It has also been observed 

during the oxidation of pure metals such as tungsten, however the Maltese cross name was not explicitly 

used in this case73. In our study, it was observed that the Maltese cross shape of the oxide developed at 

high temperatures even when the oxide was not adherent to the carbide core, thus the explanations 

previously reported are not satisfactory. Cifuentes73 reported the oxidation of tungsten via development 

of the Maltese cross shape of the oxide. The oxide of tungsten showed transverse cracks throughout the 

entire oxide layer. It was inferred that these were induced by stresses generated during cooling, either 

due to large differences in thermal expansion coefficients or induced by volume changes between 

polymophic transformations of tungsten oxide. Zirconia itself has polymorphic transformations and the 

volume mismatches between the carbide with the oxide phases are substantial as with tungsten (see 

section 2.1.4 for volume change calculations between ZrC and ZrO2).  Transverse cracking was 

therefore investigated in the SEI of the ZrC oxide layer, however, this was not shown even when the 

sample cross section was examined without polishing (see Figure 4.26), as polishing was considered to 

be the reason for a possible transversal cracks replenishment. 
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Figure 4.26 SEI of a sample cross section oxidised for 30 minutes at 1073 K in air, no polishing was performed 

during sample preparation in this case. 

An experiment in a HT-ESEM was designed to monitor the formation of cracks under heating and 

during the Maltese cross development in order to monitor whether cracking could be responsible for 

the shape of the oxide. Samples of ZrC from Set C were placed in a HT-ESEM (see section 3.3.6), to 

monitor the development of the oxide’s Maltese cross shape, corners were constantly monitored. Figure 

4.27a shows the initial step of ZrC oxidation, followed by b and c where the Maltese cross developed 

and the steps involved during this transformation were observed. 

 

Figure 4.27 SEI of a ZrC sample (from Set C) oxidised at 1073 K in 200 Pa O2 in a HT-ESEM; a) after 40 min 

exposure, b) after 480 min exposure and c) high magnification image of the area highlighted with a white box in 

b. The monitored corner is highlighted with dotted segments, first an initial delamination of the corner occurred 

followed by spallation (arrow in Figure a), then large cracks appeared at the corner, highlighted in white (Figures 

a and c), while microcracks that run parallel to the carbide-oxide interface appeared (Figure c) in yellow. Image 

adapted from Gasparrini et al.67 
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ZrC oxidation proceeded in three steps: first delamination of the corners occurred followed by spallation 

of some material, presumably the newly formed oxide (see Figure 4.27 a). Cracks then developed at the 

corners on the top surface (see white lines in figure 4.27 a) and from the corner towards the inner core 

(see Figure 4.27c). This indicates that the corners are the areas subjected to highest stresses, where the 

oxidation proceeded more quickly. The preferential oxidation at corners was observed as the carbide 

cubic core transformed into a sphere. Material spallation allowed fresh carbide surface to be exposed to 

the oxygen atmosphere promoting faster oxygen penetration and oxide development. The opening of 

the corners was induced by a build-up of stresses related to a substantial volume change between the 

carbide and the oxide (approximately 36%, see section 2.1.4). For the first time, the formation of macro 

and microcracks was investigated during the heating stage in situ. Cracks developed during the first 

stages of the reaction, as opposed to what was hypothesised before: during the cooling stage due to the 

polymorphic transformations of ZrO2. The corner failure is seen to play a major role, followed by 

microcrack formation which run parallel to the oxide/carbide interface. The formation of microcracks 

increased the accessible reactive surface area and drastically increased the oxidation rate. On samples 

oxidised in a furnace, macrocracks were also observed using the naked eye (see Figure 4.5 right), these 

were linked to a drastic increase in oxidation rate (see Figure 4.3a). The volume expansion at the corners 

and edges was substantially larger than at the centre of the faces, due to the formation of the Maltese 

cross. This was linked with the failure of corners and development of cracks from the corners towards 

the inner carbide core. Another indication of the large volume expansion associated with failure at the 

corners can be seen in the bottom side of Figure 4.27c: the surface is blurred due to the dramatic change 

in height because this part of the sample is no more at the appropriate working distance. 

An interesting observation regarding microcracks running parallel to the carbide/oxide interface is that 

they followed a repetitive pattern as the distance between two of them was approximately 20 µm (see 

yellow lines in Figure 4.27c. This repetitive pattern suggested that these cracks were generated 

cyclically, hence, the cyclic debonding of the interface occurred after an oxide critical thickness was 

reached. The three steps observed during oxidation of ZrC in the previous experiment were observed 

again during another experiment performed with the same method and shown in Figure 4.28. Figure 

4.28 can be summarised  as: a) sample before oxidation, b) delamination of the edges after 20 minutes 

of oxygen exposure, c) corner failing and spallation, d) crack development from the outer corner 

towards the inner core and cyclic microcracking of the carbide/oxide interface. 
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Figure 4.28 SEI sequence of a ZrC sample from set C oxidized at 1073 K in a 200 Pa oxygen atmosphere, a) time 

0; b) edges and corner delamination; c) corners failure and spallation; d) cracks development from the corners 

towards the inner carbide core (highlighted with a white line) and cyclic formation of microcracks parallel to the 

interface. Image adapted from Gasparrini et al.67 

The use of the HT-ESEM made possible the investigation of crack formation during carbide oxidation. 

Cracking was found responsible for the development of the oxide in a Maltese cross shape. Cracking 

was not induced during cooling by stresses build-up due to ZrO2 polymorphic phase transformation, 

instead, it was induced during heating by a volume mismatch induced by the formation of the oxide 

from the carbide. Another important observation was the development of cracks along grain boundaries, 

this is shown in Figure 4.29 where the top surface of the oxide was monitored during heating. A 

transition between a compact oxide (Figure 4.29a) to a cracked oxide with cracks generated along grain 

boundaries (Figure 4.29b) was observed after approximately 50 minutes the sample was first exposed 

to oxygen. 
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Figure 4.29 a) SEI of ZrC sample exposed to same condition as experiments before, top surface of the oxide a) 

after 5 minutes of exposure to oxygen, b) after 50 minutes of exposure to oxygen: cracks are developing along 

grains boundaries (highlighted with an arrow). Image adapted from Gasparrini et al.67 

It was observed that once cracks propagated at the surface along grain boundaries the oxidation 

accelerated. This was evident as the microscope corrections required to maintain the top surface of the 

oxide in focus, seen in Figure 4.29, were more important.  

4.5 Discussion 

Carbide oxidation has been widely studied in the past with significant work conducted on HfC190,191 and 

ZrC56,192 oxidation. Many inconsistencies still exist which mean a better understanding of the oxidation 

mechanism is still required. One of the main inconsistencies in the literature on ZrC oxidation regards 

the formation of a dense protective oxycarbide rather than a carbon-rich sublayer193 during the first 

stages of the reaction. Still no experimental observations have been reported on the presence of this 

oxycarbide23 mostly due to the fact that oxycarbides have similar cell parameters to ZrCx. It is therefore 

difficult to detect them with currently available techniques (like XRD or TEM for example). Other 

inconsistencies regard the influence of cracks in the development of the oxide and the characterisation 

of the intermediate layer. Discrepancies exist in previous studies on ZrC oxidation23, even within the 

same range of temperature, as a result, several microstructural and analytical techniques were used in 

this work to characterise the product of the reaction in a systematic and consistent manner.  

Oxidation of cubic hot pressed specimens of ZrC followed linear kinetics at 1073 K and a linear 

followed by a drastic increase in oxidation rate at 1173 K, 1273 K and 1373 K in air atmosphere.  The 

drastic oxidation resulted in the development of the characteristic Maltese cross shape of the oxide. This 
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happened when the carbide core shrank from its original shape to a rounded one (see section 4.1.1). 

Linear oxidation kinetics agree well with the observations of a compact intermediate layer (see section 

4.2.1) of constant thickness (see section 4.4) which acts as a diffusion barrier (see section 4.3.4). Linear 

kinetics are indeed related to either solid state diffusion through a protective layer with constant 

thickness, like in this case, or a surface reaction governed by a steady formation of oxide at the 

metal/oxide interface165. The formation of an oxide with constant thickness has been reported in section 

4.4, where the formation of the Maltese cross shape of the oxide developed with the cyclic debonding 

of the carbide/oxide interface after the oxide layer reached a thickness of approximately 20 µm67.  

One of the major findings of this study was the characterisation of the intermediate layer on samples 

oxidised at 1073 K which was studied first with SEM-EDX and TEM and then by SIMS and SEM-

EDX after the surface was sputtered with FIB. What was previously identified, in this and previous 

studies62, as a carbon enriched pore free oxide layer under observations at SEM was then identified as 

an intermediate layer (≤ 2 µm) of amorphous carbon and a polycrystalline layer of m-ZrO2 under 

HRTEM analysis. Within this amorphous carbon intermediate layer, there were embedded 

nanoparticles of zirconia (≤ 5 nm)67 with SAD patterns showing these to be either t/c-ZrO2 with the 

presence of crystals of unreacted ZrC. The compact layer seen in the SEM was found to be composed 

of polycrystalline material. In addition, microcracks were observed after FIB sputtering of the 

polycrystalline material surface and stresses and cracks were observed as well under TEM observation 

of its cross section. This layer acted as a barrier to oxygen diffusion and this was demonstrated in a 

16O/18O double oxidation experiment using 18O as a tracer. SIMS was performed on a ramp sliced across 

this intermediate layer and the oxygen pathway through this layer was observed, the oxygen gradient 

was seen to fit the Fick’s second law of diffusion and its diffusion coefficient was measured to be 9 

×10-10 cm2/s with R2=0.93. It was observed that oxygen penetrated inward, with oxygen from the second 

oxidation penetrating throughout the previously made zirconia layer without reacting with it.  

A schematic of what happens on sintered ZrC samples oxidised at 1073 K in air is shown in Figure 

4.30. 
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Figure 4.30 Schematic of ZrC oxidation at 1073 K: cyclic formation of approximately 20 µm wide oxide layer 

where cracks run along grain boundaries and parallel to the interface; the intermediate compact layer is made of 

polycrystalline m-ZrO2 which acts as a diffusion barrier to oxygen; the presence of an amorphous carbon layer 

with nanoparticles of ZrO2 embedded within is found between ZrC and the polycrystalline m-ZrO2. 

The presence of carbon during the oxidation of carbides is a key aspect when compared to oxidation of 

metals. Carbon is expected to oxidise to CO/CO2 at all the temperatures investigated in this study and 

even though it was not possible to perform TGA-MS analysis on these ZrC samples it is possible to 

deduce that CO and CO2 were produced during the oxidation stage. Even though the development of 

CO/CO2 was not monitored in this work, it was monitored during the oxidation of UC. Considering the 

similarities between these two carbides, which will be discussed in Chapter 6, it is believed the same 

behaviour occurred. Hence, the assumption presented in Figure 4.30 that CO/CO2 leaves the system 

during the oxidation stage through cracks formed during heating. The formation of cracks during the 

heating stage was monitored in the HT-ESEM experiment67 (see section 4.4). Cracks were induced by 

the volume transformation mismatch between the carbide and oxide. The HT-ESEM study showed 

cracks to be produced along grain boundaries as well as microcracking along the carbide/oxide interface 

during heating under oxygen atmosphere. The development of the Maltese cross shape of the oxide, 

characteristic of ZrC oxidation, is induced by crack development on heating monitored in situ and 

observed ex situ due to the volume transformation from ZrC to ZrO2. This finding is, however, in 

contrast with a previous paper published by Bellucci et al57 where the cracked morphology of the oxide 

surface was associated with the thermal expansion coefficient mismatch between the carbide and oxide 
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during the cooling stage. The crack formation during cooling was linked in their study57 with the 

formation of CO/CO2 in the cooling stage.  

Another finding presented in section 4.1.3 was the identification of two types of oxides depending on 

temperature. Oxidation at 1073 K and 1173 K produced compact specimens made of m-ZrO2 and either 

t/c-ZrO2 forming an adherent intermediate layer. Oxidation at 1273 K and 1373 K produced voluminous 

specimens made of m-ZrO2 with a non-adherent intermediate layer. In this case, the bottom side of the 

oxide once in contact with the carbide region, was found to be made of substoichiometric zirconia 

showing no relevant carbon uptake compared to the surface of the top oxide. Samples oxidised at 1273 

K underwent a slowdown in the oxidation rate, measured in g m-2 s-1, compared to the ones oxidised at 

1173 K and this was correlated to the loss of carbon. Carbon loss was induced by carbon oxidation over 

carbide oxidation (equation 2.12 prevailing over equation 4.1) which left the intermediate region 

between the carbide and the oxide empty due to CO and/ or CO2 release. A schematic of the oxidation 

mechanism in hot pressed specimens of ZrC between 1073 and 1373 K is shown in Figure 4.31. 

 

Figure 4.31 Oxidation stages of hot pressed (H.P.) specimens of ZrC: at 1073 K and 1173 K the oxide made of 

m-ZrO2 and t/c-ZrO2 developed above an intermediate layer comprised of amorphous carbon,  ZrO2 and ZrC 

nanocrystals. The oxide is compact and well sustained stresses. At 1273 K the kinetics is slowed down due to 

carbon oxidation at the intermediate layer. At 1273 K and 1373 K a gap between the carbide core and a 

substoichiometric zirconia layer is observed. The oxide developed as of m-ZrO2 which detached from the carbide 

core and is voluminous. 

Carbon formation is thermodynamically possible at these temperatures52 and has been detected to be in 

an amorphous state near the interface not only in this work but also in other studies64,192. However, some 
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questions still remain unanswered, for example, the presence of carbon/carbide dispersed in the oxide 

layer even after the sample was exposed to an oxidising environment for many hours, 8 h, (see section 

4.1.4) at high temperatures, for example at 1273 K and 1373 K. The term carbon/carbide is specifically 

used here because of the difficulties in differentiating between these two compounds with the available 

techniques. XRD in fact is not sensitive enough to detect low quantities of carbon (in the ppm range), 

and the carbon analysis technique used in this study cannot differentiate between bonded carbon or free 

carbon. This problem is of particular importance for oxidation of uranium carbide too and this will be 

discussed again in the following chapter. 
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5. UC oxidation 

The following chapter presents the morphological changes occurring on UC fragment surfaces during 

oxidation of UC to UO2 and of UC to U3O8 from 723 to 1173 K in a 2–100 Pa oxygen atmosphere. 

These were monitored in situ using a HT-ESEM. Oxidation kinetics were linked to sample expansion 

and crack propagation; the time constants that characterised sample expansion rates during oxidation 

were used to define whether samples oxidised to UO2+x or underwent ignition to U3O8. Ignition of UC 

was monitored in situ from 723 to 848 K and correlated with sample fragmentation. The oxide 

disruption induced by UC ignition was monitored in situ and post mortem in a SEM. Sintering of U3O8 

from 973 – 1173 K in air was investigated in situ and post mortem with experiments performed at NNL. 

Conversion of UC was affected by these sintering processes, which are described by several parameters 

including oxide morphology and sample specific surface area.  

5.1 UC degradation in air 

Uranium carbide is pyrophoric from relatively low temperatures (from 548 to 573 K in oxygen128,130) 

and therefore this material must be handled carefully in air. Sparks are observed at room temperature 

when sintered specimens are shaken, for example, see Figure 5.1. 

 

Figure 5.1 Sparks generated when UC sintered fragments are shaken enclosed in a plastic bottle20. 
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Beside the safety issue of handling pyrophoric materials, UC is known to be reactive with oxygen from 

low temperatures (approximately 548 K) and with moisture. Reactivity of freshly prepared UC samples 

and aged samples could be different due to the effects of moisture and air during long term storage of 

UC (see section 2.2.3). Reactivity in air could be responsible for the degradation of UC into an oxide 

occurring at room temperature. Depending on the amount of material reacted, the presence of an oxide 

layer on UC pellets could affect the oxidation results from oxidation campaigns. For this thesis, 

oxidation tests on UC were performed throughout a long period of time at NNL (~2 years), hence, 

assessing the level of degradation of UC at room temperature with time was important if samples were 

to be stored in air. To ensure test repeatability, the degradation of UC was studied throughout a three-

month period by comparing the reactivity of UC pellets kept in an inert atmosphere, inside a glovebox, 

with UC pellets kept in air in a fume-hood at room temperature. The following approach was used: two 

cylindrical pellets were selected from the same batch, previously stored in air atmosphere (see section 

3.2.2). After selection, one pellet was placed inside an inert glovebox (henceforth referred to as the 

inert-stored pellet), while the other pellet was stored in a fume-hood and it will be referred to as air-

stored. The pellets underwent the same treatment which consisted of crushing the pellet with a hammer 

to obtain small fragments (each with mass approximately ≤ 70 mg). This was performed inside the 

glovebox on the inert-stored sample and in the fume hood for the air-stored sample. The method used 

to crush pellets is described further in section 3.2.2.  

After fragments were produced, characterisation was performed by XRD. The UC and oxide phases 

present in the samples were labelled against PDF 01 073 1709141 for UC, PDF 01 074 0805194 for U2C3, 

and PDF 00 041 1422 for UO2
142, cubic phases. Figure 5.2 compares XRD patterns obtained on 

fragments coming from air-stored and inert-stored pellets. 



136 

 

 

Figure 5.2 XRD characterisation of UC fragments which were crushed and kept in air atmosphere (air-stored) or 

in inert atmosphere (inert-stored). Peaks were identified against PDF 01 073 1709141 for UC, PDF 01 074 0805194 

for U2C3, and PDF 00 041 1422 for UO2
142. 

Figure 5.2 reveals both pellets contained the same phases, UO2 for example is present both in the air-

stored and in the inert-stored samples even though the inert-stored sample XRD pattern was taken with 

a specially designed specimen holder that isolated specimens from air atmosphere.  

UC reactivity of the inert- and air-stored fragments was measured to quantify the heat released during 

oxidations performed in a TGA/DTA under the same conditions of temperature and oxygen pressure. 

The inert-stored samples were transferred to the TGA/DTA room from the glovebox room sealed in a 

metallic holder in order to keep the fragments in an inert atmosphere for as long as possible. Figure 5.3 

shows a schematic of the test used, the increase in mass change in the 93rd minute is due to the 

adjustment of the argon flow from 200 ml/min to 60 ml/min (see experimental set up in section 3.1.8).  
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Figure 5.3 TGA/DTA run performed on air-stored and inert-stored fragments. The area highlighted under the 

DTA peak represents the heat output evaluated in µVs/mg. 

The area highlighted under the DTA peak shown in Figure 5.3 represents the heat output measured from 

the oxidation experiment. This was quantified in µV/mg instead of the most common unit of mW/mg 

as equipment calibration was not performed. Comparison between the air-stored and inert-stored heat 

output values is given in Table 5.1. The tests were performed over a period of three months with air-

stored samples kept in air and inert-stored samples kept inside the glovebox. The tests were considered 

representative of the behaviour of all UC samples used in this study.  

Table 5.1 Heat output released from isothermal oxidation performed in a TGA/DTA from air-stored and inert-

stored fragments. 

T (K) Air-stored 

Heat output (µVs/mg) 

Inert-stored 

Heat output (µVs/mg) 

973 1460 ± 135 1464 

1073 1149 ± 10 1178 ± 31 

 

As shown in Table 5.1, the heat output was the same for inert-stored and air-stored pellets indicating 

that the storage of UC in air did not affect the integrity of the carbide sample as no quantifiable change 



138 

 

in reactivity was reported. These results suggest that samples could be handled in air without affecting 

oxidation results. This was an important consideration in planning the experiments to be conducted at 

NNL, as working with gloveboxes introduces additional bureaucratic paperwork when compared to air-

stored fragments. All the following experiments performed at NNL were done on samples stored in air. 

5.2 Oxide sintering above 873 K 

5.2.1 UC fragments oxidised in a muffle furnace 

It was shown in the previous section that UC did not significantly degrade if stored and handled in an 

air atmosphere, the aim of this PhD project, however, was to completely degrade UC to an oxide. In 

section 2.2.3 previous attempts performed at NNL to reach full conversion with different furnace set up 

during large scale experiments were described20,21. In these previous studies, UC could not be fully 

converted into an oxide, even after oxidation tests at high temperature (1273 K)21 for many hours (24 

h).  

In this section, the effect of temperature on the oxide product characteristics was investigated with small 

scale experiments performed on air-stored fragments of UC of approximately 1g. Samples were 

oxidised in a muffle furnace (see section 3.3.5) at 873 K, 973 K, 1073 K and 1173 K for 4 h and 17 h 

in air. The samples were removed from the furnace after it was cooled completely, no quenching could 

be performed due to safety hazards (eg. possible ignition of unreacted UC). Figure 5.4 is a sequence of 

photos, SEI and BSEI of UC fragments oxidised during these experiments. The evolution of the oxide 

morphology with temperature was first assessed visually and then with SEM analysis (see section 

3.1.4). Samples oxidised at low temperature (873 K) showed a powdery morphology to the naked eye 

(Figure 5.4a). By increasing the temperature to 1173 K the oxide was compact as the sample outline 

was still recognisable, while some powder was spread around the crucible (see Figure 5.4d). A run 

performed at 1173 K for 17 h showed the oxide to be in a powder form with some agglomerates present 

after this long oxidation test at high temperature (Figure 5.4e). SEI and BSEI revealed that at 1173 K 

the oxide contained spheroidal (4 h test) or cuboidal particles (17 h test) while at lower temperatures 

the particles were small as they could not be observed with the same magnification (873 K and 973 K), 

compare SEIs in Figure 5.4a to e.  
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Figure 5.4 Macroscopic appearance and morphology of the oxide revealed by photos, SEIs and BSEIs of UC 

fragments (approximately 1g) oxidised at: a) 873 K for 4 h, b) 973 K for 4 h, c) 1073 K for 4 h, d) 1173 K for 4 h 

and e) 1173 K for 17h. 
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Two sets of experiments were performed under the same conditions separated by a period of two months 

and will be referred to as Run 1 and Run 2. The only difference between these runs was that no 17 h 

oxidation test at 1173 K was performed in Run 2. Results from Run 1 and Run 2 were consistent: SEI 

and BSEI showed the same features at the same temperature such as rounded oxide particles at 1173 K.  

The samples oxidised for 4 h at 1173 K in both Run 1 and 2 consisted of spheroidal particles with 

necking between them. This arises from sintering processes as shown in the SEI of Figure 5.4d. This 

suggests that the samples underwent sintering under those conditions. The spheroidal particles seen at 

1173 K for 4 h assumed a cuboidal morphology and grew in size during the longer oxidation test (17 h) 

at the same temperature (see SEI in Figure 5.4e). The increase in particle dimensions was visible both 

in the SEI and in the low magnification BSEI taken of samples oxidised at 1173 K (compare Figures 

5.4d and e). In order to quantify the particle size increase brought by sintering at 1173 K for 4 h and 17 

h, B.E.T. analysis was performed. This technique measures the specific surface area (SSA) of a 

compound (and is described in section 3.1.2). This analysis confirmed that SSA decreased with 

increasing oxidation temperature and the results from both Run 1 and 2 are summarised in Figure 5.5. 

 

Figure 5.5 B.E.T. analysis of powders after oxidation between 873 - 1173 K in air for Run 1 and Run 2 in a muffle 

furnace. 

Samples oxidised at 873 K for 4 h had a SSA of 0.57 ± 0.04 m2/g, this decreased to 0.18 ± 0.03 m2/g 

for samples oxidised at 1173 K for 4 h. Sample oxidised at the same temperature but for longer time, 

1173 K for 17 h, showed the lowest SSA: 0.14 ± 0.01 m2/g. The observation of U3O8 particle size 

increasing with temperature from 873 to 1173 K is in agreement with previous studies performed on 

oxidation of UO2 where it was found that the particle size of U3O8 powder formed during oxidation of 
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UO2 pellets in air increased with temperature195. This was related to the increase of U3O8 plasticity from 

673 to 973 K112. Above 773 K the increase in plasticity of U3O8 does not allow oxide spallation but it 

forms a barrier, such as an uncracked thick oxide layer which is thought to retard further oxidation112,196. 

Powders from Run 1 oxidised at 1073 K and 1173 K for 4h also displayed a columnar morphology of 

the oxide (observed in different areas to the ones shown in Figure 5.4c and d), see Figure 5.6. This 

particular type of oxide morphology was previously reported by Song et al.197 during oxidation of UO2 

at 1173 K. The explanation for this columnar morphology was related to a preferential growth in one 

direction of the oxide which would minimise the strains associated with the 36 % volume transformation 

between UO2 to U3O8 (see section 2.2.5). 

 

Figure 5.6 SEIs of powders after oxidations of UC fragments at 1073 K and 1173 K in air for 4 h oxidation, these 

SEIs were taken on the same samples shown in Figure 5.4c and d but on different areas 

In agreement with what was observed on oxide spheroidal particles, which increased in size with 

temperature (see SEIs in Figure 5.4c and d), the oxide columnar morphology width increased from 1073 

K to 1173 K as shown in Figure 5.6. The width of the columnar oxide was approximately 0.6 ± 0.2 µm 

in sample oxidised at 1073 K (Figure 5.6a) and 1.8 ± 1 µm in sample oxidised at 1173 K (Figure 5.6b).  

All samples from Run 1 and 2 were oxidised to U3O8, as confirmed by XRD analysis, however in Run 

1 UC was still present showing that oxidation was not complete (see Figure 5.7). XRD analysis was 

performed on the oxidised powder just after oxidation test finished or within a few days. Peak 

identification was performed by comparing the XRD pattern against PDF 01 073 1709141 for UC and 

PDF 00 031 1424110 for U3O8.  
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Figure 5.7 XRD spectra of UC fragments oxidised in a muffle furnace from 873-1173 K in air, Run 1. XRD 

analysis was performed just after the samples were removed from the furnace. 

XRD peaks related to UC in the oxidised powder were less intense than the peaks related to U3O8, 

suggesting that most of the sample was converted into an oxide. The sample oxidised at 873 K for 4 h 

contained more intense U3O8 peaks compared to the UC peaks suggesting that conversion was 

qualitatively greater at this temperature than at higher temperatures (compare XRD patterns at 873 K 

and 1173 K in Figure 5.6). The word qualitative is used because no Rietveld refinement was performed 

to assess the quantity of phases present in each sample198 as the XRD pattern was too noisy. Oxide 

conversion, therefore, cannot be assessed. To overcome this issue and enhance the quality of the XRD 

data shown in Figure 5.7, in particular increasing the number of counts, the same samples were tested 

again by XRD a month later decreasing the scan step size. This second XRD analysis gave much better 

quality when considering peak intensity, compare Figure 5.7 with Figure 5.8, however the ratio in which 

the U3O8/UC phases were present changed. Figure 5.8a showed a much larger presence of the uranium 

oxide phase than the previous analysis: only a faint peak from the UC phase was present at 2θ = 36° 

(highlighted with an arrow in Figure 5.8a and b). Figure 5.8a shows the XRD scan performed after one 

month on Run 1 powders previously analysed in Figure 5.7. Figure 5.8b shows XRD scans performed 

on Run 2 powders and lumps as in Run 2 some lumps were found within the oxidised powder. Lumps 

were thought to be unreacted UC cores, so, these were also analysed by XRD (these are labelled as 

lumps in Figure 5.8b). XRD analyses on Run 1 powders and Run 2 powders and lumps showed U3O8 

to be the prevalent phase, with possible presence of UC left. The XRD analysis shown in Figure 5.8 
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was performed several days after the oxidation test in the furnace. Peak identification was undertaken 

by comparing the XRD pattern against PDF 01 073 1709141 for UC and PDF 00 031 1424110 for U3O8. 

From the XRD analyses it looks as if the oxidised powders stored in air for some time, from few days 

to a month, after the oxidation experiment were all converted to an oxide, U3O8. 

 

Figure 5.8 XRD spectra of UC fragments oxidised in a muffle furnace from 873-1173 K in air; a) Run 1, XRD 

analysis was performed approximately 1 month after the test, b) Run 2, XRD analysis was performed days after 

the test. The arrow highlights the peak which could be related to the presence of UC. 

The conversion to an oxide achieved on Run 1 and Run 2 after the oxidised powders were left in air 

atmosphere for some time after the oxidation experiment (from weeks to a month) is significant from 

an industrial point of view as it means that full conversion is achievable. However, it remains unclear 

why fragments could not reach full conversion in a single heat treatment.   

5.2.2 UC pellets oxidised in a muffle furnace 

Oxidation tests performed in section 5.2.1 on UC fragments revealed the oxide product characteristics 

to be significantly affected by temperature. Oxidation at 873 K resulted in a powdery product while at 

high temperature, 1173 K, the oxide product was compacted due to an ongoing sintering process. The 

presence of sparse powder in the crucible was observed over the temperature range 973-1173 K (see 

photos in Figure 5.4b-d). XRD analysis on the oxide showed these to be mostly U3O8 with remnant UC 

when analysis was performed just after the test. The XRD performed immediately after the experiments, 

see Figure 5.7, showed the products from the low temperature oxidation to have the largest ratio of 

U3O8 to UC. To evaluate the oxide conversion, experiments were performed using UC pellets instead 

of fragments. Two sets of samples were used (see section 3.2.2): air-stored cylindrical pellets (with 
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mass = 82 g), and annular pellets (with mass = 5 g). The dimensions of the pellets used in this oxidation 

experiment are shown in Table 5.2.  

Table 5.2 Mass of pellets chosen for oxidation in a muffle furnace in air at 873 K and 1173 K for 6 h. 

Sample Mass (g) Temperature (K) Dwell time (h) 

P1 81.54 ± 0.01 1173 6 

P2 5.45 ± 0.01 1173 6 

P3 81.85 ± 0.01 873 6 

P4 5.44 ± 0.01 873 6 

 

Pellets were exposed to air atmosphere in a muffle furnace at 1173 K or 873 K for 6 h using a heating 

rate of 10 K/min (see section 3.3.5). Samples were inserted inside the furnace in an alumina crucible 

and were exposed to heat treatment up to the desired temperature. They were then removed from the 

furnace after being cooled to room temperature. These two temperatures, 873 and 1173 K, were chosen 

because from previous XRD results (see Figure 5.7) it was observed that 873 K was the most efficient 

temperature to convert UC to a powdered oxide (see section 5.2.1). Lowering the oxidation temperature 

to 873 K could significantly benefit a large industrial scale process if this temperature was found to be 

as effective, or even more effective, than a high temperature treatment. Figure 5.9 shows photos of the 

samples before and after oxidation and the BSEI and SEI taken on the oxide products.  
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Figure 5.9 Macroscopic appearance of UC pellets and morphology of the oxide revealed by photos, BSEI and SEI 

respectively for: a) cylindrical pellet oxidised at 873 K for 6 h (sample P3); b) annular pellet oxidised at 873 K 

for 6 h (sample P4); c) cylindrical pellet oxidised at 1173 K for 6 h (sample P1); d) annular pellet oxidised at 1173 

K for 6 h (sample P2). For clarity, the same photos from a) and b) were used in c) and d) to represent the initial 

stage of the pellet.   

Following oxidation, the annular pellets P2 and P4 were rendered into a powdered form. The cylindrical 

pellets (P1 and P3), by comparison, filled the entire crucible with detached oxide layers. Furthermore, 

a considerable amount of oxide was found to have escaped from the crucible due to a dramatic volume 

expansion. The sample oxidised at 1173 K showed thicker oxide layers than the sample oxidised at 873 

K (compare photos in Figure 5.9a and c). Similar behaviour was observed by Peakall et al.196 who 

reported a thicker oxide layer at high temperatures (1173-1273 K) compared to low temperatures (623-

873 K) during UO2 oxidation in air. The reaction did not reach full conversion for both P1 and P3 as a 
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UC core was found within the oxide layers. A picture of the UC cores for samples P1 and P3 after 

oxidation is shown in Figure 5.10. 

 

Figure 5.10 Photo of the remnant UC cores found after oxidation of P3 (left) and P1 (right). 

The dimensions of the UC cores are reported in Table 5.3, which shows the weight of these UC cores 

along with the oxide weight measured for samples P2 and P4 after oxidation. Table 5.3 also presents 

the results obtained from carbon content analyses (see section 3.1.9) performed on P2, P4 and on the 

oxide layers of P1 and P3 (see Figure 5.9a and c).  

Table 5.3 Dimensions and mass of pellets after oxidation in a muffle furnace in air at 873 K and 1173 K for 6 h. 

Sample Time in the 

furnace (h) 

Dimensions UC 

core (mm) 

Mass (g) Conversion X  

(%) 

Carbon %  

(w/w) 

P1 22 15.6 × 13.4 

 

21.78 ± 0.01   

(UC core) 

73 0.2 

P2 22 N/A 6.11 ± 0.01 100 (12.1) 0.0327 ± 

0.0042 

P3 17.5 14.5 × 12.9 19.68 ± 0.01   

(UC core) 

76 0.47 

P4 17.5 N/A 6.08 ± 0.01 100 (12) 0.047 
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Conversion, termed X (see section 3.3.5 equation 3.16), in Table 5.3 represents the amount of carbide 

converted to an oxide. P1 showed 73 % conversion, P3 76 % conversion to U3O8, P2 and P4 have two 

values in the conversion column in Table 5.3 because the material was found completely oxidised. 

Complete oxidation means X is = 100 % as reported in Table 5.3. Complete oxidation for P2 and P4 

was detected as the XRD analysis on the oxide showed that the powder was completely reacted to U3O8, 

see Figure 5.11. The second value reported in brackets for P2 and P4 in Table 5.3 equal to 12 % 

corresponds to the change in weight measured before and after oxidation, from the carbide to the oxide. 

A mass gain of approximately 12 % corresponds to complete conversion from UC to U3O8 which is 

calculated from reactions reported in equations 2.14 and 2.15 in section 2.2.3 for UC oxidation, as well 

as from UC ignition reported in equation 2.16 in section 2.2.4. The increase in weight for equation 2.16, 

for example, is evaluated with equation 5.1: 

 

𝛥𝑤 = (
𝑀.𝑊.𝑈3𝑂8

3×[((0.95×𝑀.𝑊.𝑈𝐶)+(0.05×
𝑀.𝑊.𝑈2𝐶3

2
))]

− 1) × 100  

(5.1) 

where w is the weight and M.W. is the molecular weight of either U3O8 (842.1 g/mol), U2C3 (512.09 

g/mol) or UC. The assumption made was that no oxide phase was present in the initial UC pellet. 

Composition of UC/U2C3 in the initial pellet is described in section 3.2.2. The increase in weight 

experimentally measured equal to 12 % is in agreement with the results obtained by XRD analysis in 

Figure 5.11 as it represents complete oxide conversion (U3O8 was matched with PDF 00 031 1424110). 
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Figure 5.11 XRD spectra of the oxide formed during oxidation in a muffle furnace of UC pellets named as P1 – 

P4 at 873 and1173 K in air for 6 h, the peaks all matched U3O8. 

Oxidation of entire pellets compared to fragments made possible an evaluation of the carbide conversion 

at 873 K and 1173 K revealing that it is comparable, if not better (3% conversion improvement) at 873 

K than at 1173 K. Better conversion was not only achieved by using a lower temperature but also in 

shorter time. For the 1173 K sample, the oxidation was performed over 22 h, while the lower 

temperature, 873 K oxidation lasted 17.5 h (see Table 5.3). Samples were kept in the furnace both for 

the heating and cooling stages, which is why the time reported here is different from the dwell time set 

as = 6 h. The time spent inside the furnace was monitored by noting the time the samples were loaded 

in the furnace and the time they were taken out just after cooling. 

 

5.2.3 UC oxidised in a HT-ESEM 

The characteristics of the oxide product and its overall conversion were significantly affected by 

temperature and time as shown in the previous section. The improved conversion obtained at 873 K 

compared to 1173 K was related to the effects of oxide sintering: at 1173 K the presence of a thicker 

oxide layer prevented the reaction proceeding further (see photos in Figure 5.9a and c). To monitor the 

influence of sintering observed in the samples oxidised at 1173 K (see Figure 5.4d), in situ experiments 
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in a HT-ESEM were performed on small UC fragments (4-20 mg) with the technique explained in 

section 3.3.6. UC fragments (with mass of 6.8, 8.6 and 17.5 mg) were oxidised at 873 K in an 

atmosphere of 10 Pa O2 and in an environment of 50 Pa of air to simulate 10 Pa O2. All samples readily 

oxidised when oxygen, or air, was introduced into the chamber (see Figure 5.12). Just two minutes after 

O2 insertion, the edges of the samples were heavily cracked and spallation occurred. After 5 minutes, 

the characteristic popcorn morphology of U3O8
112 formed evenly all over the sample. After 

approximately twenty minutes, oxidation was considered complete as the sample surface remained 

static with no further changes being observed.  

 

Figure 5.12 Sequence of SEIs showing in situ oxidation of UC fragments at T= 873 K in 10 Pa O2 atmosphere (a 

and b) and 50 Pa air atmosphere (c). SEIs show three stages: before oxidation, 2 minutes after oxygen insertion, 

5 minutes after oxygen insertion. 

The behaviour of the sample oxidised in air or oxygen appeared to be the same, showing that both had 

the same effect on the oxidation mechanism. This is important as it means that results achieved in a HT-
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ESEM in an oxygen atmosphere can be used for comparison with results obtained during oxidation in 

air in the furnaces at NNL. 

Figure 5.13 shows oxidation of UC fragments (mass 9.3 and 10.4 mg) exposed to a 10 Pa O2 atmosphere 

at 973 K and 1073 K (see Figure 5.13a and b). After 5 minutes from oxygen insertion oxidation occurred 

mostly at corners and edges of the samples, see Figure 5.13, similarly to what was observed at 873 K 

after 2 minutes, see Figure 5.12. Five minutes after introducing oxygen, the characteristic popcorn 

morphology of the oxide developed all over the surface in samples oxidised at 873 K, see Figure 5.12, 

while in samples oxidised at 973 K and 1073 K this transformation occurred only at the edges and on 

cracked surfaces, see Figure 5.13. At 973 K and 1073 K the top surface of the samples remained visible, 

cracks appeared through the sample presumably due to stress build-up. The popcorn oxidation typical 

for transformation of UO2 into U3O8 occurred preferentially at the fresh surface formed due to cracking 

during oxidation (see Figure 5.13). After 20 minutes, the top surface had still not reacted and is still 

visible for both samples oxidised at 973 and 1073 K, see Figure 5.13. 

 

Figure 5.13 Sequence of SEIs showing in situ oxidation of UC fragments at: a) 973 K  and b) 1073 K in 10 Pa O2 

atmosphere after: 5 min, 10 min and 20 minutes from oxygen insertion. 

In situ HT-ESEM experiments on UC fragments in an oxygen atmosphere confirmed the results 

obtained on fragments and pellets of UC oxidised in a furnace in air: oxidation at 873 K occurred more 

rapidly than oxidation at higher temperatures (973 K and 1073 K). The popcorn like morphology typical 

of oxidation from UO2 to U3O8 first developed at the sample edges, then over the entire surface just a 

few minutes after oxygen insertion when oxidised at 873 K. Oxidation was completed in 20 minutes. 

Samples oxidised at the higher temperature (973 K and 1073 K) showed that oxidation developed on 

sample edges and corners first, then continued only on fresh surfaces just cracked. The top oxide surface 
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remained intact for a long time (>20 minutes), see Figure 5.13. This top area resisted oxidation until 

cracks formed or the oxidation along edges consumed the entire fragment. Oxidation was completed 

after approximately 1 h at 973 K while oxidation of sample at 1073 K was not complete even after 2 h 

of exposure. This sample was subsequently exposed to higher partial pressure of oxygen to accelerate 

the reaction: PO2 was first increased to 20, 50 then 200 and finally to 400 Pa. In comparison to what 

was seen at 873 K, the sample oxidised at 1073 exposed to high oxygen partial pressures, up to 400 Pa, 

did not transform into powder. In a similar manner to the samples oxidised in a furnace (see section 

5.2.1) the oxide particles grew with temperature during HT-ESEM oxidations. Figure 5.14 shows SEIs 

of the oxides formed in experiments at 873 and 973 K, oxide particles were larger after treatment at 973 

K. Oxide powders were examined under TEM, the SAD patterns obtained from these samples are shown 

in Figure 5.14c and f.  

 

Figure 5.14 SEIs of UC fragments oxidised in situ in a HT-ESEM at 873 K (a, b) and 973 K (d, e) in 10 Pa O2 

atmosphere. SAD patterns obtained from the oxide powders: c is related to the oxide produced at 873 K and f to 

the oxide produced at 973 K. 

The SAD patterns seen in Figure 5.14c and f can be identified with either cubic UO2 (PDF 00 041 

1422142), tetragonal U3O7 (PDF 00 015 0004115) or cubic U4O9 (PDF 01 075 0944199). A summary of the 

d spacing calculated from the rings in SADPs in Figure 5.14c and f is shown in Table 5.4. The diffraction 

patterns for these uranium oxide compounds are very similar, due to the fact that UO2 can incorporate 

extra oxygen atoms in its fcc cubic fluorite-type structure99 (see section 2.2.2).  
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Table 5.4 Calculated values of the d spacing measured from the rings shown in Figure 5.14c and f, these were 

compared with PDF tabulated for UO2, U3O7, U4O9. Peak intensity is given within brackets. 

d spacing (Å) 

 

 

 

 

 

SADP           

Figure 5.14c 

SADP           

Figure 5.14f 

c-UO2                   

PDF 041 1422142 

t-U3O7                

PDF  015 0004115 

c-U4O9                 

PDF 01 075 0944199 

3.21±0.03 3.13±0.01 3.15 (I=100%) 3.14 (I=100%) 3.14 (I=100%) 

2.77±0.01 2.72±0.02 2.73 (I=50%) 2.72 (I=30%) 2.72 (I=38%) 

1.96±0.01 1.92±0.01 1.93 (I=50%) 1.93 (I=20%) 1.92 (I=44%) 

1.68±0.01 1.64±0.01 1.65 (I=45%) 1.65 (I=20%) 1.64 (I=35%) 

1.39±0.01 1.39±0.01 1.37 (I=10%) 1.37 (I=5%) 1.36 (I=5.4%) 

1.26±0.01 1.23±0.01 1.25 (I=20%) 1.25 (I=10%) 1.25 (I=11.6%) 

 

The formation a UO2+x compound in samples oxidised at 873 K and 973 K in 10 Pa O2, identified by 

SAD analysis in Table 5.4, contrasts with the assumption that the oxide seen in Figure 5.12 and Figure 

5.13 was induced by the popcorn like transformation from UO2 to U3O8. McEachern112 showed that the 

oxidation of UO2 is strictly dependent on oxygen partial pressure. It is possible that either 10 Pa O2 is 

not sufficient for UO2+x to undergo complete oxidation to U3O8 or that U3O8 was present in small 

quantities which were not characterised during TEM analysis. The SEIs Figure 5.14b and e revealed 

the presence of cracks on the oxide layer which were arranged in lamellae. In section 4.4 it was shown 

that cracking is key during oxidation of ZrC, similarly the cracking of UC also plays a major role in the 

conversion of the oxide at 973 K and 1073 K (see Figure 5.13).  

5.3 UC transformation to UO2/U3O8 monitored in a HT-ESEM  

In the preceding section (5.2.3) HT-ESEM experiments showed the influence of temperature on the 

oxidation mechanism of UC from 873 to 1073 K in a 10 Pa oxygen atmosphere. Oxidation in air and 

oxygen atmospheres was the same. By increasing temperature above 873 K a thick oxide layer formed 

acted as a barrier to further oxidation. Sintering, which was thought to cause this, was monitored ex situ 

in furnace experiments and in situ with the HT-ESEM (sections 5.2.1 and 5.2.3). In addition, oxide 

pulverisation, which was correlated to the popcorn like transformation from UO2 to U3O8, was also 

observed at 10 Pa O2 at 873 K, 973 K and 1073 K (see Figure 5.12 and Figure 5.13). However, when 

the products from oxidations at 873 K and 973 K were studied in the TEM, these were found to be 

UO2+x (see Figure 5.14). Sample pulverisation occurred first at the sample edges and corners within the 

temperature range considered. After 5 minutes it then spread all over the sample surface at 873 K, while 

at 973 K and 1073 K the sample surface did not react and pulverisation occurred only on the fresh 
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surfaces formed after cracking. Cracking is therefore key for the reaction to complete in samples 

oxidised between 973 K and 1073 K. The beginning of the reaction proceeded quickly as only a few 

seconds were needed for the samples to start to oxidise. The purpose of the experiments presented in 

this section is to correlate the cracking mechanism with the oxidation kinetics of the reaction, to do so, 

the temperature of the system was reduced to monitor the first stages of the reaction after oxygen 

insertion. Transformations from UC to UO2 and from UC to U3O8 were monitored from 723 to 848 K 

in oxygen partial pressures from 2 to 100 Pa in the HT-ESEM. These two transformations occurred via 

two pathways: the first, when the oxide product is UO2, is described as non-explosive. By comparison, 

the second route is characterised by an explosive event, with the word explosive here used to represent 

a sudden and dramatic increase of sample size. The oxide product at the end of the explosive route is a 

pulverised oxide comprising U3O8/U3O7.   

5.3.1 UC to UO2: non-explosive route (pathway 1) 

The morphological changes involved in the transformation from UC to UO2 were monitored at 723 K 

in a 10 Pa oxygen atmosphere using a UC fragment with an initial mass of 6.1 mg. The sample surface 

was continuously monitored after the oxygen was allowed into the chamber (see methodology in section 

3.3.6). Figure 5.15a and b reveals that the sample at the end of the experiment expanded in volume 

considerably as the sample area measured on the 2D SEIs (compare Figure 5.15a and b) was measured 

to be 2.5 larger using an image analysis technique (see section 3.4).  
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Figure 5.15 UC sample oxidised in situ at 723 K in a 10 Pa O2 atmosphere. SEI sequence a) before and b) after 

oxidation with yellow line highlighting the sample outline, the dashed white square shows the sample corner 

monitored during the experiment (SEI in Figures d, e and f); c) high magnification SEI of oxide powder at the end 

of the experiment showing microcracks and the oxide layers in shape of lamellae; sequence of SEI d) before 

oxidation, e) 5h and f) 14 h after oxygen insertion; g) BF TEM image of the oxide powder showing the aperture 

used to obtain SAD pattern, labelled as 1, h) high magnification BF TEM image showing uranium oxide 

nanocrystals; i) SAD pattern from region 1 showing rings matching cubic UO2. Image adapted from Gasparrini et 

al.132 

The first observation made was that macrocracks had formed all over the sample (see low magnification 

SEI in Figure 5.15b) and no pulverisation occurred. High magnification micrographs of the oxide 

product showed it to be in the form of lamellae with microcracks on the surface (see Figure 5.15c). The 

morphology of the sample at the end of the experiment suggests that a different oxidation mechanism 

operates at 723 K than in the temperature range previously studied, from 873 to 1073 K (compare Figure 

5.15b with Figure 5.14a and d).  
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The transformation from UC to UO2+x was described by monitoring the sample cracking and sample 

expansion with time. This was possible by following the surface morphological changes shown in 

Figure 5.15e and f in conjunction with the image analysis technique described in section 3.4. The 

dilatometric expansion of the sample surface, represented as an area in (%), and crack propagation, 

represented as an area in (%), were monitored with this image analysis technique and the results are 

shown in Figure 5.16. Sample expansion together with crack formation and propagation were observed 

approximately 45 minutes after oxygen insertion. This period, before cracking and sample expansion 

were detected, will be referred to as the induction period and represents the initial plateau in Figure 

5.16a and c. This name was chosen as, in previous studies considering UO2 oxidation in air, it was used 

to explain the initial plateau in the weight gain vs time curves. In these previous studies, the induction 

period was associated with the nucleation of U3O8
113,196. When oxidising UC, the first oxide that forms 

is UO2 and therefore the induction period seen here can be related either to the incorporation of oxygen 

into the crystal structure of UC, forming an oxycarbide, or to the nucleation of UO2. During the 

induction period, the surface of the sample remained compact and only small crystallites (3 µm wide) 

sat on the surface underwent oxidisation. Following this period, macro cracks appeared all over the 

surface and at the same time a considerable sample expansion was observed.  After 14 h, oxidation was 

considered complete as no further expansion or crack formation were detected. The sample morphology 

at this stage is shown in Figure 5.15f. During the cooling stage, the sample remained static and no 

further changes were observed (sample outline is shown in Figure 5.15b). The oxide powder was 

analysed post mortem in a HRTEM, (see Figure 5.15g, h and i), the oxide particles were found to be 

about 5 nm in size. Furthermore, BF TEM imaging (Figure 5.15g and h) showed that the oxide was 

mostly comprised of randomly-oriented nanocrystals. A SAD pattern obtained from the area highlighted 

in Figure 5.15g showed this oxide to be comprised of polycrystalline uranium dioxide, UO2 (PDF 00 

041 1422142), however the presence of tetragonal U3O7 (PDF 00 015 0004115) or cubic U4O9 (PDF 01 

075 0944199) cannot be excluded due to the similarities in their diffraction patterns (see section 2.2.2 

and Table 5.4).  
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Figure 5.16 a) Dilatometric area analysis in % vs. time; b) logarithmic plot with time of the area % shown in a); 

c) crack area in % vs. time and crack length (µm) for UC fragment oxidised at 723 K in 10 Pa O2. Image adapted 

from Gasparrini et al.132 

The dilatometric sample expansion and the crack area propagation (see Figure 5.16a and c) showed 

sigmoidal behaviour: after the induction period, the sample area expanded rapidly at the start and then, 

after approximately 1 h, slowed down to a logarithmic profile. This logarithmic profile is shown by the 

linear fitting in Figure 5.15b for the sample area expansion. This indicates that towards the end of the 

experiment, the oxidation could be described using logarithmic kinetics which is typical of low 

temperature oxidation of metals165. A different trend was noticed for the crack length vs time profiles. 

Figure 5.16c compares crack area and crack length with time. The experiment was stopped when no 

appreciable sample expansion was observed, although the cracks length was not increasing, Figure 5.16 

shows that crack area was. The likely explanation for this is that the depth of existing cracks increased, 

as they were wedge shaped and as they grew deeper, they also grew wider at the surface leading to the 

crack area increase measured using the image analysis technique. The similarities between the sample 

area expansion and crack area propagation profiles showed that a dependency exists between these two 

parameters. Previous studies that described oxidation with a fragmentation model were done by Lefort 

et al.200 and Quémard et al.119. Quémard et al.119 emphasised the importance of cracking, and consequent 

macroscopic sample volume increase, to explain the sigmoidal kinetics observed during UO2 oxidation. 

The change in the sample area during UO2 oxidation reported by Quémard et al.119 were measured from 

in situ data similar to that shown in this thesis, however, they measured an approximation of the entire 

sample bulk area without quantifying the extent of cracking. 

To summarise the observations described in this section, a link between sample area expansion and 

cracking exists and could be used to describe the mechanism of oxidation. The transformation from UC 

to UO2+x at 723 K was described by an induction period followed by a crack area and sample area 

expansion followed by a logarithmic behaviour (see Figure 5.16). This reaction did not involve 

pulverisation, as observed at higher temperature (see Figure 5.12 and Figure 5.13). 
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5.3.2 UC to U3O8: explosive route (pathway 2) 

The transformation from UC to U3O8 was first observed when a UC fragment (mass 10.3 mg) was 

heated in a HT-ESEM at the same temperature of 723 K as used for the discussion of pathway 1 (see 

section 5.3.1), but using a higher partial pressure of oxygen: 50 Pa rather than 10 Pa. The sample was 

monitored using the same procedure as for pathway 1 (see sections 3.1.5 and 3.4). The SEI obtained 

before and after the experiment showed that the sample outline changed significantly, with the original 

shape being completely lost as the crucible filled with oxide powder (see Figure 5.17a and b). An 

evaluation of the sample expansion performed on the 2D SEIs estimates that the size increased by 

almost 10 times (compare Figure 5.17a and b).  The oxide powder shown in Figure 5.17c showed the 

typical cauliflower/popcorn morphology112 of U3O8. The sample area expansion and crack area 

propagation were observed to be much quicker when compared to the sample oxidised in 10 Pa O2, 

(section 5.3.1). It is possible to observe on the top side of the SEI (shown in Figure 5.17e) that the 

sample expanded considerably and that cracks were visible after only 17 minutes of oxygen exposure. 

The same SEI, Figure 5.17e, on the bottom side showed a drastic change in sample morphology which 

resembled an explosion. The term explosion is here used as this dramatic volume expansion occurred 

during the time needed to take such SEI, a few seconds. Figure 5.17f was taken 15 seconds after Figure 

5.17e and the sample morphological changes were evident. BF TEM analysis on the oxide powder 

showed the presence of nanocrystals (see Figure 5.17g and h) which were identified as U3O8 and 

tetragonal U3O7. 
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Figure 5.17 UC fragment oxidised in situ in a 50 Pa O2 atmosphere at 723 K: SEI sequence a) before oxidation b) 

after oxidation; c) high magnification SEI of the oxide powder; SEIs showing the sample surface d) at oxygen 

insertion, e) 17 minutes after oxygen insertion (the explosive event can be seen on the bottom side of the sample), 

f) 15 seconds after the explosive expansion shown in Figure e); g) BF TEM image of the oxide powder at the end 

of the experiment, h) high magnification BF TEM image showing uranium oxide nanocrystals ; i) SAD pattern 

obtained from region 1 shown in Figure g, rings match orthorhombic U3O8 and tetragonal U3O7. Image adapted 

from Gasparrini et al.132 

The formation of U3O8 in the system was confirmed by the SAD pattern analysis shown in Figure 5.17i. 

The pattern matched with a polycrystalline biphasic sample which showed some reflections of U3O8 

and rings of an oxide phase which was identified as U3O7 (matched with PDF 00 – 031 – 1424110 and 

PDF 00 015 0004115, respectively). The identification of the second phase of uranium oxide with U3O7 

was deduced from the phase diagram reported by Higgs et al.102 where U3O8 is reported to be present in 

a mixture with U3O7 for temperatures below 780 K. Above this temperature U3O8 is instead expected 

to be in a mixture with U4O9
97,102 (see section 2.2.2). The U3O8 phase formed is a textured phase as only 



159 

 

some planes were seen in the SAD. The planes seen were the (001), (130) and (002) (see Figure 5.17i). 

The spots related to the (001) were intense and this could be explained by the epitaxial theory of Allen 

et al.201,202,203 and confirmed by Taylor et al.112. This theory suggests that the oxidation occurring at a 

rapid rate in the (111) plane of UO2 along the [110] direction causes the formation and growth of U3O8 

in the [001] direction on (001) planes. This is due to the epitaxial relation existing between these two 

crystallographic directions112.   

Monitoring the sample area expansion and crack area propagation allowed comparison with the results 

obtained from sample oxidised at 723 K at 10 Pa O2 (which were related to the non-explosive pathway 

1, see section 5.3.1). Data for the sample undergoing explosion are plotted in Figure 5.18, the last point 

was measured just before the explosive reaction occurred (see SEI in Figure 5.17e); after this, no more 

useful data could be acquired. 

 

Figure 5.18 a) Dilatometric area analysis in % vs. time; b) crack area in % vs. time. Fitting performed with 

exponential laws; c) crack length and number of junctions analysis vs. time, UC fragment oxidised at 723 K in 50 

Pa O2. Image adapted from Gasparrini et al.132 

The sample area expansion and crack area propagation shown in Figure 5.18a and b followed the same 

trend, which was described by an exponential law of type:   

 𝑦 = 𝐴 𝑒
(𝑥/𝑡1)  (5.1) 

where y is either the sample area or crack area expansion, A is a positive growth factor and t1 is the time 

characteristic of the process. The sample exposed to 50 Pa O2 oxidised much more quickly than the 

sample oxidised at 10 Pa O2: the experiment being completed within 18 minutes at 50 Pa O2 compared 

to the 14 h exposure at 10 Pa O2. The sample exposed at 50 Pa O2 did not experience any induction 

period as cracks were initiated and sample expansion started as soon as oxygen was introduced into the 

chamber.  Figure 5.18c shows the development of the total crack length and the number of junctions in 

the crack network throughout the experiment (methodology described in section 3.4) which followed 

an exponential trend. Cracks became heavily interconnected with time as evidenced by the exponential 
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growth in the number of junctions before the explosion of the sample occurred. Pathway 2 was found 

to be characterised by a rapid sample expansion, crack propagation and crack networking. This lead to 

the sample fragmentation which triggered an explosive reaction. This explosive reaction changed the 

morphology of the entire sample which oxidised to U3O8. From the possible reactions occurring when 

UC is exposed to an oxygen atmosphere, equation 2.16 in section 2.2.4, is the only one that can explain 

this mechanism, this equation characterises UC ignition, however, no evidence was found at this stage 

to justify such transformation. Such hypothesis will be discussed in detail in Section 5.4. 

Further experiments were conducted to investigate the sample behaviour under different conditions. 

Samples of UC were exposed to oxygen atmosphere at 723 from 10 – 50 Pa O2 and at 773 K from 10 – 

100 Pa O2. All samples undergoing the explosive reaction (pathway 2) presented an exponential increase 

of the sample area expansion which was fitted with equation 5.1. Instead, samples that stopped at the 

UO2+x stage (pathway 1) showed the characteristic induction period followed by a drastic increase in 

sample area which then decreased into a logarithmic trend. A summary of all the results is given in 

Figure 5.19.  

 

Figure 5.19 a) Dilatometric area analysis in % vs. time for UC samples oxidised at T = 723 K in an atmosphere 

of 10 Pa O2 (■), 25 Pa O2 (♦) and 50 Pa O2 (●); b) logarithmic plot for the dilatometric aea analysis in % of 

samples following pathway 1 shown in a): 10 (■) and 25 Pa O2 (♦) at 723 K c) dilatometric area analysis in % vs. 

time for UC samples oxidised at T = 773 K in an atmosphere of 10 Pa O2 (●), 25 Pa O2 (▲), 50 Pa O2 (▼) and 

100 Pa O2 (♦). Image adapted from Gasparrini et al.132
 

Samples that underwent oxidation to UO2+x were exposed to an oxygen atmosphere of 10 and 25 Pa at 

723 K (see Figure 5.19a). The induction period for the sample exposed to 10 Pa O2 was approximately 

45 minutes while the sample exposed to 25 Pa O2 showed a 15 minutes induction period. Changing the 

atmosphere from 10 to 25 Pa shortened the induction period by 3 times. Note that the induction period 

of pathway 2 samples was not observed, either it is not present or it is difficult to detect due to the fast 

reactivity of the sample in oxygen. After the induction period, all samples following pathway 1 

experienced a rapid increase in the sample area expansion (measured as %) which resembled an 

exponential law similar to pathway 2. This was noted by comparing the profiles of the two pathways 
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(see Figure 5.19a). The difference between the two pathways resided in the fact that pathway 1 samples 

did not explode as pathway 2 samples, as their sample area expansion from exponential decreased into 

a logarithmic profile. To summarise, the overall trend of pathway 1 samples can be divided in three 

ranges: 1) induction period, 2) exponential law (similar to pathway 2), 3) logarithmic law. The 

logarithmic plot (see Figure 5.19b) helped in the definition of these various ranges.  

To further understand the similarity in the exponential profile of pathways 1 and 2, the time constants 

t1  were evaluated for all the experiments mentioned before. The calculation of the time constant was 

conducted as follows. For all samples oxidised at 773 K in 10 – 100 Pa O2 atmosphere (pathway 2), the 

time constant t1 was evaluated from the fitting of sample area expansion plot with equation 5.1. Instead, 

for samples that followed pathway 1, t1 was evaluated by plotting the natural logarithm of the sample 

area expansion in % vs. time, (see Figure 5.19b). The value of t1 is the inverse of the slope of the straight 

line shown in Figure 5.19b represented by equation 5.2:  

 ln(𝑦) = ln (𝐴) +
1

𝑡1
𝑥   

(5.2) 

Comparing t1 for samples undergoing pathways 1 and 2 gives an indication of the speed of the reaction. 

To this end, Table 5.5 summarises t1, for all temperatures and oxygen partial pressure tested. 

Table 5.5 Time constants t1 (in seconds) evaluated for UC samples oxidised at 723 K and 773 K in an atmosphere 

from 10-100 Pa O2. Samples following pathway 1, non-explosive, are labelled with (*). 

 Partial Pressure O2 (Pa) 

Temperature (K) 10 25 50 100 

723 K 740 ± 49 (*) 820 ± 53 (*) 243 ± 12  

773 K 470 ± 14 246 ± 25 119 ± 9 46 ± 2 

 

 

The error associated with the time constant for pathway 1 samples was found by using equation 5.3: 

 
𝛿𝑡1 =

𝛿
1

𝑡1
1

𝑡1

∙  𝑡1  
(5.3) 

where error δ 
1

𝑡1
 is given from the fitting of the plot in Figure 5.19b. The data summarised in Table 5.5 

show that pathway 1 have larger t1 than pathway 2. Values of t1 higher or equal to 740 ± 49 seconds 

characterised non-explosive oxidation, pathway 1. Conversely, values of t1 smaller or equal to 470 ± 14 

seconds characterised the explosive oxidation, pathway 2. It is plausible to think that a threshold for the 
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time constant could exist between pathway 1 and 2. The value of this threshold will lie within 470 and 

740 seconds, this can be seen from the plot of the t1 values shown in Figure 5.20.  

 

Figure 5.20 Time constants t1 (seconds) plotted against oxygen partial pressure for UC samples oxidised at 723 K 

and 773 K in an atmosphere from 10-100 Pa O2. 

Figure 5.20 is a plot of the time constants data of Table 5.5 against oxygen partial pressure along with 

the possible position of this threshold highlighted with a dashed line. Additional experiments at 

intermediate temperatures and partial pressures of oxygen should be performed to confirm the presence 

of this threshold.  

5.4 Ignition of UC  

5.4.1 TGA/DSC experiments 

The process of UC ignition is an important parameter to be assessed, both as a potential hazard but also 

to improve the understanding of the oxidation mechanism of UC. In section 5.3.2 it was explained that 

ignition is thought to play a major role in oxidation of UC in the T=723-848 K and 10-100 Pa O2 regime. 

Sections 2.2.3 and 2.2.4 considered the possible reactions that occur when UC is exposed to an oxygen 

atmosphere: UC oxidation can occur via the intermediate UO2 oxide product or via ignition of UC. In 

section 5.3.2 the disrupted morphology of the oxide was linked to UC ignition, however, the ignition 

mechanism could not be characterised. UC ignition has been described for powders by Berthinier et 
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al.12, and for sintered pellets by Dell et al.1. Both these studies characterised UC ignition via experiments 

performed in a TGA, or in Berthinier’s case in a TGA coupled to either a DTA or DSC12. The ignition 

process of UC was characterised by a sharp increase in mass and a sharp peak of heat release coupled 

with an increase of temperature. The work presented so far in this thesis has looked at the ignition 

mechanism of UC via visual inspections of the sample morphology monitored in a high temperature 

environmental SEM (see section 5.3.2). Here additional work, performed on fragments chosen from the 

crushed air-stored pellet (see section 5.2.1) is reported. This aims to characterise UC ignition using both 

a TGA/DSC and a SEM to monitor the oxide morphological changes. 

The fragments used in the following TGA/DSC analysis (see experimental details in section 3.1.8) had 

masses in the range 15-65 mg.  They were heated from room temperature to 1673 K with a heating rate 

of 10 K/min. The samples will be referred to a Sample A (mass= 63.9 mg), B (mass= 15.6 mg) and C 

(mass= 20.5 mg) because three behaviours were observed. Sample A experienced gradual oxidation, 

Sample B underwent ignition while Sample C underwent rapid ignition. All these samples were 

completely oxidised to U3O8, as confirmed by both XRD and total mass increase = 12 % (see section 

5.2.2). The TGA/DSC data obtained from these samples are shown in Figure 5.21.  

 

Figure 5.21 TGA/DSC signals during UC oxidation from 298 - 1673 K in air a) gradual oxidation (Sample A), b) 

ignition (Sample B), c) rapid ignition (Sample C), d) temperature profile of samples A, B and C. 
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Sample A underwent gradual oxidation characterised by a broad heat flow profile and no sudden jumps 

in the temperature profile (see Figure 5.21a and d). Samples that underwent ignition, B and C, presented 

a sharp increase in mass (see Figure 5.21b and c). This sharp increase in mass was accompanied by a 

sharp heat release and a sharp increase in temperature (see Figure 5.21d). During UC ignition a large 

amount of heat is released as it is a highly exothermic reaction, with ΔrH0 = -1487.21 kJ/mol, see section 

2.2.4, Table 2.3. As a result of this large heat release, a sharp temperature increase follows as explained 

in section 2.2.4. This is clearly visible in the temperature profiles of the samples that underwent ignition 

(Figure 5.21d for B and C). The temperature at which the ignition process started is shown in Figure 

5.22a by plotting the mass gain curves against time and temperature. Figure 5.22b shows the overall 

sample temperature increase detected in samples B and C by subtracting the temperature measured in 

the system from the programmed temperature. 

 

Figure 5.22 a) Mass gain profile for samples A, B and C vs. temperature and time; b) Temperature increase during 

ignition of samples B and C. 

The ignition temperature was determined to be approximately 683 K for sample C and 698 K for sample 

B, as identified from Figure 5.21d and Figure 5.22a respectively. The sample temperature increase 

during ignition ranged between 30 K and 35 K. Post mortem analysis by XRD showed the product of 

ignition to be U3O8. Observation of the oxide morphology was performed by SEM analysis both on 

samples that had undergone ignition (sample C) and those that had not (sample A). The difference in 

the oxide morphology between these can be seen in Figure 5.23. Figure 5.23a and b show the BSEI of 

the non-ignited sample (A) revealing a compact structure of the oxide with the neck growth in between 

rounded particles previously reported in section 5.2.1 (see SEI in Figure 5.4d). The morphology of the 

post-ignition sample, instead, showed that the oxide structure was disrupted (see Figure 5.23e). It 

displayed rounded particles that were not interconnected as if the sample burst due to an explosion 

(compare Figure 5.23b and f).  
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Figure 5.23 BSEI (a, b, d and e) and SEI (c and f) of sample A (not ignited), top row, and sample C (ignited), 

bottom row. 

5.4.2 HT-ESEM experiments 

The oxide morphological changes before and after ignition were observed also in an experiment 

performed at 723 K in a 10 Pa air atmosphere (equal to 2 Pa O2) in the HT-ESEM. The heating and 

monitoring of the sample were performed with the usual methodology (see sections 3.1.5) until the 

sample surface stopped changing. The sample appearance after 13 h of oxidation is shown in a low 

magnification SEI in Figure 5.24b. The oxide morphology and sample area expansion data agreed with 

pathway 1. The sample was first cooled under vacuum, following the same procedure used for HT-

ESEM experiments (see section 3.1.5), then, a flow of approximately 200 Pa in air was inserted to 

quicken the cooling rate, as cooling is much slower than in vacuum. Immediately, the sample 

morphology changed, showing a violent and immediate burst. A SEI showing the sample surface after 

this explosion is shown in Figure 5.24c. 
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Figure 5.24 Sequence of SEIs showing a) UC fragment prior to oxidation, b) sample at the end of oxidation 

performed in 10 Pa air (equal to 2 Pa O2) at T= 723 K for 13 hours c) sample after insertion of 200 Pa air during 

cooling. The oxide filled the entire crucible following an explosive expansion. 

The oxide morphology shown in Figure 5.24c resembled the oxide morphology shown in Figure 5.23e 

which belonged to the UC sample after ignition. The sample filled the entire crucible after this explosive 

reaction and the surface morphological changes were significant. It was not possible to take a 

micrograph at the exact moment of the explosion, unlike for the sample oxidised at 723 K in 50 Pa O2 

(see Figure 5.17e). The sample shown in Figure 5.24 underwent an explosive behaviour when the 

oxygen partial pressure was increased. Ignition of UC is known to be dependent on oxygen partial 

pressure1 and therefore this result confirmed the hypothesis of ignition formulated in section 5.2.3.  

The time needed for the sample to undergo the explosive reaction seen in Figure 5.17e and Figure 5.24c 

is called “ignition time”. This was measured as the time between oxygen insertion in the chamber and 

the last SEI available before the sample underwent explosive expansion at temperature under same 

conditions of oxygen partial pressure. Ignition time for sample oxidised at 723 K in 10 Pa air, Figure 

5.24c, was not measured as ignition occurred during cooling due to a change in the oxygen environment 

(from vacuum to 200 Pa air).  Ignition time was measured for all samples undergoing pathway 2 from 

tests performed from 723 to 848 K in an oxygen atmosphere from 10 to 100 Pa O2, this is shown in 

Figure 5.25. By increasing the temperature or the oxygen partial pressure the ignition time decreased 

(see Figure 5.25).  
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Figure 5.25  Ignition time of UC samples oxidised from 723 K to 848 K in an oxygen atmosphere between 10 - 

100 Pa, a) plot vs. oxygen partial pressure; b) plot vs. temperature. Image adapted from Gasparrini et al.132 

Ignition process was monitored in situ during an experiment on a UC fragment at 848 K in 10 Pa O2. 

The sample corner chosen to monitor the sample expansion area and the crack area propagation (see 

section 3.4) happened to be the same area where the explosive reaction related to UC ignition occurred. 

This is shown in Figure 5.26.  

 

Figure 5.26 Sequence of SEIs of a UC fragment oxidised at 848 K in 10 Pa O2 a) after oxygen insertion; b) after 

16 minutes c) after 16 minutes and 7 seconds from oxygen insertion: a crack network was evident on the top right 

corner; d) to h) show a sequence of SEIs taken each second showing the propagation of sample disruption due to 

UC ignition. Image adapted from Gasparrini et al.132  

Figure 5.26 is a sequence of SEIs showing the explosive transformation due to UC ignition. 

Fragmentation of the sample was measured with the parameter number of junctions which is an 
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indication of the crack network (see section 3.4). A large number of junctions were observed on the 

sample region where the disruption of the sample occurred (Figure 5.26d). Crack length and crack 

junction analyses were performed on this sample on SEIs just before Figure 5.26d, this is shown in 

Figure 5.27. Ignition corresponded to drastic increases of crack length and number of junctions 

occurring just a few seconds before the sample became disrupted (SEI shown in Figure 5.26c).  

 

Figure 5.27 Crack length and number of junctions vs. time for UC sample oxidised at 848 K in 10 Pa O2 just 

before ignition. Image adapted from Gasparrini et al.132 

Figure 5.26d-h shows a series of images taken in close succession allowing the progress of the explosive 

transformation in ‘slow-motion’. The propagation front of this explosion (Figure 5.26d-h) resembled a 

self-propagating high-temperature synthesis, or SHS, initiated with the ignition of UC. A SHS reaction 

was considered after the propagation speed was calculated, this was measured by evaluating the distance 

from the initiation point, in the top right corner in Figure 5.26d, to the bottom left sample corner for 

each frame (Figure 5.26d-h). The sample disruption travelled with a speed between 150 – 500 ± 

50 µm/s, measured for each SEI across the sample. Self-sustaining reactions usually occur between 

solids, or between gases and solids, see Munir et al204. SHS reactions must be highly exothermic204 and 

propagate throughout the samples quickly. In this system, the UC ignition reaction is indeed highly 

exothermic (see section 2.2.4). The potential occurrence of a reaction is usually represented with the 

standard Gibbs enthalpy of the reaction, ∆rG0 (see section 2.2.4). The UC ignition reaction has the 

highest ∆rG0 in the system and is measured as -1419.6 kJ/mol. The heat released from the ignition of 

the first UC fragment triggered an ignition cascade in the other fragments which resembled a SHS. The 

heat release from the ignition of some fragments releases large amounts of heat which increases the 

sample temperature and leads to further oxidation to U3O8, even when the experiment temperature and 

oxygen partial pressure would not normally allow this (see SADP results in section 5.2.3).  

 



169 

 

5.5 Discussion 

In this chapter the transformations from UC to UO2+x and from UC to U3O8 were monitored in situ from 

723 to 848 K between 2-100 Pa O2 in a HT-ESEM. Changes in oxide morphology were studied by 

examining the sample area expansion, crack area propagation and crack network with time using an 

image analysis technique. The analysis of these features was used to characterise the kinetics of UC 

oxidation to UO2+x or U3O8. Characterisation of oxidation mechanisms via cracking instead of the 

widely-used method of weight gain curves is unusual but not new. For instance, Lefort et al.200 proposed 

a fragmentation model based on sample cracking to explain the sigmoidal isotherm weight gain typical 

of the oxidation of cubic niobium nitride. In addition, Quémard et al.119 linked sample area expansion 

to the kinetics of oxidation for UO2 in order to explain the sigmoid reaction typical of the oxidation of 

such fuel, which is a nucleation and growth model113. In the work of Quémard et al.119, however, the 

cracking of the sample surface with time was not quantitatively described as it is done in this thesis (see 

sections 3.4 and 5.3).  The approach proposed here is novel and has the potential to be applied to other 

systems, as sample fragmentation is found to be of paramount importance in oxidation studies on 

carbides in general. Cracking was observed in samples oxidised in partial pressures of oxygen as low 

as 2 Pa (see Figure 5.24), contrary to what was previously suggested by Mukerjee et al.127 where no 

cracks were observed on UC microspheres oxidised below 5 kPa of O2 (see section 2.2.3). Ignition of 

UC was monitored for the first time in situ and resembled an explosive SHS reaction which propagated 

with a speed front of 150-500 ± 50 µm/s, measured in a sample oxidised at 848 K in 10 Pa O2. Ignition 

triggered the transformation of the oxide into a mixture of U3O8/U3O7 at 723 K in 50 Pa O2. The 

occurrence of either one of the two oxidation pathways: non-explosive to UO2+x (pathway 1) and 

explosive to U3O8/ U3O7 (pathway 2), was strictly related to both oxygen partial pressure and 

temperature. Samples undergoing either pathway 1 or 2 were described by the time constant: t1. 

Cracking and sample fragmentation is key for the development of the explosive reaction induced by 

UC ignition seen in Figure 5.26. Its initiation point was shown to be induced by the formation of a crack 

network which greatly increased the surface area available for reaction.  

Based on all the observations conducted, the oxidation mechanism of UC can be summarised as Figure 

5.28. 
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Figure 5.28 Proposed mechanism for UC oxidation of sintered fragments from 723 – 848 K in an atmosphere 

between 10-100 Pa O2. Image adapted from Gasparrini et al.132 

The model shown in Figure 5.28 summarises the results shown in sections 5.3 and 5.4. Two oxidation 

pathways are summarised as: 

Pathway 1: oxidation to UO2+x, non-explosive route characteristic of T = 723 K, P ≤ 25 Pa. 

This route presented three steps: 

- After oxygen was inserted in the chamber an induction period was observed, during this period 

only small particles of UC (approximately 3 µm diameter) sat on the surface oxidised. The 

surface of the sample remained stable, as cracks were not formed (unless the microscope 

resolution was insufficient to resolve them). During this period, oxygen could be incorporated 

into the UC crystal lattice or in the previously formed oxide layer. 

 

- Sample expansion and crack area expansion were characterised by an exponential followed by 

logarithmic behaviour. Crack formation and sample area expansion were induced by the 
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volume mismatch between the newly-formed UO2 layer which presents a volume increase of 

approximately 34 % when compared to UC (see section 2.2.5). The time constant related to the 

first stage of such sample expansion, described by the exponential law, is described by t1 ≥ 740 

± 49 seconds, determined from area expansion data. 

 

- The completion of oxidation to UO2+x was characterised by a surface stabilisation where crack 

length remained constant. This infers that no new cracks were formed and the reactive surface 

area did not increase. 

Pathway 2: Ignition to U3O8, explosive route characteristic of T = 723 K and P = 50 Pa, 773 ≤ 

T ≤ 848 K and 10 ≤ P ≤ 100 Pa. This reaction presented three steps: 

 

- No induction period was observed, oxidation developed rapidly just seconds after oxygen 

insertion. Due to UO2 formation the sample expanded and cracks formed and propagated. Both 

sample area expansion and crack area expansion were described by an exponential law. The 

time constant evaluated on the sample area expansion is t1 ≤ 470 ± 14 seconds showing a high 

rate of oxidation. 

 

- Crack length increased exponentially, and the number of junctions also increased exponentially 

inducing crack networking. The fragmentation of the sample allowed oxygen to contact 

fragmented UC which presents a large reactive surface area.  

 

- Oxygen in contact with fragmented UC triggered ignition, this acted as an initiation point for a 

SHS reaction which travelled throughout the sample disrupting the oxide morphology. The 

product of the reaction was a mixture of U3O8 and U3O7 at 723 K. 

The proposed model links UC oxidation with the parameter t1 which can be used to discriminate 

between the two oxidation routes as a function of temperature and oxygen partial pressure. Ignition was 

associated with the fragmentation of UC; the effects of UC ignition were shown to completely disrupt 

the morphology of the oxide following an explosive reaction. Evidence of the ignition-induced 

morphological changes were confirmed by experiments performed in a TGA/DTA on UC fragments in 

air from room temperature to 1673 K. Ignition in this case was characterised by the usual detection of 

heat release and sample temperature increase, but unlike in previous work1,12, SEM analysis was also 

performed on the products. SEIs were used to check for the characteristic morphology associated with 

ignition by comparing samples that had undergone ignition with those that had not (see Figure 5.23). 

The sample ignition postulated in section 5.3.2 showed a correlation between the ignition time and 

oxygen partial pressure (see Figure 5.25). This is in agreement with Matzke, who reported that the 

reaction of carbon with oxygen and the incorporation of oxygen in the carbide during UC oxidation are 
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dependent on oxygen partial pressure and temperature81. The dependency between ignition and oxygen 

partial pressure shown in Figure 5.25a is also in agreement with a numerical prediction performed by 

Hughes et al.205 on ignition, which, however, was predicted for a completely different system. 

Oxide sintering was observed in both in situ HT-ESEM experiments and furnace experiments above 

873 K. Cracking of the sintered oxide at 973 K and 1073 K was responsible for the oxidation reaction 

proceeding (see Figure 5.13). Oxidation at 973 K and 1073 K was observed first at sample edges and 

then mostly on fresh surfaces formed after sample cracking. Oxidation at 873 K, instead, was observed 

evenly all over the sample surface within few minutes from oxygen insertion in the chamber.  

Competition between cracking, which induced sample fragmentation, and oxide sintering is key for 

oxidations at 973 K and 1173 K. At 1173 K thicker oxide layers were seen to form when compared to 

the ones formed at 873 K (compare Figure 5.9a and c) and sintering was found to prevent oxidation. 

The increase in plasticity of U3O8 at high temperature was found to be the reason for the sintering 

process and the increase of oxide layer thickness112. Conversely, at 873 K sintering was not observed 

as the oxide directly pulverised. Conversion at 873 K was found to be improved when compared to 

oxidation at 1173 K. The only drawback of such a temperature treatment was related to the presence of 

carbon in the oxide layer. Carbon analysis performed in section 5.2.2 on UC pellets showed that at 1173 

K the amount of carbon left in the oxide was lower than that in the oxide at 873 K. This is a crucial 

point from the industrial perspective as industry needs to ensure that the carbon present in the oxide is 

not actually hazardous unreacted UC powder. The oxide sintering at high temperature however, slowed 

the reaction and consequently the degree of conversion reached under these conditions. As carbon 

analysis cannot differentiate between bonded and free carbon (see section 3.1.9), it is therefore difficult 

to prove that a temperature of 873 K represents the best conditions for industrial scale treatments. 

Similarly, in section 4.5, for ZrC oxidation, it was shown that the kinetic behaviour of carbon is 

influenced by temperature. Previous studies on UC oxidation stated that the oxidation to U3O8 could 

occur only after carbon transforms into CO and/or CO2
130. This suggests that such gases were released 

only during the explosive expansions shown in section 5.3.2 which formed a U3O8/ U3O7 mixture. 

Samples oxidised to UO2+x should contain larger amount of carbon in comparison with samples that 

underwent oxidation to U3O8 . The only carbon content data available, however, are for UC samples 

which were all converted to U3O8 by oxidising UC in furnaces in air.  

An indication of how gases are evolved during UC oxidation was obtained by considering 

TGA/DTA – MS experiments for fragments oxidised at 973 K and 1073 K. Gas evolution was 

monitored with time and cross-correlated to mass gain measurements. These experiments were 

described in section 5.1 where heat release data were used to compare sample reactivity. The evolution 

of CO2 is shown in Figure 5.29 for UC fragments taken from an air-stored pellet. CO2 was released as 

soon as oxygen was inserted into the chamber as shown by the gas evolution data plotted in Figure 5.29. 

Both samples (49.45mg for 973 K and 39.61 mg for 1073 K) underwent ignition mechanism as seen 
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from the temperature profile data and by the steep mass increase shown in Figure 5.29a and b (see 

section 5.4.1). 

 

 

Figure 5.29 TGA-MS data for fragments chosen from air-stored UC pellet oxidised in air at 973 (a) and 1073 K 

(b). Temperature profiles show ignition mechanism. 

During UC ignition, CO2 is released at the same time as UC reacts with oxygen forming U3O8 (see 

equation 2.16). The TGA/DTA – MS available for these experiments only allowed samples with a 

maximum mass of 70 mg for UC. This was to avoid overloading the crucible with oxide. All samples 

tested at 973 K and 1073 K (see section 5.1) underwent ignition. It was therefore impossible to monitor 

whether CO2 was released during the first step of the reaction when UC oxidises to UO2+x. Such 

information may be useful to resolve the issue of unreacted carbon, or carbide, present in the oxide 

which varies with temperature. In fact, the high amount of carbon present in samples at 873 K (4700 

ppm) may only be due to unreacted carbon. A solution could be coupling a RG analyser in the HT-

ESEM in order to monitor both the evolution of the sample surface with the release of gases such as 

CO/CO2. A lower quantity of gas release at 873 K compared to 1173 K could give an indication of the 

amount of carbon oxidised. Another solution could be the use of more powerful techniques which can 

differentiate between low amounts (ppm) of carbon and carbide present in an oxide, an example could 

be the use of nuclear magnetic resonance (NMR) on the oxide powders in the range of 873 – 1173 K. 
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6. Further discussion 

The experimental results discussed in this thesis on ZrC and UC oxidation revealed some features which 

are relevant to the oxidation of all carbides, hence, these are jointly discussed in this chapter. One of 

the main improvements in the understanding of the oxidation mechanisms of both ZrC and UC was 

related to the oxide cracking mechanism. In ZrC, cracking governed the rate of the reaction and the 

formation of the Maltese cross shape of the oxide. In UC, cracking and crack networking was linked to 

the ignition mechanism induced by a sample fragmentation process. The influence of temperature was 

also found to be key in both ZrC and UC oxidation, as it affected not only the oxide morphology, but 

also the reactivity of carbon with oxygen. This is particularly important within the nuclear industry 

where being able to discriminate between unreacted carbon or carbide in the oxide is of primary 

importance. ZrC and UC also share some aspects of their oxidation mechanism which are still to be 

clarified, such as the influence of carbon oxidation during carbide oxidation. This chapter focuses on 

the less obvious phenomena, common to both ZrC and UC with the expectation that some lessons can 

be learned from one of the two carbides and vice versa. The key points that will be discussed are now 

summarised: 

1. The oxidation sequence from ZrC to m-ZrO2 is still under debate, for example, many authors 

reported the presence of the c-ZrO2 polymorph during the initial stages of the reaction. In this 

thesis, however, the presence of both the tetragonal (t-) and the cubic (c-) polymorphs of 

zirconia was considered as many challenges were encountered in distinguishing between them. 

2. Cracking was found to be key in the oxidation mechanism of both ZrC and UC as it was 

responsible for the development of the Maltese cross shape of the oxide and for both the 

oxidation mechanism and ignition of UC. Cracking was observed during the heating stage, 

contrary to the view that this would occur during the cooling stage. There are still open 

questions on what is the driving force for cracking. 

3. Carbon, or bonded carbon, was present in the oxide layer at different concentrations for both 

ZrC and UC. The presence of carbon in the oxide layer has been reported by other authors but 

it is still unclear in which form it occurs and what the underlying mechanism of its formation 

is. In addition, the carbon content increased with temperature for ZrC while it decreased with 

temperature for UC.  The reasons for such contrasting behaviour will be discussed.  
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6.1 Phase transition from cubic ZrC to monoclinic ZrO2 

In Chapter 4 the oxidation of ZrC was thoroughly investigated by coupling multiple techniques through 

a hierarchical level of analysis: from macroscale to nanoscale. One of the aspects that still could not be 

described completely in the oxidation mechanism of ZrC, was the characterisation of the zirconia 

polymorphs forming in the oxide layer between 1073 K and 1373 K. It was observed that the 

morphology of the oxide at 1073 K and 1173 K was different from the one formed at 1273 K and 1373 

K and this was linked to the composition of the oxide which was comprised of m-ZrO2 and t/c-ZrO2 at 

1073 K and 1173 K and mostly only comprised of m-ZrO2 at 1273 K and 1373 K. However, 

distinguishing the tetragonal from the cubic polymorph of ZrO2 was difficult to achieve in experiments 

performed using XRD, in situ HT-XRD and a HRTEM. The challenge for samples analysed in the XRD 

and in the HT-XRD was mostly related to the combined presence of the t- ZrO2 and/or c-ZrO2 with the 

m-ZrO2 polymorph which share most of the same peaks (see section 4.1.3). With HRTEM analysis the 

main challenge was the size of the zirconia crystals which were too small (≤ 5 nm) to allow 

characterisation via a single crystal diffraction pattern. The polycrystalline diffraction patterns obtained 

from zirconia crystals (with size of approximately 5 nm) did not allow the t-ZrO2 and c-ZrO2 to be 

distinguished, as their diffraction patterns are so similar that the error associated with their 

characterisation is of the same order of magnitude of the distance between the characteristic peaks (see 

Table 4.3 in section 4.2.2). The characterisation of either the tetragonal or cubic forms of ZrO2 in the 

oxide produced during ZrC oxidation may seem trivial, as they both have similar structure and the 

effects of these polymorph on the oxide properties are similar. Stabilising either the t/c-ZrO2 to room 

temperature means that no volume transformations to the monoclinic oxide can occur, hence the oxide 

is less susceptible to cracking (see sections 2.1.2 and 2.1.4). Because of the essentially similar 

characteristics, the ZrC oxidation literature does not contain much regarding the discrimination of 

tetragonal and cubic ZrO2 polymorphs, and usually the cubic polymorph of ZrO2 is reported without a 

thorough analysis being conducted. By comparison, an extensive literature does exist for UO2 about the 

formation of either a tetragonal or cubic oxide during oxidation. There is interest in understanding which 

of the two oxides, if the tetragonal U3O7 or cubic U4O9, is formed first during oxidation of UO2 and 

some mechanisms have been proposed. Allen et al.116 proposed a mechanism which explains the 

transition from the cubic structure of UO2 to the tetragonal crystal structure of U3O7 via diffusion of 

oxygen as interstitials which induce the tetragonal crystal deformation in UO2. A further increase of 

oxygen in the lattice due to oxidation would then generate a distortion from the tetragonal crystal to the 

monoclinic compound (U2O5) before the orthorhombic layered structure of U3O8 can develop. A similar 

crystal structure deformation could be responsible for the oxidation of ZrC. For example, the cubic 

structure of ZrC could undergo a tetragonal crystal distortion to form the t-ZrO2 polymorph before 

transitioning to the monoclinic structure of ZrO2, as reported in the oxide sequence shown by Allen et 
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al.116. Support for such a mechanism is found in the crystal structure volumes of ZrC and ZrO2 structures 

(see section 2.1.4), as the t-ZrO2 cell volume was shown to be the smallest (based on the volume cell 

unit data reported in Table 2.1). The formation of an oxide with a smaller cell volume should be 

preferential as it could relieve stresses induced by the volume transformation between the carbide to an 

oxide. As noted in Chapter 2, though, the cubic structure of ZrO2 is usually reported to be the smallest 

of the three polymorphs, hence, a definitive answer to the question of whether t- or c-ZrO2 is formed 

first during ZrC oxidation cannot be derived.  

6.2 Residual stresses due to lattice mismatch 

In Chapters 4 and 5 the oxidation of ZrC and UC was reported to be widely affected by crack formation 

and a method was defined to quantify cracking as a function of time. One of the ways cracking is 

generated is to relax tensile stresses in a layer. Hence, cracking and sample fragmentation observed in 

both ZrC and UC oxides could be related to stresses in the system. These stresses were hypothesised to 

be induced by the volumetric transformation from the carbide to the oxide (see sections 2.1.4 for ZrC 

and 2.2.5 for UC). The value of these stresses, however, was not calculated so this section aims to give 

an estimate of their magnitude during oxidation of the carbide, ZrC and UC, to the oxide, ZrO2 and 

UO2, and from UO2 to U3O8. The stresses in the oxide layer, which eventually cracked, are considered 

to be primarily induced by a mismatch between crystal structures. These can be directly translated into 

a unit cell volume mismatch which was reported in Chapter 2 as a volume change, ΔV (see sections 

2.1.4 for ZrC and 2.2.5 for UC). The carbide oxidation system is quite complex though as the carbide 

is bonded with the oxide layer via an intermediate layer, characterised in ZrC as an amorphous carbon 

layer with nanocrystals of zirconia embedded in it (sections 4.2 and 4.3). Furthermore, the carbide 

samples considered in this study are polycrystalline materials, hence different crystal orientations may 

be the starting point for the oxide layer to grow. In order to simplify this model and so give a rough 

estimate of the stresses present in the oxide layer, the system considered will only be made of two 

layers: the carbide layer with the oxide sitting on top. The crystal structure of the oxide will be simplified 

so that the material is considered isotropic and the crystal structure is cubic.  

To calculate the residual stresses in the oxide layer in the model just described, the first approach was 

to look at a method developed in a particular field of material science: the thin film field. In this 

discipline, stresses are generated between the substrate layer and the thin film layer which is grown on 

top. The stresses generated are usually associated to a mismatch of the crystal lattice or of the coefficient 

of thermal expansion (CTE) between the substrate and the deposited film. The calculation of these 

stresses is of paramount importance as they can influence the thin film electric properties206 or 
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mechanical properties207,208,209. Generally, the measurement of the stress, σ, in the thin film is 

determined using the modified Stoney’s210 formula: 

 
𝜎 =

𝐸𝑠
∗ ℎ𝑠

2

6ℎ𝑓𝑅
 

(6.1) 

where hs is the thickness of the substrate, hf is the thickness of the film, R is the radius of curvature of 

either the film or the substrate and E*
s is the substrate biaxial elastic modulus calculated as: 

 
𝐸𝑠

∗ =
𝐸𝑠

1 − 𝜈𝑠
 

(6.2) 

where Es is Young’s modulus and νs is Poisson ratio. As seen in equation 6.1, to calculate the stress in 

the film, it is necessary to know the radius of the curvature of either the film or the substrate which are 

deformed during the deposition and growth of the thin film. The radius of curvature is measured before 

and after deposition of the thin film. In the system ZrC/ZrO2 and UC/UO2/U3O8, however, no 

information related to the radius of curvature of the substrate, in this case the carbide, is available, 

hence, another approach must be researched. Another method used to estimate the stresses in a thin film 

is via XRD211. This method in an indirect method though, because it does not measure directly the stress 

but it correlates this with a crystal structure deformation. XRD can measure the lattice spacing of an 

unstressed and stressed film. The difference between the lattice spacing of the unstressed and stressed 

film gives the elastic strain, called ε. Wang et al.212 described a method to evaluate the strain induced 

by lattice mismatch in a ZrO2-Al2O3 composite in a particular crystallographic orientation [hkl]. In their 

study they coupled high resolution neutron powder diffraction with Rietveld analysis. Neutron powder 

diffraction has a much higher penetration in the material than XRD and therefore is more suitable for 

bulk residual stress measurements212. The residual strain along one particular orientation [hkl] was 

calculated with equation 6.3: 

 
휀ℎ𝑘𝑙 =

𝑑 − 𝑑0

𝑑0
 

(6.3) 

where d and d0 are the lattice spacing of the stressed and stress-free (reference material) sample along 

the [hkl] direction. They then considered a simplified hydrostatic and isotropic stress evaluated with:  

 
𝜎 =

𝐸

1 − 2𝜈
휀 

(6.4) 

where ε, in this case, is an averaged strain value along all directions. The method proposed by Wang et 

al.212 was here used to evaluate the strain and stresses between the carbide and the oxide in the ZrC/ZrO2 
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and UC/UO2/U3O8 systems. However, no information on the lattice spacing of the stressed 

carbide/oxide layers was available (no XRD data or neutron diffraction data were taken on sintered 

specimens during oxidation), so, a further approximation was considered. The strain in the oxide layer 

was still calculated using equation 6.3, but the values for the lattice spacing of the stressed and stress-

free oxide layer were taken from tabulated data. The PDF data reported in Tables 2.1 and 2.4 in Chapter 

2 on the oxide and carbide were used. The lattice spacing of the stressed oxide layer, d in equation 6.3, 

was taken from the tabulated value of the carbide, as if the oxide was constrained to mimic the carbide 

crystal structure. The value for the lattice spacing of the stress-free oxide layer, d0 in equation 6.3, was 

taken from the tabulated value of the oxide, as it is free from constrains. A schematic of the model here 

considered is shown in Figure 6.1b. 

 

Figure 6.1 Schematic of the system considered for strain and stress analysis, the effect of the intermediate layer 

between the carbide and oxide (highlighted with a dashed red line) is not considered: a) ideal system where the 

oxide layer does not show any epitaxial relations to the carbide, b) system used for strain and stress calculations: 

the oxide layer is constrained to assume the structure of the carbide layer, c) both the carbide and oxide layers 

show stresses induced by epitaxial growth (this model is closer to the reality). 

To calculate the value of an isotropic strain ε, representative for all directions of the crystal, an 

approximate d spacing, here called d*, was calculated from the data of the volume cell, V, reported in 

Tables 2.1 and 2.4 in Chapter 2, using this equation:  

 𝑑∗ = √𝑉
3

 (6.5) 

where V is the volume cell normalised per Z and per metal atom (reported in Table 6.1). The strain, ε, 

was calculated with equation 6.3 using the d* values, where d is substituted with d* of the carbide and d0 

with d* of the oxide. The stress, σ, was calculated using equation 6.4 knowing the Young’s modulus and 

Poisson’s ratio for the oxide considered. The oxides, in both ZrC and UC, were subjected to compressive 

stresses as shown in Table 6.1.  
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Table 6.1 Values of approximate d spacing, strain and stresses in the oxide layers (Y-CSZ stands for yttria-cubic 

stabilised zirconia). 

Species Z V/Z per 

metal 

(Å3) 

d* 

(Å) 

E  

(GPa) 

ν Reaction ε σ 

(GPa) 

Ref. 

(E, ν)  

ZrC 4 25.807 2.955       

m-ZrO2 4 35.165 3.276 241 

226 

(T=1273

K) 

0.3 ZrC  m-ZrO2 -0.098 -59.05 

-55.37 

213, 214 

t-ZrO2 2 33.355 3.219 195.5 

(T=1273

K) 

0.3 ZrC  t-ZrO2 -0.082 -40.08 213,214 

c-ZrO2 

Y-CSZ 

4 33.713 3.23 - 

222 

- 

0.3 

ZrC  c-ZrO2 -0.085 - 

-47.18 

215, 216 

UC 4 30.45 3.123       

UO2 4 40.85 3.444 145 0.302 UCUO2 -0.094 -34.42 217, 218 

U3O8 2 55.516 3.815 151 0.36* UO2U3O8 -0.097 -52.31 219, 220 

      UCU3O8 -0.181 -97.61 219, 220 

The ν value for U3O8 has a (*) symbol as it is an average measured from the values reported by Szpunar & 

Szpunar220: 0.66 reported along [100], [010] and 0.06 along [001] directions due to the large anisotropy of U3O8. 

The stresses and strains calculated in Table 6.1 have large values as these were calculated based on 

many assumptions (for example the system is considered ideal and isotropic) and approximations, 

shown in Figure 6.1b and in equation 6.5. However, an indication of the reliability of these values is 

given by Ahn217 who studied fracture stresses caused by UO2 oxidation during dry storage of spent 

fuels. The stress reported by Ahn217 on UO2 due to the transformation to U3O8 was 43.63 GPa using an 

almost identical formulation for the stress: the strain in equation 6.4 was replaced with ΔV/3V. This is 

in agreement with the definition of the strain shown in equations 6.3 and 6.5. However, the definition 
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of the strain in his method was different to that used in equation 6.3 as the elastic strain energy stored 

per unit volume was calculated with equation 6.6: 

 
휀 =

𝐸

2(1 − 2𝜈)
(

𝛥𝑉

3𝑉
)

2

 
(6.6) 

If the strain in Table 6.1 was to be calculated with Ahn’s217 model, it would be 2.64 for UO2. Still, the 

value reported for the stresses in UO2 in his report, 43.63 GPa, was not too different from the value 

shown in Table 6.1 of 52.31 GPa (with the minus sign implying compression). It has to be noted that 

the stress value of Ahn217 for oxidation from UO2 to U3O8 was calculated using the elastic properties of 

UO2, instead of U3O8. He therefore calculated the stresses on UO2 which was constrained to become 

U3O8. In the method shown in Table 6.1, instead, the stress was calculated on the U3O8 layer just formed. 

If Ahn’s approach217 was to be used then the stress on the UO2 layer during transformation to U3O8 

would be 35.5 GPa. Ahn217 reported that a stress of 43.63 GPa is above the fracture strength value for 

UO2, reported to be between 16 and 42 MPa. Hence, the stress generated during the volume expansion 

from UO2 to U3O8 could be sufficient to cause fracture of the oxide and, consequently, a possible release 

of radionuclides during storage of spent fuels. Radionuclide release is, indeed, affected by an increase 

of surface area induced by oxide fracture. The increase of surface area would enhance the gaseous 

release of radionuclides or the solubility of radionuclides when in contact with groundwater, considered 

one of the worst case scenarios during dry storage of spent fuels. The Ahn’s217 model makes many 

approximations, in common with the model used here, hence, he reported uncertainties in the stress 

values found. Still, the similarities in terms of order of magnitude between the stress values reported by 

Ahn217 and the values here presented give an indication of the large forces and stresses ongoing during 

carbide oxidation. In Ahn’s work217 the large volume expansion and resultant stress involved in the 

transformation from UO2 to U3O8 was considered the cause for the pulverisation mechanism typically 

observed when UO2 oxidises to U3O8. In this case the morphology of the oxide changes completely into 

a powder, this transformation is commonly called popcorn-like112. Conversely, for low values of stress 

and volume expansion, such as the transformation to a lower oxide (U4O9 or U3O7) which develop with 

a volume contraction of approximately 3% and a stress of 3.65 GPa, the change in morphology was 

reported to be by development of an intergranular fracture mechanism217. In the system studied in this 

thesis, the ignition mechanism of UC shows the largest value of stress in Table 6.1. This was calculated 

as approximately 98 GPa. The presence of such a large stress in the oxide layer could explain the sudden 

explosive transformation monitored during ignition which completely changed the appearance of the 

sample (see section 5.4.2). In the ZrC system, the reaction presenting the lowest stress in the oxide is 

the formation of t-ZrO2 rather than m-ZrO2 (40 versus 55 GPa respectively, at T=1273 K). Data for E 

and ν of pure c-ZrO2 could not be found in the literature, as it is a high temperature stabilised phase. 

However, values for a yttria-cubic stabilised zirconia (Y-CSZ), stabilised at room temperature, was 
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found and reported in Table 6.1. The stress arisen during the transformation from ZrC to Y-CSZ was 

47 GPa, larger than the one calculated for t-ZrO2, but smaller than the one calculated for m-ZrO2. A 

stress value for the formation of a non-stabilised cubic zirconia polymorph could not be calculated, 

however, a value in between the one calculated for t-ZrO2 and for Y-CSZ is expected. Strain values for 

t-ZrO2 and c-ZrO2 are, indeed, close and the mechanical properties are similar. The t/c-ZrO2 polymorphs 

were observed at temperatures below their phase stability ranges as they were responsible for the first 

step of the oxidation mechanism of ZrC (see section 4.1.3). The appearance of these polymorphs instead 

of m-ZrO2, which is expected to be the most stable polymorph at the temperatures considered, could be 

related to a stress minimisation effect. Other reasons along with this could be possible, for example a 

crystal size stabilisation effect of t-ZrO2 as discussed in section 4.1.3. 

An estimate of the stresses in the oxide layers during ZrC and UC oxidation is reported here using a 

simple 2D model. A further improvement could be derived by using a 3D model, this was implemented 

during a collaboration with Michele Pettinà221-224 from the Mechanical Engineering Department at 

Imperial College. The stress involved in the transformation from ZrC to ZrO2 were simulated using a 

Finite Element Modelling (FEM) approach. The model considered is shown in Figure 6.2a where a 1 

mm3 ZrC cubic sample was covered by a 0.1mm of ZrO2 layer. This system was simulated using 

approximately 20000 elements for the mesh which is made of square elements. The oxide layer and the 

carbide layer were linked by nodes for each element of the mesh, these nodes can be tied or untied 

depending on whether an adherent layer or a crack was to be simulated. Stress analysis was performed 

after simulating the volume change induced by the transformation from ZrC to ZrO2 which is 

approximately 36% (see Table 2.1 in Chapter 2). The FEM approach cannot consider directly a volume 

transformation of the mesh, however, volume expansion can be simulated using the coefficient of 

thermal expansion as a representation of the change in volume. The volume expansion from ZrC to m-

ZrO2 for each element of the mesh was reproduced by assigning a coefficient to the thermal expansion 

which represented an increase of the cell dimensions equal to ΔV=36%. Such volume expansion is 

visible in Figure 6.2c at the corner.  
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Figure 6.2 Schematic of the FEM on the system ZrC/ZrO2 where the stresses generated by the volume 

transformation from the carbide to the oxide were simulated, a) initial model made of 1 mm3 ZrC cube surrounded 

by a 0.1 mm oxide layer, b) a slice of the cube showing maximum stresses at the corner when the oxide and 

carbide elements are all tied (eg no cracks are simulated), c) maximum stresses at the interface ZrC/ZrO2 when 4 

elements at the corner were untied (crack is simulated), d) maximum stresses are at the corners when the entire 

interface is debonded; all stresses are reported in MPa. 

The FEM approach, as well as the 2D model mentioned above, contains approximations as it considers 

ZrC and ZrO2 to be isotropic and no intermediate layer is considered. Even though it is at a very 

preliminary stage, the model was able to simulate the formation of the Maltese cross shape of the oxide. 

It also showed the maximum stresses to be in the order of 35 GPa, which is the same order of magnitude 

as that reported in Table 6.1. The model also predicts that the maximum stresses were concentrated at 
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the corners, see Figure 6.2b. This is consistent with analytical solutions225,226  that also demonstrate this 

well-known behaviour.  

An interesting result from the FEM model was found when the oxide elements at the corners were 

untied, simulating crack formation, see Figure 6.2c. At this stage, the maximum stresses decreased to 

26 GPa and were no longer concentrated at the corners but at the interface carbide/oxide. The interface, 

subjected to the highest stresses, was the next area to fail. When these stresses were relieved, and 

complete debonding of the interface was simulated, the maximum value of stresses returned at the 

corners, see Figure 6.2d. This simulation is in good agreement with the experimental results shown in 

section 4.4. The Maltese cross shape development of the oxide was monitored in situ and found to be 

induced by crack formation at corners which run towards the inner non-oxidised carbide core and by 

microcracks parallel to the interface carbide/oxide. Microcracks were seen to occur cyclically 

approximately every 20 µm suggesting a debonding process of the interface when the oxide layer 

reached a critical thickness. The modelling described here showed that the corners were the regions 

where the maximum stresses were concentrated, and these were the first to undergo cracking at the 

beginning of oxidation. After cracking of the corners, the area where the maximum stresses were 

concentrated was the interface carbide/oxide which would undergo complete debonding. When 

complete debonding occurred, the corners again showed maximum stresses indicating that this process 

occurred cyclically. The cyclical failure of the interface due to stresses, is key for the understanding of 

the mechanism of ZrC oxidation. The kinetics of ZrC oxidation are, indeed, linear and found to be 

governed by diffusion of oxygen through an oxide layer of constant thickness, approximately 20 µm at 

1073 K, which was made by cyclic debonding of the interface (see section 4.4).  

6.3 Presence of carbon in the oxide layer 

The carbide/oxide interface was considered responsible for the cyclic microcracking of the oxide as it 

was shown to be the area where the largest stresses are concentrated. In this section, the role of the 

interface is again investigated but is correlated to the location of the carbon detected within the oxide. 

The interface, also called intermediate layer in Chapter 4, was characterised to be mostly made of 

amorphous carbon and zirconia nanocrystals in samples oxidised at 1073 K. In samples oxidised at 

1273 K and 1373 K, instead, such an intermediate layer was not detected, as a gap between the oxide 

and the carbide was reported and the oxide layer was completely detached. Within this gap, black 

powder was found and the side of the oxide layer next to the carbide core was also black (see sections 

4.1.2-4.1.4). Using XRD and carbon combustion analysis (respectively described in sections 3.1.3 and 

3.1.9), the oxide layer region adjacent the carbide core was reported to be hypostoichiometric zirconia. 

The reason for the formation of this hypostoichimetric layer at the interface, even in a high oxygen 
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atmosphere (air), can be related to either surface energy minimisation as reported by Ma et al.178 or by 

the preferential oxidation of carbon which leaves the system as CO/CO2. In the latter case, amorphous 

carbon at the interface would react with oxygen to form CO/CO2 and then leave the system, at the same 

time allowing the ZrO2 layer to remain hypostoichiometric. Ma et al.178 proved the existence of a 

hypostoichiometric zirconia layer between Zr metal and stoichiometric ZrO2 during oxidation of 

zirconium metal. This layer had a stoichiometry of approximately “ZrO”. This ZrO layer did not contain 

Zr that was only in a +2 oxidation state but instead had a mixture of +1, +2, +3 oxidation states, showing 

that zirconium can assume different oxidation states which vary from the +4 state in ZrO2.  

In addition to the carbon detected at the interface, carbon was detected in the oxide layer (see section 

4.1.4). The oxide layer from samples oxidised from 1073 K to 1373 K was analysed with a carbon 

analyser and the carbon content was seen to increase with temperature (see Figure 4.11 in section 4.1.4). 

Carbon was found at approximately 600 ppm in samples oxidised at 1073 K and increased to 4700 ppm 

in samples oxidised at 1373 K. Which form of carbon is present in the oxide is not clear due to 

limitations in the experimental technique which cannot differentiate between bonded carbon or free 

carbon, as it only measures the amount of CO/CO2 coming from the combustion of the sample (see 

section 3.1.9). Hence, the amount of carbon measured within the zirconia structure could be in the form 

of amorphous carbon, graphite, ZrC, oxycarbide or as CO/CO2 produced during oxidation of ZrC. The 

adsorption of CO2 in zirconia has been studied by many groups227,228,229, and it was reported that the 

CO2 adsorption capacity of m-ZrO2 is one order of magnitude higher than that of t-ZrO2. The oxide 

formed at 1273 K and 1373 K was voluminous m-ZrO2 in contrast with the compact m-ZrO2 and t/c-

ZrO2 oxide made at 1073 K and 1173 K. This suggests that the larger concentration of CO2 in the oxide 

formed at 1273 K and 1373 K, measured with the carbon analyser, is related to the capacity of the 

cracked and porous m-ZrO2 to adsorb CO2 better than the m-ZrO2 and t/c-ZrO2 oxide formed at 1073 K 

and 1173 K. The presence of CO2 is indeed important in oxidation of carbides, as reported by Holcomb 

et al.190 who proposed a counter-diffusion model that describes the fluxes of O2 and CO2 in and out of 

a sample during oxidation of HfC. The adsorption of CO2 is, however, studied in highly porous systems 

with zirconia compounds presenting a large specific surface area (SSA), on the order of 20-200 m2/g229. 

In the results presented in this thesis no SSA measurements of the oxide layers were reported, hence, 

no correlation between the morphology of the oxide and CO2 adsorption capacity can be derived. It 

would be, however, a very interesting point to investigate further. Regarding the presence of remnant 

ZrC or oxycarbide, no sign of them was detected in XRD measurements. However, it is possible that 

the low levels (on the order of ppm) at which these may be present in the oxide, is not enough to give a 

diffraction pattern. The possibility of carbon inclusions, as amorphous carbon or graphite, in the oxide 

layer remain to be considered. It has previously been reported that carbon is present in the oxide layer 

as carbon inclusions23. However, it was reported that the carbon inclusions should decrease with 

increasing temperature, which is contrary to what was found here. Katoh et al.23 proposed a mechanism 
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for carbon oxidation with temperature during ZrC oxidation, he explained that from 653<T<873 no 

significant carbon is oxidised, hence little CO2 is formed. Above 870 K carbon suspensions were 

reported to oxidise further, with increase in carbon oxidation resulting in increased production of CO2 

beyond 1070 K. This resulted in the presence of voids, or pores, due to CO2 formation in the oxide 

layer. Increasing temperature further above 1470 K, was reported to allow carbon and zirconium to 

oxidise at the same rate.  At this stage the zirconia layer sinters acting as a barrier to O2 diffusion, hence 

CO2 partial pressure controls the oxidation rate. The conflicting trend between Katoh et al.23 and the 

carbon analyses reported in this thesis shows that carbon oxidation in ZrC is still unclear. The model 

proposed by Katoh et al.23, instead, could well describe the results obtained from carbon analysis in 

uranium oxide samples. The samples obtained from oxidation of UC showed a decreasing concentration 

of carbon with increasing temperature. At 873 K the oxide layer contained approximately 4700 ppm of 

carbon while at high temperature (1173 K) the oxide contained approximately 2000 ppm of carbon, see 

section 5.2.2. The carbon data analyses for both ZrC and UC were performed on oxide layers formed 

on partially oxidised samples. When carbon analysis was performed on fully oxidised UC samples, 

carbon content decreased considerably for both temperatures, though, at 873 K the carbon content was 

still larger than in the oxide formed at 1173 K, 470 ppm versus 327 ppm respectively.  

The lower concentration of carbon in uranium oxide samples at higher temperatures, 1173 K versus 873 

K, could be correlated to the morphology of the oxide layer. At 1173 K the oxide was thicker than the 

one formed at 873 K (see Figure 5.9a and c in section 5.2.2) and underwent a sintering process due to 

an increase in plasticity of the oxide, U3O8. At 873 K, instead, the oxide was in a powdered form and 

the oxide particles were too small to be observed in a SEM, see section 5.2.1. The oxide was made of 

spheroidal particles at 1073 K and 1173 K, as shown in Figure 5.4, while in some other areas of the 

sample the particles developed with a columnar growth morphology, see SEIs in Figure 5.6. The 

formation of columnar grains along with equiaxed grains is typical for solidification processes230. In 

this system, however, melting of the oxide is difficult to assess because a melting temperature for U3O8 

cannot be defined. At the point U3O8 should start to melt, oxygen vaporises, hence the oxide is no longer 

stoichiometric U3O8
231. Above 1073 K oxygen is lost and the stoichiometry of the oxide changes from 

U3O8 (equal to UO2.67) to something between UO2.61-UO2.67
231. It is reported that in an oxidising 

atmosphere at temperatures above 1196 K U3O8 may vaporise forming UO3 gas231. The columnar grain 

morphology of the oxide is not only typical during solidification processes, it was reported in irradiated 

fuels in conjunction with void migration232 or bubble migration along a steep thermal gradient233. The 

fact that the oxide samples in this study assumed a columnar morphology at 1173 K may explain why 

the amount of carbon remaining in the oxide formed at 1173 K is lower than in the oxide formed at 873 

K. A columnar morphology of the oxide layer could, indeed, help the gas produced from the reaction 

between carbon and oxygen, CO/CO2, to easily escape the system. Such columnar morphology was 

shown to be a favourable route for voids or for vapour-phase transport233. The ease by which carbon 
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could leave the system as CO/CO2 would translate into a lower amount of carbon dispersed as an 

inclusion in the oxide layer. Another possible explanation for the lower amount of carbon at 1173 K 

than at 873 K could be related to the thickness of the oxide layers. If it is assumed that the same oxidation 

mechanism is ongoing in UC and ZrC, then, increased plasticity of the oxide led to a thicker oxide layer 

which allowed a higher, critical, oxide thickness to be achieved before the onset of interface debonding. 

The oxide layers were shown to be thicker at 1173 K than at 873 K (see Figure 5.9a and c). Hence, if 

the carbon was mostly found at the interface carbide/oxide, as for ZrC, it may be expected that less 

carbon would be found in the sample volume used for carbon analysis (~2mg) at 1173 K compared to 

873 K (where thinner oxide layers were observed). It has to be noted that carbon analysis was performed 

only for two temperatures: 873 K and 1173 K (see section 5.2.2), hence, no trend was derived for 

intermediate temperatures unlike for ZrC where this was possible from 1073 K to 1373 K (see section 

4.1.4).  

In partially oxidised ZrC samples, carbon analysis was performed on samples oxidised for 8 h at 1073 

K, 1173 K, 1273 K and for 1 h at 1373 K, the results (see section 4.1.4) showed that carbon content 

increased with temperature. The same amount of carbon was observed on oxide layers from samples 

oxidised at the same temperature but for two different exposure times, at 1273 K for 30 minutes and 8 

h. In UC oxidised samples, instead, carbon analysis was performed on samples oxidised at 873 K and 

1173 K for a 6 h dwell time but for different exposure times in the furnace, 17.5 and 22 h respectively, 

as sample quenching was not practicable due to possible presence of pyrophoric unreacted UC. Hence, 

the reason for the carbon decrease as temperature increased in U3O8 may be correlated to the different 

times spent inside the furnace at temperature. It is worth noting though that in ZrO2 samples the 

oxidising time did not influence carbon content.  

Another point to keep in mind is that UC can undergo ignition and this reaction is said to directly 

produce CO2 instead of free carbon, C1. This could influence the presence of carbon in the oxide, 

however, as temperature was not monitored in the furnace experiments, the ignition mechanism at 1173 

K instead of/and at 873 K cannot be discussed. The correlation between sample ignition and carbon 

content is something that should be investigated further, as well as coupling a CO2 gas analyser during 

small scale furnace tests to correlate the amount of CO2 with carbon left in the oxide.  

The mechanism of ignition can, instead, be certainly excluded in the discussion on ZrO2 samples. 

Ignition of UC was observed in TGA/DTA experiments on fragments from 683 K in air (see section 

5.4.1) via a sudden temperature jump and sharp increase of heat release. During oxidation of ZrC 

fragments in TGA/DTA, instead, no signs of ignition were detected. ZrC fragments were tested in air 

up to 1673 K, during ramp experiments, and in isothermal oxidation tests at 1073 K, 1173 K, 1273 K 

and 1373 K in air, no temperature jump was detected.  
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UC ignition was related to a large enthalpy of reaction, estimated to be -1487 kJ/mol, see section 2.2.4 

in Chapter 2. By applying the same method to ZrC it is possible to demonstrate that the enthalpy of the 

reaction for ZrO2 formation is only -900 kJ/mol (considering a enthalpy of formation for ZrC of -196.65 

kJ/mol234 and -1097.46 kJ/mol234 for ZrO2). This enthalpy of reaction is similar to the enthalpy of 

reaction from UC to UO2, calculated to be -987 kJ/mol, which is known to not undergo ignition. Hence, 

the carbon production in the ZrC system is only affected by oxidation of ZrC or ZrCxOy. A reason for 

the larger presence of carbon at high temperature in ZrO2 (T=1273 K and 1373 K) compared to low 

temperatures (T=1073 K and 1173 K) could be related to the rapid oxide growth in ZrC oxidation 

reported at 1273 K and 1373 K (see Figure 4.7 in section 4.1.2). The oxide produced was voluminous 

and the oxide growth rate was rapid, hence it could be expected for the carbon dispersed as inclusions 

in the oxide or for the CO/CO2 in the system to encounter more difficulties in escaping the system as 

the oxide grew thicker (see kl,oxide values in Figure 4.7b). Another hypothesis relates to the fact that at 

high temperatures (1273 K and 1373 K) zirconium oxidation is more favourable than carbon. In this 

case, carbon liberated from the reaction of ZrC with oxygen remains within the oxide with no possibility 

of reacting with oxygen, as zirconium would act as an oxygen getter, reacting first with any oxygen 

diffusing through the oxide layer. This is at odds with what was reported by Katoh et al.23, who 

suggested that the carbon oxidation rate increased with the increase in temperature. A schematic that 

represents the hypotheses discussed so far is shown in Figure 6.3. 
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Figure 6.3 Schematic that shows where carbon was detected in ZrC oxidised samples (only samples oxidised at 

1073 K were characterised, amorphous carbon was found in the intermediate layer between ZrC/ZrO2
67) and 

where carbon/CO2 could be in samples oxidised at 1273 K and 1373 K in ZrC and in UC samples oxidised at    

873 K and 1173 K. The trend between carbon concentration and temperature is here drawn just for visual 

comparison, results were previously described in sections 4.1.4 for ZrC and in 5.2.2 for UC. The hypotheses here 

presented were discussed in this chapter.  

If the mechanism for carbon oxidation proposed by Katoh et al.23 is correct, the oxidation rate of carbon 

increases with temperature, hence fewer carbon inclusions are expected to be present in the oxide layer, 

in agreement with what was observed in UC oxidised samples.  However, this means that something 

else is occurring in ZrC oxidised samples.  One of the possibilities which explains the results obtained 

on zirconia could be the CO2 adsorption capabilities of m-ZrO2. This hypothesis should be tested, by 

measuring the SSA of the oxides formed at different temperatures coupled with carbon analyses 

performed before and after degassing of samples to ensure that carbon measured is adsorbed CO2. 
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7. Conclusions 

The oxidation of ZrC and UC was thoroughly investigated by coupling multiple techniques at a 

hierarchical level of analysis: from macrostructural investigations to nanostructural characterisation. 

This multi-level approach has proven phenomena that were only presumed before. Additionally, the 

implementation of state-of-the-art techniques never applied before on these materials gave a new insight 

into the oxidation mechanism of both ZrC and UC. Using a HT-ESEM, for example, revealed that the 

oxidation mechanism of both carbides is governed by a cracking mechanism.  

The main conclusions from this study are here summarised to provide a general overview, what remains 

to be investigated is summarised as future work (Chapter 8).  

ZrC oxidation: 

• The cracked morphology of the Maltese cross shape of the oxide was usually ascribed to the 

polymorphic transformation during cooling when the high temperature, small cell volume, 

polymorphs of zirconia, t- or c-ZrO2, transform into the room temperature, large cell volume, 

m-ZrO2. The work presented in this thesis showed that the development of the Maltese cross 

shape is induced by a cracking mechanism occurring during the initial stages of the reaction. 

After oxide spallation at sample edges and corners, cracks propagated from the outer corners 

towards the unoxidised inner carbide core while microcracks run parallel to the carbide/oxide 

interface.  

• The propagation of cracks at corners influenced not only the oxide morphology but also the 

oxidation kinetics. When the Maltese cross shape fully developed due to preferential oxidation 

at corners, which are the areas more susceptible to oxidation, the initial cubic carbide core shape 

changed into a spherical one. At the same time, the linear reaction rates, observed from 1073-

1373 K, increased drastically. 

• Oxide cracking in both ZrC and UC was here ascribed to the stresses generated from the 

volumetric transformations from the carbide to the oxide (which is approximately 35% for ZrC 

to ZrO2). These stresses were first concentrated at corners and then at the carbide/oxide 

interface which cyclically debonded. This was observed experimentally, in a HT-ESEM (see 

section 4.4), and simulated with a 3D FEM approach (see section 6.2).  
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• Microcracks parallel to the interface occurred cyclically after the oxide layer reached a 

thickness of approximately 20 µm (monitored in situ in a HT-ESEM). The cyclic cracking of 

the oxide was related to the debonding of the interface.  

• The experimental observation of cracks generated parallel to the ZrC/ZrO2 interface enabled 

understanding of the mechanism of oxidation of ZrC which was governed by diffusion of 

oxygen through a layer of constant thickness. The diffusion coefficient of oxygen was measured 

to be D = 9×10-10 cm2/s at 1073 K.  

• The oxidation mechanism of ZrC, which is diffusion controlled through a layer of constant 

thickness, is well described by the linear oxidation rates found from 1073 K to 1373 K.  

• Near the ZrC/ZrO2 interface an intermediate layer was observed and characterised by SEM-

EDX, FIB-SIMS and HRTEM. This intermediate layer was observed in ZrC sample cross 

sections partially oxidised at 1073 K. It was approximately 2 µm thick and made of amorphous 

carbon and nanocrystals of zirconia (≤ 5nm) that could either be t- and/or c-ZrO2. On either 

side of this intermediate region, ZrC and a layer of polycrystalline m-ZrO2 were detected. 

• The oxide layer growing adherent onto this intermediate layer was made of m-ZrO2 and/or t/c-

ZrO2 (analysed by XRD) in samples oxidised at 1073 K and 1173 K. Little carbon, in the form 

of free or bonded carbon, was found in the oxide layer (measured with a combustion analyser) 

at 1073 K (~ 600 ppm), this value increased with oxidation temperature increase. 

• Samples oxidised at 1273 and 1373 K presented a gap between ZrC and ZrO2, instead of a 

carbon rich intermediate layer. The oxide layer was not adherent to the carbide core, and it 

showed a black side next to the carbide core. This black layer was identified as 

substoichiometric zirconia as no carbon uptake was detected (measured with a combustion 

technique on the top white oxide layer and bottom black side, next to ZrC, see section 4.1.4). 

The loss of the carbon rich intermediate layer was accompanied by a slowdown of the linear 

rate constants (measured as gm-2s-1) at 1273 K compared to 1173 K, and by the development of 

a voluminous oxide made of m-ZrO2. This behaviour was correlated to the preferential 

oxidation of carbon over zirconium at these temperatures (1273 K and 1373 K) which would 

leave the intermediate layer as CO and/or CO2 leaving a gap between the carbide core and 

substoichiometric zirconia.   

UC oxidation: 

• Oxidation of UC to U3O8 performed in air from 873-1173 K on UC fragments and pellets 

showed that oxidation at 873 K gave a product with greater SSA and better carbide conversion 

than oxidation at 1173 K. The oxide at 873 K was pulverised while at 1173 K the oxide particles 

showed to undergo a sintering mechanism. 



191 

 

• The sintering mechanism observed on U3O8 at 1173 K was correlated to an increase in oxide 

plasticity at this temperature. The thicker oxide layers formed at 1173 K than at 873 K were 

found to prevent oxidation and reduce the conversion to an oxide (see section 5.2.2).  The 

slowing down of the oxidation at 1173 K was monitored in situ in a HT-ESEM. The 

development of the popcorn-like morphology typical of U3O8 was observed to occur on sample 

edges and on cracked areas at 973 K and 1073 K. At 873 K, instead, the popcorn-like 

morphology was observed all over the surface as soon as oxygen was inserted in the chamber. 

Oxidation at 873 K proceeded quicker than at 973 K and 1173 K. 

• Cracking was found to be key in oxidation from UC to UO2 and from UC to U3O8, this was 

monitored in situ from 723-848 K in an oxygen atmosphere of 2 -100 Pa. Depending on the 

oxide cracking morphology two pathways were observed: a non-explosive one (producing 

UO2+x) and an explosive one (producing U3O8). 

o The non-explosive pathway, oxidation to UO2, was characterised by sample expansion 

and crack propagation both described by an induction period followed by an 

exponential which transformed into a logarithmic rate law. At the stage of the 

logarithmic rate law, crack length stabilised inferring that no new cracks were formed. 

UO2+x produced via this route, at T = 723 K and oxygen partial pressure ≤ 25 Pa, was 

characterised by HRTEM. 

o The explosive pathway was characterised by the formation of U3O8 at T = 723 K and  

PO2 = 50 Pa (characterised by HRTEM) and observed for all samples oxidised from 

773 K to 848 K in PO2 = 10-100 Pa O2. The explosive event, which occurred with 

shattering of the oxide, happened after sample expansion, crack propagation, crack 

length and crack networking increased exponentially. The crack network was 

characterised with the parameter number of junctions which describes a cracks 

branching mechanism induced by sample fragmentation. The explosive event was 

related to the ignition mechanism of UC. 

• A methodology for the quantification of cracks was proposed (see section 3.4) and this can be 

applied to other systems. Using this method, it was possible to describe sample expansion and 

crack propagation with an exponential rate law. From this, a criterion that can differentiate 

between the two pathways, non-explosive and explosive was found.  Oxidation to UO2 occurred 

when the time constant, t1, was ≥ 740 ± 49 seconds while UC ignition to U3O8 occurred when 

t1 ≤ 470 ± 14 seconds. 

• Preliminary calculations on the stresses induced by the volumetric transformation from UC to 

UO2 and to U3O8 and from UC to U3O8 showed that ignition occurs inducing the largest stresses 

in the oxide. This could explain the effects of this explosive transformation on the disrupted 

oxide morphology monitored in situ in a HT-ESEM and ex situ in a SEM.
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8. Future work 

The work presented in this thesis highlighted the role of cracking in the oxidation mechanism of both 

ZrC and UC. Cracking was indeed responsible for the oxidation development of the Maltese cross shape 

of the oxide in ZrC, the oxidation of UC to UO2 and the ignition of UC to U3O8. In Chapter 6 some 

aspects that still need to be clarified were discussed. In this chapter, future work that can help clarify 

the remaining unknowns is discussed. 

The presence of an intermediate layer between ZrC and ZrO2 at 1073 K was found to be comprised of 

amorphous carbon and nanocrystals of ZrO2. This adherent layer could be considered as a composite 

material, as discussed in section 4.2.1, however, further investigations are required. To test the presence 

of a composite material, the mechanical properties of this intermediate layer should be compared with 

the ones of carbon and ZrO2. Mechanical tests such as nanoindentation could offer insights on this 

matter. Mechanical tests could also be used to clarify why samples oxidised at 1073 K better sustained 

stresses than samples oxidised at 1273 K. Specifically the mechanical properties of ZrO2 between 

samples oxidised at these two conditions could be compared to see if the origin of the different 

robustness is ascribed to the different structure of the oxide or the presence of the intermediate layer. 

As shown in Chapter 5, sample fragmentation is responsible for the oxidation of UC and UC self-

ignition. Cracks were monitored in situ and a correlation between the time needed for the sample to 

undergo ignition with temperature and oxygen partial pressure was shown (see section 5.4.2). However, 

what was missing from this study was a thorough characterisation of the UC fragments prior to 

oxidation, specifically, a value for their SSA measured by B.E.T. technique was needed. It is indeed 

reported that SSA affects the ignition mechanism of UC1, so having values of the SSA for the UC 

fragments tested would have allowed creation of a model that linked sample properties, SSA, with 

oxidising environment, temperature and oxygen partial pressure, and UC self-ignition. UC self-ignition 

should also be investigated with respect to samples stoichiometry and the presence of secondary phases.  

Additionally, for both UC and ZrC oxidations, a value of the oxide SSA measured by B.E.T. technique 

will give an indication of whether the unreacted carbon detected in the oxide with the carbon 

combustion analyser is related to physical adsorption of CO2 in the porous oxide formed. As mentioned 

in section 6.3, the increase of unreacted carbon in the oxide could be correlated to a physical adsorption 

mechanism of CO2 in the cracked and porous m-ZrO2 oxide layer formed at 1273 K and 1373 K during 
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ZrC oxidation. Similarly, in UC oxidation, a larger value of carbon was detected in the oxide layer of 

UC pellets oxidised at 873 K rather than at 1173 K. UC fragments oxidised at 873 K showed larger 

SSA than samples oxidised at 1173 K (0.6 m2/g reported for 873 K versus 0.2 m2/g for 1173 K). 

However, a direct comparison between SSA and carbon content cannot be drawn yet as these analyses 

were never performed on the same samples. What is known though is that the SSA values for uranium 

oxide samples are nowhere near the typical SSA values reported in adsorption studies for ZrO2, in the 

order of 20-200 m2/g235. After SSA measurements on the oxide powders with B.E.T., carbon 

combustion analyses should be performed on the oxide samples degassed overnight, or better, after 

storage of the oxides in vacuum so that the carbon analysis will not be affected by storage of samples 

in air. Another possible solution to the problem encountered when distinguishing unreacted carbon, or 

carbide, in the oxide is to use the NMR technique. NMR analysis could, indeed, be able to differentiate 

whether the carbon detected with the combustion analyser in the oxide is free carbon or bonded carbon. 

Hence, the oxide powders produced during ZrC and UC oxidations should be tested with this technique. 

Another possibility is the use of Raman spectroscopy which is a sensitive tool for the characterisation 

of carbon materials236 ranging from graphene, carbon nanotubes to carbon black237 thanks to its 

sensitivity to the carbon-carbon vibration . The characterisation of whether the carbon detected with 

carbon combustion analyser is free carbon, or bonded carbon, UC, is particularly important in the 

nuclear industry where the presence of small particles of unreacted UC, potentially pyrophoric, in the 

oxide layer is to be avoided.  

At which stage of carbide oxidation carbon oxidises into CO/CO2 is certainly a further point that needs 

clarification. This was reported to occur during cooling in ZrC57 but during heating in UC130. Carbon 

oxidation was reported in this thesis to be affected by temperature in ZrC, as discussed in section 4.5, 

but it was not possible to monitor gases, CO/CO2, during oxidation. To clarify when CO/CO2 is 

produced, a gas analyser technique, like a MS, should be coupled in furnaces or, even better in a HT-

ESEM. Monitoring the crack formation and propagation, in situ in a HT-ESEM, with gas releases, 

namely CO/CO2 with a MS, will certainly give the answer on whether carbon oxidises simultaneously 

with zirconium and uranium during heating or if it is only released during cooling. Additionally, a link 

between the explosive transformation observed on samples undergoing ignition and the exact moment 

gases such as CO/CO2 are released may give an indication on whether ignition of UC occurs with 

sudden release of CO/CO2. 

The oxidation mechanism of uranium oxide is particularly complex with temperature and oxygen partial 

pressure as many oxides can form, these present different crystal structure and stoichiometry (see 

section 2.2.2). Experiments performed in situ in a HT-ESEM on UC showed different morphology of 

the oxide with temperature. Pulverisation of the oxide occurred at 873 K while a compact oxide was 

formed at 1073 K and 1173 K. At 973 K and 1073 K the oxidation proceeded only along cracked 
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surfaces or at samples edges, the oxide formed at 1173 K showed particles sintered, however sintering 

is not well reported in U3O8 at these low temperatures. Additionally, around the temperature U3O8 is 

expected to melt, 1573 K, it changes stoichiometry and it volatilises238. Hence, it is difficult to correlate 

the morphologies of the uranium oxides observed in situ when it is not known which oxide was formed. 

It is difficult using TEM and XRD to differentiate UO2 from U3O7 and U4O9, however, techniques like 

X-ray Photoelectron Spectroscopy (XPS) can characterise the uranium valence and oxidation state of a 

compound. Hence, the uranium oxide powders produced in this thesis at different temperatures in a HT-

ESEM and in furnaces should be characterised with this technique. In this way, the oxide sintering 

observed at 1173 K and the pulverisation of the oxide seen at 873 K could be explained better than just 

by mentioning an oxide particle growth with temperature. 

The use of FEM discussed in Chapter 6 gave an insight into the stresses present in the oxide layer. 

However, this type of modelling cannot simulate cracks formation mechanism. This difficulty could be 

overcome by the use of modelling tools based on peridynamic theory which can handle the singularities 

produced at the tip of a crack and therefore its propagation throughout oxidation. 

Additionally, the manufacturing of a mixed phase carbide, such as (U,Ce)C or (Zr,Ce)C, should be 

sought. This would be of incredible interest for the envisaged treatment of the exotic legacy of (U,Pu)C. 

It is known that mixed carbides are less susceptible to ignition than UC. However, the reason for this 

behaviour is still unknown. Production and oxidation experiments on dense pellets of (U,Ce)C or 

(Zr,Ce)C should be performed using the same conditions and parameters used for UC experiments or 

ZrC experiments in this thesis. Finally, experiments on (U,Pu)C should be performed using the same 

conditions and parameters in order to get a direct comparison between single phase and mixed phase 

carbide fuels. 
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