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Summary

Sub-stoichiometric Zirconium Carbide (ZrC) is a viable candidate for use in nuclear environments as it
has shown desirable thermo-physical properties and an ability to tolerate radiation damage. The thermo-
physical properties have been reported to be sensitive to the stoichiometry of the rock salt form of ZrC
which ranges from C/Zr = 1.00 to 0.55 in the phase diagram. However, there is a scatter in the reported
physical properties as a function of carbon content that varies based on synthesis methods, fabrication
conditions and methods of carbon content measurement. Thus, accurately determining the carbon

content of ZrC is essential to understanding this physical property variation.

ZrC pellets of nominal stoichiometries ranging from 0.6 to 1.00 were prepared by reactively hot-
pressing zirconium hydride and graphite powders in varying ratios, which were then sintered at 1500,
1700 and 2000°C to produce pellets. The total carbon content was evaluated using combustion carbon

analysis and the values were lower than the nominal (as mixed) carbon content.

ZrC samples were further analysed by "*C nuclear magnetic resonance (NMR) spectroscopy, which
revealed the presence of carbon in three different environments: carbon bound within ZrC, graphitic
and amorphous carbon. Total carbon content values were corrected to reflect the proportion of ZrC
bonded carbon which were, in some cases, significantly lower than analysed values. The centre of
gravity of the ZrC bonded carbon resonance was observed to shift to a higher frequency (more positive
ppm), for lower carbon content samples, consistent with a more metallic response. The ZrC cell
parameter for all samples increased ~linearly with carbon content, matching one of the two trends
observed in the literature. Scanning electron microscopy (SEM) images showed that increasing grain
size with decreasing carbon content in ZrC was accompanied by increasing of inter-and intragranular

carbon as the carbon content of the sample decreased.

ZrC samples sintered at 2000°C were irradiated with 5 MeV protons to doses of 0.015 and 0.031 dpa
to examine the effects of radiation damage. A systematic increase and emergence in the intensity of a
shoulder to the main peak, in the NMR spectrum, was observed at higher frequencies with increasing

irradiation dose in the C/Zr = 1.00 (nominal). This behaviour was consistent with the pristine NMR
ii



spectra of more metallic samples indicating that a number of vacancies occurred due to irradiation. An
increase in Raman signal intensities (inter/intra-granular dark regions) with increasing irradiation dose
suggests that carbon displaced from the ZrC lattice via irradiations migrates toward these areas — in
addition to vacant sites. Sink efficiency was proposed to be supplemented by grain size and boundary
width. ZrC was observed to maintain its rock salt structure after irradiation. Additionally, the NbsAlC3
layered carbide phase was investigated as it has also shown the ability to tolerate vacancies on carbon
sites. NMR of NbsAICs showed that multiple carbon environments were present in the sample. The

intensity of vacant sites was observed to fit the vacancy avoidance model best.
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Abstract

Sub-stoichiometric Zirconium Carbide (ZrC) is a viable candidate for use in nuclear
environments as it has shown desirable thermo-physical properties and an ability to tolerate
radiation damage. These thermophysical properties, in some cases, are sensitive to
stoichiometry making ZrC a customisable and versatile material whose properties can be
optimised by varying the carbon content. Whilst the majority of studies have focused on
producing and measuring different properties of ZrC, very few studies have focused on
accurately measuring the carbon content for a specified fabrication route resulting in a scatter
in the data of some physical properties (for example the lattice parameter). Accurately

determining the carbon content is key to correctly referencing the thermo-physical properties.

To study variations in the carbon content and the influence of sintering temperature during
fabrication, sub-stoichiometric zirconium carbide pellets of nominal stoichiometries ranging
from C/Zr= 0.5 to 1.00 were prepared by reactive hot-pressing precursor powders of zirconium
hydride and graphite in varying ratios at sintering temperatures of 1500, 1700 and 2000°C. A
novel method using '*C nuclear magnetic resonance (3C NMR) was used to identify carbon
present within and dissociated from the ZrC structure, allowing the true stoichiometry of the

ZrC phase to be determined.

Combustion carbon analysis was used to determine the total carbon content of the samples.
These samples showed lower carbon contents than the nominal values reported in the literature.
Solid-state, static '3C NMR spectroscopy of the samples revealed the presence of carbon
bonded in the ZrC structure, amorphous carbon, and graphitic carbon. Results presented here
show that the standard methods of obtaining the carbon content such as carbon analysis and
nominal methods in overestimate the ZrC bonded carbon in the samples. The NMR corrected
carbon content for the lowest nominal carbon content sample was found to have C/Zr = 0.50
which is lower than the stable compositional limit for ZrC according to the phase diagram (C/Zr
= (.55). This result was in good agreement with theoretically stable carbon contents predicted

by recent density functional theory calculations in the literature. For the samples sintered at



2000°C, the main ZrC carbon resonance was observed to systematically shift to higher

frequency (ppm) for lower carbon content samples.

SEM on samples sintered at 2000°C revealed the presence of microscale inter- and intra-
granular dark structures throughout the sample. These were observed to become increasingly
connected as the carbon content of the sample was reduced. An increase in the grain size was

also observed for samples of lower carbon content.

The layered NbsAlC3 MAX phase was also investigated due to its previously reported ability
to accommodate a large number of carbon vacancies and its high yield. This sample was
revealed to be deficient in carbon by 36.6% with respect to the nominal carbon content but did
not exhibit exsolved sp? phases. Two shoulders observed in the main resonance indicated that
multiple carbon environments exist within the material. The intensities and the location of these

resonances were observed to best fit a vacancy avoidance model.

Irradiations, with 5 MeV protons to 0.015 and 0.031 dpa, on samples sintered at 2000 “C
produced a rearrangement of the ZrC bonded carbon within the sample. This was
predominantly observed through systematic changes in the '3C NMR line shape with increasing
irradiation dose. Comparison of the pristine and irradiated nominal C/Zr = 1.00 and 0.60 NMR
spectra clearly showed the emergence and growth of a shoulder to the main peak at higher
frequencies (more positive ppm). The intensity of this shoulder increased with increasing
carbon content. Although no significant change in the centre of gravity was observed in the
sample due to irradiation, the systematic evolution of this shouldering peak at higher ppm
indicated that vacancies might have been created in the ZrC structure due to irradiation. This
was evidenced by the NMR spectra of pristine samples of successively decreasing carbon
contents which exhibited similar systematic line shape evolution. The possible creation of
vacancies and the exsolution of carbon from within the ZrC structure was further evidenced by
an increase in the signal strength of the Raman spectra in the dark regions of the sample with
increasing irradiation dose, which implied that the quantity of carbon within this region
increased. Irradiations were also observed to increase the lattice parameters of the samples for

a given stoichiometry which increased with successive irradiation doses. This result indicated
xi



that the swelling of the lattice parameter increased with increasing irradiation dose. Irradiations
to 2.4 dpa using 158 MeV Xe confirmed the trends observed in the Raman and SEM
investigations on the lower dose proton irradiated samples. Increasing the irradiation dose to
2.4 dpa with (158 MeV Xe) resulted in an increase in the lattice parameter as well as a decrease
in the average grain size with the exception of the nominal C/Zr = 0.60 sample. These results
indicated that the irradiation damage continued to accumulate for samples irradiated to higher

doses.

The rock salt structure of ZrC was retained for all samples after irradiation demonstrating that
ZrC remains stable under the irradiation conditions used in this study. However, it was revealed
that a redistribution of carbon environments occur within the sample during irradiation with
exsolution to unincorporated sp? carbon environments consistent with graphene sheets in
various states of disorder. The exsolution of carbon and the production of lower carbon content
ZrC appears to be the radiation response of the material under heavy (Xe) and light ('H) ion

irradiation.
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Context and methods

Chapter 1  Context and methods

1.1 Introduction and context

Nuclear energy is currently one of the only modes of electricity generation that is capable of
meeting the requirements for reliable, safe, low carbon and baseload energy supply. To meet
these ever-increasing demands, the Gen IV (generation IV) [1], [2] international forum (GIF)
was established (circa 2000). The Gen IV forum proposed a range of reactor designs that are
designed to be inherently safer, more economical, and more efficient than previous and current
nuclear reactors. Aside from conventional electricity generation, the Gen IV forum specifies
reactor concepts that are intended to be used in a diverse range of applications such as the

production of high-quality process heat and district heating [1], [3].

To achieve higher economic, safety and power outputs as compared to conventional reactors,
Gen IV reactors are designed to operate in non-typical nuclear conditions. In these scenarios,
components within the primary coolant loop may be exposed to a range of operational
environments including high radiation flux and high temperatures. As such, non-traditional
nuclear materials must be considered for Gen IV reactor components [4]. In particular, the fuel
cladding must be radiation resistant but also must provide integrity to the fuel element structure

and prevent contamination of the primary coolant loop from fission products [5], [6].

1.1.1 Rationale for choice of materials used in this study.
The initial focus of this PhD was to characterise layered Zr carbide MAX phases and their
associated radiation tolerance. Preliminary investigations were to be carried out on ZrC which
forms a component of the ZrAIC MAX phase structures in addition to appearing as a secondary
phase. For other MAX phases, the M and X elements often appear in their binary carbide form,

after irradiation.
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Due to a combination of the low yield of ZrAIC MAX phases and interesting and complex
behaviour exhibited by the ZrC samples in preliminary experiments (Chapter 2) as well as in
the literature [7], [8] — it was decided that this thesis would focus primarily on stoichiometry
and defect distribution in ZrCi.x (chapters 2 and 3). Furthermore, a high yield NbsAIC; MAX
phase became available for study that has also been reported to exhibit non-stoichiometry and

ordering of vacancies similar to ZrCi«[9], [10], [11, p. 4].

ZrC has long been considered for use as a coating for nuclear fuel structures, due to its
favourable, thermophysical properties such as thermal conductivity and thermal expansion
under irradiation!. ZrC has also been shown to have good fission retention and very good
irradiation tolerance. It has a high melting point which makes it ideal for applications in high-
temperature nuclear reactors and aerospace applications such as rocket nozzle exhausts [12],
[13]. These material characteristics would be essential for high-temperature reactor
environments such as the high-temperature gas-cooled reactor (HTGR) concept proposed in

the Generation IV International Forum (GIF).

The HTGR operates at significantly higher temperatures as compared to conventional nuclear
reactors. Typically, previous HGTR designs such as the Dragon reactor in the UK, the
Arbeitsgemeinschaft Versuchsreaktor reactor in Germany, and even envisaged future HTGR
reactor designs have used or intend to use either prismatic or pebble bed fuel geometries

comprised of Tri-structural Isotropic particle fuel (TRISO).

The core of a typical TRISO fuel consists of a fuel kernel (uranium or thorium) containing the
fissile isotope material. The fissile material is surrounded by a number of concentric layers that
contribute to the structural integrity, fission product retention capability and performance of

the fuel. These layers, in order from the fuel kernel, consist of a porous carbon buffer layer, an

! Thermophysical properties are discussed in detail in [12], a publication that was updated due to new findings
from this project.
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inner pyrolytic carbon layer, an interlayer (typically made/ designated to be made from Silicon

Carbide (SiC)) and finally an outer pyrolytic carbon layer.

Elaborating on the composition of each layer; the buffer layer, made from porous carbon,
provides a sink for gaseous fission products produced within the fuel kernel during reactor
operation. The inner pyrolytic carbon layer further acts as a support for the subsequent SiC
layer reducing stress and protects the fuel kernel in the SiC deposition manufacturing process.
The SiC layer provides the mechanical strength to the fuel particle through the fabrication
process, whilst acting as a fission product retention barrier. And finally, the outer layer protects

the fuel particle and specifically the SiC layer [14]-[16].

In the context of TRISO fuel, a ZrC layer has been proposed as a substitute SiC layer as ZrC
can readily adopt a wide range of non-stoichiometry on carbon sites, unlike SiC. It is the
presence of these vacant sites that have been hypothesised to act as a sink for fission products
and defects produced during irradiation. As fission product retention is a key feature of the
TRISO fuel interlayer exploring how stoichiometry affects the ability to sink defects is

essential.

In addition, ZrC is an extraordinary material as it can tolerate a large number of vacancies on
carbon sites (~55%). It has been shown in the literature, that a vast proportion of the thermal
and physical properties of ZrC vary as a function of stoichiometry [12], [13], [17]. The
sensitivity of the thermophysical properties of ZrC with respect to the carbon content makes
ZrC a highly customisable and versatile material that can be tailored to a plethora of
applications [7]-[9]. However, scatter exists in the values of physical properties with respect
to the carbon content that makes the determination of physical property trends, in some

instances, difficult.

This scatter, for example in the lattice parameter with respect to the carbon content, produces

two trends (see section 1.2 for further details). Various explanations have been proposed as to
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the nature and the mechanism behind these two trends, however, little work has been
undertaken in understanding if the carbon content used to reference these property values is
accurate. This is essential given the sensitivity of the physical properties to ZrC, the range of
fabrication methods used to fabricate ZrC, and ultimately understanding the radiation tolerance
of ZrC with respect to stoichiometry. Finally, the ability to correctly determine the carbon
content becomes essential especially in a nuclear environment where strict materials

qualification procedures must be adhered to.

Almost all previous studies (see section 1.2) have treated conventional carbon analysis
techniques almost as a black box — with little or no understanding of how individual fabrication

procedures influence the carbon content.

1.2 Literature review

The literature review of pristine ZrC irradiated ZrC and the Nb4AIC3s MAX phase are presented
within this section. These are divided into three parts to reflect the three main results sections

of the thesis.

1.2.1 Pristine ZrC literature review
Zirconium carbide can be viewed as an FCC version arrangement of Zr and C, where Zr takes
on an FCC structure, and carbons are located on the octahedral sites to form the rock salt

structure.
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Figure 1 Phase diagram of ZrC. The section highlighted in red indicates the homogeneity region, where
ZrC exists [13].

The phase diagram of the Zr-C system consists of several different regions and boundaries
which have been determined theoretically and experimentally validated [18], [19]. The main
region of interest in the phase diagram is highlighted in red in Figure 1. This denotes the region
where ZrC can exist and spans a range from C/Zr 0.60 to 1.00. Previously, the maximum value
of the phase melting temperature was reported to be 3420°C [20] to 3426°C [18] with the
carbon content C/Zr ~ 0.78 [18] to 0.85 [13]. At hyper-stoichiometric carbon contents (C/Zr >
1.00) stoichiometric ZrC is observed to exist in addition to excess carbon. Below C/Zr = 0.85
a ZrC eutectic is formed accompanied by an increase in the melting point from ~ 1853 to
~3426°C. From C/Zr = 0.85 onward the melting is seen to decrease from 3426 to 2826°C.
Below 1926°C and above C/Zr = 1.00, ZrC and graphite exist together.

The renewed interest in sub-stoichiometric ZrC arises from the fact that it readily adopts non-
stoichiometry on the carbon sites within the unit cell, producing a sub-stoichiometric material.
Within the homogeneity region of the phase diagram (Figure 1), ZrC is seen to exist over a

wide sub-stoichiometric range tolerating up to ~45% vacancy concentration. Although ZrC has
6
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been observed to maintain its structure over this sub-stoichiometric range — the reduction in the
carbon content is seen in the literature to have a significant impact on the variation of the
material properties. Seminal literature reviews of ZrC [12], [13], [17], [18] have drawn together
a previously fragmented field uncovering apparent trends in material property measurements

of ZrC that vary with stoichiometry.
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Figure 2 Lattice parameter plotted with respect to the carbon content for studies from the literature

The lattice parameter of ZrC is an example of a physical property that is seen to vary non-
monotonically with carbon content (Figure 2). A degree of scatter present within the lattice
parameter data makes determining the lattice parameter associated with a particular
stoichiometry challenging and introduces uncertainty in the validity of the trends. Two trends
exist in the lattice parameter data plotted with respect to the carbon content (Figure 2); the first

is an almost linear trend, and the second is a parabolic non-monotonic trend. It has been
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proposed that the parabolic trend occurs due to competing effects of vacant environments (at
lower C/Zr) and increased bonding strength at higher C/Zr [13]. It has also been proposed that
vacancies in the lattice cause a change in the uniform strain of the material and hence cause a
change in the lattice parameter [4]. More recently, Xie et al. have suggested that an increase in
the lattice parameter may be due to the increasing anisotropy and order of the carbon vacancies
[21]. Due to the sensitivity of ZrC to vacancies, the majority of previous studies have likely
produced vastly different materials of varying stoichiometries as a result of using different
precursor powders, different fabrication methods and different carbon determination methods.
Naturally, as ZrC can adopt a wide range of stoichiometries, these factors are important and
likely lead to scatter in the data as is seen in Figure 2, in addition to the misreferencing of
values. The presence of two lattice parameter trends in the literature indicates that factors such
as accurate composition and C/Zr determination under a controlled environment are the first
steps in understanding the origins of why these two trends exist. As the fabrication route
directly affects the final sample [22], [23], characterising how different parameters, if varied,

affect the final sample composition [24] is important.

Several different ZrC fabrication routes have been utilised in the literature. These routes
include solution-based fabrication [25], [26], vapour phase fabrication [27], [28] [21], and
solid-state fabrication [29]-[32] based techniques. Typically, in each study different fabrication
techniques have been chosen to demonstrate different goals for instance vapour fabrication —
pulse layer deposition for studying coatings and solid-state fabrication techniques provide a
method of producing a relatively large quantity of high quality, machinable material for
semiconductor research. In addition, the availability of equipment was the reason for choosing
the solid-state fabrication route for this PhD project and more specifically uniaxial reactive hot-
pressing (the details of this fabrication route is elaborated in the methods section). The
following section of this literature review will focus on previous studies that have used hot-

pressing to fabricate ZrC samples.
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A number of studies have used commercially produced, reactively hot-pressed pellets to study
ZrC [33]-[35], an acceptable approach when studying a well-characterised system. However,
prefabricated pellets should not be used for studies involving ZrC due to the complexity of the
system. Understanding how variables such as the sintering temperature and nominal precursor
powder mixing ratios influence the final product is crucial. Once reliable fabrication routes

have been established,

Common precursor powders that have been used in reactive hot-pressing include ZrO; reacted
with graphite to produce ZrC and CO gas [29]-[32] and ZrH», and graphite powders to form
ZrC and H» [12], [13], [22], [24]. In this study, the latter fabrication precursor powders will be
used as the first method involves the use of a precursor power that contains oxygen. This may

increase the probability of forming oxy-carbide phases and thus a less pure ZrC final product.

The most relevant systematic study, with respect to reactive hot pressing and material
characterisation, was conducted by Wei et al. [22] who investigated the quality of ZrCi (from
here one referred to as ZrC) fabricated under different conditions. Cold-pressed ZrC pellets
(nominal C/Zr = 0.60, 0.70, 0.80, 0.90 and 1.00) consisting of mixed ZrH> (Jinzhou Haixin
Metal Materials Company, Jinzhou, China) and ZrC (Changsha Weihui Materials Company,
Changsha, China), were produced using reactive hot-pressing. The two-stage hot-pressing
process consisted of a first stage pressureless sintering (1300°C for 30 minutes) which
facilitated the H> to burn off from the ZrH; precursor powder. The second stage was used to
produce the combustion reaction and dense pellets with the addition of applied pressure (1500,

1600, 1700, 1800, 1900, 2000°C under 30 Mpa for 1 hour).

In stage 1, at a temperature of 1300°C ZrC planes were fully indexable with very weak
precursor powder peaks. At 1500°C all precursor peaks had disappeared and fully indexable
ZrC peaks remained. Zr diffraction peaks were also observed in the nominal C/Zr = 0.60
samples; however, these disappeared at temperatures of 1500°C. In stage two, the samples were

heated to a range of sintering temperatures from 1500 to 2100°C, depending on the sample, at
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30 MPa (applied 200°C below sintering temperature) with a dwell time of 60 minutes. The
nominal C/Zr = 0.60 samples heated to 1500°C showed evidence of weak XRD attributed to
ordered Zr,C. These samples were further studied in a later paper by Wei ef al. [22] but were
not observed at sintering temperatures above 1500°C. Wei ef al. observed a linear increase in
the lattice parameter with decreasing carbon content which is in agreement with the

approximately linear trend reported by the majority of studies (Figure 2).

An increase in the average grain size with decreasing C/Zr of hot-pressed ZrC has also been
observed in several studies [22], [23]. It has been proposed that the presence of vacancies in
sub-stoichiometric ZrC increases the mass transport in samples leading to larger grain growth
[22]. Wei et al. also observed a distribution of inter and intra-granular pores and a bias for

pores to migrate toward grain boundaries.

Lower temperature synthesis by hot-pressing was also investigated by Chakrabarti et al. [36]
— in this study, Zr and ZrC were reacted to produce the desired final stoichiometry. Samples
were heated to a temperature of 300°C (5°C/min), 600°C and to their final sintering
temperatures (900 to 1600°C at 6°C/min). Two oxygen (carbon monoxide) outgassing steps
were used, which consisted of a hold for 15 and 10 minutes at 300 and 900°C. In the reactive
hot-pressing step, temperatures were held for 30 minutes under pressure. Samples were then
cooled in the oven at a rate of 10°C with pressure being released after 10 minutes into cooling.
Unreacted Zr diffraction peaks were observed in samples sintered at the highest temperature
indicating that either the synthesis temperature was not high enough and/or the duration of the

second step was not long enough.

Zhou et al.[37] produced reactively hot pressed nominal C/Zr = 0.60 and 0.98 by mixing
varying proportions of ZrH, (Chemadyne, LLC., Canoga Park, CA, USA purity 95.5%) and
carbon black ( BP-1100, Cabot Corporation, Alpharetta, GA, USA). The nominal mixtures
were then mixed in acetone using zirconia balls for 12 hours at a speed of 50 rpm and

subsequently dried. Powders were then placed into a graphite die for hot-pressing and sintering.

10
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A two-step reactive hot-press and sintering protocol was used under an argon atmosphere. In
step one, samples were heated for 2 hrs at 800°C at a ramp rate of 10°C/min which promoted
the decomposition via the reaction:

ZrH, —» Zr+ H,. (1.1)

Powders were then heated at 1300 and 2000°C for the two sample sets for a period of two hours
to sinter the precursor powders and ideally produce ZrC as per the reaction below:
Zr+C - ZrC. (1.2)

Both stoichiometries of carbon produced only ZrC diffraction peaks however, ZrC diffraction
peaks moved to lower 20 for samples sintered at temperatures of 2000°C as compared with
1300°C. TEM micrographs of the nominal C/Zr = 0.98 sample showed the presence of excess
carbon at 1300°C however, this disappeared after sintering at 2000°C. In contrast, no
amorphous carbon was observed in the nominal C/Zr = 0.60 sample. Interestingly, the lattice
parameter of the nominal C/Zr = 0.98 sample was observed to increase with increasing sintering
temperature which could suggest the annealing of defects in the material, such as oxygen, at

higher temperatures.

Inaccurate determination of the carbon content of samples is another area that likely contributes
to scatter in the data. To correctly reference the material properties to carbon content, we must
first assess if the methods used to determine the carbon content are accurate. In previous
studies, nominal carbon content [37]-[42] and combustion carbon analysis [37], [42]-[49] are
typically quoted. The nominal carbon content of a ZrC sample is the stoichiometric ratio of
C/Zr elements that are present in the precursor powders. It is an underlying assumption in
studies that quote only this value that the precursor powders fully react but, in many cases,
XRD analyses show the presence of extra phases. The combustion carbon analyser technique
gives the total amount of carbon in a sample which is detected upon combustion at high
temperatures by IR sensors (see methods section 1.3.2). Again, in this technique, the main
assumption is that the total carbon content represents carbon located in the ZrC lattice.

However, TEM studies on these materials, as detailed above, have demonstrated that carbon

11
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can exist entirely dissociated from the ZrC unit cell and that this was not detectable in XRD
studies. The presence of pristine and partially destroyed graphite [50], [51] has also been
previously observed in Raman investigations on ZrC [52], [53]. It is apparent that more
accurate quantitative corrections are needed to determine the correct carbon content. This
would address the gap in the literature where the ZrC;.x phase coexists with ex-solved carbon
phases. Additional literature reviews on the local structure of ZrC are introduced where

experimental results are presented and discussed later.

1.2.1 Heavy ion studies on ZrC
Several studies have been undertaken in the literature that involve irradiation of different
stoichiometries of ZrC using different elemental heavy-ions, with different energies, fluences
and irradiation temperatures. Studies that have investigated the irradiation of ZrC with heavy-
ions in any capacity are listed in Table 1.1 below, along with their relevant parameters. The
purpose of this literature review is to present and summarise salient points from these studies

and to highlight gaps in the literature.

The majority of studies have focused on the heavy-ion irradiation of stoichiometric ZrC whose
carbon content has been determined from either the nominal ratios or through carbon analysis
[4] —[10], [12], [13]. Although many studies claim that the vacancy concentration plays a key
role in sinking the defects caused by irradiation, only a select number of studies [22], [46] have

investigated this by conducting experiments on sub-stoichiometric ZrC.

A limited number of Raman investigations have been conducted on samples of nominally
stoichiometric ZrC [52], [54], [58]. The D and G bands in the Raman spectrum provide a semi-
quantitative understanding of the relative quantity of disordered graphite and pristine graphite,
respectively. Irradiation of ZrC with 1.2 MeV gold ions to 0.5, 2.5, 5, 10 and 15 dpa (2.4 x 10'*
to 3 x 10 and 2 x10" to 4 x 10'° ions/ cm™) for single crystals (MaTecK-Germany) and

polycrystals (CEA), respectively, revealed an evolution in the response with irradiation dose.
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Table 1.1 - Key studies that have irradiated ZrC with heavy-ions.

Study/ Year C/Zr Irradiation Energy Fluence Dpa Irradiation
particle (ions/cm? Temperature °C

Florez, 2020 | 0.99 Au 10 MeV 5.00x 105, 0.5 800
[54] 250 x 10, 25

5.00x 10", 5

1.00x 10", 10

2.5x 10" 25

3x 10 30
Wei, 2018 0.60 Au 4 MeV Up to 130 room temperature
[22] 2.00x 10'¢
Craciun, 2016 | 1.00 Ar 0.8 KeV 1.00x 10 4, 0.2 500
[59] 1.00 x 10,

2.00 x10" 4
Gan, 2006 [47] 1.01 Kr 1 MeV 2.52E+15 10 27

7.56 x 10" 30

2.52x 10" 10 800

1.72x 10' 70
Gosset,2008 1.00 Au 4 MeV 1.00 x 10" to 0.7 room temperature
[55] 5.00x 10 1% 15
Pellegrino 1.00 Au 1.2 MeV 2x10" 0.12 room temperature

2x 10" 1.22

4x 10 24

3x10' 182
Pellegrino, 2013 | 1.00 Au 1.2 MeV Au 1.55 room temperature
[52] 33x 10" 131

2.8x 10"
Pellegrino, 2016 | 1.00 Au 1.2 MeV 3.30x 10" 1.55 room temperature
[56] 240 x 10" 113

1.50x 10" 0.70

5.00x 10" 0.23
Ulmer, 2015 | 0.60 Kr 1 MeV 1.52x 10" 3.9 =253, -223, 27, 200,
[46] 0.80 2.50x 10" 6.4 400,

4.99x 10" 12.8 600,700, 800
Vasile 1.00 Ar 800 keV 2.00 x 10 2.37 room temperature
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Initially, pristine ZrC samples [52] showed no distinguishable D and G resonance intensities
which in turn indicated no presence of disordered or pristine graphite. With increasing damage,
however, activation of the D and G modes was observed. Irradiation to a fluence of 15 dpa (2.4
x 10! jons/cm) resulted in the appearance of the D and G bands centred in the ranges of 1300-
1400 cm™ and 1550-1600 ¢cm™ indicating the presence of disordered and pristine graphite
respectively after irradiation. Initially, at a fluence of 15 dpa (2.4 x 10'* ions/cm?) the D and G
resonance peaks remained resolvable. However, increasing the fluence increased the overlap
between the two peaks, indicative of increasing disorder in the exsolved graphite. No further
information was provided regarding the sampling region, which could be an issue in a sample

that is spatially inhomogeneous and contains a mixture of phases.

The results from this heavy-ion study are consistent with the results from earlier proton
irradiation studies [55] where TEM investigations showed that below 1 x 10'° ions/cm? the
coalescence of the defects occurs and, above this fluence, the presence of extended defects such
as dislocation loops and vacancy clusters occur. Thus, extended defects of carbons that have
been displaced from their original lattice sites would produce a Raman signal, and if these are
sunk at grain boundaries, then these are detected with Raman spectroscopy [24]. Raman can
be used to gain an understanding of the evolution in the exsolution of carbon from the ZrC
lattice with irradiation dose with respect to the stoichiometry. As ZrC can adopt a wide range
of non-stoichiometry, analysing only the nominally stoichiometric variant gives a limited
understanding of the irradiation resistance and damage accumulation in different sub-

stoichiometries.

GIXRD (grazing incidence XRD) has previously been used to investigate the changes in the
crystal structure of ZrC with irradiation, for all studies, grazing incidence angles have been
used due to the shallow penetration depth of heavy ions. These studies on irradiated ZrC
confirm that the NaCl structure is maintained after irradiation [54], [57], [60]-[62]- which is

not surprising as the ZrC is widely known for its irradiation tolerance [12]. In the GIXRD
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diffraction patterns, scattering from the (111) plane has been observed to decrease relative to
the (200) plane [57] with increasing radiation dose. This change is attributed to some disruption
of the long-range ZrC structure due to irradiation which results in a loss of scattering coherence

and a decrease in the XRD intensity [54], [57].

Comparing the lattice parameter changes from XRD studies allows us to compare unit cell
scale changes that occur due to radiation damage. When comparing lattice parameters of ZrC
from different studies, difficulty arises due to the compositional variability of the samples
which can alter lattice parameters significantly with the presence of impurities, but also with
the fabrication route [12], [17], [24], [63], [64]. In addition, the lack of accuracy in C/Zr
analysis techniques, which are used to reference the lattice parameter values, can lead to
variability in results when comparing values from different studies. This uncertainty is further
compounded by the effect of complex nonmonotonic trends reported in the lattice parameter

with increasing carbon content [12], [13], [24], [64].

10 MeV Au irradiations by Florez et al. [54] on ZrC (C/Zr = 0.99) at 800°C to 2.5 dpa acted to
rapidly increase the lattice parameter from its original value of 4.67 A to up to 4.714 A in ZrC
(C/Zr =0.99) (as values are not explicitly reported data extracted read from a figure). A rapid
increase in the lattice parameter to 4.715 was observed at a dose of 5 dpa (5 x 10'*ions/cm?),
after which the lattice parameter was seen to decrease by approximately 0.01 A up to doses of
30 dpa. It was proposed that as the dose increases the scale of the defects increases, consistent
with TEM work by Gosset et al. [55]. These defects plastically deform the surrounding lattice
and induce uniform strain in the material, causing the lattice parameter to decrease [55]. It was
not apparent as to why the lattice parameter continues to decrease with increasing dose;
however, it was proposed that residual oxygen/impurities in the irradiation chamber could
occupy lattice sites - a hypothesis that was supported by the presence of ZrO; phases in GIXRD.
Nano-scale nodules of Zirconia were also observed on the irradiated samples. It was postulated
that the different diffusion paths could be facilitated by material defects including vacant sites

and dislocation lines.
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Irradiations with lower energy 4 MeV Au ions by Gosset ef al. [55] for stoichiometric ZrC for
fluences of (0.0005 ,0.005, 0.05 ,0.5, 25 dpa) 1 x 10'2,10'3, 10!* and 5 x 10'° ions/cm? at room
temperature were observed to be approximately 4.698, 4.702, 4.703 and 4.702 A, respectively.
These values are not numerically reported but, instead, this data was determined from the
graph. Each lattice value appears to also have a standard error of 0.0015 associated with it. It
is evident that the lattice parameter values obtained after irradiation to fluences between 0.005
and 25 dpa (1 x 103 and 5 x 10'® ions/cm?) are within error of one another, which may indicate
that a saturation condition occurs at these doses. This plateauing of the lattice parameter values
were also observed in the previous study, suggesting that this may be a common feature at
higher dpa. The values for the pristine lattice parameter are not reported in this study, but
instead, an increase of 0.2% in the lattice parameter was arbitrarily reported. These lattice
parameters, observed in the study by Gosset et al.[55], are much lower than that of the previous

study - highlighting the variability of the initial material.

At lower stoichiometries of nominal C/Zr = 0.60, Wei et al. irradiated the ZrC with 4 MeV Au
ions at room temperature [61] to a fluence of 130 dpa (2 x 10'®ions/cm?), this caused an increase
in the lattice parameter, from its pristine value of 4.6704 A to its irradiated value of 4.6711 A.
Even at such a high dose, the lattice parameter remains lower than that reported by Florez et
al., for 25 dpa at 800°C, despite the irradiation being at room temperature, in which, very little
annealing of defects occurs. This bolsters the proposition that vacant sites act to sink radiation
damage and thus, lower the density of extended radiation damage and lower swelling at low

carbon contents.

Irradiation of ZrC (C/Zr = 1.01) with 1 MeV Kr to 10 and 30 dpa at 27 C (2.52 x 10" and to
7.56 x 10" ions/cm?) by Gan et al. [47] resulted in an increase in the lattice parameter by 0.7
and 0.9%, respectively. Increasing the temperature to 800°C and irradiating to doses 10 and 70
dpa (2.52 x 10" and 1.76 x 10'6) resulted in a 0.6 % and 0.7% increase in the lattice parameter

with respect to its pristine value. This is somewhat contradictory to another study in which ZrC

16



Context and methods

(C/Zr = 0.80 and 0.90 ZrC) was irradiated with 1 MeV Kr to 4.99 x 10" ions/cm? and no
increase in the lattice parameters was observed [46]. Accompanying this, TEM studies showed
a high density of black dot type defects at irradiations at 27°C and a greater quantity of extended
defects at 800°C.

It is clear from the above literature review that although great importance is placed on the
vacancies as being sinks for radiation damage, the effect of high dpa radiation damage on
vacancy concentrations and their distributions has not been systematically investigated. This is
important as the radiation tolerance of ZrC is often attributed to the presence of vacancies.

However, this has not yet been systematically investigated — which is an objective of this thesis.

17



Context and methods

1.2.2 Previous proton studies on ZrC

Previously four studies (Table 1.2) have investigated the irradiation response of ZrC with

proton irradiation.

Table 1.2 - Overview of the key studies that irradiated ZrC with protons.

Fluence Irradiation
Study/ Year C/Zr Energy Dose (dpa)
(protons/cm? Temperature °C
0.81,
0.84,
Yang et al., 2014 [60] | 0.92, 2 MeV 2.0 x 10¥ 2 1125
0.95,
0.98
0.9, 1.00,
Huang et al., 2014 [42] 2MeV | - 3 800
1.1,1.2
2.6
Yang et al., 2008 [65] | 1.01 2.6 x 10" 0.7, 1.5 800
MeV
2.6
Gan et al., 2009 [47] 1.01 2.75 x 10" 1.8 800
MeV

The small number of ZrC irradiation studies have all focussed on the extensive use of TEM to
characterise damage. In such studies, TEM has been used to study the evolution of defects.
Whilst TEM was not used to probe the material presented in this chapter, it provides a powerful
tracer for understanding changes in defects down to the nanoscale at different irradiation doses.
Constructing a comprehensive understanding of the irradiation response of ZrC is difficult, as
obtaining time for proton irradiation at international facilities is competitive and slots are
limited. The main studies in the literature have typically used energy ranges between 2.0 and
2.6 MeV, as only a small penetration depth was required for the post-irradiation analysis ~50

pum.

The similarity between studies (proton energy, the fluence and material composition) is
unsurprising as three out of the four studies - Yang et al. (2014), (2006) and Gan et al. (2009)-

have common contributing authors and thus investigated the irradiation of ZrC with similar
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energy protons and to similar fluences varying the changes in irradiation temperature. All TEM

investigations showed evidence of material defects.

Yang et al. [65] investigated proton irradiations to 0.7 dpa at 800°C of commercial ZrC
(CERCOM). Irradiations showed the presence of extended defect Frank loops (average size =
4.3 + 0.5 nm, average loop density = 0.22 x 10>+ 0.04 cm™) [65]. An increase in the average
loop size (5.8 £ 0.6 nm) was observed at the higher dose of 1.5 dpa accompanied by a
significant increase in the loop density (3.37 x 10%*+ 0.12 cm™) — which is to be expected for
higher irradiation doses. This result contradicts the significantly lower loop densities (4.2 x
106 cm ®) seen in ZrC purchased from the same company and irradiated in similar conditions
(1.8 dpa, fluence = 2.75 x 10! protons/cm? energy = 2.6 MeV) by Gan et al. The average loop
diameter increased in accordance with dose, as expected. It is not clear why orders of
magnitude discrepancy in the defect density was observed between the two studies given the
many experimental similarities that exist between them. One possible explanation for this could
be the ion milling protocols used for TEM sample preparation, where Gan et al. used longer
periods and higher energies compared with Yang ef al. (5 kV as opposed to 4 kV). Higher
energy would impart more damage into the sample, but also increase the local heating of the
samples, enhancing the defect mobility and allowing the defects to sink at grain boundaries.
‘Black dot” damage (clusters of defects less than 2 nm [66]) were observed in both studies as

a result of ion milling [33], [65].

Another possible source of discrepancy in irradiation behaviour could be different
stoichiometries produced by different fabrication conditions as supplied by the same vendor in
both studies above (CERCOM). It has been postulated for some time now that vacant carbon
sites present in sub-stoichiometric ZrC, repress the coalescence and nucleation of defects by
acting as sinks for displaced carbon atoms from the irradiation process [12], [22], [66].
Evidence for this was observed in proton irradiation studies (2 MeV protons at 1125°C) on
sub-stoichiometric C/Zr = 0.84, 0.89, 0.95, as similar loop dislocation sizes were observed for

all samples (~10 nm) that were well within error of one another. This is contrary to the
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significantly larger average loop sizes observed in hyper-stoichiometric samples C/Zr = 1.05,

1.17 (14.4 and 53.0 nm respectively).

All the studies discussed above examined the irradiation response of ZrC within the typical
expected operational range (850 — 1350°C) of TRISO fuel particles in which ZrC would replace
SiC as the buffer layer [67]. Irradiation at high temperatures causes the annealing of defects,
thus the above material response is a combination of the damage caused by irradiation and
damage recovery. Exploring proton damage at lower temperatures provides a separate
understanding of how damage affects ZrC. At cryogenic temperatures of -253°C, ‘Black dot’
type damage was observed to occur at 0.4 dpa (2 MeV protons) in commercial ZrC (C/Zr =
0.90) samples [34]. The concentration of black dot damage was seen to increase rapidly as
damage increased up to 3 dpa and then subsequently increased at a slower rate at higher doses.
It should also be considered that the analytical techniques that used primarily TEM, are only
capable of showing damage on the nm scale. Few other techniques have been used to

characterise the multi-scale changes in ZrC after irradiations.

Lattice parameter changes under irradiation show highly variable results from study to study
and use different sample compositions and stoichiometries, which complicates the matter
further. The lattice parameter of hyper-stoichiometric ZrC (C/Zr = 1.01) 2.6 MeV irradiated at
800°C to 1.8 dpa showed no change from its pristine value within the 0.2% uncertainty bound
[33]. This is contrary to the lattice parameter of ZrC irradiated with 2 MeV protons at 800°C
to 0.70 and 1.5 dpa that showed a 0.09% and 0.11% increase from pristine values, respectively
[65]. As no error was reported in the latter study it is difficult to compare the two results. No
systematic study of the change in the lattice parameter with respect to stoichiometry has been
conducted previously, but there remains a major need to investigate this effect. In line with
previous studies, only one instance [65] of pre and post-irradiation SEM reported a thin oxide

layer on the surface of irradiated ZrC samples.
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It is clear from the above literature review that previous work has investigated nanoscale
changes and the accumulation of defects with irradiation using predominantly TEM. As a
result, very little work using other techniques has been undertaken. Techniques such as NMR,
Raman and XRD can add significant value to understanding how the material response changes
with irradiation. Analysis of radiation-induced defects on multiple length scales and how they
vary with irradiation dose and stoichiometry will be addressed in this thesis. This is important
as the radiation tolerance of ZrC is often attributed to the presence of vacancies. However, this

has not yet been systematically investigated — which is an objective of this thesis.

1.2.3 Nb4AIC3

To date, 211, 312 and 413 layered materials have been fabricated with varying degrees of purity
and with the aid of various dopants (e.g., silicon or additional M elements) to increase phase
pure yield. However, the ZrAlC 211, 312, or 413 phases have not been fabricated with more
than approximately 70% yield [11]. The M4ACs« system can be synthesised in single-phase
and represents a similar system to ZrsAlCs. Furthermore, it has drawn attention due to the
discovery of vacancy ordering on carbon sites which would provide an extra dimension of

customisability and microstructural control [68].

Ofthe 413 MAX phases, Nb4sAlC3 has shown particular promise of radiation resistance through
a combination of theoretical work, investigating ordering, and complementary experimental
[9], [68] work. To date, little work has been conducted exploring the properties of NbsAlC;

due to how recently the phase was discovered — the key results are discussed below.

Nb has a smaller absorption cross-section for thermal neutrons (1.16 b), than other M elements
such as Ti* (73 % abundant, 8.3 b) but is smaller than that of Zr** (0.10 b) [69] making it
suitable for reactors that have thermal neutronic profiles. As discussed earlier, the vacancy
tolerance of a material has been linked to an augmentation in a material’s ability to sink
radiation damage thus it is possible that NbsAICs3 could have a similar radiation response as

seen in the ZrC if it can accommodate a large number of vacancies.
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Figure 3 The unit cell of the Nb4AICs max phase. The number of formula units in the unit cell is 2. C1 and C2 carbons

are red and brown, Nb atoms are green and Al atoms are blue.

Nb4AIC3 was recently (2007) synthesised for the first time by annealing Nb,AIC in a crucible
at 1700 °C for 1 hour [10]. The production of the new Nb4AlC3 phase was confirmed by
matching the indexed planes to that of other 413 MAX phase samples that have the same crystal
structure. The hexagonal NbsAIC; (Figure 3), referred to as a-NbsAlC; [10], [70] had lattice
constants that were reported to be a=3.1296 A ¢ =24.1208 A. As with the ZrC system, the
sintering temperature has been observed to influence the final sample composition and the
vacancy distribution. Similarly, slow cooling of NbsAlC3 post-fabrication has been observed
to produce NbsAIC3 with ordered carbon vacancies (0-NbsAlC3) which were observed to exist
alongside the a-Nbs AIC; phase with a ‘disordered’ vacancy distribution [68]. The order to
disorder transition temperature for carbon vacancies was observed to be from 1400 to 1500°C

by TEM investigations [68]. This is similar to the order to disorder transition observed in the
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V4AIC; MAX phase which occurs between 1300 to 1500°C. The larger lattice constants
a=5.423and ¢ = 24.146 A [68] of the 0-NbsAIC3 phase provide the basis for distinguishing it
from the a-NbsAlC; phase.

1.2.1 General objectives and thesis structure

This thesis is organised into 5 chapters. This subsection provides an overview and the general

objectives that are to be achieved within each chapter.

Chapter 1 initially introduces ZrC and Nb4AICs as potential nuclear materials and describes the
uncertainties in the composition and structure of ZrCi.x and NbsAIC;. The remainder of this
chapter describes the experimental techniques used throughout this thesis such as '*C NMR,

carbon analysis, SEM, XRD and Raman spectroscopy and the fabrication of the ZrC samples.

Chapter 2 is the first experimental chapter and focuses on understanding how the sintering
temperature and the stoichiometry of reactively hot-pressed unirradiated/pristine ZrC affect the
carbon content and distribution within the sample by using complementary analysis techniques.
The objective is to compare the total carbon content of the fabricated ZrC samples that have
been quantified using the current gold standard technique of combustion carbon analysis with
13C NMR based techniques. The NMR technique can also potentially reveal distributions of
vacancies that can be compared to previous computational molecular dynamics studies that

have found theoretically stable phases.
Chapter 3 aims to discover the effect of incremental radiation damage on ZrC as a function of
stoichiometry for samples sintered at 2000 °C (nominal carbon contents of C/Zr= 0.60, 0.80,

1.00) by comparing results from pristine analysis in Chapter 2.

Chapter 4 aims to use the 3*C NMR and Raman techniques developed in earlier chapters for

ZrC to examine non-stoichiometry in the NbsAlC3 layered carbide MAX phase.
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Finally, Chapter 5 will present the conclusions from this thesis and recommendations for future

work.

1.2.2 Outline of the main thesis results

Methods that are typically used to assess and report the carbon content, primarily nominal and
combustion analysis measurements, were observed to overestimate the carbon content of ZrC.
A new method, using 3C NMR, was found to provide a more accurate carbon content value
and revealed consistently lower values than the nominal and combustion analysed values. This
result implies that ZrC values of carbon contents reported in the literature, which are

subsequently used to reference physical property data may be inaccurate.

The carbon within ZrC samples was found to be comprised of Zr-C bonded carbon, amorphous
carbon and graphitic carbon — the latter two were independently confirmed by Raman
spectroscopy. The relative abundance of these carbon environments was observed to vary non-
systematically with both sintering temperature and carbon content. At higher sintering
temperatures, the distribution of carbon atoms within the sample was observed to obey a
random distribution whilst at lower sintering temperatures they obeyed a more ordered
distribution. The NMR, corrected carbon contents were observed to be in close agreement with
computationally stable phases. No deviation from the NaCl structure as determined by XRD

was observed.

Investigations into the effects of radiation damage revealed that ZrC was observed to be
radiation tolerant, resisting amorphisation and maintaining its crystal structure up to 2.4 dpa.
Vacancies were observed to be created within the ZrC structure, and this was observed to
increase with increasing dose. Lattice parameter swelling was observed in samples at higher
doses. In addition, the concentration of carbon was observed to increase in inter and intra
granular regions — indicating that carbon dislocated from the ZrC lattice sinks at grain

boundaries.
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Carbon analysis of NbsAIC3 samples revealed that approximately 1/3 of carbon atoms were
missing from the structure. Examination of the short-range order showed that within the sample
studied, carbon atoms obey an avoidance distribution. More detailed conclusions can be found

in Chapter 4.
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1.3 Methods

This section aims to introduce the techniques used in this thesis, the basic working principles
underpinning these techniques and the operational protocols used in this PhD project.
Additionally, an overview of basic radiation damage theory can be found at the start of Section
3.1 and is followed by the methods in which radiation damage was computationally simulated

prior to irradiations.

1.3.1 Sample Fabrication

To minimise contamination and maintain oxygen-free conditions, the ZrC powders were
prepared in a glove box under an argon atmosphere. Precursor powders of ZrH» (453330317,
2.4 um, Rockwood Lithium GmbH, Germany) and graphite powder (282863, <20 um,
synthetic, Sigma-Aldrich, USA) were mixed in nominal C/Zr = 1.00, 0.80 and 0.60 ratios to a
target mass of 50 g.

Homogenous pre-sintering powder mixtures were obtained in two mixing steps. Initially, the
samples were mixed in a nylon jar with a stainless-steel spatula by hand in the glove box. A
greater degree of homogeneity was achieved by further dry milling these powders, as described
in the following steps. 50 ZrO; balls (~1.0 cm in diameter) were added to the jar, and the jar
was then sealed via a three-bolt clamp and removed from the glove box. The mass of the pot
was weighed, and this value was used to offset the centrifugal counterweight in a Retsch 80
PM100 planetary miller (Resch, Han, Germany). The pot was milled/mixed for 30 minutes at
150 rpm with milling/mixing direction reversal occurring every 5 minutes. The jar was then
removed from the planetary miller and placed back in the glovebox (undergoing 3 vacuum
purge cycles before entering the glove box). Milling balls were extracted individually to reduce
any sample loss. The remaining mixed powders were distributed into glass vials which were

then sealed, labelled with the corresponding target C/Zr, and stored in the glove box.

Uniaxial hot pressing is a technique usually used to produce dense pellets for characterisation.
This technique involves the uniaxial compression of powder constrained within a mould and

concurrent heating. This fabrication method consists of several processes that occur
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simultaneously. Firstly, the soft Zr creeps and plastically deforms around the hard carbon phase
and the Zr bonds with the carbon. Secondly, the pressure exerted by the press aids in the

densification of the final product.

To create the ZrC pellets, the mixed ZrC powders were loaded into a graphite die that was lined
circumferentially with Grafoil™ (Erodex (UK) Ltd, UK) 0.05 c¢m in thickness to stop the
samples bonding to the side of the die and facilitate easy removal. Grafoil™ was used in the
present study, instead of a release agent such as boron nitride, to limit contaminant species that

can otherwise arise through ingression of boron or nitrogen into the sample during fabrication.

Graphite die

Radial
Composition 3—] Grafoil liners
Composition 2— Circumferential

grafoil liner
Composition 1—

Figure 4 Schematic of the graphite die used in the hot press

The different compositions of feed stock ZrC powder(s) were also separated from one another
in the graphite die using Grafoil™ sheets within the graphite die to stop sample mixing (Figure
4). Reactive hot-pressing (FCT Systeme GmbH, Germany) was conducted under a vacuum

atmosphere in the Materials Department of Imperial College London.

A two-phase reactive hot-pressing protocol was used to fabricate the dense ZrC pellets. The
first phase is the reaction phase (see equation (1.3)) and the second is the densification and
further stage [22].

ZrH, +C - ZrC+ H, . (1.3)
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Sintering temperatures of 2000, 1700 and 1500°C were used to study the evolution of the final
ZrC pellet with sintering temperature. The powders were heated at a rate of 10°C /minute to
1400°C at a contact load of 5 kN. Once at 1400°C, this temperature was maintained for 1 hour
at 21.3 kN. The samples were then heated to the desired sintering temperature at a rate of 10°C
/minute under 30 kN and remained at the sintering temperature for 1 hour. Next, the load was

reduced to 5 kN and the heaters were turned off to allow the samples to cool down.

Post-hot-pressing, cooled samples were removed from the graphite moulds using a hydraulic
press and punch. The thin graphite lining that had bonded to the pellet from the mould was
detached using a Stanley knife. A grit 120 disk (water-cooled Phoenix Beta Grinder/Polisher)
was used to remove the weakly bonded Grafoil™ layer from the surface of each pellet. In
addition to this, 0.25 cm was removed from all faces to remove any residual carbon from the

fabrication process.

To achieve a uniform thickness of sample for irradiation, with a requirement of parallel faces,
a horizontal rastering grinder was used. Samples were adhered to level metal plates using clear
resin. This plate was then attached to a horizontal raster grinding machine (2880 revolutions
per minute), which was manually operated to remove any variations in surface height using
adjustment wheels of varying resolution. This process was repeated for both pellet faces to
ensure parallel faces. Samples were then removed from the pellet and cleaned in an ultrasonic

bath with acetone.

Due to time restrictions at irradiation facilities, the samples sintered at 2000°C with nominal
C/Zr= 0.6, 0.8, 1.0 were used for the irradiation studies. These stoichiometries were chosen as
their C/Zr ratios are at the centre and the bounds of the homogeneity region in the phase
diagram. The irradiation facility specifications required the samples to be in a specific form
hence two 0.5cm x 0.5cm x 200 um blocks were cut from the centre of each pellet using
electrical discharge machining in the Engineering department at the University of Cambridge.

The blocks were cleaned after the cutting process and were polished to a mirror finish with
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colloidal silica polishing paste of decreasing particulate size with the 0.25 um polishing paste
being used in the final step. A mirror finish on the sample surface was important for analysing
the samples when conducting SEM and EBSD analysis. The remainder of the pellet that had
not been cut into blocks was powdered and used in carbon analysis and NMR spectroscopy.
As ZrC is an incredibly hard material, the pellet was initially broken down into small pieces
using a metal hammer and a punch. Subsequently, these pieces were ground into smaller

particle sizes using an agate mortar and pestle.

1.3.2 Non-Dispersive Infrared combustion carbon analysis

1.3.2.1 Introduction

Non-Dispersive Infrared combustion carbon analysis (carbon analysis) is an essential tool in
determining the total carbon content of a material. As ZrC has a clear carbon content
dependence, combustion carbon analysis is the de facto analysis technique for determining
carbon content in the literature. Carbon analysis is also undertaken in this study to provide a

basis for comparison between samples produced in this study to those produced in the literature.

1.3.2.2 Basic working principle
The total carbon content of a material is obtained by the complete combustion of a sample —
the proportion of CO» (carbon dioxide) and CO (carbon monoxide) gas that is released from

the sample is measured via absorption of infrared light.

To measure the total carbon content of the ZrC sample combustion analysis was conducted
using a HORIBA EMIA-320 V2 Carbon and Sulphur chemical analyser. This analyser uses a
20 Megahertz (MHz) high-temperature induction furnace with a plate current of up to 500 mA
and an anode output of up to 2300 watts (W), with O carrier gas for combustion. Upon
combustion, CO2 and CO are released from the sample. The gas passes in front of an infrared
light source (not pre-filtered) [71]. As this light passes through the sample, the gas that has
been released causes the absorption of specific wavelengths of light (see Figure 5). This light
is then incident on an optical filter and finally the IR detector. The optical filter eliminates all
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other wavelengths except those of carbon oxides. Since CO and CO: have very specific
absorption frequencies, two detectors can be used to measure the IR absorption and provide

the concentration of carbon in the sample.

IR light

source

——>  Combusted gas ——>
/W

IR
detector

Figure 5 diagram showing the combustion analyser measurement process.

1.3.2.3 Procedure

The calibration procedure was run by analysing three blank crucibles followed by three
calibration runs (with accelerant) to determine the residual carbon present in the ceramic
crucible and the accelerant, respectively. An accelerant is required to enhance the process of
combustion at lower temperatures and thus release carbon. For the accelerant, a combination
of copper (0.64 g) and iron pellets (0.48 g) were used. The accelerant was supplied by HORIBA
and the copper and iron pellets were added in layers on top of one another. The oxygen (carrier
gas, 0.30-0.33 Mpa) and nitrogen (operating gas, 0.35 Mpa) lines into the analyser were turned

on — the flow sequence is shown in Figure 6.
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CO2 (L)

‘ CO2 (H)

Oxygen tank Gas purifier High-frequency Dust filter Dehydrating agent
combustion furnace

Figure 6 flow of oxygen through the carbon analysis machine [72].

Three blank runs and three calibration runs were run. For the blank runs, the masses were
entered at 0 grams into the system. Subsequently, the calibration was run with a crucible
containing the standard powder Tungsten Carbide (Purchased from HORIBA) ( 30 mg - BSC
— CRM No. 352/1 from The Bureau of Analysed Samples) as the total carbon content of the
tungsten carbide is known to a high degree of accuracy. A measure (0.1g) of the sample was
added to the crucible, and the mass of the sample was then recorded in the software and the run
queued. Copper followed by iron accelerant pellets were layered on top of the sample. The
execution routine was initiated. Once three standard runs and three blank runs had been
completed, a calibration curve was produced, and the known total carbon content of the
standard was entered. The calibration was produced by fitting the recorded measurements vs
the calibration:
y= A(x —C)10w + B. (1.4)

The following coefficients were obtained from the calibration: A = 1.19060, B = 0.000294,

C = 0.038247. The calibration results were saved to the software and samples were run. Each
sample was analysed three times and the average value of the measurements was calculated
with the error being calculated from the standard error on the mean from a range of three

measurements.
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1.3.3 X-ray diffraction (XRD)
1.3.3.1 Introduction

XRD is a powerful technique that can be used to assess the long-range order of a crystalline
material and obtain information including, but not limited to, lattice parameters and
microstrain. These parameters are particularly useful in studying the effect of vacancies and
radiation damage on ZrC. In addition, in carbide fabrication, XRD is often used as a tool for
determining if the synthesis was successful, with the absence of precursor powder diffraction
peaks being used as confirmation of a successful reaction. Diffraction peaks can be indexed,
and crystalline phases present in the material can be identified, with the help of a peak search

database.

1.3.3.2 Working principle

In XRD x-rays generated, via electron bombardment of a target, are used to probe the crystal
structure of a material that in turn acts similarly to a multidimensional diffraction grating. A
set of parallel planes can be drawn through a set of atoms in a crystal that is equally spaced —
so-called Bragg planes [73]. X-rays incident on these planes are scattered through interactions
with the electrons of the atoms in the plane [74] which in turn act as secondary sources [75].
The waves from these sources then interfere with each other, either incoherently (out of phase
and they destructively interfere) or coherently (in-phase and they constructively interfere-
known as Bragg reflections). The criterion of coherency is described by Bragg’s law (equation
(1.6)) which is only satisfied when the phase difference between X-rays scattered by the
separate planes are n integer wavelengths apart[73]. Both the X-ray source and detector are
rotated whilst the sample is fixed. The intensity of the constructively reflected X-rays from the
sample is recorded with respect to the 20 diffraction angle is recorded (angle between source

and detector).This can be summarised by Bragg’s law:

nd = 2d sin(6). (1.5)
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Where n is an integer, A is the wavelength of radiation used, d is the spacing between the

planes and 0 is the angle of incidence.

Figure 7 wave diagram showing the diffraction of X-rays in XRD analysis between crystal planes. [76]

The locations of the diffraction peaks in a diffraction pattern are dependent on the spacing of
the lattice planes and hence the dimension of the unit cell (via Braggs law — equation (1.5)).
The intensity of an XRD peak is related to the type of atoms in the target material, the positions

of the atom and the multiplicity of the scattering planes (via the structure factor).

It follows that we can calculate the lattice parameter of a unit cell from the planar spacing for

a cubic crystal via the following equation:

a
d = ————= (1.6)

VRZ+ k2 + 12

Where h, k, | are the miller indices, a is the lattice parameter and d 1is the spacing between the

planes.

Fitting of the XRD diffraction patterns was undertaken using the TOPAS Academic V6
software for Rietveld refinement to determine information about the crystal structure. XRD
patterns and the structure of peaks can provide a multitude of information about the material
under investigation. For example, changes that may occur due to physical (for example

sintering temperature, the energy imparted by irradiation) or chemical (stoichiometry) factors.
33



Context and methods

Rietveld refinement is a least-squares method of matching a theoretical crystallographic model
to XRD pattern experimental data. The crystal structure of ZrC was retrieved from The

Inorganic Crystal Structure Database (ICSD) [77], [78].

The peak profiles and background were modelled with a Thompson-Cox-Hastings pseudo-
Voigt and a Chebyshev polynomial function, respectively, which were refined by TOPAS
during the fitting process. Corrections of diffraction peak shift contributions resulting from
zero error and specimen displacement were made by identifying the positions of known
standard compound peaks. To obtain accurate lattice parameters, a single parameter for
specimen displacement was used while the silicon lattice parameters were kept constant

throughout the Rietveld refinement.

Physical and chemical factors can also affect the material’s crystallinity and manifest in peak
broadening. Deconvolution of these factors required the subtraction of instrumental
broadening. Standards of silicon powder (powdered samples) and a corundum wafer (solid
sample blocks) were used as internal standards to model and subtract the instrumental

broadening contribution in the TOPAS academic software.

The crystal size values are not reported for some samples in this study as they were found to
be over 1000 nm. When the crystal size is large, its contribution toward peak broadening is
negligible, the crystal size cannot be estimated, and the crystal size parameter was thus
removed from the refinement in these cases. The microstrain broadening 8, was fitted using a
full pattern matching Pawley refinement. Unlike Rietveld refinement, in a Pawley refinement,
the calculated peak position depends on the phase lattice parameters and symmetry, but the
calculated peak intensities are free to vary independently and do not depend on a structural

model.

The microstrain (¢€) then follows from the angular dependence of 5, with 8 [79] :

Be = 4etanb. 1.7
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In the refinements, the contribution to microstrain was modelled using Gaussian functions.

1.3.3.3 Experimental details

XRD on the pristine powdered samples sintered at different temperatures was undertaken on a
Bruker D8 operating in a theta-theta configuration, with a CuKa source (1 = 1.5406 A) and a
Vantec PSD detector through angles of 20 = 10 — 50° with a 0.01° step size. A Si powder
internal standard was used to model and deconvolute experimental broadening. 15mg of sample
and 5mg of the standard were mixed and placed on a glass slip which was mounted onto a zero-
background XRD stage. The powder was levelled by adding 0.5 ml of acetone onto the sample
stage and mixing the sample using a stainless-steel needle, which was then allowed to dry and

set.

As the machine used to run the powder samples was decommissioned, the solid sample XRD
on the samples sintered at 2000°C both pre and post-irradiation was conducted on a Theta-theta
Bruker D8 probe using MoKa (1 = 0.70930 A) source. This was coupled with a Bruker
Lynxeye XE-T position-sensitive detector. XRD was undertaken through an angular range of
20 = 10 — 45° with a 0.01° step size. The solid samples were fixed in place by a mouldable
adhesive on a zero-background stage alongside the corundum standard — this setup is shown in

the diagram below.

AL

Figure 8 diagram showing the configuration of the ZrC the Corundum blocks, labelled a, and b

respectively, used in solid XRD experiment.
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This process was repeated for the pristine and irradiated solid sample blocks. The angular offset
between the corundum tile and the sample was also accounted for in TOPAS to improve the

accuracy of the fitted lattice parameters.

1.3.4 Scanning electron microscopy (SEM)
1.3.4.1 Introduction

SEM was utilised to examine the microstructure of the solid samples. SEM is a high-resolution
technique for probing the microstructure of a sample. This technique facilitates the pre- and
post-irradiation characterisation of the surface of the samples, as well as comparing those that
have different stoichiometries. Average grain size can also be obtained using EBSD analysis

and post-processing analysis.

1.3.4.2 Basic working principle
SEM uses a focused electron beam to image samples and obtain information about the
microstructure of the sample including, but not limited to, the topology, crystallinity, texture

and phase composition [80], [81].

High energy electrons in an SEM can be generated as a result of thermionic heating of either a
tungsten filament, lanthanum/cerium hexaboride or tungsten field emission gun
[Schottky/cold] (as was the case in the SEM used in this study) [80], [82], [83]. The electrons
are collimated and focused onto the sample via a set of electromagnetic lenses [84]. Objective
lenses are used to focus the beam on the sample, and the condenser lenses are used to produce
the correct spot size (area of the beam on the sample). High energy electrons have several
interaction modes. When they are incident on a sample, electrons do not pass through the
sample but instead interact with a volume of material — known as the volume of interaction.

The following modes and their detectors are described below.
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Figure 9 diagram showing the interaction volume of an electron beam (left) [85] and the various

interaction modes (right) [83]

Inelastic collisions of the incident electrons with the electrons of the sample cause the
ionisation of surface atoms. These ejected electrons are termed secondary electrons. As the SE
ejection only occurs at ~lum of the surface depth, changes in sample topology produce

contrasting signals due to the angle of incidence between the sample and the incident electron
beam [86].

Incident electrons

Amount of
emission: small

*

Secondary electron
diffusion area

Escape depth of N
secondary electrons

Amount of
emission: large

Secondary electron yield

Tilt angle of specimen surface

Figure 10 secondary electron production as a function of topological tilt [83]

Secondary electrons can be detected using an Everhart-Thornley detector [87]. The detector is
comprised of a scintillator located in a Faraday cage. The cage is charged with a positive
voltage (~v) to attract the secondary electrons and, the position-sensitive signal generated from

the scintillator can be used to construct an image of the sample on a computer screen.
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Back scattered electrons are electrons produced in high energy elastic collisions of the incident
electron beam electrons with nuclei in the sample. As heavier elements have larger nuclei, they
deflect electrons back to the detector with greater intensity, with the opposite true for lighter
nuclei [88]. The above technique provides the basis for the discrimination of elements within

a sample [89].
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Figure 11 backscattered electron production as a function of the atomic number (left) and surface angle

topology [83]

Backscattered electrons were measured using a detector that is located concentrically around
the entrance hole of the electron beam into the sample chamber. The signal generated by the

detector is reconstructed by the computer to yield an image.

Energy dispersive X-ray spectroscopy is a crucial technique of the SEM suite as it is used to
obtain semi-quantitative data on the elemental composition of a sample. X-rays are emitted
from a sample when the incident electron beam ionises an inner shell electron, creating a hole
that is filled by an outer shell electron. To conserve energy of the system, a characteristic x-ray
is emitted whose energy corresponds to the difference between the two energy states. An EDS
detector is at a very basic level comprised of a cooled crystal. The x-rays incident on the ionise
electrons in the detector producing a charge bias — hence x-ray energies can be discriminated
between. If the electron beam is swept across the sample an EDS map can be created —

otherwise, the electron beam can be used to analyse certain regions (spot EDS).
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1.3.4.3 Experimental Details

Scanning electron microscopy was conducted on the samples using a Quanta-6FOF SEM.
Backscattered and secondary electrons were collected using an Everhart Thornley detector and
a Circular Backscatter Detector, respectively. To collect SE and BSE images, solid samples
were mounted on metal stubs using carbon tape. Samples were imaged at a working distance
of 13 mm using SE and BSE detectors with a beam current of 5 keV in a high vacuum with a
spot size of'4.5. The SEM was operated in a high vacuum mode to reduce the effects of charging
on the conductive samples. In order to differentiate between different elements, EDX was

carried out with the Bruker 6130 XFlash and the ESPIRIT microanalysis software [90].

1.3.5 Raman spectroscopy
1.3.5.1 Introduction

Raman spectroscopy is a non-destructive, semi-quantitative in-situ technique that can be used
to investigate a sub-set of vibrational modes of a material. This can be used to supplement other
techniques and complements data established from additional experimental techniques. Raman
spectroscopy was undertaken on the samples in this study to understand the speciation of
carbon dissociated from the ZrC unit cell, such as graphite and ‘free’ carbon. Perfect ZrC itself
has no Raman signal due to the high point symmetry of the rock salt structure. This makes
Raman spectroscopy ideal for studying the evolution of exsolved carbon as a function of

stoichiometry and irradiation dose.

1.3.5.2 Principle

Raman scattering is a relatively rare, inelastic photonic scattering process, occurring every
1/108-10% photons [91]. If a photon that has equivalent energy to the energy band between the
ground and excited vibrational state is incident on a material, then an atom can absorb this
energy and be promoted to this excited state. After a period, the atom deexcites to a lower
energy state that is either in a higher or lower vibrational state than its original state and in

accordance with energy conservation a photon is emitted as a result of de-excitation.
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In this study, the wavelength of vibrations we are interested in occur within the visible light

region (400 -700 nm), thus we can use a visible laser to provide the excitation energy.

In an applied setting, Raman spectroscopy uses a laser to produce monochromatic photons.
When these photons are incident on a material, they cause polarisation of the electron cloud,
causing the atom to enter an excited state. The polarisability (a) of an atom can be thought of
as the ease of distortion of the electron cloud and hence its local electric field (E). It is this

distortion that results in the induction of a dipole moment (;,q)-

Wing = aE. (1.8)

Different molecules have different polarisabilities that depend on factors including the number

of electrons and the distribution of electrons.

The de-excitation of the electron cloud from this transient state to a lower energy state results
in photonic emission due to the conservation of energy. Rayleigh scattering occurs when the
emitted photon is of the same energy as that of the incident photon - an elastic process. In
contrast, Raman scattering occurs when the emitted photon is of a different energy to that of
the incident photon - an inelastic process. Within Raman scattering, we can further define two

more processes, Stokes and anti-Stokes shifts.

A Stokes shift occurs when an atom in a material in its ground vibrational state is excited into
a higher energy state. After a period, this atom de-excites into a vibrational state higher than
its initial state before excitation and emits a photon whose energy and frequency is lower than
the incident photon energy. An anti-Stokes shift occurs when an atom in a higher vibrational
state than its ground state before excitation is excited into a higher excited state. After a period,
this molecule will de-excite into a lower vibrational state than it was initially in before

excitation.
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An atom can occupy this higher initial state due to its thermal energy [91]. After a period, the
atom de-excites into the ground vibrational state. In this case, the emitted photon has larger
energy and frequency than the absorbed incident photon. These processes are demonstrated

with more clarity in Figure 12.

Virtual excited “
energy states ][ -—

Vibrational 1 | "_
energy states ||_ ” N

Rayleigh Stokes Anti-Stokes
Scattering Raman Raman
Scattering  Scattering

Figure 12 diagram showing the different excitation effects an incident photon can have on a molecule —

incident photons are denoted by the dashed arrow, whilst emitted photons are denoted by a solid arrow.

It then follows that the difference between the incident photon energy and the emitted photon
energy corresponds to the difference between the virtual state and the ground vibrational state.
In Raman spectroscopy, the spectrum of intensity and the change in the frequency of scattered

photonic emission is measured (with respect to the incident photon).

The units of wavenumbers are used in Raman spectroscopy a wave number v (cm™!), can be

simply thought of as the number of waves per unit length:
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v = (1.9)

c
where f is the frequency, and c is the speed of light. We can substitute in the following
expression which involves the wavelength A:

f=c/A (1.10)
Substitution of (1.10) into (1.9) gives:

=L __ 1.11
v c A ( )

In the Raman spectroscopy of carbon materials, including graphene, sooty carbons, sp? and sp?
carbons, we are interested in the D and G resonances that occur in the Raman spectra. The
sensitivity to different molecular vibrations makes Raman suitable for discriminating between
these forms of carbon. The G resonance, typically centred at ~1582 c¢cm!, arises due to the
presence of in-plane stretching of carbon-carbon bonds — this is characteristic of sp? carbon or
graphite [51], [92]. The D resonance (centred ~ 1620 cm™) occurs due to the out of plane
vibrations arising from partially destroyed graphite and amorphous carbon [51], [92]. The
structural units of different forms of carbon and how they affect the structure of the D and G

peaks are summarised in Figure 13.

Precursor molecules

H

M
% 1250 1300
Raman shift / ¢

—
o S
S
Non-graphitic carbon Graphitic carbon

Figure 13 diagram showing the structural units of different forms of carbon and how they affect the
D and G resonance peaks [93].
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1.3.5.3 Experimental details

Raman spectroscopy was undertaken on a Horiba Jobin Yvon LABRam300 spectrometer using
a green solid-state laser of wavelength 532 nm at a power of 100 mW. For signal collection, an
Olympus 50 x objective lens was used in conjunction with a Peltier cooled detector (CCD).
The spot size on the sample was ~ 2 um making Raman suitable for analysing small features

in grain boundaries.

The LabRAM has the advantage of having an interchangeable Raman and optical sensor (in
axis optical microscope) that can be switched by changing the shutter position. The acquisition
of data was conducted using the Lab spec software provided with the spectrometer. The laser
beam focus was optimised by using a white light and an inline optical detector; the focus
adjustment handles were used to focus the beam such that an image was visible on the LabSpec
software being run on the computer. Fine adjustment of the focus was completed by using the
motorised wheel whose input was modulated by a joystick configuration connected to the
microscope. Once the optimum focus was achieved, the LabRam was switched back into

Raman mode, using the laser as the light source.

The Raman spectrometer was calibrated using a silicon wafer that has a characteristic Raman

resonance peak located at ~520 cm™! (Figure 14).
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Figure 14 Raman spectrum of silicon standard used in Raman spectrometer calibration — the silicon

band is marked.

All Raman spectroscopy presented in this thesis was undertaken on the solid ZrC blocks
sintered at 2000°C, in order to image similar regions of interest in the pre and post irradiated
samples. As the penetration depth for Raman is of the order of microns, this was in the range
of interest for the study. In order to fix the solid samples and position them in the same place

for all samples, a sample stage was constructed, shown in Figure 15 below.

Figure 15 glass sample stage constructed for holding ZrC blocks for Raman spectroscopy.

Spectral peaks were fitted using IGOR pro [94] and Origin Pro software [95].
44



Context and methods

1.3.6 Carbon 13 Nuclear Magnetic Resonance (*C NMR)
1.3.6.1 Introduction

The non-monotonic variations in the physical properties with carbon content make
investigating the distribution and the short-range order of carbon environments important.
NMR, provides a powerful method of studying the distribution of these environments on a bulk
volume of samples as opposed to a localised area observed by microscopy, which may not be
entirely representative. '3C (~1% abundance) is the only carbon NMR active nuclei. 3*C NMR
allows the differentiation of 1*C nuclei present in unique chemical environments. For example,
graphitic carbon can be differentiated from carbon that is present in the ZrC lattice. Similarly,
3C nuclei that are in an altered chemical environment due to the presence of a vacancy, say,
can be differentiated from those that are in a perfectly stoichiometric sample with no vacancies.
It is this sensitivity to perturbations of local carbon environments that make NMR a powerful

tool for analysing the ordering of carbon environments.

As the NMR signals from 3C nuclei are directly observed - the integral intensity of a 3*C NMR
resonance is proportional to the number of 3C nuclei producing it. This allows the relative
abundance of different environments to be quantified and makes it possible to correct the

measurements by other techniques such as combustion carbon analysis.

1.3.6.2 Basic working principle

It is not possible to discuss NMR without introducing the quantum and classical components
which underpin the occurrence and the measurement of an NMR signal. Quantum mechanical
spin angular momentum (1) is the phenomena that underpins NMR spectroscopy. Each nucleon
(protons and neutrons) which form each atomic nucleus possess an individual spin equal to /2

1 . . . .
(= E)' NMR active nuclei arise due to uneven numbers of protons or neutrons in a nucleus,

and hence the nucleus possesses nuclear spin (denoted by angular momentum quantum number
I) which can be half-integer or integer dependent on the nucleon numbers [96]. 3C for example

has six protons and seven neutrons arranged in nuclear angular momentum energy levels
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resulting in a spin of a half or I = % Not all nuclei are NMR active. Nucleons are filled such

that they have the lowest possible energy configuration, the nucleus is then said to be in its
ground state where the spin up and spin down nucleons are paired, obeying the Pauli Exclusion
Principle. Non-NMR active nuclei have spin vectors that superimpose to produce a net spin of

0(I =0).

The projection of the angular momentum vector I onto the z-axis I, is defined below:

h
I, :mgzmh. (1.12)

We can define the multiplicity of m:
m=11-1,I-2.—1+1,-1 (1.13)
For 13C I, has 2I+1 possible orientations I, = + ;1 h the graphical representation is shown in

Figure 16.

+
N =
=

Figure 16 C-13 I, spatial quantisation

The spin of a nucleus (/) can also be related to its classical magnetic moment (p) by each
element’s gyromagnetic ratio y:
u=vyl. (1.14)
When 3C atoms are placed in the external magnetic field (B,), such as one generated by an
NMR magnet, the energy degeneracy of the 2I+1 states are broken (Figure 16). The energy
levels in a magnetic field are then equally spaced by Ay B, — this is called the Zeeman effect.
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The energy of 1 on the z-axis now oriented applied field direction can be described, classically,

by equation (1.15).

E == _H.B == _I'lZ BO = _mhyBo. (1.15)

no magnetic magnetic
field field

4 m=—1/2

hyB

Energy

m=+1/2

Figure 17 Splitting of energy states in a magnetic field as opposed to no magnetic field. Adapted from
[97]

The transition energy of the magnetic moment of the nucleus when it is placed in an external
field of strength B, is proportional to several factors: the strength of the magnetic field, the
magnetisation (and hence I,), and the gyromagnetic ratio (y). As the selection rule for an NMR
transition is Am = +1 between energy levels, the electromagnetic frequency needed to cause

a transition is given by equation (1.16).

AE = hv = hyB,. (1.16)
yB
vp = z—ﬂ" (1.17)

Equation (1.17) — the Larmor frequency (the frequency of dipolar precession around the

magnetic field), can then be defined as:

wo = —yYBy = vs2m. (1.18)
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An ensemble of spins in a material produces a macroscopic magnetisation. Applying an RF
(radio frequency) pulse via an RF coil at the Larmor frequency specific for 1*C rotates the

macroscopic moment, exciting a proportion of the spins into a higher energy state [98].

When the RF pulse is turned off the spins within a material relax into a lower energy state —
this consists of two processes, longitudinal (z) and transverse (x-y) spin component relaxation
of the nuclear spin magnetisation, which can be quantified by relaxation periods T; and T>.
These are also known as spin-lattice (T1) and spin-spin (T2) relaxation periods. The T
relaxation time can be different for each sample and knowledge of it is essential to determine
the quantitative contribution of each carbon resonance to the spectrum of the sample. The
Larmor frequency (resonance position) and hence the NMR spectrum is affected by two
factors: the first is the local field induced in the local electronic bonding environment and the

second is the contribution of additional nuclear spins [99].

It is the dephasing of x-y components of the magnetisation that is measured in an NMR
experiment as the decaying x-y magnetisation induces a voltage in the NMR coil. Since
bonding between atoms is a purely electronic interaction, different bonding arrangements
produce different electronic configurations; hence the atoms experience different local
magnetic fields. As a result, the differently shielded atoms absorb different RF frequencies
[43]. This shift is measured in parts per million (ppm [§]) with respect to a standard (in this
case TMS, by a secondary reference to solid adamantane) [15]-[17], [19], [20].

It is in the above way that unique carbon environments can be distinguished from one another.
The abundances of these different carbon environments can be quantified by the integral of
these resonance peaks which correspond to the proportion of carbon sites represented by that

peak (with respect to the total spectrum integral).
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1.3.6.3 Magic angle spinning (MAS) 13C NMR

Conducting experiments on solid-state samples can often be complicated by broad spectral
linewidth as compared to spectra obtained in solution-state NMR. In solution-state NMR, the
transition frequencies of differently oriented molecules are averaged due to the rapid isotropic
tumbling of the molecules in the samples, which results in the orientation of the electron

distribution being averaged [100].

This is not the case in solid-state NMR, as powders consist of molecules that have random
orientations and are locked in place. The chemical shift anisotropy and the dipole-dipole
interactions which are of the form 3 cos 2 @ — 1, are also spatially locked with the orientation
of the molecules. Spinning the rotor at an angle of 8 = 54.74° with respect to B, averages the

anisotropies to 0 [101].

As discussed previously, the ZrC samples were crushed into a fine powder — so that solid-state
NMR can be used to probe the bonding structure for different C/Zr. Magic angle spinning is
used to counteract this and mimics isotropic tumbling; a MAS rotor schematic is shown in

Figure 18 below.
Bo

A Magnetic
field

Air bearing
~
~N
Y R / RF coil
R / Sample rotor
2 //Alr bearing

Figure 18 MAS experiment [102] a rotor containing the powdered sample is rotated about the rotation
axis at an angle with respect to the magnetic field of 0y = 54.74°. The sample at position in the rotor

such that it is in the field of the coil.
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The result of employing this technique is better resolved peaks in the spectra. Issues with MAS
occur when the sample is not spun fast enough about the rotation axis. The spinning rate of the
sample must be 3-4 times greater than the chemical shift anisotropy in order to produce single
narrow peaks [103]. At lower rotation speeds, spinning sidebands are observed in the NMR
spectrum. These appear as sharp lines which are spaced at integer multiples of the spinning

frequency apart from the isotropic resonance line [101], [103].

1.3.6.3.1 Chemical shifts

In addition to the interaction of an NMR active nucleus with the external magnetic field, the
electrons surrounding a nucleus can also interact with the external magnetic field. Hence as the
electronic spins are polarised in B, they act as current loops and generate an additional induced

magnetic field B;,4 experienced by the nucleus.

As chemical bonding is an electronic interaction, different bonding configurations induce
different B;,,4 which is the basis for differentiating between nuclei in different chemical
environments. In an NMR spectrum '*C nuclei in different chemical environments can be
identified as different resonance peaks as they have different amounts of chemical shielding
(o). This results in a measurable frequency shift (&) called the chemical shift. Thus, the

effective magnetic field experienced by a nucleus B, can be written as follows (equation

(1.19)):

Beff = BO + Bind = BO(]- - O'). (119)
Equation (1.19) can be combined with equation (1.17) to give (1.20) below:

yBo(1—0)
yV=—"

1.20
= (1.20)
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Figure 19 illustration of the effect of nuclear shielding on energy levels adapted [42].

As NMR shifts are proportional to By , the instrumental magnet field, it is useful to define a
chemical shift such that it is independent of an instrumental setup and the results can be
reproduced — this can be done using a standard — in this case, Tetramethylsilane (TMS). It

follows that NMR spectra can be referenced to TMS by equation (1.21).

o_,,0
§ = 2—"TM5 106 ppm. (1.21)

WrMs

1.3.6.3.2 The Knight shift

In a metallic or semi-metallic material, an additional consideration is the interaction between
the nucleus and the delocalised electrons. These delocalised electrons cause an additional
magnetisation, generally greater than the chemical shift, which acts to further shift the effective
field observed by the nucleus. If no external magnetic field, B, = 0, is present then the
electrons are paired in accordance with the Pauli exclusion principle and occupy electronic
states, as per the Fermi distribution, to the Fermi level. In the presence of an external magnetic
field, B, # 0, the electrons will experience a separation of the up and down spin states. As the
electronic and nuclear magnetic moments interact with one another this interaction induces a
dipole and hence an induced magnetisation. The Knight shift can be measured by changing the
temperature at which NMR is conducted and measuring the NMR response at different

temperatures.
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1.3.6.4 Pulse sequences

Depending on the composition of the sample to be probed by NMR, different pulse sequences
are used. The width of the NMR spectrum, whether the line is heterogeneously or
homogeneously broadened, and the relaxation time influence the choice of the pulse sequence.
In this study, the Hahn spin-echo pulse sequence, adapted by Carr and Purcell, is used [104].
This technique is used to counteract the dead time - a period at the beginning of the signal in
which data cannot be collected as the signal contains artefacts — this is a function of the probe
ringing, pre-amplifier ringing and the receiver recovery time. The Hahn echo pulse sequence
consists of a n/2 — delay — m — delay. The n/2 pulse flips the net magnetic moment, by 90°, into

the x-y plane and the © pulse rotates the net magnetic moment by 180°.

Over time, spins making up this macroscopic moment begin to de-phase as different local
magnetic environments with different frequencies dephase at different rates. Applying a « pulse
acts to flip and refocus the spins so more slowly dephasing spins are leading the more rapidly
dephasing spins, now — after a period, the faster spins are in the same position as the slower
spins — causing an echo signal. This pulse sequence was used for static NMR experiments in

the 7.5 mm rotor.

Spinning NMR experiments were conducted using the CPMG (Carr—Purcell-Meiboom—Gill)
pulse sequence. The CPMG pulse sequence is an extension of the Hahn echo pulse sequence.
In the case of the CPMG pulse sequence, a /2 pulse is followed by a number of m pulse
sequences. As with the Hahn echo, the n/2 pulse acts to focus the net magnetic moment in the
x-y plane. After a time, the individual spins begin to dephase, hence dephasing the net magnetic
moment. As a result, some of the carbon environments that relax more rapidly (for example
those of graphite) de-phase faster. Applying a series of © pulses flips the magnetisation such
that the slower spins, are now at the front. Hence all the spins refocus at the same time resulting
in the formation of an echo for each m pulse. These echoes can be co-added and Fourier
transformed to increase the signal to noise ratio of the spectrum in the case of a limited sample

quantity or long T relaxation times.
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1.3.6.5 Experimental procedure

1.3.6.5.1 Loading an NMR rotor

Powdered samples were loaded into 7.5 mm rotors using the rotor packing tools. In order to
limit contributions from the rotor to the NMR signal, the 7.5 mm zirconia rotor with aluminium
nitride spacer inserts were used. Polymeric spacers which are typically employed in NMR

spectroscopy were not used as they contain carbon [24].

a . .
) Zirconia rotor

Sl ' '
</ | L\

Drive cap Spacer Sample Spacer End cap

</ | -\

Drive cap  Spacer Sample Spacer  Endcap

Zirconia rotor
|

Figure 20 a) exploded and b) packed diagram of the 7.5 mm rotor configuration.

The 7.5 mm rotor packing configuration is shown in Figure 20. The 1.3 mm rotor used for
MAS experiments has the same configuration as the 7.5 mm rotor, however, it does not require
spacers as it is smaller in size and its volume sits within the NMR RF coil. When loading the
rotors, samples were compacted as much as possible inside the rotor to maximise the quantity
of sample in the rotor and hence the number of '3C nuclei. In the fast MAS NMR rotor, a
compacted densely-packed sample also ensures that there is a homogenous weight distribution

across the rotor whilst spinning, which is essential when utilising high rotational frequencies.

53



Context and methods

1.3.6.5.2 Tuning and matching the probe

To set up each probe for measurements, the match and the tune had to be iteratively and
interchangeably adjusted to obtain a sharp power reflection dip a the 1 V level. As ZrC is a
semi-metallic material, insertion of the packed rotor into the probe coil causes a considerable
(~MHz) shift in the resonance of the circuit. The probe was matched by adjusting the matching
capacitor, which adjusts the real impedance of the tuned circuit to be 50 Ohms. The tune
capacitor adjusts the Larmor frequency of the *C nucleus, which is shifted from the frequency
of insulating, diamagnetic '3C samples that the probe was designed for. Final matching and
tuning were completed using an oscilloscope set at the tuning frequency of the '*C nucleus for
the 9.4 Tesla magnet (100.6 MHz). In practice, the tuning of circuit components may change
with the voltage (power) of the RF pulse. Hence, further matching and tuning is required to
minimise the reflected power (at the resonance frequency) at the 100-400 V level. This process

acts to achieve the maximum forward/reflected power ratio.

Oscilloscope

_>>

— Probe
Amplifier/ Reflected/forward In NMR

Pre-amplifier power switcher

Figure 21 optimising the reflected power to the transmitted power

1.3.6.5.3 Calibration of the NMR spectrometer

The NMR spectrometer was calibrated by running the powdered adamantane standard. In the
adamantane structure, there are two carbon environments. The first carbon environment
consists of one carbon atom bonded to two other carbons, and two hydrogens observed seven
times (environment A). The second environment is one carbon atom bonded to the three other

carbons and one hydrogen — observed three times (environment B). In theory, the NMR
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spectrum should be split into two distinct lines each denoting the unique carbon environment
with the more abundant carbon environment having an integral intensity under its respective
peak. A BC NMR spectrum of adamantane (Figure 22) shows two sharp peaks, as expected.
These peaks correspond to chemical shift values of 37.85 ppm and 28.46 ppm [105]. The
absolute resonance frequency of the 37.85 ppm peak was recorded to be 1 Hz in 10® Hz as a

secondary reference on the tetramethylsilane (TMS) scale conventionally used for *C.

LI e Y O B B B
100 50 0 -50 -100
ppm

Figure 22 Adamantane reference MAS >C NMR on the 7.5 mm probe — left peak = 37.85, right peak
=29.47 [106].

1.3.6.5.4 Pulse length calibration — nutation experiment
To ensure the correct 90° (and hence 180°) pulse for the 7.5 mm and 1.3mm probes, a nutation
experiment was conducted using the single pulse Bloch decay pulse sequence with variable
pulse lengths. This was completed using adamantane. In this experiment, the period of the
applied pulse was varied in an array. The maximum signal occurs when the spins are projected
into the x-y plane (90° flip) — hence the time required for the RF pulse to achieve rotation can

be determined (as pulse power is held constant). The results of this experiment are shown in
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Figure 23. For the 7.5 mm probe, the 180-degree pulse was found to be 11 microseconds; thus
the optimal pulse was 5.5 microseconds. For the 1.3 mm fast MAS probe the 180-degree pulse

was found to be 7 microseconds — hence the optimal pulse was 3.5 microseconds.

Pulse

Delay (us) 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16

Signal Intensity

Figure 23 Variable 90-degree pulse duration spectrum of adamantane taken using the one pulse Bloch

decay technique — for the 7.5 mm static probe.

1.3.6.5.5 Minimising the skin depth of the samples for NMR spectroscopy
RF waves are used in the NMR pulse to excite the spins of resonant nuclei. In metals, the skin
depth effect, which occurs due to the conductivity of the sample, becomes an important factor
when using RF waves to probe semi-metallic NMR samples. For volumes larger than the skin
depth, the RF field travels through the conductor as a surface wave [107] not exciting the spins

of carbons deep within the volume of the material.
To mitigate this and excite all the spins in the sample, the particulate size can be reduced to

below the skin depth. The skin depth (§) [108] is related to the material conductivity (o), the
speed of light (c?), and the permittivity of free space (&) is given by :
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5= 2goc? _ (1.22)
ow
As the relationship between the conductivity (o) and the resistivity (p) is given by:
1
o= X (1.23)
And the angular frequency (w) is related to the ordinary frequency (f) given by:
w = 2nf. (1.24)

Substitution of (1.23) and (1.24) into (1.22) gives:

2
5= ,2 L (1.25)
2nf

We can introduce the permeability of free space (ug):

1
2 = . (1.26)
Ho€g

c

Substitution of (1.26) into (1.25) gives:

P T (1.27)
21fuogg

This can then be simplified to the following:

’ p
0 = . 1.28
TTf o (129

As resistivity is a function of carbon content [13] we have the following empirical equation

originally formalised by Storms and Wagner [12], [17], [109]:
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1

p= 1 : (1.29)

This provides us with a simplified approximation to the skin depth profile with respect to C/Zr.
Thus, using the above relationship, for the RF signal penetrate fully into a particle, its skin
depth needs to be reduced below 66 um. To achieve this samples were crushed in an agate
mortar and pestle and passed through a sieve with a 26 pm nominal opening (#500 Mesh,
SS316 Grade, The Mesh Company). The process was repeated until all the material was below

26 pm in diameter.

1.3.6.5.6 Determining and optimising the pulse delay of an NMR experiment
Before the signal acquisition, the Hahn echo pulse sequence was used to determine the pulse
delay that would result in the maximum signal. This is the time after which all the carbon spins
have relaxed — as a result, quantitative analysis is possible. In order to collect the NMR spectra,
the spin-lattice/longitudinal relaxation (T:) time needs to be determined. This quantity is
important in pulse repetition rates to ensure that the maximum signal is collected. In the
duration of free induction decay the signal and hence the z-component of the net magnetisation

in (M,), recovers according to:
(_pulse delay)
M, = (1 —e Ty ) (1.30)

M, = (1-e"9) = 0.99326. (1.31)

From equations (1.30) and (1.31) it is shown that the loss of the magnetisation in the Z direction
is asymptotic. Although the maximum signal will be collected at infinite time, due to the
exponential nature of the function, this is by no means practical. It is therefore reasonable to
assume that that maximum signal is recovered at 99.32%. Thus, the pulse delay for a given
sample can be taken to be 5T;. With a metal, one would expect that the relaxation would be

relatively rapid due to the delocalised conduction electrons.

58



Context and methods

If the carbon deficient samples have multiple sites — these might have different T; relaxation
times. The pulse delay must respect the longest relaxation environments to ensure the
maximum signal of each chemical environment is collected. This experiment was conducted
by filling a 7.5 mm rotor with the finely milled powder. The rotor was inserted into the 7.5 mm
NMR probe and tuned using an oscilloscope to the resonant frequency of 13C in a field of 9.4
T (100.59 MHz) - tuning the probe with the sample inserted was crucial as inserting a
conducting sample changes the tuning of the probes. The probe was then inserted into the NMR
magnet and a simple one-pulse experiment was run. The match and the tune were adjusted to

maximise the forward to reflected power.

Pulse Delay
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Figure 24 Varying the pulse delay for sample C/Zr = 0.70 (nominal) sintered at 1700C
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Figure 24 shows that many sub-environments within the ZrC resonance structure are relaxing
over the course of several seconds, with maximum signals obtained for delays of 9s and 30s.
This indicates a '3C T (for the ZrC component) of the order of 1.8 s (T1= pulse delay/5) for

>99% relaxation.

By comparison, the carbon environments in the Nb4AlC3 showed a more rapid signal saturation
relaxation time (~1 second) than the ZrC. As the longer pulse durations were not observed to
increase the signal intensity, it was sufficient to collect the *C NMR signal with smaller pulse

delay periods.

1.3.6.5.7 The effect of magnetic material on the NMR signal
Although every effort was taken to reduce contamination in the processing steps, it was the
case that stainless-steel fragments were present in some samples. This was apparent in the

NMR spectra of the aforementioned samples.

T I T T I T T I T I T I T
1500 1000 500 0 -500

ppm

Figure 25 NMR spectra of a sample with nominal carbon content C/Zr = 0.60 sintered at 1700°C
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Figure 25 shows one such NMR spectra of the nominal C/Zr = 0.60 sample sintered at 1700°C.
As the NMR response of a signal is determined by the relaxation of multiple carbon
environments in a magnetic field, the inclusion of foreign metallic material in powdered
samples can interfere with the NMR. 3C NMR spectra are very sensitive to the presence of
ferromagnetic particles, the presence of which will create a dispersion of local magnetic fields
destroying magnetic field homogeneity, spectral resolution and lowering the signal to noise
ratio. To filter out these inclusions, magnetic particles were separated from the samples using

a very high magnetic field (9T). The results of this are displayed in Figure 26.

Magnetic fragments
removed from sample

Magnetic fragments
in sample

T T T T T T T T
15‘00 1 0‘00 5(‘)0 (‘) -5(‘30
ppm
Figure 26 stacked NMR spectra of sample with nominal carbon content C/Zr = 0.60 sintered at 1700°C.
The top spectrum shows the NMR spectrum with the magnetic fragments removed from the sample. The

lower spectrum shows the NMR response with the magnetic fragments in the sample.

61



Context and methods

Figure 26 shows the *C static NMR spectra of the unfiltered and filtered nominal C/Zr = 0.60
sample sintered at 1700°C. The filtered sample, with the stainless-steel fragments removed,
produces a higher signal to noise ratio as compared to the spectra of the sample before the

fragments were removed.
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Chapter 2 Pristine ZrC

2.1.1 Section aims and objectives

This section systematically explores how stoichiometry and sintering temperature affect the

long- and short-range order within the ZrC samples fabricated?.

The objectives of the chapter are the following: to characterise the samples fabricated in this
study with NMR, SEM, XRD and Raman spectroscopy techniques; to understand how varying
the sintering temperature and carbon content influences the distribution of carbon environments
within a given sample. Additionally, this chapter will determine a protocol for determining the
carbon content for ZrC such that trends in the physical properties with composition can be

examined with confidence.

The total carbon contents of the ZrC samples are measured using the standard carbon
combustion analysis method. The range of carbon environments in these samples are then
probed using static room temperature '3C NMR. The structure in the line shape of the ZrC
bonded and dissociated local carbon environments are also explored with respect to sintering
temperature and stoichiometry. Additionally, systematics in the resonance line shapes
corresponding to a change in the local ZrC carbon environments such as sintering temperature
and carbon content are investigated. SEM is undertaken on samples to probe the
microstructural variation between stoichiometries. The lattice parameter and relevant values
are calculated from XRD analysis to determine if there are any changes in long-range order
between samples sintered at different temperatures and/or with different stoichiometries. The
nature of the dissociated carbon within the sample is explored using Raman spectroscopy for

the samples sintered at 2000°C.

2 The majority of the findings presented in this chapter describe results published in the following paper: “Rana,
D.B.K., Solvas, E.Z., Lee, W.E. and Farnan I. An investigation of the long-range and local structure of sub-
stoichiometric zirconium carbide sintered at different temperatures. Sci Rep 10, 3096 (2020)
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In addition, the analysis of the pristine samples examined in this chapter act as a point of
reference when examining the effects of proton and Xe irradiation on the samples. Pristine
samples sintered at 2000°C are analysed by combustion carbon analysis, SEM, XRD, static 1*C
NMR and Raman spectroscopy and are discussed in comparison with results presented in the
literature. The samples sintered at 2000°C are further characterised by carbon analysis, solid

sample XRD, ultrafast 1*C MAS-NMR and Raman spectroscopy.

2.2 Combustion carbon analysis of ZrC

In this section, the results of combustion carbon analysis are presented. Table 2.1 shows the
total carbon content from carbon analysis measurements (with their associated errors) of the
post-fabrication ZrC for all samples fabricated referenced to their sintering temperatures and

stoichiometry.

Table 2.1- Nominal and carbon analysed values for ZrC samples. Error on the carbon analyser
measurements is presented as one standard deviation calculated from the triplicate measurements, as the

variability in the measurements was deemed to be the dominant source of error.

Sintering Nominal
temperature (°C) | C/zr Measured C/Zr + error
1.00 1.00 £ 0.01
2000 0.80 0.85+0.00
0.60 0.64 +0.00
1.00 0.96 £ 0.00
1700 0.80 0.73 +£0.01
0.60 0.64 +0.00
0.95 0.95 +£0.01
1500 0.70 0.73 +£0.01

0.65 0.64 £ 0.00
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A more straightforward illustration of the samples fabricated can be seen by plotting the
tabulated data with a reference line to denote a perfect fabrication outcome. Such a
configuration is plotted in Figure 27, where the black dashed line (x=y) indicates the perfect
fabrication scenario where the targeted stoichiometry matches the analysed carbon content.
Data points that are above or below this line denote samples whose analysed carbon contents

are greater or less than the nominal carbon contents, respectively.
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0.6 0.7 0.8 0.9 1.0
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Figure 27 Carbon analyser values plotted against nominal values for ZrC samples of different

stoichiometries sintered at 2000, 1700 and 1500°C.

The analysed carbon content of samples sintered at 2000°C were observed to deviate from their
targeted stoichiometries. The maximum deviation from nominal carbon content was observed

in the nominal C/Zr = 0.80 sample whose total carbon content was analysed to be 0.05 C/Zr

higher.

The 1700°C samples were observed to have, on average, lower analysed carbon contents as

compared with the nominal carbon content. The nominal C/Zr = 0.60 was the only sample that

65



Pristine ZrC

showed an increase by C/Zr = 0.04 in the analysed carbon content as compared with the
targeted carbon content. The samples of higher nominal carbon content showed a decrease in
the total carbon content from the nominal, with the nominal C/Zr = 0.80 sample deviating the

most by C/Zr = 0.07.

In the samples sintered at 1500°C, the highest nominal carbon content was seen to match the
total analysed carbon content. The analysed carbon content of the nominal 0.70 sample was
observed to increase by C/Zr = 0.03. Finally, the analysed carbon content of the nominal C/Zr

0.60 sample was seen to decrease as compared to the targeted value.
Overall, the majority of the samples showed a decrease in the total carbon content from their

nominal values: three of the nine samples, sintered at mixed temperatures, showed an increase

in the analysed carbon content as compared with their nominal values.
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2.3 Quantification of carbon phases by static °C NMR

analysis

In the following section and the constituent sub-sections, the results of the static 3C NMR
analyses are presented. The associated and dissociated carbon phases are identified and
separated by a combination of peak fitting and several mechanistic NMR experiments. Key
features and systematics are highlighted that relate to the identification of each unique carbon
environment. Further, changes in the line shape between samples of different carbon contents
and different sintering temperatures are presented. The results of ultrafast '*C MAS-NMR
experiments undertaken on the pristine samples sintered at 2000°C are also presented in this

chapter to investigate any changes in the ZrC sub-peak structure.

2.3.1 Identifying the ZrC carbon environment using static 13C NMR
Figure 28 shows static 3C NMR spectra for all samples, with samples sintered at different
temperatures displayed on a common axis. Spectra are normalised to the same ZrC peak
intensity (located at approximately 400 ppm) to facilitate quantitative comparisons between

changes in peak width and peak intensity.
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Figure 28 3C NMR spectra with normalised peak intensities for different stoichiometries sintered at (a)

2000°C, (b) 1700°C and (c) 1500°C. Red, black and blue spectrum traces correspond to nominal C/Zr =
1.00, 0.80, 0.60 for the 2000°C and 1700°C sintered samples, and nominal C/Zr = 0.95, 0.70, 0.65 for
1500°C sintered samples. a and f denote resolved peaks in the 1500°C spectra.
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The graphite resonance was observed to be centred around 113 ppm across all sample spectra.
However, the ZrC resonance exhibits a dynamic behaviour with carbon content and sintering
temperature. The ZrC resonance of samples sintered at 2000°C (Figure 28a) showed a
noticeable shift in its centre of gravity (CG) from 404 to 434 ppm. The ZrC resonance CG, of
samples with lower carbon contents, are located at lower ppm whilst the higher carbon content

sample is located at higher ppm shifting the peak asymmetrically.

The ZrC resonance shift of samples sintered at 1700°C (Figure 28b) showed an asymmetric
peak shift A~23 ppm. Contrary to the trend seen in the 2000°C sintered samples, the peak CG
was seen to shift from 411 to 434 ppm with higher carbon content samples located at lower
ppm and lower carbon content samples located at higher ppm. The ZrC resonance of the
samples sintered at 1500°C (Figure 28c) was seen to comprise of two sub-environments within
the central ZrC peak. These sub-environments are assigned as o and 3 in samples sintered at
1500°C, with tracer lines indicating the chemical shift of the peak CG which evolve as a
function of the carbon content. As the sample becomes less metallic (carbon content increases)
the carbon in the o sub-resonance position evolves into that of the B— and the overall peak
structure changes. The intensity of a is present in NMR samples of nominal C/Zr = 0.65 and

0.70, whereas B is seen predominantly in the nominal 0.95 samples.

2.3.2 Identifying the ZrC carbon environment using static ’°C NMR

Figure 29a shows the static '3C NMR spectrum of the nominal C/Zr = 0.60 sample sintered at
2000°C. Two main resonance features were observed within this spectrum; a sharp resonance
located at approximately 113 ppm and a broader resonance observed at approximately 430
ppm. To decompose and attribute carbon environments to each resonance, static 1*C NMR was
undertaken on the graphite carbon precursor (Figure 29b). Both samples are plotted on a
common axis in Figure 29. Comparing Figure 29 (a) and (b) shows that the sharp graphite
resonance and its location is common in both spectra — indicating the presence of free graphite
in the ZrC sample, which implies the second resonance is ZrC. The portion of the graphite

resonance in Figure 29a located at chemical shifts greater than 113 ppm before the ZrC peak
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shows less of a sharp peak compared to the graphite precursor spectrum; potentially indicating
the presence of an additional resonance. Evidence supporting that the broad peak ~430 ppm in
Figure 29 (a) can be attributed to ZrC, can be seen by inspecting the compiled *C NMR sample

spectra in Figure 28.

LRI L B T T T T ™
1000 750 500 250 0 -250 -500
ppm

Figure 29 Static >C NMR spectra (a) of ZrC, nominal C/Zr = 0.60, sintered at 2000°C and (b) of
precursor graphite located at approximately 113ppm. Spectra are scaled to emphasise the common

position and presence of the graphite peak between the two spectra.

2.3.3 Identifying the ZrC carbon environment and a broad carbon

phase using static *C NMR

As well as the ‘sharp’ graphite resonance located at approximately 113 ppm, evidence for an
additional resonance, and therefore an additional carbon local environment in these 3C NMR

spectra, emerges in the range of 120 to 300 ppm.

Quantification of the spectral resonances was achieved by peak fitting appropriate Gaussian or
Voigt profiles to the features observed in the spectra. The graphite resonance was fit in each
spectrum using a Voigt peak profile, as this was determined to encompass the characteristics
of the graphite precursor graphite powder. In all cases, the ZrC peak was fit using a Gaussian
profile, and the fit was optimised using non-linear regression in Igor Pro. Figure 30 shows the
nominal C/Zr = 0.80 sample spectrum with the fit ZrC and graphite resonances labelled a and
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b respectively. An additional broad resonance is observed in the residual spectrum (Figure 30
top spectrum) labelled c, which is positioned at approximately 120 to 300 ppm. Difficulty arose
in fitting the broad structure as fitted peaks were seen to infringe on both the ZrC and the
graphite resonances. As such, quantification of the broad peak structure was determined by

subtracting the sum of the graphite and the ZrC resonances from the total signal integral.
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Figure 30 Deconvolution of the 3C NMR peaks in a sample sintered at 1700°C with nominal C/Zr =
0.80. The bottom spectrum shows the Gaussian peatk fitted to the ZrC carbon resonance at 419ppm (a)
and a Voigt peak at 113 ppm to the resonance of graphite carbons (b) (blue) fit to the original spectrum
(red). The top profile shows the residual when (a) and (b) are subtracted from the original line shape,

revealing an additional resonance labelled (c).

A compilation of the carbon contents obtained from the different methods used are presented
in Table 2.2 alongside quantification of the carbon environments as determined from the peak

fitting.
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Table 2.2 - Compilation of the analysed and NMR corrected carbon contents. Errors on the NMR fits
are propagated from errors on the peak fits, and the error (x1a) on the carbon analyser was calculated

from the triplicate measurements.

Sintering Nominal | Analysed C/Zr Corrected C/Zr | Corrected Corrected broad carbon
temperature | C/Zr + error from NMR Graphite content | content from NMR
°O) + error from NMR + error
+ error

2000 1.00 1.00+ 0.01 095+ 0.01 0.03+ 0.01 0.03+ 0.03

0.80 0.85+ 0.01 0.75+ 0.01 0.03+ 0.01 0.07+ 0.01

0.60 0.64+ 0.01 0.50+ 0.01 0.04+ 0.01 0.09+ 0.01
1700 1.00 0.96+ 0.01 0.81+ 0.01 0.07+ 0.01 0.17+ 0.03

0.80 0.73+ 0.01 0.56+ 0.01 0.09+ 0.01 0.03+ 0.01

0.60 0.64+ 0.01 0.50+ 0.01 0.05+ 0.01 0.08+ 0.01
1500 0.90 0.95+ 0.01 0.88+ 0.02 0.06+ 0.02 001+ 0.11

0.70 0.73+ 0.01 0.69+ 0.01 0.03+ 0.01 001+ 022

0.65 0.64+ 0.01 0.60+ 0.01 0.00+ 0.01 0.04= 0.13

24 Pre-irradiation XRD

In this section results from XRD analysis and Rietveld refinement are presented. The
corresponding lattice parameter values are analysed, and their various values are presented in
the context of the carbon contents of each sample. Plots are stacked by sintering temperature

to aid with inter-sintering temperature comparisons.

2.4.1 ZrC powdered XRD on samples sintered at 2000, 1700 and

1500°C

Figure 31, Figure 32 and Figure 33 show powdered XRD diffractograms for samples sintered
at 1500, 1700, 2000°C, respectively. In order to identify phases, CIF files were generated from
the Inorganic Crystal Structure Database (ICSD) [77], and the XRD patterns were simulated
using Mercury software produced by the Cambridge Crystallographic Data Centre. Phases are
labelled in the legend and assigned vertical tick marks which are labelled at their appropriate
diffraction angles on the diffractograms. The silicon standard peaks are identified using an
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asterisk * above the top diffraction pattern. The location of the graphite peak is also labelled
above the bottom diffraction pattern with a triangle marker. XRD patterns for all samples
showed the fully indexable ZrC NaCl peaks whose corresponding crystallographic (hkl) planes

are labelled at the top of each figure.
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Figure 31 Stacked diffractograms of samples sintered at 1500°C for nominal C/Zr= 0.65, 0.70, 0.95
labelled (a), (b), (c) respectively — ZrC peaks are indexed and identified in the legend alongside

additional phases.

No evidence of graphite was observed in any of the diffractograms; similarly, no unreacted Zr

was observed. In addition, no diffraction peaks belonging to crystalline zirconia were observed.
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Figure 32 Stacked diffractograms of samples sintered at 1700°C for nominal C/Zr= 0.60, 0.80, 1.00
labelled (a), (b), (c) respectively — ZrC peaks are indexed and identified in the legend.
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Figure 33 Stacked diffractograms of powdered samples sintered at 2000°C for nominal C/Zr= 1.00,
0.80, 0.60 labelled (a), (b), (c) respectively — ZrC peaks are indexed and identified in the legend

alongside additional phases.
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The NaCl ZrC structure was maintained, independent of sintering temperature. In addition, no
diffraction peaks belonging to zirconia, oxygen or graphite were observed in any of the XRD

patterns.
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24.1.1 The lattice parameter of powdered samples

Figure 34 shows the lattice parameters obtained from Rietveld refinement of the XRD
diffractograms plotted with respect to the carbon content as determined by different methods.
An isolated plot of the lattice parameters plotted against nominal carbon content is included in

the top right of Figure 34 for clarity.

Two main trends were observed in this data: an increase in the lattice parameter with carbon
content and an increase in the lattice parameter with the sintering temperature. Although lines
have been drawn between each datapoint, this does not necessarily describe the correct trend
for individual sets of samples at each sintering temperature. These lines have been drawn to

highlight potential trends between sintering temperatures and carbon content assignments.

v This study - Nominal - sintered 2000°C
a. W This study - Nominal - sintered 1700°C
4 695 A w  This study - Nomind - sintered 1500°C

b.

I B ¢ 4,690 v

v -

v

4685 -

g
0
©
o
1
¢

4680, YT ¥
Y 08 10

@— This study - NMR corrected - sintered 2000°C
—®— This study - NMR corrected - sintered 1700°C
This study - NMR corrected - sintered 1500°C
This study -Carbon analyser corrected - sintered 2000°C
This study -Carbon analyser corrected - sintered 1700°C
This study -Carbon analyser corrected - sintered 1500°C
This study - Nominal - sintered 2000°C
This study - Nominal - sintered 1700°C
This study - Nominal - sintered 1500°C

4.685 -

Lattice parameter (A)

4680 ¥ v

2
-
4499999

0.4 0.6 0.8 1.0
ClZr

Figure 34 a. Lattice parameters of the powdered samples as obtained from Rietveld refinement plotted

with respect to carbon content determined through the different carbon analysis methods. b. lattice

parameters plotted with respect to the nominal carbon content.

Examining the small graph of the isolated nominal carbon content with respect to temperature
reveals that all samples show an increase in the lattice parameter with increasing carbon
content. The nominal graph shows that the sample sintered at 2000°C on average has a larger
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lattice parameter than the samples sintered at lower temperatures for a given carbon content.
The 1500, 1700 and 2000°C sintered samples appear to show an almost linear increase in the

lattice parameter.

Referencing the lattice parameters to NMR corrected carbon content, as expected, shows that
the values for the lattice parameter shifted negatively in the x-direction as compared to the

nominal values.

2.4.2 ZrCXRD on solid samples sintered at 2000°C

To compare changes in the XRD diffractograms and associated properties — XRD was
undertaken on the solid blocks cut from each pellet sintered at 2000°C. Figure 35 shows
unirradiated offset XRD patterns for the solid samples sintered at 2000°C for the nominal C/Zr
=1.00, 0.80 and 0.60.
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Figure 35 Stacked diffractograms of the samples sintered at 2000°C nominal C/Zr= 1.00, 0.80, 0.60
labelled (a), (b), (c) respectively — ZrC peaks are indexed and identified in the legend.
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Figure 36 the crystallite microstrain of solid ZrC samples sintered at 2000°C plotted with respect to the

NMR corrected carbon content.

Figure 36 shows the microstrain of the ZrC solid samples. The mean microstrain values of the
nominal C/Zr = 0.6 and 1.00 samples were observed to be within error of one another. The

nominal C/Zr= 0.80 sample was observed to have the highest microstrain values.

2.5  Pristine SEM of 2000°C sintered samples

This section presents the results of SEM (SE, BSE and EBSD) imaging on the pristine ZrC

samples.
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Figure 37 BSE and SE images of sample sintered at 2000°C with nominal C/Zr = 1.00, BSE images are
on the right-hand side and SE images are on the left-hand side. Images on the top and bottom row have

been taken at 1000x and 2833x magnification, respectively.

Figure 37 shows BSE and SE (left and right) images taken on the SEM at x1000 and x2833
magnification (top and bottom) for nominal C/Zr = 1.00 sintered at 2000°C. SE and BSE
images showed a resolvable grain structure accompanied by inter-and intra-granular black
structures. The width of these black structures was observed to range from approximately 1 to
10 um, with larger structures preferentially located at grain boundaries. Inter-granular features
were seen to be elongated in shape, as they extended along the grain boundaries, whilst intra-

granular features appeared to be more circular.
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Figure 38 BSE and SE micrographs of the nominal C/Zr = 0.80 sample sintered at 2000°C. sintered

sample (NB: image locations have the same significance as Figure 37).

The nominal C/Zr = 0.80 sample SEM images (Figure 38) also showed the large elongated
dark (from here on referred to as black structures) which were observed to be preferentially
located along grain boundaries. Smaller structures (~pum in diameter) were again seen to be

located intra-granularly.

81



Pristine ZrC

x1000

100 pm

Figure 39 BSE and SE micrographs of the nominal C/Zr = 0.60 sample sintered at 2000°C. sintered

sample (NB: image locations have the same significance as Figure 37).

BSE and SE micrographs of the nominal C/Zr = 0.6 sample (Figure 39) revealed a well-
developed connected network of elongated, asymmetric, inter-granular structures. As with the

other samples, the intra-granular black structures were also observed.
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Figure 40 a) representative SEM EBSD for solid irradiated samples of nominal a. 0.60, b 0.80, ¢ 1.00 sintered at
2000°C. b) average pristine grain size of pristine pre-irradiation ZrC samples to the NMR corrected carbon content.

Average grain size errors are plotted to two standard deviations.

The results of the EBSD analysis and processing in the MTEX package in MATLAB are shown
in Figure 40 shows an apparent decreasing average grain size with increasing carbon content.
This data is presented in Figure 40 b), which shows the average grain sizes plotted with respect
to the NMR corrected carbon content. The average grain size of the nominal C/Zr = 0.60 and
0.80 samples (123.2 = 10.5 and 118.5 £+ 3.5 um) were observed to be within two standard
deviations of one another. In contrast, the nominal C/Zr = 1.00 sample was observed to have a

significantly lower average grain size (31.2 + 3.2 um), than the lower carbon content samples.
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It is possible that the nominal C/Zr = 0.80 sample is an anomaly as it is markedly different from

the decreasing trend in the grain size observed.
2.6 Pre-irradiation Raman

In this section, the results of the Raman spectra of the irradiated samples are presented for the
samples sintered at 2000°C. Features of interest are highlighted in each spectrum as well as

between samples.
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Figure 41 Raman spectra for the nominal C/Zr = 1.00 (i), 0.80 (ii) and 0.60 (iii) samples sintered at

2000°C. Raman spectra were baselined using a manually selected, user-defined baseline.

Figure 41 shows the baseline-corrected Raman spectra of the samples of nominal C/Zr =1.00,
0.80 and 0.60 sintered at 2000°C labelled i, ii and iii, respectively. The three observed Raman

active modes labelled a, d and g are located above spectrum ii at their respective positions.

84



Pristine ZrC

Mode a, centred around 600 cm’!, has been previously attributed to amorphous carbon [92],
[110]. The peaks labelled d and g can be attributed to graphite centred around 1359 ¢cm™ and
1600 cm™> which are called the D and G bands respectively [16], [51], [111]-[113].

The signal intensities of the Raman active modes were observed to increase with decreasing
carbon content. Thus, the nominal C/Zr = 0.60 exhibited the highest signal intensity of the D
and G bands, followed by the nominal C/Zr = 0.80 sample and then finally by the nominal C/Zr
= 1.00 sample in which the D and G bands are absent.

The presence of the D band in the Raman spectra of nominal C/Zr = 0.80 and 0.60 samples was
accompanied by a broader component located below the sharp peak. The spectra of the nominal
C/Zr = 0.80 sample also revealed the activation of the amorphous carbon mode labelled ‘a’
which was absent from the nominal C/Zr = 0.60 sample. The D and G bands were not seen to
be active in the nominal 1.00 sample; instead, the amorphous band was seen to be the only

active mode present.

The D and G modes were fitted using the Igor Pro software in a similar manner to the NMR
spectral fitting detailed earlier. It was evident from visual inspection of the nominal C/Zr =
1.00 and 0.80 samples that the D band was comprised of two components: a broad Gaussian
component and a sharper Lorentzian component. Contrastingly, the characteristics of the G
band could be captured by a single, sharp Voigt function. Fitting peaks to these active modes
confirmed these observations. Difficulty in fitting these peaks often arose due to small
asymmetries in the spectral peak. The broad and narrow peak characteristics of the D band for
the nominal C/Zr = 0.80 sample were seen to be captured by narrow Lorentzian profiles, and a
broad Gaussian centred around 1361 = 1 cm™ and 1370 = 1 cm™! with FWHM of 53 = 1 cm™!
and 298 + 4 cm! respectively. The G band characteristics were determined to be suitably

captured by a single Voigt profile centred at 1609 + 1 cm™! with FWHM of 58 + 1 cm’.
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For the nominal C/Zr = 0.60 sample, the D band characteristics were similarly captured by a
broad Gaussian and narrow Lorentzian profile centred at 1361 +2 ¢m ! and 1409 + 1 ¢m !
with FWHM of 284 + 1 cm ! and 74 + 4 ¢m ! respectively. The characteristics of the G band
were determined to be suitably captured by fitting a single Voigt profile centred around 1607
+ 1 cm! with FWHM of 56 + 1 cm™. The locations of the D and G band narrow components
were seen to shift by 1 and 3 cm™! respectively and the FWHM was seen to vary by 20 and 2
cm! respectively between the nominal C/Zr = 0.80 and 1.00 samples. The broad peak was seen

to vary in position by 10 cm™! with the FWHM varying by 2 cm™! between these samples.

Another component of the spectra that requires consideration is the ‘a’ mode that appears at
lower wavenumbers in the nominal C/Zr = 1.00 and 0.80 samples. From visual inspection of
the spectra, the amorphous band appears to be comprised of two convoluted active bands — this
phenomenon is more apparent in the nominal C/Zr = 1.00 sample. For both samples, it was
determined that two peaks could be fitted, and this was undertaken using the Igor Pro software
package. For the nominal C/Zr 1.00 sample; two Gaussian functions were fitted at 549 + 1 cm’
V'and 633 = 2cm! with FWHM of 96 = 3 cm™ and 54 + 3 cm™ respectively. In the nominal
C/Zr = 0.80 sample, the best fit was achieved using a Lorentzian and Voigt profile located at
574 £ 1 cm™ and 692.99 + 5.08 cm! with FWHM of 62 + 3 cm™! and 301 + 4 cm! for the
narrow and broad contributions respectively. For the fitting of the G band, a Lorentzian

function was found to be the most suitable.

2.7  Discussion of pre-irradiation results

A range of unique chemical environments were revealed by the analysis of the 3C NMR
spectra which were determined to vary both as a function of carbon content and sintering
temperature. The quantitative distinction between these carbon phases cannot be accurately

captured by carbon analysis.

Analysis of the static 3C NMR spectra provides quantitative corrections for the values as

determined by carbon analysis. Three distinct carbon phases were observed in each ZrC
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sample: carbon associated with the ZrC structure, carbon in the broad environment and
graphitic carbon. The total carbon content, as measured by the carbon analysis method, which
is commonly used use determine the C/Zr in the literature, is a sum of the contributions of each

environment.

The distinctive ZrC resonance is observed in all samples; however, the asymmetry and centre
of gravity were observed to change with the carbon content of the sample. In almost all cases
a separate broad resonance of unknown origin accompanied the ZrC and graphite resonances.
It was hypothesised that an anisotropy could be associated with a second nearest neighbour
atom in the ZrC environment. This seemed plausible as different crystallite orientations, with
respect to the applied spectrometer magnetic field, of a vacant structure could present an
additional unique chemical environment that would be present as broad resonance structures
in an NMR spectrum. By contrast, a perfect stoichiometric C/Zr =1.00 NMR spectrum would
present a singular resonance with no associated anisotropy due to the high point symmetry of

the perfect cubic structure.

An investigation into the nature of the broad peak was conducted using incremental pulse delay
experiments. A pulse delay of 9.0 seconds (T = 1.8 seconds) was determined to be the time
for maximal signal acquisition which was set by the slow relaxation period of the ZrC peak.
The broad carbon peak was seen to reach the equilibrium signal at 3.0 seconds (corresponding
to a T1 = 0.6 seconds). Thus, the unique carbon environment associated with the broad carbon
peak is determined to be closer, chemically, to carbon in the graphite environment than carbon
in the ZrC environment as evidenced by nutation experiments. Comparison of the broad peak
location with literature values reveals that this resonance peak can be attributed to sp? type
carbon which is similar to the black fullerenes and amorphous carbon structures [56], [57],

[61], [62], [63].
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Figure 42 Static >C NMR spectra of the evolution of the broad structure (indicated by grey line) with

respect to the pulse delay for the nominal C/Zr = 1.00 sample sintered at 1700°C. Red, black, blue and

green spectral traces correspond to pulse delays of 9.0, 3.0, 1.0 and 0.1 seconds respectively.

The graphite (113 ppm) resonance was observed in all samples. The C/Zr of the samples
produced lie within the homogeneity zone (0.55 > C/Zr > 1.00) highlighted in red in the ZrC
phase diagram in the literature review Figure 1. An ideal and pure ZrC material whose
composition lies within this region should be comprised of pure ZrC with no additional phases
present [13], [117]. Thus, assuming the phase diagram is correct, the fabrication procedure

could be the predominant source of the extra phases observed within the sample.

One possible explanation as to the source of this graphite could be due to the presence of a
carbon diffusion gradient between the Grafoil™ and the vacancy rich ZrC. The presence of
high temperatures could enhance the rate at which graphite ingresses into ZrC. The dissociation
of this resonance from the ZrC structure would imply that although the graphite exists within
the sample, it was not incorporated into the vacant carbon sites. Furthermore, the time to reach

the equilibrium NMR signal of the graphite peak was observed to be 3.0 seconds, whereas the
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unreacted precursor graphite equilibrium signal time was 0.1 seconds. The relaxation behaviour
confirms that unreacted graphite, which has a very short T1 relaxation, is not present in the
sample. The chemical shift position of the broad peak resonance in the 3C NMR spectra, as
indicated in the literature, exhibits an NMR response of sp? type carbon similar to that seen by
black fullerenes and amorphous carbon structures [118]-[120]. It is possible that this peak may

have an anisotropic characteristic contributing to its broad structure.

Static NMR conducted on the samples sintered at 1500°C revealed the presence of two sub-
environments, o and . This apparent sub-environment structure was not seen in the spectra of
samples sintered at different temperatures. Figure 43 shows the CG of the ZrC resonance,
determined from fitting Gaussian functions, for all samples plotted against the corrected
stoichiometry as determined from NMR analysis. The Gaussians fitted to the o, and
resonances are located at approximately 460 ppm and 370 ppm, respectively. Computing the
average CG of each of the 1500°C samples weighted by intensities of the a and B peak shows

a trend similar to the variation of CG samples sintered at different temperatures.
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Figure 43 CG of the ZrC peak as determined from NMR spectrum peak fitting plotted with respect to
NMR determined C/Zr for samples sintered at 2000°C, 1700°C and 1500°C.

It was possible that the 1500°C peak may have an element of anisotropy associated with it due

to random crystal orientations. However, at first glance this did not seem to be the case as a
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clear systematic evolution of the a to B environment was seen with carbon content. The number
of carbon atoms that were, proportionally, in the a and B environments were seen to decrease
and increase respectively with increasing carbon content. This indicated the evolution in
preferential occupancy changed from the more metallic, based on paramagnetism of
conduction electrons, vacancy rich o environment to the less metallic, carbon-rich
environment. The percentage of carbons present in the ZrC resonance for the nominal C/Zr =
0.95, 0.70, 0.65 samples (sintered at 1500°C) were for the a resonance 16%, 49%, 72% and for
the B resonance 84%, 51%, 28% respectively.

The fitting of a single Gaussian function was sufficient to capture the characteristic structure
of the ZrC resonances of the samples sintered at 2000°C and 1700°C. The CG of the samples
sintered at 2000°C are seen to decrease in position with increasing carbon content in

accordance with the trend seen in the 1500°C samples.

In sub-stoichiometric ZrC, the carbon atoms can be envisaged to adopt a number of
arrangements around a Zr matrix [121], [122]. As NMR is sensitive to probing the local
structure around a carbon atom, it is sensitive to the environments of both first and second
carbon nearest neighbours. Thus, a change in the distribution of the first and second nearest
neighbour carbons would alter the local magnetic field induced at a carbon atom. A second
effect is the peak position shifting in metallic or semi-metallic systems as the carbon content
of ZrC is increased due to the local density of states at the Fermi level (at carbon) i.e., a Knight

shift component. A sub- stoichiometric structure with vacancies could affect both factors.

Zhang et al. [123] and Xie et al. [21] recently investigated and identified several stable ZrC
stoichiometries of ZrC. The NMR corrected carbon content can be compared to the
computationally determined phases as a means of validating them. Comparing the
stoichiometries of the stable samples as determined in the two studies mentioned above with
the NMR corrected C/Zr, as determined by this study, reveals common results as shown in

Table 2.3.
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Table 2.3 - Comparison of static >C NMR evaluated NMR C/Zr as compared with stable Zr,C: phases computed
by Zhang et al. (7) [123] Xie et al (¥) [21].

Experimentally determined Computationally
determined
Sintering Nominal C/Zr Corrected C/Zr from Stoichiometry
temperature (°C) NMR
+ error
1.00 0.95+0.01 NA
2000 0.80 0.75 +0.01 ZrsCs
0.60 0.50 +0.01 Zr,C; T
1.00 0.81+0.01 ZryCos T
1700 0.80 0.56 +0.01 Zr3Cis'
0.60 0.50 +0.01 Zr,C; T
0.95 0.88 £0.02 ZrCq T
1500 0.70 0.69 £0.01 NA
0.65 0.60 +£0.01 NA

In contrast to the results reported by Zhang et al. [123] no departure from the stoichiometric
FCC symmetry was determined via XRD experiments. The computationally determined phases

may exist dispersed throughout the samples or exist on a scale that is not detectable by XRD.

Several ordering schemes can be considered for the multiple peaks found in the static NMR
spectra for the samples sintered at 1500°C, which could be used to explain the systematic
evolution and inhomogeneity in the line NMR shape. As the NMR chemical shift is modulated
by the change in the local bonding environment, the following analysis considers the change

in the chemical environments.
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The first model we can consider is a 3x3x3 ZrC supercell populated by 108 carbon atoms.
Considering the central carbon atom; it is surrounded immediately by 12 nearest neighbour
carbon atoms (NNc) that are located at V2 dz..c (where change the Zr-C dz.c is the zirconium
carbon distance). The second NN are 6 carbon atoms positioned at a distance of 2dz.c from
the central atom. Finally, the 24 third NNc are positioned at a distance of 3/2 dz.c from the

central atom.

.

<
4

Figure 44 Vacancy positions relevant to near-neighbour effects that could be present in the NMR
spectrum, shown in a 2x1 cell where the carbon and zirconium atoms are identified by the red and
green atoms, respectively. Examples of first, second and third NN. atoms are labelled by their
corresponding numbers. An arrow is drawn from a resonant carbon atom outlined in black to each

numbered NN..

One can consider several vacancy models to explain the systematic changes in the 1500°C
NMR spectra with carbon content. Considering the vacation of the 24 third NN sites resulting
in a C/Zr = 0.79, vacating the next 6-second NNc sites would result in a C/Zr = 0.72. As
mentioned previously, the § peak is only observed in the sample which has an NMR corrected
carbon content of C/Zr =0.88; the distinct a peak is first seen in the sample with an NMR
corrected carbon content of C/Zr = 0.69. It is reasonable to assume that if the avoidance model
is correct that the transition from o to f occurs at an NMR corrected C/Zr ~ 0.79 due to a change
in the local chemical environment caused by the number of vacancies to moving from requiring

third NNc to second NNc carbon atoms being absent.
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For the samples sintered at 2000°C and 1700°C, it was not possible to resolve the ZrC peak
structure in both the static '*C NMR and the ultrafast '*C MAS-NMR. This homogeneous peak
structure may be due to the high sintering temperatures which would, in turn, lead to a higher
carbon atom mobility — resulting in a more stochastic filling of vacant sites as opposed to a

more ordered filling.

A simple binomial model can be used to model the stochastic distribution over the first and
second NNc vacancies for the 108-atom cell as used previously. The binomial distribution may
describe the underlying stochastic mechanism that produces a change in the peak centre of

gravity for the samples sintered at 2000°C and 1700°C.

0.6

ot
w
1

N
&
1

m0.95
m0.75
’ 0.50

o o
N w
1 1

o
[EEN
1

Probability of obtaining a carbon site with
different numbers of vacancies

0 . T T T T T T T T T
0O 1 2 3 4 5 6 7 8 9 10 11 12
Number of vacant sites

Figure 45 Binomial distribution of having a carbon site with different numbers of vacancies for the samples

sintered at 2000°C for the NMR corrected carbon content for the 12-site carbon neighbour model.

The binomial distribution shown in Figure 45 presents the probabilities of obtaining carbon
sites with different numbers of vacancies, for samples of different carbon content sintered at
2000°C. The individual bars in Figure 45 belonging to a particular sample, and hence carbon
content, can be thought of as individual Gaussian functions, which then sum to produce a
broader Gaussian. From the experimental NMR results for the 2000°C samples, lower carbon

content samples produced an NMR spectrum centred at higher frequency (higher ppm). This
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would match the progression of the binomial distribution calculated in Figure 45, of lower
carbon content ZrC resonating at higher frequencies, as observed for the higher temperature

13C NMR spectra of ZrC.

This is markedly different from the previous vacancy ordering model, which describes the
preferential liberation of certain carbon atoms or ordering of vacancies. Both schemes reflect
the results observed in the corresponding NMR spectra, however further computational

analysis would need to be taken to understand this comprehensively.
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Figure 46 shows the change in position of the lattice parameter when the samples are referenced with respect

to the different carbon determination values.

Figure 46 shows the lattice parameter values for all samples, determined by Rietveld analysis
of XRD, plotted with respect to C/Zr determined by the three different carbon determination
methods. Referencing the lattice parameter to carbon content as determined by various methods
results in a spread of data originating from the accuracy of each method to the true carbon
content. Previously, lattice parameter correlations have been used in the literature to determine
the carbon content of the samples [41] which the above results deem to be inaccurate. It is
proposed that the change in the C/Zr arises due to the mis-referencing of the carbon content -
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whilst the change in the lattice parameter value is influenced by fabrication parameters that

may promote the inclusion of interstitial gas species (e.g. oxygen) [12], [13], [44].
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Figure 47 The lattice parameters of samples sintered at different temperatures plotted with respect to the

NMR corrected carbon content.

The Lattice parameter of the samples sintered at 1500°C (Figure 47) was observed to have two
of the lowest values of all the samples at lower carbon contents. Due to the structure in the
NMR peak of the 1500°C, this may hint at the presence of ordering within the carbon
environments within the ZrC structure. One interpretation of this result may be that samples

with a greater degree of carbon atom ordering may have a lower lattice parameter value.
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Figure 48 Lattice parameter of samples sintered at 1500, 1700 and 2000°C plotted with respect to the NMR
corrected carbon content. Lattice parameter values from the literature are also plotted with respect to their

reported carbon contents.

Figure 48 shows the data in the literature for the lattice parameters and the carbon content.
Lattice parameter values reported in the literature with their referenced carbon content
(including this study) reveal two distinct trends. The first trend is the parabolic lattice parameter
[124], [125] which has a maximum value of 4.702 A at C/Zr ~0.83 [18], [109] and decreases
thereafter. The second trend, observed in this study and other recent studies [48], [126], [127],
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shows an approximately linear trend as stoichiometry is approached. This highlights the

variability in the data which can arise due to carbon content.

XRD analysis on the pristine samples reveals that they crystallise in the rock salt type structure
up to approximately 50% vacancy concentration (NMR corrected) on the carbon sites. XRD
patterns showed no evidence of the excess graphite that was detected in non-negligible
quantities in the static '*C NMR spectra. One theory is that the free carbon is not seen as it is
dispersed, in small quantities, predominantly in grain boundaries. Previously, it has been
proposed by several studies, that XRD was unable to detect the presence of excess free carbon
and TEM analysis revealed the carbon existed in an amorphous form on the ~100 nm scale
[128][129]. No unreacted phases were determined to be present in the XRD patterns. The ZrC
phases were indexed to a powder spectrum generated by Crystal Maker and matched the ICD
accessible in TOPAS.

Increasing the carbon content of the sample resulted in microstructural changes such as a
decrease in the average grain size of the sample sintered at 2000°C. As the samples were
fabricated together, at the same time and under the same conditions, it was deemed unlikely
that other factors would affect the grain size. Thus, the change in the carbon content was the

dominant contributing factor in the change in the grain size.

The average microstrain of the solid samples was seen to have the highest value in the nominal
C/Zr = 0.80 sample. Overall the microstrain values reported in this study were seen to be
smaller than the values reported in the literature [47], [54], [55]. One possible explanation for
this trend could be that the small grain sizes in the C/Zr = 1.00 sample act to reduce the
microstrain in the sample. In the nominal C/Zr = 0.60 sample, the large intergranular dark

structures in addition to the presence of vacancies act to reduce the strain of ZrC.

Analysis of grain size and stoichiometry is not well documented in the literature and has not

been studied with corrected stoichiometry values. However, if the general trend of decreasing
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grain size with increasing carbon content holds for all ZrC samples this could explain the
increase in the values of mechanical properties observed in the literature [13], [18]. One such
example is the yield strength and hardness that are related to grain size via the Hall-Petch

relationship [79], [80], [81].

Probing the microstructure via SE and BSE imaging revealed two features: the sample grains
themselves and the presence of intra- and inter-granular dark structures. It was initially
hypothesised from the BSE images that these structures were carbon phases that had not been
incorporated into the ZrC structure. However, SE imaging showed that these were depressions
from the bulk surface height. Identification of structures in the samples was initially conducted
by EDS mapping. Due to the uneven surface of the black structures, EDS was determined to

be unreliable due to X-ray absorption and secondary emission, giving false-positive results.

Raman spectroscopy was used to probe the composition of these structures and gain
compositional information on the carbon in the solid samples. No signal was observed from
the grains of the ZrC samples. The spectra of the black structures were found to contain
‘partially destroyed’ graphite, pristine graphite, and amorphous carbon. In addition, probing
similar ‘black’ structures in the sample revealed that not all these structures produced a Raman
signal and that the location of graphite phases not incorporated in the ZrC structure were not
preferentially located in those regions. Nevertheless, the activation of the G mode was
attributed to the presence of in-plane carbon sp? pristine carbon vibrations — which corresponds
to the graphite peak, verifying the sharp graphite resonance (~113 ppm) observed in all NMR

Spectra.

The activation of the D mode was determined to correspond to partially destroyed carbon and
amorphous carbon [51], [92] and the out of plane vibrations that occur as a result. This result
complements the rapid relaxation findings of both the graphite and broad resonances from
NMR pulse delay saturation experiments. The activation of these modes was also seen by Wang

et al., Ang et al. and Dong et al. [112], [133], [134].
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The decrease in the intensity of the overall Raman spectral signal appears to be a function of
the carbon content of the sample. As the carbon content of the sample is increased the number
of structural vacancies is reduced. It is, therefore, reasonable to assume that the quantity of
stoichiometric ZrC present in the sample increases. Thus, active modes which are activated by
defects, such as the D and G mode, will become less active — which is consistent with
experimental results from this study. The validity of fitting a Voigt profile to the G band of the
nominal C/Zr 0.60 and 0.80 is explored by Puech et al. [135] and most recently by Mallet-
Ladeira et al. [136]. The fitting of a double Lorentzian profile to the D mode is also suggested
by Mallet-Ladeira ef al. However, in the case of the spectra obtained in this study the fitting,
of a Lorentzian followed by a broad Gaussian appeared to capture the profile better than a

double Lorentzian.

Since graphitic carbon is present in the samples sintered at 2000°C but appears to be dispersed
throughout the sample in small quantities (evidenced by NMR spectra XRD results
respectively), it is possible to use some of the insights used from studies on graphene that have
used Raman analysis to further confirm these findings. To better understand the scale of the
carbon seen in the samples, we can examine the position of the G peak in the context of the
amorphisation trajectory as detailed by Ferrari ef al. [137]. Both the nominal C/Zr = 0.60 and
the nominal C/Zr = 0.80 samples, as stated previously, were observed to have peaks centred
around 1607 and 1605 cm™ respectively which correspond to nano-crystalline graphite on the
amorphization trajectory [51], [137]. These would explain why the graphite is undetectable by
XRD but can be detected by NMR.

A large quantity of work exists in understanding the significance of active Raman modes
through graphene and graphene oxide materials. One such relationship is the change in the
relative peak height of the D and G peaks [51], [136]. Due to the specific location of these
peaks, differences in the intensity can be related to the crystallite size of the sp? component for
point defects via the modified Tuinstra and Koenig relation as proposed by (2.1) [50], [138],
[139].
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-1

L,(nm) = (2.4 x 10-10), * (%) @.1)
where:
In= The intensity of the D peak
I;= The intensity of the G peak
A= The wavelength of the laser (532 nm)
L,= The sp’ crystallite size

Thus, the calculated sp? crystal crystallite size was determined to be approximately 33 nm for

the nominal C/Zr = 0.80 and 0.60 samples.

2.8 Conclusions

A systematic range of nominal stoichiometry samples have been successfully fabricated at
different sintering temperatures. The sample stoichiometries have been tested using academic
and industrial standard combustion carbon analysis techniques. This chapter has shown that
these techniques are not accurate for determining the carbon content of a sub-stoichiometric
carbide sample. This could be the source of a large amount of scatter in physical property values
that exist in the literature with one such example being the lattice parameter. Different sintering
temperatures were seen to affect the incorporation of dissociated carbon into the sample for the
same precursor powder composition. Systematic evolution in the structure of the ZrC resonance
with carbon content was observed in the 1500°C samples. Similarly, systematic shifts in the
centre of gravity of the samples sintered at 2000°C and 1700°C were also observed. The rock
salt structure was seen to be constant throughout the samples, regardless of the stoichiometry
and contrary to the predictions by several theoretical studies. Traces of ZrO and ZrO; were seen
to be present in the sample evidencing the affinity of the Zr to bond with not only carbon but
also oxygen — which could also lead to a difference in the lattice parameter. The structure of

the carbon that is unincorporated in the sample has been confirmed to be a combination of
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partially destroyed and amorphous carbon - the intensity of these active bands were seen to

decrease as stoichiometry is approached.
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Chapter 3  The irradiation of ZrC

This chapter presents the results of heavy-ion and proton irradiations on the pristine ZrC

samples sintered at 2000°C as characterised in Chapter 2.

This chapter is divided into the following sections to better reflect the accumulated damage
dose. Section 3.1 details basic radiation damage theory and the radiation damage modelling
that was undertaken prior to irradiation. Section 3.2 presents the 5 MeV proton irradiations on
ZrC samples to a fluence of 3.20 x 107 protons/cm? or 0.015 dpa on ZrC samples (dose 1).
Section 3.3 presents the 5 MeV proton irradiations on ZrC samples to a fluence of 6.42 x
10'7 protons/cm? or 0.031 dpa on ZrC samples (dose 2) . Finally, section 3.4 presents the
irradiation of 158 MeV on ZrC Xe ions to a fluence of 1.00 x 10! ions/cm? or 2.4 dpa. Each
section contains an introduction, experimental, discussion, and conclusion sections. This is

followed by a general discussion regarding the key results from the entire chapter.

3.1  Calculation of heavy-ion and proton damage on ZrC

Components close to nuclear fuel need to withstand a range of harsh and diverse conditions,
this can include high radiation flux, mechanical and thermal stresses and gradients [117], [140],
[141]. Commonly protons and heavy-ions are used to simulate the radiation damage of reactor
environments. Proton and heavy-ion irradiations offer a lower cost and lower activation
alternative to neutron irradiation. Particle accelerators can be used to achieve these

requirements.

As the goal is to study the irradiation damage as a function of stoichiometry, the irradiation
temperature will be at room temperature/beam heating temperature — and will not be heated to
the operating conditions that this material would operate at (~700°C) as there is potential for
damage to be annealed out. In addition to this, irradiations at very high temperatures are

practically difficult as sample cooling becomes a significant issue.
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When an ion is incident on a material, it produces a damage cascade as kinetic energy from the
incident particle is transferred to the target lattice. As ions move through the target material,
they experience a loss in energy initially through interaction with the target atoms’ electron
clouds. When the ions have lost enough energy, they are slowed down by nuclear elastic
collisions. These nuclear collisions cause damage cascade(s) as the incident ion hits the first
atom in the target (termed the primary knock-on atom — PKA). The energy of the incident ion
determines penetration depth in the material, along with the charge and the density composition

of the target material.

The stopping of the impinging particle in the material can be defined as below:

0E 0E 0E
— =\ + | = . 3.D
0x/ total 0x Jnuclear 0x /electronic

Once the PKA is displaced, it proceeds to transfer its energy to other atoms in the target. This
causes multiple other cascades that result in damage. Consequently, this process produces

defects, which are introduced into the structure.

3.1.1 Modelling of radiation damage using TRIM/SRIM

SRIM is an ion transport software that utilises Monte Carlo methods to simulate charged
particle damage in materials [142]. In this project, SRIM was used to determine the appropriate
stopping distance for proton irradiation. From this simulation, several useful parameters can be
obtained - the most relevant for designing the experiments for the specified constraints (see

below) are stopping range, and dose rates.

The ‘quick Kinchin Pease’ model mode is used in SRIM [143], contrary to what the name
would suggest, it provides the most accurate damage calculations [144]. Post irradiation
analysis requirements inform and constrain the irradiation energy and radiation exposure time.
In the case of this project, pre- and post-irradiation NMR will be compared — hence creating

sufficient irradiated material in the damage campaigns to analyse the 1.3 mm rotor is essential.
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Assuming a constant beam flux over a fixed sample surface area, the only way to produce a
greater volume of irradiated material is to increase the energy of the impinging particle. The
sample capacity of the 1.3 mm rotor is 0.0015 cm?® with the end caps inserted. As the blocks
cut from the samples fabricated have a fixed cross-sectional surface area of 0.25 cm?. It is,
therefore, the depth of the penetrating particles that is the variable in determining the volume
of material produced. The penetration depth of a particle is determined by a particle’s energy.
Figure 49 shows a graph of the proton projectile energy with respect to the penetration depth
in ZrC (density 6.73 g/cm?).
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Figure 49 The variation of proton energy with respect to the penetration depth in ZrC (ideal density 6.73 g/cm?2)
calculated using SRIM.

The graph shows that the penetration depth of the proton increase with increasing proton
energy. Since the volume of the 1.3 mm rotor used in the post-irradiation NMR is 0.004 cm?,

this corresponds to a depth of 60 um.

When comparing the radiation damage induced by different irradiation particles, it is standard
practice to use displacements per atom or dpa as these units are independent of the impinging
particle. To meaningfully interpret the results from irradiations the dpa must be calculated. The

method in which dpa is calculated is shown in (3.2) and (3.3).
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dpa 1
o ¢.VACANCY gy by ions-a C 52)

_( ions ) (displacements) cm3 A
~ \sec.cm?/’ ion. A “\atoms ) \cm

__ displacements

= dpa/sec .

atoms .sec

¢ = Proton flux

33
py = Atomic density of the target (33)

C = Conversion factor angstroms/cm

For SRIM calculations we assume the following:
1. Rastering can be neglected (as is common in these calculations)
We can assume the beam current is uniform both temporally and spatially

2
3. Incident energetics are constant
4

The target material ZrC is treated as a homogenous slab of material
In the VACANCY .txt file SRIM outputs “VACANCIES by IONS” and the “VACANCIES by

RECOILS” (VACANCYsgiy by ions) With respect to depth into the target- these two quantities are

summed to the total damage quantity seen by the material.
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Figure 50 a. Penetration of protons trajectories in ZrC (ideal density 6.73 g/cm?) the variation of the depth
with proton irradiation energy for a. ion trajectories b. proton range for doses of 0.015 dpa and 0.031

dpa.

Figure 50 a. shows the simulated proton tracks if the beam were to impact at one point on a
ZrC target material of ideal theoretical density. A single red tracer represents one proton, Figure

50 b. shows the dpa with respect to the penetration depth for ZrC of ideal density (6.73 g/cm?)
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for both irradiations that were carried out to 0.031 dpa and 0.015 dpa. The region that will be
used for analysis is the uniform region, ranging from 0 to ~80 um, highlighted in the grey box
in Figure 50 b located before the Bragg peak (92 to 115 um). Choosing this uniform region
allows us to study relatively constant damage over an extended region, as opposed to the Bragg
peak that has a large damage over a much shorter distance. It must be noted that experimental
techniques such as Raman spectroscopy, are undertaken on samples with a lower dose where
the penetration depth of these techniques is smaller than the larger dose averaged depth range

sampled by NMR.

Similar simulations can be undertaken for the 158 MeV Xe particles where the Bragg peak in
ZxC is located between 8 to 10 pm. The highly energetic and massive (compared with protons)
xenon ions interact strongly with the material; hence their travel path is of the order of ~ pm.
As the penetration depth of the Xe ions is not sufficient to produce a greater depth of irradiation
(due to the energies used), NMR will not be undertaken on the irradiated sample, as the volume

of irradiated material generated would be insufficient to fill the 1.3 mm NMR rotor.

In calculating the average dpa, consideration must be given to the penetration depth of XRD
analysis. When comparing the lattice parameter to that of other studies, the dpa must be
averaged over the approximate range of the XRD penetration depth. In practice, the penetration
depth of x-rays is difficult to compute because of factors such as material inhomogeneity that
need to be accounted for. However, an approximation can be made using the beer lambert law,
the mass attenuation coefficient of Zr, and the ideal density of ZrC, which results in a
penetration depth for Mo radiation of approximately 7.2 um. Averaging the dpa up to this point
provides an approximation (given the more complex factors) of ZrC (ideal density 6.73 g/cm?)

to be 2.4 dpa. This region is highlighted in the grey box in Figure 51.

107



The irradiation of ZrC

25 - — 158 MeV Xe
fluence: 1 x 10" ions/cm?|
20 -
154
©
o
©
10
5 -
0 T T T T T T T T T T T 1
0 2 4 6 8 10 12

range (um)

Figure 51 The variation of damage (dpa) with respect to the penetration depth for 158 MeV Xe ions - calculated using
the SRIM package and the ideal density of ZrC was used (6.73 g/cm?).

Heavy-ion irradiations were carried out at the Joint Institute for Nuclear Research at Dubna,
Russia using 158 MeV Xenon ions up to a fluence of 1 x 10! ions/cm? taking approximately

four weeks to complete.

Proton irradiations were carried out at the Dalton Cumbria Facility, operated by the University
of Manchester located in Cumbria, England. The irradiation using 5 MeV protons was broken
up into short and long irradiation campaigns due to beamline availability and technical
difficulties that were experienced with stable beam production. This provided the basis for
determining the effect that varying doses had on the samples, allowing an understanding of

how the carbon environments change with varying dose rates.
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3.2 Irradiation of ZrC with 5 MeV protons to a fluence
of 3.20 x 10" protons/cm? — 0.015 dpa (dose 1)

3.2.1 Introduction

The aim of this section is to present and discuss the effects that proton irradiations had on the
solid ZrC samples. These samples were sintered at 2000 °C for nominal C/Zr = 1.00, 0.80 and
0.60. In this section, these samples were irradiated with 5 MeV protons to a fluence of 3.20 x
10" protons/cm?. This corresponds to an average dose of 0.015 dpa in the uniform region of
the damage production curve (see methods section 1.3) — this dose will be here on referred to
as dose 1. Note: that due to equipment malfunctions and accelerator unavailability, the

irradiations presented in this chapter are to a lower dose than was originally desired ~1 dpa.

Most proton irradiation studies in the literature that investigate the irradiation response of ZrC
do not consider the material response over a systematic range of stoichiometries [35], [65],
[145]. The objectives for the section are outlined in the following paragraph below: to
characterise the changes that the dose 1 proton irradiation had on the ZrC samples by using
Electron backscatter diffraction (EBSD), Scanning electron microscopy (SEM), X-ray
diffraction (XRD) and Raman techniques. To compare the extent to which these irradiation
changes vary between different stoichiometries for dose 1 and pristine samples; to determine
if any evolution of material properties occur by comparing the stoichiometries for pristine and
dose 1 samples. To discuss these results in the context of previous literature, and to provide

recommendations for future work.

These objectives have been achieved by determining the changes in lattice parameter,
microstrain by XRD for dose 1 samples and these are compared to the pristine sample values.
SEM and EBSD are undertaken on all irradiated samples to characterise if any changes in the
microstructure or phase separation exist post-irradiation. Raman spectroscopy is undertaken on
irradiated samples, to determine if any change in speciation occurs within the dissociated

carbon environments as compared with the pristine samples.
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3.2.2 Experimental results: Irradiation of ZrC with 5 MeV protons to

a fluence of 3.20 x 10'” protons/cm? (dose 1)

3.2.2.1 XRD

This section presents the post-irradiation XRD results for the dose 1, 5 MeV proton irradiated
to a total fluence of 3.20 x 10! protons/cm? samples that were undertaken on the pristine ZrC

samples that were produced in Chapter 2.

Figure 52 shows XRD diffractogram of the solid (a) pristine nominally stoichiometric ZrC
sample sintered at 2000°C with nominal C/Zr = 1.00 [black trace] sample and (b) the dose 1, 5
MeV proton irradiated nominal C/Zr = 1.00 [red trace] sample. The nominal C/Zr = 0.80 and
the 0.60 samples are shown in Figure 53 and Figure 54 respectively and adhere to the layout

of the nominal C/Zr= 1.00 sample as described above.
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Figure 52 vertically offset XRD patterns of ZrC (nominal C/Zr = 1.00) for (a) pristine and (b) dose 1, 5 MeV

proton irradiated samples.

The irradiated nominal C/Zr = 1.00 (Figure 52) sample diffractogram showed that the NaCl
structure of ZrC was maintained after the dose 1 proton irradiation. The intensity of the (200)
ZrC diffraction peak was seen to decrease with respect to the (111) diffraction peak in the
irradiated sample as compared to the pristine sample diffractogram. Weak ZrO, diffraction
peaks were also observed and assigned, from Rietveld refinement, in the irradiated spectrum
to m-ZrO> (monoclinic zirconia). The diffraction peak belonging to the unknown phase that

was observed in the pristine nominal C/Zr = 1.00 sample located at 21.6° (20) was not observed

in the irradiated sample.
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Figure 53 vertically offset XRD patterns of ZrC (nominal C/Zr = 0.80) for (a) pristine and (b) dose 1, 5 MeV

proton irradiated samples.

The nominal C/Zr = 0.80 XRD patterns (Figure 53) show that the irradiated sample maintained
its NaCl crystal structure after irradiation. Furthermore, a decrease in the relative intensity of
the (111) peak compared to the (200) ZrC diffraction peak was observed with irradiation. The
(220) diffraction peak was also observed to increase in the dose 1 sample diffraction pattern as
compared to the pristine sample pattern. As with the nominal C/Zr = 1.00 sample, m-ZrO;
attributable diffraction peaks were observed in the irradiated nominal C/Zr = 0.80 sample. One
weak diffraction peak located at approximately 21.6 ° (20) belonging to an unknown phase was

also seen in the dose 1 diffractogram.
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Figure 54 vertically offset XRD patterns of ZrC (nominal C/Zr = 0.60) for (a) pristine and (b) dose 1, 5 MeV

proton irradiated samples.

Following the trend from previous samples, the nominal C/Zr =0.60 XRD patterns (Figure 54)
showed no evidence of graphite in the irradiated or the pristine sample. The irradiated sample

diffractogram produced a more intense (111) peak as compared to the (220) diffraction ZrC

peak intensities.
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Figure 55 Pristine and dose 1, 5 MeV proton irradiated lattice parameters for samples sintered at 2000°C plotted with

respect to the NMR corrected C/Zr.

Lattice parameters, as determined by Rietveld refinement, of the 5 MeV proton irradiated ZrC
samples plotted with respect to the NMR corrected C/Zr for samples sintered at 2000°C are
shown in Figure 55 (tabulated in Table 3.2). The lattice parameters of the irradiated samples
were observed to have, on average, lower values as compared to the pristine sample lattice
parameter values. The lattice parameter of the irradiated samples showed an increasing trend
with respect to carbon content that was also seen in the pristine samples. The lattice parameter
was seen to decrease in the irradiated samples by approximately 0.10, 0.10 and 0.05 % for the

nominal C/Zr = 1.00, 0.80 and 0.60 samples.
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Table 3.1- Lattice parameters of the pristine and 5 MeV proton dose 1 irradiated samples.

Nominal | NMR +error Pristine +error Proton dose | + error
C/Zr corrected Lattice 1 Lattice
C/Zr parameter Parameter
1.00 0.95 0.01 4.692 0.001 4.688 0.001
0.80 0.75 0.01 4.688 0.001 4.683 0.001
0.60 0.50 0.01 4.672 0.001 4.670 0.001

The microstrain contribution was determined using the full pattern fitting Pawley method. To
increase the accuracy of this method, the offset between the standard tile and the sample was

accounted for and the instrumental broadening was characterised using a corundum standard.
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Figure 56 Pristine and 5 MeV proton irradiated microstrain values for ZrC samples

plotted with respect to the NMR corrected C/Zr.

Figure 56 shows the irradiated microstrain of the pristine and the irradiated SMeV proton dose
1 samples (tabulated in Table 3.2). The microstrain of the irradiated samples showed a similar
non-monotonic response to the pristine samples. For both the irradiated and unirradiated

samples, the lowest, highest and intermediate microstrain values were observed in the nominal
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C/Zr = 0.60, 0.80 and 1.00 samples, respectively. The microstrain of the nominal C/Zr = 0.60
sample was seen to decrease as compared to the unirradiated samples, whereas the nominal

C/Zr =1.00 and 0.80 sample microstrains were seen to increase with irradiation.

Table 3.2 - Microstrain of pristine and the 5 MeV proton irradiated dose 1 samples.

NMR Pristine Proton dose
Nominal corrected microstrain 1 microstrain
C/Zr C/Zr + error (e) + error (e) + error
1.00 0.95 0.01 1.94 0.15 223 0.07
0.80 0.75 0.01 2.62 0.11 3.62 0.11
0.60 0.50 0.00 1.57 0.28 0.00 0.32

The GOF (goodness of fit) values from the Rietveld refinement, which was used to determine
the lattice parameters, were observed to be 4.24, 6.22 and 6.23 for samples of nominal C/Zr =
1.00, 0.80 and 0.60, respectively. The GOF/chi-squared (goodness of fit) from the Pawley fit
was determined to be 1.90, 3.70 and 4.00 for samples of nominal C/Zr = 1.00, 0.80 and 0.60,
respectively. The variation of the GOF was seen to be due to the presence of additional phases,
in addition to the marginal offset between the corundum standard and the sample tiles. As the
difference in the offset was assumed to be zero, the peak centring, which was important for

determining the lattice parameter, was checked by visual inspection of the residual spectrum.

3222 SEM

The following sub-section presents the results of SEM microscopy undertaken on the 5 MeV
dose 1 irradiated samples of ZrC. Where possible, the same areas have been imaged. However,
this was not possible for some samples because of the short turnaround time (1 day) between
receiving the samples and having to transport them to the accelerator facility. Figure 57, Figure
58, Figure 59 show the SE and BSE SEM images for nominal C/Zr = 1.00, 0.80, 0.60 pristine

and dose 1, 5 MeV proton irradiated samples, respectively.
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Figure 57 BSE and SE images of (nominal C/Zr = 1.00 sintered at 2000 °C) pristine and dose 1, 5 MeV proton
irradiated ZrC samples. Samples are classified as per the dividers specified in the table above. Images that are
labelled with a letter followed by a i and ii (e.g. ai and aii) denote images that have been taken in the same area
before and after irradiation. SE and BSE images are displayed in the left and right columns respectively — labels
starting with a and b denote SE images whilst labels starting with ¢ and d denote BSE. Image labels starting with the

letters ‘a’ ‘c’ are images that have been taken at x1000 magnification and those starting with labels starting with ‘b’

or ‘d’ are taken atl )5533 magnification.
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The irradiated nominal C/Zr = 1.00 showed no significant difference in the microstructure as
compared with the pristine material. The black structures appear sharp in the irradiated material
- as with the pristine material. A slight difference in contrast was observed around the side of
the laser-ablated reference points that was attributed to the burn marks from the rastering of
the beam to create the reference points (see di and dii). These darker areas were not seen in the
irradiated samples. In addition, a roughening of the microstructure was observed in SE images
of the samples after irradiation (bii as compared to bi). No phase separation was observed in

the BSE images.
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Figure 58 BSE and SE images of (nominal C/Zr = 0.60 sintered at 2000 °C) pristine and dose 1, 5 MeV proton
irradiated ZrC samples. Samples are classified as per the dividers specified in the table above. Images that are
labelled with a letter followed by a i and ii (e.g. ai and aii) denote images that have been taken in the same area
before and after irradiation. SE and BSE images are displayed in the left and right columns respectively — labels
starting with a and b denote SE images whilst labels starting with ¢ and d denote BSE. Image labels starting
with the letters ‘a’ ‘c’ are images that have been taken at x1000 magnification and those starting with labels

starting with ‘b’ or ‘d’ are taken at x2833 magnification.
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No phase separation was observed in the irradiated BSE images. The irradiated nominal C/Zr
= 0.80 sample (Figure 58) similarly showed a roughening of the surface microstructure as
compared to the representative pristine nominal C/Zr = 0.80 samples. As with the nominal C/Zr
= sample, the burn marks located around the square reference marker were absent in the
irradiated samples. Microstructural roughening was observed in the irradiated samples as
compared to the representative pristine samples — this can be seen by the dark streaks seen in

the irradiated SE images (aii and bii).
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Figure 59 BSE and SE images of (nominal C/Zr = 0.60 sintered at 2000 °C) pristine and dose 1, 5 MeV proton
irradiated ZrC samples. Samples are classified as per the dividers specified in the table above. Images that are
labelled with a letter followed by a i and ii (e.g. ai and aii) denote images that have been taken in the same area
before and after irradiation. SE and BSE images are displayed in the left and right columns respectively — labels
starting with a and b denote SE images whilst labels starting with ¢ and d denote BSE. Image labels starting with the
letters ‘a’ ‘c’ are images that have been taken at x1000 magnification and those starting with labels starting with ‘b’

or ‘d’ are taken at x2833 magnification.
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The irradiated nominal C/Zr = 0.60 (Figure 59) samples showed the same connected inter- and
intra-granular black structural network as in the pristine sample. An increase in the apparent
area of the black structures (see arrow in Figure 59 di and dii) was observed in the irradiated
samples compared to the pristine samples. Despite this, no large-scale changes in the

microstructure were observed post-irradiation.

EBSD analysis was undertaken on the irradiated samples to determine the grain size post-
irradiation. As with the pristine samples, the average grain size of the irradiated samples was

analysed using the MTEX package.
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Figure 60 a) representative SEM EBSD for solid irradiated samples of nominal a. 0.60, b 0.80, ¢ 1.00 sintered at
2000°C. —, b) average pristine grain size of pristine pre-irradiation ZrC samples and average grain size of dose 1, 5

MeV proton irradiated samples plotted with respect to the nominal carbon content.

The results of the grains traced in the analysis are presented in Figure 60. Figure 60 a) shows
that the irradiated samples presented with decreasing grain size with increasing carbon content,

a trend that was previously seen in the pristine samples.

Quantitatively, Figure 60 b) shows the average grain size for the pristine ZrC samples and dose
1, 5 MeV proton irradiated samples plotted against the NMR corrected carbon content. The
grain size of the irradiated samples was determined to be 14.1 + 0.3 um, 42.6 + 0.9 pm and
126.2 + 8.4 um for the nominal C/Zr = 1.00, 0.80 and 0.60 samples, respectively. The nominal
C/Zr= 1.00 sample showed approximately a 55% grain shrinkage from 31 + 3 pum, in the

pristine sample, to 14 £ 1 um in the irradiated sample.

The average grain size of the nominal C/Zr = 0.80 was seen to shrink by approximately 64%
from 118 =4 pm to 43 + 4 um for the pristine to irradiated samples, respectively. In addition,
this composition showed the largest difference between the pristine and irradiated grain size
amongst all the samples. It is also possible that the value of the pristine nominal C/Zr = 0.80

may be an anomalous result.

The grain size of the nominal C/Zr = 0.60 irradiated sample (126 + 8 um) was seen to be within

the error of the pristine sample value (123 = 11 pum)..

3.2.23 Raman spectroscopy

This subsection presents the results obtained from Raman spectroscopy investigations on dose
1, 5 MeV irradiated ZrC. The dark structures were selected as sampling spots for the irradiated
Raman characterisation because as they exhibited a clear Raman signal in the pristine sample,
as opposed to the other sample regions. It was determined in Chapter 2 that studying these

regions provides a method for understanding how the speciation of carbon changes within the
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sample. The physical interpretation behind the spectral resonance widths, from the fitted peak
functions, and the location of these peaks are further interpreted in the discussion section of

this chapter.
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Figure 61 Raman spectra for the 5 MeV dose 1 proton irradiated samples of nominal C/Zr = 1.00 (i),
0.80 (ii) and 0.60 (iii) sintered at 2000°C. Spectra were baselined using a manually selected, user-defined

baseline.

Figure 61 shows the Raman spectra of the dose 1 proton irradiated ZrC samples. Overall, the
Raman spectra of the irradiated samples show a decrease in signal intensity of the D and G
bands for samples of higher carbon content. The irradiated nominal C/Zr = 0.80 and 0.60
samples showed, but adjoined, clear D and G resonances, whilst this signal was unresolvable

in the nominal C/Zr = 1.00 sample spectrum.

Several additional features were observed in the nominal C/Zr = 1.00 sample that were not

observed in the lower C/Zr samples. Most notably, a broad structure was observed in the
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irradiated sample spectrum, centred at approximately 963 c¢cm™!. This structure was seen to
contain two overlapping double resonances located at around 949 and 979 cm!. Additionally,
at lower wavenumbers, another previously unobserved sharp peak was observed to be centred

at approximately 525 cm! in the irradiated sample spectrum.

The Raman spectrum of the irradiated nominal C/Zr = 0.80 sample shows the largely
overlapped structure of the D and G resonances. The intensity of the D band was seen to be
higher than the G band with the difference in the peak height being 134 counts. The
characteristics of the D and G bands are seen to be appropriately fitted by a Gaussian and
Lorentzian function, respectively. The fitting and optimisation of these functions were made
difficult due to the asymmetry associated with the peaks, hence as before, initially fitting was
conducted using manual adjustment - a function to a resonance minimising the residual signal.

Unconstrained fitting parameters were then optimised.

The broad Gaussian function used to fit the D resonance in the irradiated nominal C/Zr = 0.80
sample was seen to be centred around 1410 +£1 ¢m!, with FWHM = 234 + 2 ¢cm’! and the
intensity to be 125 + 1 counts. The Voigt function used to fit the G peak was determined to be
centred around 1596 + 1 cm™!, with FWHM = 77 + 2 cm™! and height 93 + 1 counts. The D and
G peaks in the irradiated samples were seen to have a greater overlap than was seen in the
pristine sample spectra, however, the line shape was seen to be suitably captured by fitting two
functions, and a third was not necessary. The irradiated nominal C/Zr = 0.80 spectra also

showed a broad resonance located at lower wavenumbers that was centred around 570 + 4 cm’
1

The Raman spectrum of the irradiated nominal C/Zr = 0.60 showed the presence of the D and
G bands as was observed previously in the pristine sample. The average signal intensity from
these bands is lower than that seen in the pristine sample. The G and D band from visual
inspection had comparable intensities to one another with the difference in peak height being

approximately 20 counts. This result is contrary to the pristine sample spectra where the
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intensity of the G peak is seen to be larger than the D peak. The D and G bands were seen to
be less distinct in their structure as compared with the pristine samples. A Voigt function was
fitted to the D band was seen to be located at 1358 + 1 cm™! with FWHM = 199 + 3 cm™! with
the intensity of 294 + 2 counts. The Lorentzian profile fitted to the G peak was centred around
1595 + 2 cm™ with FWHM = 93 + 1 cm™! and intensity of 295 + 1 counts.

3.2.3 Discussion: Irradiation of ZrC with 5 MeV protons to a fluence

of 3.20 x 10'7 protons/cm?— 0.015 dpa

SE and BSE images showed no discernible changes in the microstructures of the samples
following irradiation to a fluence of 3.20 x 10!7 protons/cm? or 0.015 dpa. Furthermore, no
phase separation was observed in the BSE images. A noticeable roughening of the
microstructure was observed in the irradiated samples as is to be expected, however little

evolution of the black structures was observed from the pristine microstructure.

Post irradiation SEM showed an absence of the laser ablation burn marks used to mark the
reference points on the pre-irradiation sample. The absence of these marks could result from
~um removal of surface layers or simply a re-organisation of the microstructure due to
irradiation. No phase separation was observed in the dose 1 proton irradiated samples. An

increase in the uneven surface height was observed in all samples after irradiation.

All irradiated ZrC samples were observed to maintain their crystalline cubic rock salt structure
after irradiation irrespective of carbon content. Changes in intensity of the (111) and the (200)
diffraction peaks indicate that irradiation has caused damage to the crystal structure. Previous
proton studies do not include XRD patterns; thus, no information is available regarding the
change in the relative peak intensities. However, a relative change in the intensity of ZrC
diffraction peaks has been observed in heavy-ion damage studies on materials [61]. The
dissimilar relative changes in peak intensity between the pristine and irradiated samples is

indicative of ZrC with different carbon contents having different irradiation responses. Weak
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diffraction peaks belonging the m-ZrO; zirconia phase were also identified in the XRD spectra,
as this polymorph is stable at room temperature up to 1170°C [146]-[148] (see discussion).

In addition to this, no diffraction peaks belonging to the graphite phase were observed for any
of the irradiated samples. As discussed previously, XRD is not always capable of showing the
presence of graphite, especially when it is nanocrystalline in size; which was previously
confirmed by Raman spectroscopy undertaken on pristine samples and independently

confirmed by C-13 NMR.

Proton irradiations undertaken in this study were observed to cause a decrease in the lattice
parameter by 0.10, 0.10 and 0.05 % for the nominal C/Zr = 1.00, 0.80 and 0.60 irradiated
samples respectively with respect to their pristine values. This is unexpected and contrary to
the results reported by Yang et al. [65] who reported an expansion in the lattice parameter, in
2.6 MeV proton irradiated ZrC (C/Zr = 1.01), increasing from their pristine values by 0.09%
(4.696 A) and 0.11% (4.697 A) for doses of 0.7 and 1.5 dpa, respectively [65]. To separate the
effects of irradiation time (fluence) from temperature, Yang et al. heated a control sample to
800°C for 20 hours (the duration of the 1.5 dpa irradiation). Although the percentage change
was not reported, a value of 4.692 A was assessed from the presented lattice parameter plot -
which represented no significant increase in the lattice parameter post-irradiation. The lattice
parameter of the annealed (and pristine) samples in Yang’s study was observed to match the
lattice parameter of the pristine nominal C/Zr = 1.00 sample produced in this study. Factors
governing the divergence in the evolution of the lattice parameter between the two samples
include the difference in irradiation dose between the two studies (this study: 0.015 dpa, Yang
et al.: 0.7 and 1.5 dpa), the sample composition (this study C/Zr: 0.95 , Yang et al.:1.01) and
the irradiation temperature (this study: 285°C, Yang et al.: 800°C).

The hyper-stoichiometry of the samples used by Yang et al. implies no vacant sites would be

available to sink defects. As irradiation produces dislocations and point defects, the range of

vacant sites in the hypo-stoichiometric samples investigated in this study could act as sinks for
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defects produced during irradiation [54], [61]. Thus, as a vacancy occupies a greater volume in
a lattice than a perfect crystal for ZrC [149], dislocated carbon atoms may sink in vacant sites.
The higher doses undertaken by Yang ef al. also show that radiation damage likely influences
the lattice parameter as a greater concentration of defects accumulate, manifesting increased
density of Frank loops with irradiation dose [65]. Further, although annealing the sample did
not affect the lattice parameter of the pristine samples, the higher irradiation temperatures can

affect defect recovery by enhancing mobility.

It is also possible that the irradiation damage caused by a low dose in our study is not sufficient
to create extended defects, detrimental to the sample. Instead, it supplies enough energy to
cause a re-arrangement of carbon atoms and anneal pre-existing defects in the samples arising
from the fabrication process. In this annealing period, free oxygen present in the sample may

diffuse into ZrC vacant sites that act to lower the lattice parameter [9]-[14].

A higher microstrain was observed in the pristine nominal C/Zr = 0.60 sample as compared to
the proton irradiated value. As with the lattice parameter, a possible explanation for this
decrease in the microstrain present in the pristine sample may be due to the annealing out of
strain from EDM cutting and the polishing of the samples [155] — which can arise in sample
preparation. Low dose irradiation as detailed above, may act to anneal some of the stresses
resulting in lower microstrains as seen in the irradiated sample. However, if this were the
dominant factor influencing microstrain response for all samples then the microstrain in the
irradiated sample when compared to the pristine microstrain would consistently decrease for
all samples. This is not the case, as an increase in microstrain was observed in the irradiated
nominal C/Zr = 1.00 and 0.80 samples as opposed to the decrease that was observed in the

nominal C/Zr = 0.60 samples.

It is possible that the vacancy concentration of the sample plays a significant role in
microstructure evolution. If this were the case, then samples with higher vacancy

concentrations would have a greater proportion of sink sites available to radiation damage.
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This, however, does not explain the higher microstrain increase seen in the nominal C/Zr =
0.80 versus the 1.00 sample and more systematic doses at lower temperatures would be needed

to explore this further.

For a consistent explanation of the change in microstrain, we can instead turn to the behaviour
of grain growth as determined from SEM EBSD analysis. The nominal C/Zr = 1.00 and 0.80
were seen to decrease from 31 £3 um and 118 4 pm to 14 + 1 um and 43 + 4 um respectively
- whilst the nominal C/Zr = 0.60 was seen to remain within error of one another, producing
grain sizes of 123 + 11 um to 126 + 8 um for the pristine and dose 1 irradiated samples. It is
proposed that the apparent volume of the intergranular black structures that trace out the grain
boundaries in the nominal C/Zr = 0.60 samples are significantly larger (~um) and visible on
SEM images, as opposed to the nominal C/Zr = 1.00 and 0.80 samples. It is likely that these
structures act as sinks for defects, instead of nucleating on the octahedral interstitial sites of the

ZrC unit cell, thus reducing the overall microstrain of the material.

The decrease in the microstrain may likely be a combination of the above two effects, which

act to reduce the number of defects in the system.

Since the free carbon cannot be studied via XRD, Raman spectroscopy was undertaken on the
samples to better understand how the speciation of carbon in the samples evolved with proton
irradiation. As with the pristine samples, the irradiated nominal C/Zr = 0.80 and 0.60 samples
were seen to contain the D and G peaks, these features were not resolvable in the irradiated

nominal C/Zr = 1.00 sample.

Thus, in the black structures sampled, Raman spectroscopy revealed partially destroyed and
pristine graphitic carbon given by the D and G peaks, respectively. The irradiated Raman
spectra of the nominal C/Zr = 0.80 and 0.60 showed a greater overlap of the D and G bands
accompanied by larger FWHM as compared to the pristine sample. This indicates that the

amount of disorder in the graphite has increased due to proton damage. The nominal C/Zr =
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0.80 Raman spectrum shows ultra-wide line widths combined with a low signal intensity,
again, indicative of disorder. The irradiated nominal C/Zr = 1.00 spectra did not show the

presence of the D and G band for the areas sampled, as was the case in the pristine sample.

Two new features were observed at lower wave numbers in the nominal C/Zr = 0.60 samples,
which were not observed in the pristine samples. The broad signal located at 957 cm™ and 525
cm’! was observed to be centred around the similar position of silica structures seen in the
literature [156], [157]. This was further evidenced by the position of the sharp Raman peak
located at ~520 cm! and also the position of the silicon standard used to calibrate the Raman
spectrometer. It is very likely that the origin of the signal is from the 0.2 pm colloidal silica
polishing paste that was used to give the samples a mirror finish that became lodged in the

sampling spot used for post-irradiation Raman characterisation.

The location of the Voigt function fitted to the G resonance in the irradiated nominal C/Zr =
0.80 samples was 1598 + 1 cm! which according to the three-stage phenomenological model
outlined by Ferrari and Robertson [51], indicates that the graphite present in the sample is
nanocrystalline in size. The nominal C/Zr = 0.60 sample was also seen to contain nano-
crystalline graphite. Calculation of the sp? crystal size, showed that the sp? crystal size for the
nominal C/Zr = 0.80 and 0.60 samples was approximately 17 and 21 nm, respectively. This is
a decrease from the 33 nm crystallite size observed in the pristine samples which could be due

to recrystallisation following radiation damage.

A shift to lower wavenumbers in the centring of the G resonance was observed after irradiation
in the nominal C/Zr = 0.80 sample, decreasing from 1605 = 1 cm™! to 1596 +2 cm’!. Similarly,
the G-band in the nominal C/Zr = 0.60 sample was seen to shift to lower wavenumbers from
its pristine value at 1609 + 1 cm™! to 1595 + 2 cm™! in the irradiated samples. A movement of
the G peak to lower wavenumbers indicated bond disorder, as determined by Ferrari and

Robertson [51], [158].
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Both the location of the irradiated G peaks in the nominal C/Zr = 0.80 and 0.60 were seen to
shift to lower wavenumbers with irradiations. This movement indicates a decrease in the
amount of graphitic clustering and chains and an increase in bond disorder as would be

expected from irradiations [51], [158]..

3.2.4 Conclusions: Irradiation of ZrC with 5 MeV protons to a fluence
of 3.20 x 107 protons/cm?— 0.015 dpa

The pristine nominal samples sintered at 2000°C, analysed in Chapter 2, were irradiated with
5 MeV protons to a fluence of 3.20 x 10!” protons/cm? which corresponded to an average dose

of 0.015 dpa in the uniform damage region.

All stoichiometries produced were observed to have good stability under low dose irradiation
— with no separation of phases evident from SEM studies. XRD analysis showed that the NaCl
structure was maintained after irradiation. The average grain sizes of irradiated samples were
seen to decrease for the irradiated nominal C/Zr = 1.00 and 0.80 samples, whilst average grain
size was observed to increase in the nominal C/Zr = 0.60 but remained within error of its
pristine value. In addition, the lattice parameters of all samples were observed to decrease after
irradiation, which was contrary to higher dose studies (on hyper-stoichiometric ZrC) in the
literature. It was proposed that this could be due to the presence and availability of sinks for
defects in these samples. A decrease in the microstrain of the nominal C/Zr = 0.60 sample was
attributed to a combination of the large intergranular black structures seen in the SEM images
and vacancies acting as mechanisms to limit nucleation of defects at this dose. The amount of
disorder in graphite and disordered carbon located in the black structures of the ZrC samples
were seen to increase with irradiation dose indicative of radiation damage. As a result, a
decrease in the sp? crystallite size was observed when compared to the pristine values. To
summarise, the irradiation dose did not cause sufficient irradiation damage, extended defect

structures and any catastrophic effects in the ZrC samples.
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3.3 Proton dose 2: Irradiation of ZrC with 5 MeV protons
to a fluence of 6.42 x 10" protons/cm?- 0.031 dpa (dose 2)

3.3.1 Introduction

The aim of this section is to present and discuss the effects that a higher dose proton irradiation
had on the solid ZrC samples produced in Chapter 1. These samples, detailed earlier, were
sintered at 2000 °C for nominal C/Zr = 1.00, 0.80 and 0.60. In this section, blocks of these
pristine samples were irradiated with 5 MeV protons to a fluence of 6.42 x 10!7 protons/cm?;
approximately twice the fluence used in the previous dose 1 section. This corresponds to an
average dose of 0.031 dpa in the uniform region of the damage production curve— this dose
will be referred to as dose 2 throughout this section. NB: this is a separate irradiation and not
a cumulative irradiation of dose 1 samples. Doubling the radiation dose from the previous
section makes it possible to systematically study the evolution of the radiation response across

a range of sample stoichiometries.

These irradiations were also subject to equipment malfunctions and accelerator downtime
issues at the Dalton Cumbrian Facility (DCF). Thus, the irradiations presented in this chapter
are higher than dose 1 but still to a lower dose than was originally desired of ~1 dpa. It was
initially desired that irradiations could be carried out to a higher dpa as to simulate nuclear
material damage integrated over the application lifetime. In addition, due to the effects of
COVID-19 on departmental facilities, it was not possible to collect the dose 1 NMR spectra for
the nominal C/Zr = 0.80 and 0.60 samples to compare with NMR measurements on these dose

2 samples.

The objectives of this section are to; characterise the changes that the dose 2 proton irradiation
had on the ZrC samples by using EBSD, SEM, XRD and Raman techniques, to determine if
any evolution of material properties occurred by comparing the irradiation response of the
different stoichiometries between the pristine, dose 1 and dose 2 samples and to discuss these

results in the context of previous literature and provide recommendations for future work.
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The above objectives were achieved by the following actions. Changes in lattice parameter,
microstrain are investigated by XRD for dose 2 samples and these are compared to the pristine
sample values. SEM and EBSD are undertaken on dose 2 irradiated samples to characterise if
any changes in the microstructure or phase separation exist in the samples. Fast MAS 3C NMR
is used to probe the nuclear structure of the ZrC samples to provide a basis for discussing the
changes in carbon sub-environments of ZrC resonance. Raman spectroscopy is undertaken on
irradiated samples to investigate the disordering of carbon located in the black structures

located in the sample.

3.3.2 Experimental results: Irradiation of ZrC with 5 MeV protons to
a fluence of 6.42 x 10'7 protons/cm? - 0.031 dpa (dose 2)

3.3.2.1 XRD

X-ray diffraction experiments were undertaken (with a Mo anode) on ZrC samples following
proton irradiations. Figure 62 shows XRD diffractograms of the solid (a) pristine nominal ZrC
sample sintered at 2000°C with nominal C/Zr = 1.00 (black trace) and the solid nominal C/Zr
= 1.00 irradiated with (b) dose 1, 5 MeV protons (red trace) and (c) dose 2, 5 MeV proton (blue
tracer). The nominal C/Zr = 0.80 and the 0.60 samples are shown in Figure 63 and Figure 64,
respectively, and conform to the layout of the nominal C/Zr= 1.00 sample as described above.
As in the previous section, the Corundum internal standard diffraction peaks are labelled with
* and the potential position of the first graphite peak is indicated by the half-shaded triangle
pointer. Where monoclinic ZrO, diffraction peaks are identified, they are denoted by an open
black marker above the specific diffraction peak. Diffraction peaks belonging to a phase or
phases, which were unidentified are denoted by an arrow above the respective diffraction

peaks.
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Figure 62 Vertically offset XRD patterns of ZrC (nominal C/Zr = 1.00) for (a) pristine and the 5 MeV proton
irradiated (b) dose 1, (c) dose 2 samples.

In Figure 62, the nominal C/Zr = 1.00 dose 2 sample diffraction pattern is consistent with a
NaCl structure for ZrC, as seen in both the pristine and dose 1 samples. The intensity of the
(200) diffraction peak was observed to be less intense relative to the (111) diffraction peak for
the dose 2 sample, which was in good agreement with the dose 1 sample diffraction pattern and
opposite to that in the pristine diffraction pattern. Several monoclinic ZrO, peaks were
observed in the X-ray diffraction pattern, confirming the presence of monoclinic ZrO; in the
sample. An unknown peak located at 21.88 ° (20) that was present in the pristine pattern, but

absent from the dose 1 pattern, was observed again in the dose 2 sample. Two previously
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unseen diffraction peaks were also observed in the dose 2 sample pattern located at 10.55 and
16.42 ° (20), but these could not be identified. A database search of the potential phases (Zr,

that these diffraction peaks could belong to was not able to identify or attribute with any

certainty the origin of the diffraction peak.
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Figure 63 Vertically offset XRD patterns of ZrC (nominal C/Zr = 0.80) for (a) pristine and the 5 MeOV proton
irradiated (b) dose 1, (c) dose 2 samples.

Figure 63 shows that the irradiated nominal C/Zr = 0.80 sample also maintained its cubic NaCl
structure after the dose 2 irradiation, as agreed with XRD results in the pristine and dose 1

sample. The (200) diffraction peak was observed to be more intense relative to the (111) peak
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in the dose 1 and dose 2 diffraction patterns, while the pristine diffraction pattern showed the
opposite trend. The apparent intensity of multiple diffraction peaks belonging to zirconia was
seen to increase in the dose 2 samples relative to the ZrC diffraction peaks as compared with
the dose 1 and pristine sample diffraction patterns. In addition, two unknown diffraction peaks
were observed in the pristine, dose 1 and dose 2 sample located at 10.55 and 21.88 © (20).
Further, an additional unknown peak located at 16.42 ° (20) was observed to develop in the

dose 2 sample diffractogram. Locations of these peaks matched those of the unknown phases

seen in the nominal C/Zr = 1.00 dose 2 pattern.
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Figure 64 Vertically offset XRD patterns of ZrC (nominal C/Zr = 0.60) for (a) pristine and the 5 MeV proton
irradiated (b) dose 1, (c) dose 2 samples.
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The diffraction pattern of the nominal C/Zr =0.60 sample (Figure 64) showed that this sample
also maintained its cubic structure post-irradiation. The (331) reflection that was present in the
pristine sample pattern was absent from the dose 1 and 2 sample diffraction patterns. No
graphite phase was observed in the dose 2 irradiated pattern, which was consistent with the
trends seen in the dose 1 and pristine samples. XRD diffraction peaks belonging to a m-ZrO»
phase were observed in the dose 2 diffraction pattern — the intensity of these peaks, relative to
the other peaks, was seen to increase as compared to the dose 1 XRD pattern. Consistent with
the dose 2 nominal C/Zr = 1.00 and 0.80 samples, the dose 2 nominal C/Zr = 0.60 sample
pattern showed three diffraction peaks belonging to an unknown phase. These peaks were not

observed in the pristine and the dose 1 diffraction pattern of the nominal C/Zr = 0.60 sample.
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Figure 65 Pristine (black), 5 MeV proton irradiated dose 1 (red) and 5 MeV proton irradiated dose 2 (blue) lattice
parameters for samples sintered at 2000 C plotted with respect to the NMR corrected C/Zr.

Figure 65 shows the lattice parameters as determined from Rietveld refinement plotted with

respect to the NMR corrected carbon content Table 3.3). The dose 2 samples were observed to
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follow the same decreasing trend in lattice parameter values with decreasing carbon content -
consistent with the pristine and the dose 1 lattice parameter behaviour. The lattice parameter
values of the dose 2 samples were seen to be consistently higher than those of the dose 1
samples, and higher than the pristine sample values with the exception of the pristine nominal

C/Zr = 0.80 sample.

Table 3.3 - Lattice parameter of pristine vs 5 MeV proton dose 1 irradiated values.

Nominal | NMR NMR Pristine + Proton dose 1 + error Proton + error (A)
C/zr corrected | corrected | lattice error | Lattice A) dose 2
C/Zr error parameter &) Parameter (A) Lattice
(A) Parameter
(A)
1.00 0.95 0.01 4.692 | 0.001 4.688 0.001 | 4.69361 0.001
080 075 0.01 4.688 | 0.001 4.683 | 0.001 | 4.6855 0.001
0.60 0.50 0.01 4.672 | 0.001 4.670 0.001 | 4.67317 0.001

The goodness of fit (GOF) values from the Rietveld structural refinement, used to determine
the lattice parameters, were observed to be 3.77, 5.25, 5.73 for the dose 2 samples of nominal
C/Zr = 1.00, 0.80 and 0.60, respectively. The GOF from the Pawley fit was determined to be
3.61, 5.09 and 5.42 for the dose 2 samples of nominal C/Zr = 1.00, 0.80 and 0.60, respectively.
The variation of the GOF was seen to be due to the presence of additional phases in addition
to the marginal offset between the corundum standard and the sample tiles. As the difference
in the offset was assumed to be zero, the peak centring, which was important for determining

the lattice parameter, was checked by visual inspection of the residual spectrum.
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Figure 66 Pristine, dose I and dose 2 5 MeV proton irradiated lattice microstrain for samples sintered at 2000 °C
plotted with respect to the NMR corrected C/Zr.

Figure 66 presents the pristine, 5 MeV proton dose 1 and dose 2 sample microstrain (Table
3.4). In the pristine case, the average microstrain values of the nominal C/Zr= 0.60 and 1.00

samples were within error of one another.

The dose 2 irradiated nominal C/Zr = 0.60, 0.80 and 1.00 samples were seen to have the lowest,
highest and intermediate average microstrain values respectively, similar to those of the dose
1 samples. The nominal C/Zr = 0.60 dose 2 sample showed an increase in the microstrain from
the dose 1 sample, with both samples observed to have a lower microstrain than the pristine
sample. The mean value of the microstrain seen in the dose 2 nominal C/Zr = 0.80 sample
showed an increase from the pristine and dose 1 sample values, however, the estimated
standard deviation for both samples show that the measurements are within range of one
another. The dose 2 nominal C/Zr = 1.00 sample was the only value to show a decrease from
the pristine and the dose 1 sample microstrain values which, after the dose 1 irradiation, were

higher than the pristine sample.
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Table 3.4 - Microstrain of pristine, 5 MeV dose 1 and dose 2 proton samples.

Nominal | NMR T Pristine + | Proton dose 1 T Proton dose 2 +

C/Zr | corrected | error | microstrain | error | microstrain | error | microstrain | error

C/Zr (e) x10* | x10* (e) x10°* x10 (e) x10°* x10

1.00 0.95 0.01 1.94 0.15 2.23 0.07 1.43 0.10

0.80 0.75 0.01 2.62 0.11 3.62 0.11 3.7 0.19

0.60 0.50 0.00 1.57 0.28 0.00 0.32 0.57 0.17
3.3.2.2 SEM

The following subsection presents the results of SEM microscopy of the dose 2, 5 MeV proton

irradiated samples. The SEM images of the irradiated nominal C/Zr = 1.00, 0.80, 0.60 samples

are presented in Figure 67, Figure 68 and Figure 69, respectively. The BSE and SE images of

each set (left and right) were taken at 1000X and 2833X magnification (top and bottom). Due

to time constraints — the two-day turnaround time between the samples arriving back in the UK

from Dubna and the DCF irradiation — it was not possible to laser mark and image areas on the

pristine sample. This meant that the same area could not be imaged before and after irradiation

to directly compare changes in the microstructure as there was no reference marker.

Nevertheless, as samples irradiated in the dose 2 irradiation campaign were cut from the same

sintered pellet, it is acceptable to compare the dose 2 irradiated samples with the pristine

micrographs of the same nominal stoichiometry displayed in the dose 1 section.
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Figure 67 BSE and SE images of proton irradiated samples sintered at 2000°C with nominal C/Zr = 1.00, (a,b) SE
images are on the right-hand side and (c,d) BSE images are on the left-hand side. Images on the top (a, c) and
bottom (b,d) row have been taken at 1000x and 2833x magnification respectively.

The dose 2 irradiated nominal C/Zr = 1.00 (Figure 67) sample shows the same inter and intra-
granular black structures as was seen in the pristine and dose 1 irradiated samples, with no
significant changes in the microstructure observed as compared to the dose 1 samples. In
addition, no phase separation was observed in the BSE images. Black structures remained
distributed inside (intragranular) and between grains (intergranular), as observed in the dose 1
and pristine samples. SE images showed evidence of the microstructural roughening of the
surface after the dose 2 irradiation: a result which was also observed in the dose 1 samples (blu

e box Figure 67 a).
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Figure 68 BSE and SE images of proton irradiated samples sintered with nominal C/Zr = 0.80, (a,b) SE images
are on the right-hand side and (c,d) BSE images are on the left-hand side. Images on the top (a, ¢) and bottom
(b,d) row have been taken at 1000x and 2833x magnification respectively.

Consistent with the dose 1 samples, the nominal C/Zr = 0.80 dose 2 irradiated sample shows
the presence of intra and intergranular black features (Figure 68). The nominal C/Zr = 0.80
dose 2 irradiated sample shows a significantly smaller grain structure than samples of lower
carbon contents, which are apparent in the BSE image. The presence of dark streaks across the
surface was observed in the dose 2 sample, which was similar to the features that were present
in the dose 1 sample and again, is indicative of roughening of the microstructure due to

irradiation. BSE images did not show any phase separation.
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Figure 69 BSE and SE images of proton irradiated samples with nominal C/Zr = 0.60, (a,b) SE images are on the
right-hand side and (c,d) BSE images are on the left-hand side. Images on the top (a, ¢) and bottom (b,d) row have
been taken at 1000x and 2833x magnification respectively.

The nominal C/Zr = 0.60 dose 2 irradiated sample (Figure 69) revealed the presence of inter
and intragranular black structures, consistent with the dose 1 and irradiated samples. The
connected inter-granular features make the boundaries visible, as was seen in the unirradiated
and the dose 1 micrographs. A significant roughening of the microstructure was observed in
SE images as compared to the pristine and dose 1 microstructures as seen in the previous sub-
section. Intergranular black structures in the dose 2 sample appear to be more uneven around
the edges of the black structure as compared to the dose 1 and pristine samples. A greater
concentration of the intragranular black structures was also observed for the dose 2 irradiated
samples as compared to their dose 1 and pristine counterparts. No separation of phases was

observed in the BSE images.
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EBSD analysis was undertaken on the irradiated solid samples to determine the grain size post-
irradiation. As with the pristine samples in Chapter 2, the average grain sizes of the irradiated

samples were analysed using the MTEX package with scripts written in MATLAB.
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Figure 70 (i) (a) Grain trace diagrams for the irradiated nominal C/Zr = 0.60 (a), 0.80 (b), 1.00 (c) samples — the

darker blue the smaller the grain size larger grains are yellow in colour. (ii) The grain size of the pristine, dose 1 and

dose 2 samples with average grain error plotted to 2 standard deviations.
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The results of the grains traced in EBSD analysis are presented in Figure 70 (i). The average
grain size of the nominal C/Zr = 1.00, 0.80 and 0.60 samples was determined to be 15.2 + 0.4
um, 48.0 = 0.5 um and 112.6 + 3.7 pum, respectively. Figure 70 (ii) shows the graph of the
average grain size of the pristine, 5 MeV proton irradiated dose 1 and dose 2 samples plotted
with respect to the NMR corrected C/Zr. The error bars on the grain size are plotted to two
standard deviations in order to capture the range of grain sizes that exist within each sample —
a typical grain size distribution of the 5 MeV proton, dose 2 irradiated sample is displayed in

Figure 71.
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Figure 71 Histogram showing the grain size of the nominal C/Zr = 0.60, 5 meV proton irradiated dose 2 sample. A normal

distribution is fitted to histogram to determine the mean.

All irradiated samples maintained the trend of decreasing average grain size with increasing
carbon content. The nominal C/Zr = 1.00 samples were observed to have the smallest overall
average grain size, with respect to all other samples, both before and after irradiation. The dose
1 and dose 2 mean grain sizes were observed to be within two standard deviations of one
another at 14.1 £ 0.6 um and 15.0 + 0.8 pum respectively — indicating that both samples have a
proportion of common grain sizes between them. Both irradiated values showed a decrease

from the mean pristine value of 31.2 + 6.3 um.
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The nominal C/Zr = 0.80 samples were seen to have the joint highest grain size, with the
nominal C/Zr = 0.60 sample average grain size value. The irradiated samples showed the
largest decrease of all samples produced from the pristine value; the average grain size of the
dose 1 and dose 2 proton irradiated samples were determined to be 42.6 + 1.8 pm and 48.0 +
1.0 um respectively, decreasing from their pristine value of 118.5 = 6.86 pum. Doubling the
irradiation dose was seen to increase the average grain size by approximately 6.0 um. As was
noted in the dose 1 section it may be the case that the pristine nominal C/Zr = 0.80 sample is

an outlier and thus may give the impression that the grain size has dramatically decreased.

The average grain size of the dose 2 irradiated nominal C/Zr = 0.60 sample showed the lowest
value (112.6 + 7.3 um) - compared to the value for the pristine sample and dose 1 irradiated
samples 123.2 +£20.6 um and 126.2 + 16.5 um, respectively. The dose 1 sample resulted in an
increase in the average grain size, compared to its pristine value. Doubling the irradiation dose
resulted in a decrease in the average grain size from the pristine value. However, both the dose
1 and dose 2 average grain size measurements were observed to be within the two standard

deviations of one another.

3.3.2.3 Raman spectroscopy

This sub-section presents the results from the Raman spectroscopy investigation on the dose 2,
5 MeV proton irradiated samples. Similarly to the pristine and dose 1 sample Raman
spectroscopy, the sampling spots were the black structures, as sampling on other regions

produced no Raman response.
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Figure 72 Raman spectra of nominal C/Zr = 1.00 (i), 0.80 (ii) and 0.60 (iii) samples sintered at 2000°C and
irradiated with dose 2, 5 MeV proton irradiated samples. Spectra were baselined using a manually selected,

user-defined baseline.

Figure 72 shows the baseline-corrected Raman spectra of the dose 2, 5 MeV protons irradiated
samples (nominal C/Zr =1.00, 0.80 and 0.60 sintered at 2000°C labelled (i), (i) and (iii)
respectively). The three observed Raman active modes are labelled a, d and g above spectrum

(i1) at their respective band location regions.
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All dose 2 sample spectra showed the presence of the D and G bands [50], [51], [54], [58],
[92]. The D and G band peak structure was seen to be increasingly convoluted in the irradiated
samples, compared to the pristine sample. No resonances were present in the ‘a’ band in any
of the dose 2 samples. On average, as with the noticeable trend in the previous sections, the

measured Raman signal decreased with increasing nominal carbon content.

The nominal C/Zr = 1.00 sample shows characteristic D and G peaks that were not seen in the
nominal C/Zr = 1.00 pristine or the dose 1 proton irradiated samples. The sharp structures of
both peaks were seen to be captured using two Lorentzian profiles. The Lorentzian fitted to the
D peak was seen to be centred around 1362 + 2 cm™! with a FWHM of 83 + 1 ¢m™! — the
resonance intensity was observed to be 483 + 1 counts. The Lorentzian function fitted to the G
peak was seen to be centred around 1596 + 1 cm! with a FWHM of 96 + 3 cm! — the resonance
intensity was observed to be 706 + 2 counts. Additional structures were visible in the residual
spectrum once the D and G peaks were fitted. Two additional Gaussian peaks were fitted to the
residual spectrum to capture the profile of these features. The first Gaussian profile fitted
captured that exists between the D and G peaks; this fitted peak was centred around 1467 + 2
cm’! with the FWHM = 325 + 1 cm™! and intensity 196 counts. The G peak was seen to be
flanked by a shouldering resonance on the right-hand side - which was fitted by a Gaussian
function — centred around the 1727 + 2 cm™!, and FWHM = 130 + 2 cm™! and intensity 196

counts.

As with the nominal C/Zr = 1.00 sample the nominal C/Zr = 0.80 sample was seen to have a
better defined and sharper G peak structure, whereas the D peak appears to be broader and less
well defined but still resolvable. Both peaks were seen to be appropriately fitted using Gaussian
functions. The Gaussian function fitted to the D peak was centred around 1385 + 1 cm ! with
FWHM = 224 ¢m + 2 ¢cm ! and intensity 490 counts. The Gaussian function fitted to the G
peak was seen to be centred around 1599 + 1 ¢cm *! with FWHM = 95 ¢cm + 2 cm ! and intensity
820 + 2 counts. A further resonance was observed to be present shouldering on the right-hand

side of the G peak. This was captured by fitting a Gaussian function centred around 1731 + 2
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cm !, with FWHM 144 £ 2 ¢cm ! and intensity 334 + 2 counts. An additional Gaussian function
was required to fit the additional resonance between the D and G peaks in order to optimise the
spectral fit, this was located around 1733 + 2 cm ! with a FWHM = 95 + 2 ¢m ! and intensity
344 £ 7 counts.

The Raman spectra of the nominal C/Zr = 0.60 sample shows the presence of the characteristic
D and G bands but does not show any evidence of the ‘a’ band. The tops of the peaks are clearly
resolvable: whilst the base of the peaks appear to be convoluted. Two Voigt functions were
seen to capture the behaviour of the D and G peaks. A Gaussian function was fitted to the D
peak, which was seen to be centred around 1355 + 2 ¢cm!, with FWHM = 258 + 2 cm’! and
intensity =712 + 1 counts. The G peak was fitted with a Voigt function that was centred around
the 1591 + 1 cm™!, FWHM = 107.5 = 1 cm™! and intensity = 868 counts. A third peak was
required to optimise the peak fit and capture the middle region between the D and G peaks —
this was located at 1503 + 1 cm™ with FWHM = 67 + 1 cm™! and height 111 + 2 cm™. The

sample spectrum did not show any additional shouldering resonances at higher wavenumbers.

3.324 NMR

The following sub-section presents the results of fast MAS 3C NMR experiments on the dose
2, 5 MeV proton irradiated samples. 3C MAS NMR was undertaken on the pristine and dose

2 samples to investigate changes in the ZrC resonance with increasing radiation dose.
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Figure 73 Overlain 39 kHz spinning 13C MAS-NMR spectra of nominal C/Zr = 1.00 pristine (black tracer) sintered at 2000°C, 5
MeV proton irradiated ZrC samples to a fluence of dose 1 (red) and dose 2 (blue).

Figure 73 shows the overlain, 39 KHz spinning, 1*C NMR spectra for the nominal C/Zr = 1.00,
pristine (black), 5 MeV proton dose 1 (red) and 5 MeV proton irradiated dose 2 (blue) samples.
Both the irradiated and the pristine peaks studied were broad and asymmetrical in shape. The
centre of gravity of the pristine, dose 1 and dose 2 samples was observed to be approximately
423 ppm. The line shape of the NMR spectrum was seen to change with increasing dose. A
shoulder, located at approximately 368 ppm, labelled ‘a’ was observed in the pristine sample,
after dose 1 irradiation the ‘a’ structure was seen to decrease in intensity. On the other hand,
another shoulder located at approximately 450 ppm was observed to be more prominent,

labelled the ‘c’ peak and was seen to gradually increase in intensity, with increasing dose.
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Figure 74 Overlain 39 kHz spinning 13C MAS-NMR spectra of nominal C/Zr = 0.80 pristine (black tracer) sintered at
2000°C, 5 MeV proton irradiated ZrC samples to a fluence of dose 1 (red) and dose 2 (blue).

Figure 74 shows the overlain, 39 KHz spinning, '*C NMR spectra for the nominal C/Zr = 0.80,
pristine (black), 5 MeV proton irradiated dose 2 (red) samples. The centre of gravity of the
pristine peak was determined to be approximately 426 ppm. The poor signal to noise of the

irradiated sample spectra made it difficult to determine if any signal was present.
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Figure 75 Overlain 39 kHz spinning 13C MAS-NMR spectra of nominal C/Zr = 0.60 pristine (black tracer) sintered
at 2000°C, 5 MeV proton irradiated ZrC samples to a fluence of dose 1 (red) and dose 2 (blue).

Figure 75 shows the overlain, 39 kHz spinning, '*C NMR spectra for the nominal C/Zr = 0.60,
pristine (black), 5 MeV proton irradiated dose 2 (blue) samples. A minor shift in the centre of
gravity of the ZrC peak was observed in the dose 2 sample. A single Gaussian function was
seen to fit the characteristic line shape of the pristine and irradiated NMR spectra. The centre
of gravity of the pristine and irradiated samples were determined to be around approximately
387 and 395 ppm respectively, indicating that the peak centre of gravity shifted to higher ppm

after irradiation. This result agreed with the dose 2 proton nominal C/Zr = 1.00 sample results.

The NMR signal to noise ratio is smaller in this sample and may be due to the lower proportion
of carbons present in the sample, which inevitably would produce a lower NMR response. As
the random noise is proportional to the square root of the number of scans, acquiring the same
S/N as ZrCy.9s for this sample (ZrCo.s0) would require 4 times the acquisition time, which would

be approximately a month [159] due to the unexpectedly long !*C relaxation times.
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3.3.3 Discussion: Irradiation of ZrC with 5 MeV protons to a fluence

of 6.42 x 10" protons/cm? - 0.031 dpa (dose 2)

Doubling the irradiation dose showed no significant changes in the microstructure of the SEM
of the nominal C/Zr = 1.00 and 0.80 samples. However, the inter-/intra-granular black
structures observed in the dose 2 irradiated nominal C/Zr = 0.60 sample were rougher and more
jagged in appearance, in contrast to the smoother edges observed in the pristine and the dose 1
samples. No phase separation was detected in the irradiated samples, highlighting the resistance
of the sample to radiation damage. The trend of decreasing sample grain size; as determined
by EBSD analysis, with the increasing carbon content of the samples, was in good agreement
with the pristine and the dose 1 irradiated sample results. Smaller grain sizes in the dose 2
sample also indicate that the yield strength of the material should increase with carbon content

via the Hall-Petch relationship [130], [132].

The NaCl rock salt structure was maintained for all the irradiated samples, which was
consistent with the pristine and dose 1 proton irradiated samples. The monoclinic ZrO> phase
diffraction peaks were also observed in the dose 2 diffraction patterns, a result which was again

in agreement with the dose 1 results.

As with the pristine and dose 1 sample, no diffraction peaks belonging to graphite were
observed in the dose 2 irradiated sample spectrum. This result indicates that the irradiations did
not act to increase the coherence of the scattering domains; suggesting free carbon remains
dispersed throughout the sample or at grain boundaries on the nanoscale, as indicated by Raman

spectroscopy.

The microstrain values of the dose 2 sample were seen to follow the same trend as seen in the
dose 1 sample, with microstrain being the highest, intermediate, and lowest values for the
nominal C/Zr = 1.00, 0.80 and 0.60 samples, respectively. As proposed in the previous section:
the combination of large intergranular black structures in the nominal C/Zr = 0.60 sample

increased the vacancy sink efficiency of the sample [54], [61]. This, in turn, results in a lower
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microstrain value, with respect to the samples of higher carbon content. The increase in the
microstrain of the nominal C/Zr = 0.60 dose 2 sample as compared to the dose 1 sample value
could indicate that defects are starting to accumulate in the sample [54], [160]. The nominal
C/Zr = 0.60 dose 1 and dose 2 samples were observed to be within two standard deviations of
the pristine grain size value, indicating that irradiations did not cause a significant change in

the average grain size.

At the other stoichiometric extreme, the C/Zr = 1.00 sample shows the second-lowest
microstrain values, with respect to the other dose 2 sample values, in conjunction with the
lowest grain size. The dose 2 nominal C/Zr = 1.00 sample again showed a decrease from its
pristine value. The small grain size acts to increase the sink efficiency of the grain boundaries
by decreasing the distance a defect needs to travel to get to a grain boundary, with vacant sites
in the sample augmenting the defect sink capabilities. The microstrain of the nominal C/Zr =
1.00 dose 2 sample was observed to decrease from its pristine and higher dose 1 value, while
the lattice parameter was observed to increase. It is proposed that the small grain size of the
samples and proximity to grain boundaries act to reduce microstrain in the sample by sinking
interstitial carbon atoms; however, the vacancy produced from the liberation of carbon from
its original site again acts to increase the lattice parameter [149]. The dose 1 and dose 2 average
grain size values were observed to be within two standard deviations of one another, indicating

dose 2 irradiations did not significantly affect the grain size from their dose 1 values.

In the case of the nominal C/Zr = 0.80 sample, the dose 1 and 2 microstrains showed the highest
microstrain values of all samples. The dose 1 and dose 2 microstrain values were observed to
be within two standard deviations of one another. Extending the above hypothesis, it is
proposed that the defects produced in this sample have a longer migration path to travel to
reach grain boundaries, due to larger grain sizes, in addition to the volume of the intergranular
black features lower in volume (SEM images) and thus less efficient sinks. In turn, interstitial
carbon atom defects liberated from their original pristine lattice positions due to irradiation

may nucleate within the grains creating microstrain, which is augmented by a reduced number
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of vacant sites for the defects to sink into as compared to the nominal C/Zr =0.60 sample.
Again, this increase in the vacant sites due to irradiation, results in an increase in the lattice

parameter that is consistent with DFT computational simulations by Mellan et al. [149].

The largest decrease in the grain size of pristine, dose 1 and dose 2 samples was seen in the
nominal C/Zr = 0.80 sample. This result, accompanied by a higher microstrain, may indicate
that a subdivision of grains is occurring as a result of irradiation-induced defects. The
phenomena of grain subdivision or polygonization in the nuclear context has also been
observed in high burn-up UO: (uranium dioxide) fuel. However, the instance of UO; may be
considered a more complicated system [161]-[163], due to the potential role played by fission
product nucleation as well. As the average grain sizes of the pristine samples were determined
to vary with respect to carbon content, another possibility could be that carbon atoms liberated
from their interstitial sites are sunk at grain boundaries, and hence change the stoichiometry of

the sample and the sample grain size.

Additional detail regarding the change in the carbon sub-environments within the ZrC lattice
can be determined from *C MAS NMR. The changes in the line shape of the nominal C/Zr =
1.00 sample showed the evolution of an additional structure at higher ppm to the central ZrC
peak when comparing the pristine spectrum to the dose 1 and dose 2 samples. The movement
of the peak structure was also observed in the pristine static NMR spectra of the samples
sintered at 2000°C and the samples sintered at 1500°C, which both show a similar movement

in the line shape to higher ppm with increasing vacancy concentration.

In the 1500°C samples (discussed in the earlier chapter), the o peak located at lower ppm was
observed to disappear and the B shouldering peak at higher ppm for more metallic samples was
seen to increase in intensity with increasing dose. The liberation of carbon atoms from their
octahedral interstitial sites within the ZrC lattice as a result of irradiation would indeed create
a more metallic ZrC structure, and this behaviour is likely to be the reason why the NMR line

shape evolves systematically with irradiation dose. Similar behaviour is observed in the dose
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2 nominal C/Zr = 0.60 sample spectra, where irradiation causes a shift in the peak structure to
higher ppm. Spinning the sample at 39 kHz did not increase the resolution of individual sub-
environments within the ZrC resonance, which suggests that a range of environments are
present within the ZrC resonance. Samples likely need to be spun at much higher rotational
frequencies to resolve these environments —this is practically difficult as ZrC is a semi-metallic

material.

The above results clearly show microstructural alterations even with low doses of irradiation —
a result contrary to the literature. Motta ef al.[43] reported no damage at 0.1 dpa when using
TEM to investigate the effects of proton irradiation nominal C/Zr = 0.8 and 0.9 ZrC samples,
for the temperature range of 26 to 800°C. Black dot damage was reported to occur between 0.1
and 0.3 dpa, an order of magnitude higher than the dose used in this study. Motta et al. also
observed the presence of graphite in the zone refined, commercially purchased, samples.

Unfortunately, no XRD patterns or lattice parameters were reported in these studies.

Raman investigations into the black structures seen in the dose 2 samples revealed the presence
of the D and G peaks corresponding to disordered and pristine graphite. This was consistent
with the pristine and the dose 1 samples. An additional shouldering peak was observed in the
nominal C/Zr = 1.00 and 0.80 located at approximately 1727 and 1733 ¢m™!. This shouldering
peak has not been previously observed in previous studies of ZrC [164], [165] and more
generally in carbon-based systems [50], [92], [165], [166]. The broad FWHM of the extra
resonance may indicate that this feature could be an amorphous feature however, its origin is

ambiguous.

Increasing irradiation doses caused the location of the maximum of the G resonance the
nominal C/Zr = 0.60 to shift to lower wavenumbers (approximately 1609, 1595, 1586 cm™! for
the pristine, dose 1 and dose 2 samples respectively). The shift to lower wavenumbers suggests
an increasing bond disorder within the graphite present in the sample [51] and a decrease in the

chains and graphitic clustering. This phenomenon was also observed in the G peak of the
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nominal C/Zr = 0.80 samples. The sp? crystallite size within these black regions was calculated
to be approximately 28, 34 and 24 nm for the nominal C/Zr = 1.00, 0.80 and 0.60 dose 2

samples; this was an increase from the crystallite size seen in the dose 1 samples.

3.3.4 Conclusion: Irradiation of ZrC with 5 MeV protons to a fluence

of 6.42 x 10" protons/cm? - 0.031 dpa (dose 2)

The dynamic behaviour of the microstrain, grain size and lattice parameter with irradiation
dose showed that dose 2 irradiations caused a change in the structure of the material as a result
of irradiations. It was proposed that carbons displaced from their original lattice sites are sunk
at grain boundaries and vacant sites (sub-stoichiometric ZrC) and that this sink efficiency is

supplemented by grain boundary width and grain size.

NMR results signified a change in the ZrC resonance sub-environment with irradiations. This
manifested as the growth of shouldering resonances emerging at higher ppm for irradiated
samples. This result was seen to be consistent with ZrC resonance evolution from less metallic
to more metallic samples sintered at 2000°C and 1500°C as presented in the pristine chapter.
This shows that vacancies are caused in the samples due to irradiation. The NaCl structure of
ZrC was maintained after irradiation. Diffraction peaks belonging to monoclinic ZrO, and an

unknown phase were also observed in the dose 2 sample.
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3.4  Irradiations with 158 MeV Xe to a fluence of 1 x 10%°

ions/cm?- 2.4 dpa

3.4.1 Introduction

This section aims to present and discuss the effects of Xenon (Xe) irradiation on the ZrC
samples produced in this research project. Irradiation was undertaken on ZrC samples with 158

MeV Xe ions to a fluence of 1 x 10" ions/cm? on the nominal C/Zr = 1.00, 0.80 and 0.60

samples sintered at 2000 °C to simulate heavy-ion damage.

Most heavy-ion irradiation studies in the literature, like the proton studies before them, focus
on the irradiation response of near stoichiometric ZrC but do not consider the material response

over a systematic range of stoichiometries.

The objectives of this section are the following: to characterise the changes that Xe heavy-ion
irradiations have had on the ZrC samples by using SEM, XRD, EBSD and Raman spectroscopy
techniques, to compare the extent to which the irradiation has altered the properties of the ZrC
samples of varying stoichiometries, to discuss the possible underlying mechanisms that could
contribute to the irradiation response seen and finally, to discuss these results in the context of

previous literature and provide recommendations for future work.

The above objectives are achieved by the following actions. Changes in the relative abundances
of the phases and the lattice parameter are investigated by XRD. SEM is undertaken on all
irradiated samples to characterise if any changes in the microstructure or phase separation exist
post-irradiation. EBSD is utilised to determine if any changes in the grain size occur as a result
of irradiation. Raman spectroscopy is undertaken on irradiated samples to probe the changes
in the black structures determine the response of the graphite and the amorphous carbon in

pristine samples.
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3.4.2 Experimental Results: Irradiations with 158 MeV Xe to a
fluence of 1 x 10'° jons/cm?

3.4.2.1 XRD

The following section presents the results of the XRD diffraction experiments undertaken on
the irradiated ZrC samples. Figure 76 shows XRD diffractograms of the solid (a) pristine
nominal ZrC sample sintered at 2000°C with nominal C/Zr = 1.00 (black tracer) and the offset
(b) the solid irradiated nominal C/Zr = 1.00 sample up to to a fluence of (1 x 10" ions/cm?)
with 158 MeV Xe (red tracer). The nominal C/Zr = 0.80 and the 0.60 samples are shown in
Figure 77 and Figure 78, adhering to the layout of the nominal C/Zr= 1.00 sample as described

above.
10 1 20 25 30 35 40 45
1 " 1 1 1 " 1 " 1 "
T g e = ) (a) Pristine nominal C/Zr = 1.00
i T g 8 ed e 23 I ||——(b) 158 MeV Xe irradiated nominal
: C/Zr = 1.00 up to a fluence:
1 x 10'% ions/cm?
0 v Graphite
g . o Zirconia
a o |« N ¢ * Y Unknown phase
@ * UJ * * * ¥ * Corrundum
;(b)LV_A__J MMM el
5 ;
[
o 5
£ i
@l J_._ubLJU__A N1
T T T T T T T I: T T T T T
10 15 20 25 30 35 40 45

20 (degrees)

Figure 76 Vertically offset XRD patterns of pristine (a) and irradiated with 158 MeV Xe to a fluence of (1 x
107 ions/cm?) at room temperature (b) ZrC of nominal C/Zr = 1.00 sintered at 2000°C.
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Figure 76 shows that the nominal C/Zr = 1.00 pristine sample patterns are consistent with a
NaCl structure for ZrC. The intensity of the (111) diffraction peak was seen to decrease with
respect to the (200) peak as a result of irradiation. No graphite phase was observed in the
irradiated pattern. The growth in intensity of three diffraction peaks attributable to Zirconia as
compared to the corresponding peaks in the pristine pattern. These were located at
approximately 13.4 ° and 21.0 ° 20. The growth of diffraction peaks associated with one or
more unknown phases was also seen in the irradiated sample at approximately 10.5 °, 17.6 °

and 21.0 ° (20).
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Figure 77 Vertically offset XRD patterns of pristine (a) ZrC of nominal C/Zr = 0.80 sintered at 2000°C (b) and

irradiated with 158 MeV Xe to a fluence of (1 x 10" ions/cm’) at room temperature

Figure 77 shows that the irradiated nominal C/Zr = 0.80 sample maintained its cubic NaCl
structure after irradiation. Two weak diffraction peaks belonging to zirconia located at
approximately 13.5 © and 22.8 ° (20) were observed to grow in intensity after irradiation. A
broadening of the peak width was also observed for the irradiated ZrC samples. A weak

diffraction peak belonging to an unknown phase was also seen to grow with irradiation located
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at approximately 14.3 ° (20). Similar to results from previous samples, no evidence of

diffraction peaks associated with graphite were observed.
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Figure 78 Vertically offset XRD patterns of pristine (a) ZrC of nominal C/Zr = 0.60 sintered at 2000 ° (b) and

irradiated with 158 MeV Xe to a fluence of (1 x 107 ions/cm’) at room temperature

The diffraction pattern of the nominal C/Zr =0.60 sample (Figure 78) showed that this sample
also maintained its cubic structure post-irradiation. However, a shift to lower 20 was observed
for diffraction peaks in the irradiated sample. Several diffraction peaks belonging to the
zirconia were seen to grow in intensity with irradiation, but still maintained a very weak peak
intensity located at approximately 13° and 22.9° (20). As with the previous samples, a weak
unknown peak was seen to be present in the pristine and irradiated sample located at
approximately 14.3° (20). As with all other samples, diffraction peaks belonging to graphite

were not observed.
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Figure 79 Pristine and 158 MeV Xe (1 x 10" ions/cm?) irradiated lattice parameters for samples sintered at

2000 °C plotted with respect to the NMR corrected C/Zr.

Figure 79 shows the lattice parameter of the 158 MeV Xe irradiated to a fluence 1 x 10"
ions/cm? at room temperature and pristine ZrC samples plotted with respect to the NMR

corrected C/Zr for samples sintered at 2000°C, as determined from Rietveld refinement.

The lattice parameter of Xe-irradiated ZrC was seen to increase for all samples except for the
nominal C/Zr = 1.00 sample. The irradiated lattice parameters showed the same general trend
of increasing lattice parameter with carbon content. All Xe irradiated lattice parameter values
were seen to increase from their pristine values. The nominal C/Zr = 0.60 sample showed the
largest increase in lattice parameter after irradiation, increasing from 4.672 + 0.001 to 4.683 +
0.001 A. Furthermore, the nominal C/Zr = 0.80 sample showed the smallest increase in the

lattice parameter post-irradiation, increasing from 4.688 = 0.001 to 4.689 + 0.001 A. Finally,
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the lattice parameter of the nominal C/Zr = 1.00 sample expanded from 4.692 + 0.001 to 4.694
+0.001 A.

The GOF values from the Rietveld refinement were observed to be 5.33, 3.84, and 4.19 for
samples of nominal C/Zr = 1.00, 0.80 and 0.60. The variation in the GOF was determined to
be a combination of the marginal offset between the corundum standard and the sample tiles
and the growth of the unknown phases, which made fitting difficult. As the difference in the
offset was assumed to be zero, the peak centring (essential for the accuracy of lattice parameter

determination) was checked carefully by visual inspection of the residual spectrum.

3422 SEM

The following subsection presents the results of SEM microscopy on the irradiated samples.
The SEM images of the irradiated nominal C/Zr = 0.60, 0.80 and 1.00 samples are presented
in Figure 80, Figure 81 and Figure 82, respectively. The micrographs belonging to pristine
samples and irradiated samples are at the top and bottom with four images, respectively. The
BSE and SE images of each set (left and right) were both taken at 1000X and 2833X

magnification (top and bottom).
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Pristine

Irradiated

Figure 80 BSE and SE images of nominal C/Zr = 1.00 sintered at 2000°C pristine and 158 MeV Xe irradiated ZrC
samples up to a fluence of 1.00 x 10*° ions/cm?. Samples are classified as per the dividers specified in the table
above. Images that are labelled with a letter followed by a i and ii (e.g. ai and aii) denote images that have been
taken in the same area before and after irradiation. SE and BSE images are displayed in the left- and right-hand
columns respectively — labels starting with a and b denote SE images whilst labels starting with ¢ and d denote BSE.
Image labels starting with the letters ‘a’ ‘c’ are images that have been taken at 1000X magnification and those

starting with labels starting with ‘b’ or ‘d’ are taken at 2833X magnification.
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The irradiated nominal C/Zr = 1.00 (Figure 80) showed a noticeable (~um) exfoliation of the
surface structure in the irradiated sample as compared to the pristine sample. This is illustrated
by the dark patches surrounding the square reference markers (highlighted in the red box in
Figure 80 ai) where the laser used to mark reference points ablated the surface of the sample
when rastering. In the irradiated sample, these marks are not present, which signals the removal
of material from the surface. The SE images of the irradiated sample, highlighted by the blue
box in Figure 80 aii, also shows a change in the surface roughness due to irradiation, reflected
by the significant change in contrast. The grain structure appeared less evident in the irradiated
BSE images than in the pristine BSE images. However, such an effect may be intensified by

contrast differences between the two images.
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Pristine

Irradiated

Figure 81. BSE and SE images of nominal C/Zr = 0.80 sintered at 2000°C pristine and 158 MeV Xe
irradiated ZrC samples up to a fluence of 1 x 107 ions/cm’. Samples are classified as per the dividers
specified in the table above. Images that are labelled with a letter followed by a i and ii (e.g. ai and aii)
denote images that have been taken in the same area before and after irradiation. SE and BSE images are
displayed in the left- and right-hand columns respectively — labels starting with a and b denote SE images
whilst labels starting with c and d denote BSE images. Image labels starting with the letters ‘a’ ‘c’ are
images that have been taken at 1000X magnification and those starting with labels starting with ‘b’ or ‘d’ are

taken at 2833X magnification.
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To compare the pre- and post-irradiation images, the histograms of all SE and BSE images
were matched to ensure brightness was consistent across all images using the Image J software.
The reference histograms used were Figure 81 aii for the SE images and Figure 81 di for the
BSE images. A ~um-scale exfoliation of the surface was observed, as evidenced by the
disappearance of the burnt surface marks (highlighted in the blue box in Figure 81 bi) left by
laser ablating square marker points. The pristine samples SE images show less pronounced
intergranular (blue arrow in Figure 81 ai) depressions as compared to the irradiated sample.
Whilst the observed increase in the darkness of these structures implies that their depth
increases with irradiation, this could also be due to changes in contrast that histogram matching
cannot account for. Although samples were cleaned after irradiation, dark streaks are seen in
the surface sample. In addition, large streaks are seen in Figure 81 bii (blue arrow), which have
contrast that would be expected to be seen in a depression from the bulk surface height. The
BSE images do not show any phase separation — however, on equalising the histograms, an
increase in the number of bright spots is observed, which is an artefact of image manipulation.
A small bright spot ~1 pm in diameter (arrow Figure 81 ci) was seen in both the SE and BSE
images before histogram matching. Since this is seen in SE images, it is likely that this a raised

feature and not an extra phase.
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Pristine

Irradiated

Figure 82. BSE and SE images of nominal C/Zr = 0.60 sintered at 2000°C pristine and 158 MeV Xe irradiated ZrC
samples up to a fluence of 1.00 x 10'° ions/cm?. Samples are classified as per the dividers specified in the table
above. Images that are labelled with a letter followed by an ‘i’ and ‘ii’ (e.g. ai and aii) denote images that have been
taken in the same area before and after irradiation. SE and BSE images are displayed in the left- and right-hand
columns respectively — labels starting with ‘a’ and ‘b’ denote SE images whilst labels starting with ‘c’ and ‘d’ denote
BSE images. Image labels starting with the letters ‘a’ ‘c’ are images that have been taken at 1000X magnification
and those starting with labels starting with ‘b’ or ‘d’ are taken at 2833X magnification.
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BSE images histograms were matched using Figure 82 cii as a reference histogram for easier
comparison of features. The SE images were left in their original histograms, as histogram
matching did not add any additional information or enhance any features of interest. The SE
images of the irradiated nominal C/Zr = 0.60 (Figure 82) show a similar surface microstructure
as was seen in the pristine samples. As with the nominal C/Zr = 1.00 sample, the ablation marks
cause by the laser were not present in the irradiated sample (seen by comparing Figure 82 di
and dii black arrows). Several features are seen to develop with irradiation — for example the
small circular feature in the red box Figure 82 ci developed in size significantly after irradiation
(red box- Figure 82 cii). Post-irradiation black features were seen on the sample surface that
can be seen in both SE and BSE images. BSE images showed no phase separation due to the

irradiation.
EBSD analysis was undertaken on the irradiated solid samples to determine the grain size post-

irradiation. As with the pristine samples in Chapter 2, the average grain sizes of the irradiated

samples were analysed using the MTEX package.
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Figure 83. Average pristine grain size of pristine ZrC samples and average grain size of 158 MeV Xe irradiated samples

to a fluence of 1 x 107 ions/cm? plotted with respect to the NMR corrected C/Zr (b).

The results of the grains traced in EBSD analysis are presented in Figure 83.(a). Figure 83.(b)
shows a graphical representation of the grain sizes. Errors on the grain size are plotted to two
standard deviations, 95% of the data range. The average grain size of the nominal C/Zr = 1.00
and 0.80 Xe irradiated samples was seen to shrink as compared to the pristine values, and a
trend of decreasing grain size with increasing carbon content, whilst the nominal C/Zr = 0.60

irradiated value was observed to be within two standard deviations of its original value.
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The irradiated nominal C/Zr = 0.60 sample showed from 123 £ 10 to 111 £+ 8 um. The largest
decrease in grain size was seen in the C/Zr = 0.8 0 sample, which decreased from 118 + 4 to
42 + 3 pm. The smallest decrease was observed in the nominal C/Zr = 1.00 sample that was

seen to decrease from 31 £3 to 17 £ 1 um.

3423 Raman spectroscopy

This sub-section presents the results from the Raman spectroscopy investigation on Xe

irradiated ZrC.
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Figure 84. Raman spectra for nominal C/Zr = (i) 1.00, (ii) 0.80 and (iii) 0.60 158 MeV Xe irradiated samples to a fluence

of I x 107 ions/cm®. Raman spectra were baseline corrected using a user defined baseline.

Figure 84. shows the baseline-corrected Raman spectra of the 158 MeV Xe irradiated (1 x 10"
ions/cm?) samples of nominal C/Zr =1.00, 0.80 and 0.60 sintered at 2000°C labelled (i), (ii)
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and (iii) respectively. The three observed Raman regions corresponding to the analysis in the
pristine chapter are labelled ‘a’, ‘d’ and ‘g’ above spectrum (ii) centred at their respective

positions.

All stoichiometries showed the presence of well-defined but adjoined D and G resonances. The
signal intensity of the G mode was higher in samples of lower stoichiometry — with the nominal
C/Zr = 0.60 being the highest overall signal followed by the C/Zr = 0.80 and finally the C/Zr
= 1.00 samples. A similar trend was also observed in the intensity of the D band, with the
exception that the irradiated nominal C/Zr = 1.00 sample showed a lower D band intensity than

the nominal C/Zr = 0.80 sample.

The D and G bands were fitted using the IGOR pro software. For the irradiated nominal C/Zr
= 1.00 sample, a Voigt and a Lorentzian function best captured the profile of the D and G
peaks, respectively. An additional component was seen to be present in the residual spectra
after the D and G peaks had been fitted, and an additional Gaussian peak was determined to
best capture this feature. The Lorentzian fitted to the D peak was centred around 1360 + 3 cm’
U'with aFWHM of 171 + 2 cm! and a height of 399 + 2 counts, whilst the Voigt function fitted
to the G peak was centred around 1600 cm!, with a FWHM of 70 cm™! and a height of 565
counts. The additional Gaussian function fitted between the D and G peaks was centred around

1513 +3 ¢cm™', FWHM = 87 + | cm and had a height of 153 + 1 counts.

In the irradiated nominal C/Zr = 0.80 sample, Voigt and Lorentzian function were seen to best
capture the main behaviour of the D and G peaks, respectively. As with the nominal C/Zr =
1.00 sample an additional Gaussian function was fitted between the D and G peaks to fully
capture the profile of the spectra. The Lorentzian function used to capture the D peak was
centred around 1400 + 2 cm™', FWHM =221 + 1 cm™! and height = 10100 + 1 counts which as
an increase in the signal from the nominal C/Zr = 1.00 samples above. The Voigt function
capturing the G peak was seen to be centred around 1596 2 cm™!, FWHM = 106 + 1 cm™! and

height = 9239.4 £ 1 counts. The additional Gaussian function between the D and G peaks was
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seen to be centred around 1515 + 2 cm’l, FWHM = 197 + 1 cm™! and with height = 5577 + 1

counts.

The irradiated nominal C/Zr = 0.60 sample was observed to have the most distinct D and G
peak structure. The D and G peaks were seen to be partially captured by a Lorentzian and Voigt
function, respectively. The addition of a Lorentzian peak between the D and G peaks was seen
to better capture the overall structure of the D and G spectral range, as was the case with the
additional Gaussian peak for the other samples. The intensity of the G peak was seen to be
higher than that of the D peak. The main characteristics of the D resonance was seen to be
suitably captured by a Lorentzian function that was centred around 1350 + 2 cm’!, with a
FWHM of 230 + 2 cm™ and height of 8686 + 1 counts. The G resonance was suitably captured
by a Voigt function centred around 1593 + 4 cm™! with a FWHM of 96 &+ 3 cm! and a height
of 10336 + 1 counts. The additional Lorentzian function which captured the overlapping region
was centred around 1513 + 2 cm™! with a FWHM of 93 + 4 cm! with a height of 2436 + 2

counts.

The a resonance observed in the nominal C/Zr = 1.00 and 0.80 pristine samples changed in
structure after irradiation. This resonance was seen to be absent in the irradiated nominal C/Zr
= 0.60 sample as with the irradiated sample. The irradiated nominal C/Zr = 1.00 sample was
observed to have a broad peak and thus, was fit with a Gaussian function. The fitted Gaussian
was centred around the 627 cm™! with FWHM = 57 cm! with 77 counts. This is a change from
two peaks that were fitted to the amorphous structure in the pristine chapter. The nominal C/Zr
= 0.80 sample showed evidence of a more intense peak structure located at higher
wavenumbers, which was shouldered by a less intense peak at lower wavenumbers. These two
peaks were seen to be suitably captured by two Voigt functions centred around 618 + 2 and
639 + 1 cm™ with FWHM of 17 + 3 and 8 + 4 cm™! and with intensities of 843 + 3 and 1961 +

5 counts.
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3.4.3 Discussion: Irradiations with 158 MeV Xe to a fluence of 1 x

10'5 ions/cm?
SEM micrographs revealed that the dark burn marks surrounding the laser-etched reference
points in the pristine samples were absent in the irradiated samples. It is possible that a
restructuring of the microstructure could occur during irradiation leading to this observation or
that radiation caused the fractional (~pum scale) removal of surface layers. The microstructure
of the irradiated samples showed no significant changes in either the BSE or SE images
compared to those of the pristine samples. Furthermore, no phase separation was observed in
the irradiated BSE imaged microstructures. This suggests that all samples of ZrC produced in

this study have good stability under heavy-ion radiation, which is consistent with several

previous studies [17], [18], [60], [63].

The average grain size for the nominal C/Zr = 1.00 and 0.80 samples was seen to decrease after
irradiation as compared to their pristine values. The nominal C/Zr = 0.60 sample average grain
size value was observed to be within the range of its pristine value. The largest grain shrinkage
was observed in the C/Zr = 0.80 sample. A potential underlying cause of this apparent grain
shrinkage could be due to the polygonization of grains resulting from the accumulation of
defects or dislocations, which in turn, may cause grains to divide to produce a lower energy

configuration [167], [168] - this would be realised as a decrease in the average grain size.

Microscopy of the black structures in the irradiated sample showed little noticeable difference
in their size, as compared to the pristine sample. Raman spectroscopy was used to further probe
the compositional changes of the carbon located in the black structures of the irradiated
samples, previously identified in the pristine samples. The G band of the irradiated samples
with lower carbon content exhibited a higher Raman scattering intensity than the higher carbon

content samples that occurs due to the presence of graphite.

A higher D resonance intensity was observed, with respect to the G resonance, in the irradiated

C/Zr = 0.80 sample as compared to nominal C/Zr = 0.60 indicating an increase in the proportion
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of disordered graphite and a decrease in the graphitisation of the sample, likely due to radiation
damage which, as these results indicate, act to disorder graphite. A higher integral intensity of
the fitted G resonance, with respect to the D resonance, in the irradiated nominal C/Zr = 1.00

sample indicates a higher degree of graphitisation.

An increase in the relative integral intensity of the D resonance with respect to the G resonance
was observed in the irradiated samples for the nominal C/Zr = 0.80 and 0.60 samples as
compared to their respective pristine samples. This increase in the D resonance height intensity
indicates the clustering of disordered graphite [50]. Pellegrino ef al. [58] observed an increase
in the disordered peak relative to the pristine graphite peak with increasing fluence when

irradiating nominally stoichiometric ZrC single crystals with 1.2 MeV Au ions.

The D and G resonances in the nominal C/Zr = 1.00 sample, which were absent the pristine
spectra, were observed to be active in the irradiated spectrum. This could be due to carbon
migrating through the ZrC unit cell, liberated by irradiation, and being transported to the dark

regions.

The amorphisation trajectory [51] [31], [85], based on the location of the G resonance, revealed
the sp? carbon in all irradiated samples was nanocrystalline; a result that is consistent with the
pristine nominal C/Zr = 0.80 and 0.60 samples (G resonance was absent in the nominal C/Zr =
1.00 samples). For the irradiated nominal C/Zr = 1.00, 0.80 and 0.60 samples, the crystallite
size was calculated to be approximately 27, 17 and 22 nm respectively using the modified
Tuinstra and Koenig relation [50], [138], [139]. This is a decrease from the 33 nm crystallite
size observed in the pristine nominal C/Zr = 0.80 and 0.60 samples, hence radiation damage

causes a decrease in the sp? crystallite size.

A major noticeable difference in the Raman spectra of all irradiated samples, as compared to
the pristine nominal C/Zr = 0.80 and 0.60 samples, was a reduction in the ability to resolve the

D and G resonance bands. Residual spectra of the fits to the D and G bands revealed an
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additional structure in the region between the fitted D and G functions. This required an
additional function to be fitted to better capture the overall line shape of the spectra. The peak
fitted to this additional resonance was centred around 1513 — 1515 cm! for all samples.
However, the intensity of this fitted function was seen to be the highest in the nominal C/Zr =
0.80 sample, followed by the nominal C/Zr = 1.00 sample and finally, the nominal C/Zr = 0.60
sample. This suggests that a higher degree of disorder was present in all samples after

irradiation, which is consistent with Raman investigations by Pellegrino et al. [53].

As with the pristine samples, the ‘a’ band resonance was seen in the irradiated nominal C/Zr =
1.00 and 0.80 samples and absent in the nominal C/Zr = 0.60 samples. In the case of the nominal
C/Zr = 1.00 samples, the double resonance structure seen in the pristine sample evolved into a
single resonance structure (fitted accordingly with as many peaks). The fitted peak centred
around 549 + 1 and 633 cm ! in the pristine nominal C/Zr = 1.00 sample were seen to disappear
in the irradiated sample — leaving one peak centred around 627 ¢cm -!. Comparing this to results
from the literature, Pellegrino et al. [58] observed two separate optical bands in pristine ZrC
located at 530 -540 and 600 cm'- the lower of the two disappeared with 1.2 MeV Au
irradiations at a fluence of 2 x 10'* ions/cm?. In the pristine samples, these appeared to be well
separated, but the peaks seemed to overlap with increasing irradiation dose. Again, these well-
separated bands were also observed by Florez et al. [54] and were determined to be located at
~515 and 600 cm™! in the pristine samples. Upon irradiation, with 10 MeV Au ions to a fluence
of 1 x 10" ions/cm?, the well-separated peak structure was maintained and both peaks were
present in the irradiated spectrum. These well-separated peak structures observed in the studies

above are not entirely congruent with the peak structures in this study.

The pristine nominal 0.80 sample showed a very broad structure and was hence fitted with two
bands centred around ~574 and 693 cm!. The broadness and lack of structure in the resonance
hints that this could be amorphous carbon [92], however, was unclear. Upon irradiation, these
fitted peaks were seen to peak centred around approximately ~618 and 639 cm™. It is also a

possibility that this change in the peaks could be the zirconium oxide as seen by Moya et al.,

176



The irradiation of ZrC

who investigated the zirconium oxide thin films and found two peaks located at approximately
638 and 616 cm™!' which were attributed to the presence of zirconium oxide [169]. Bellucci et
al. found a similar result when investigating the oxidation of ZrC single crystals and they
attributed the peaks observed to monoclinic zirconia [170]. This was also observed by Pezzotti
et al. who identified this structure to be partially transformed monoclinic and tetragonal
zirconia [171]. This result agrees with the XRD patterns collected in this study which shows
evidence of zirconia peaks, although it is not clear why these peaks are not seen in all Raman
spectra — this may be due to inhomogeneity in each sample. The weak diffraction peaks
belonging to zirconia already present in the pristine samples were seen to apparently increase

in intensity with irradiation.

As the penetration depth of Xe ions was ~10 um, XRD was used instead of GIXRD, which has
been the de-facto technique previously due to lower heavy-ion irradiation energies and thus
smaller penetration depths [22], [54], [55] of the relatively higher energy of Xe ions used in
this study. As with the pristine samples, graphite diffraction peaks were absent in the post-
irradiation spectra. The absence of the graphite phase implies that the damage induced by
heavy-ion irradiation did not affect the distribution of graphite or increase the coherency of

scattering domains sufficiently to produce an XRD response.

A likely mechanism for the apparent increase in the zirconia phase could be the Xe atoms
producing vacancies. As free oxygen exists in any given sample, the presence of vacancies
would promote the diffusion of oxygen already present in the sample into the octahedral
interstitial sites [150], [151], [172]. This seems likely as weak diffraction zirconia peaks are
seen in the pristine as-fabricated sample diffractograms. Oxygen contamination may also occur
when the sample is taken out o vacuum from the accelerator; vacant sites may have a greater
affinity to oxygen gettering from ambient conditions. Samples of lower carbon content were
seen to have lower intensity zirconia diffraction peaks, with respect to the ZrC peaks, as

compared to higher carbon content samples. One may expect that samples with lower carbon
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content would display more intense zirconia diffraction peaks, with respect to the ZrC

diffraction peaks after irradiation, as there are more vacant sites for oxygen to occupy.

The cubic structure of ZrC appears to be maintained post-irradiation. Furthermore, in lower
stoichiometry samples, vacated carbon atoms would have a range of sites that they could
recombine with if liberated — which could explain why the sample maintains its crystal
structure for low carbon contents and under irradiation. In the C/Zr = 1.00 samples, two
additional diffraction peaks belonging to unknown phases that were present in the pristine
spectrum were seen to grow in intensity in the irradiated spectrum. It was not possible with

certainty to assign these diffraction peaks to any phase in the crystallographic database.

The Xe irradiation shows that the irradiated lattice parameters follow an increasing trend with
a carbon content that is consistent with the linear trend in the lattice parameter reported in the
literature [13], [18]. The nominal C/Zr = 1.00 (NMR corrected C/Zr = 0.95) sample reported
from this chapter was observed to have a lattice parameter value (4.694 + 0.001 A) lower than
that reported by Florez et al. (C/Zr = 0.99) (4.71 A) for samples irradiated to similar doses of
2.4 and 2.5 dpa respectively [54].

The expansion in the lattice parameter has also been observed in previous ion irradiation studies
on ZrC [55], [62]. The presence of vacancies was determined, by Mellan et al. [149] via DFT
calculations, to occupy a larger volume than the stoichiometric ZrC. Thus, the increase in the
lattice parameter observed in the irradiated samples, it shows that vacancies are being created
in the sample during irradiation. In addition, the dpa used in this study is higher than that used
by Gosset et al. (1.5 dpa) above, which defects were observed to coalesce based on TEM
observations by Gosset et al. [55].

As the heavy Xe ions bombard the sample, the target material undergoes local heating due to
the kinetic energy imparted from the Xe ion to the sample. The irradiation took 4 weeks to

complete this radiation-induced heating and can be likened to a long term local annealing of
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the target material [64]. Enhanced mobility under irradiation-induced heating is likely to

contribute to enhanced recovery of defects.

The presence of free carbon (as determined from Raman spectroscopy) is problematic in
nuclear environments as they can combine to produce several detrimental products. For
example: carbon monoxide or carbon dioxide [173] can deposit on fuel surfaces, causing a

significant reduction in heat capacity [174] and thus, localised elevation of fuel temperatures.

3.4.4 Conclusion: Irradiations with 158 MeV Xe to a fluence of 1 x
10'5 ions/cm?

In this section, samples of variable stoichiometry fabricated have been irradiated with 158 MeV

Xe ions to a fluence of 1 x 10'? ions/cm?to simulate heavy-ion damage in ZrC.
y g

No significant changes in the irradiated microstructure were observed in the samples after
irradiation. A combination of SE and BSE microscopy revealed a slight coarsening of the
irradiated microstructure for each of the samples — with no phase separation being observed.
The average grain size of the irradiated samples was seen to decrease from their pristine values
for all samples except for the nominal C/Zr = 1.00 samples that were in range of the pristine
value. Raman investigations into the black structures, where previous analysis had revealed
carbon, again showed evidence of graphite, disordered graphite, and amorphous carbon in the
majority of the pristine samples. Radiation damage was seen to cause changes in the relative
proportions of graphite and disordered graphite in the nominal C/Zr = 0.80 and 0.60 samples
and activate the D and G resonance in the nominal C/Zr = 1.00 that were absent in the pristine
sample. The sp? crystallite size was observed to decrease from ~ 33 nm for the pristine nominal
C/Zr = 0.80 and 0.60 samples to ~27, 17 and 22 nm for the irradiated nominal C/Zr = 1.00,
0.80 and 0.60 samples, respectively.

XRD patterns showed that the irradiated ZrC samples with varying carbon contents retained

their NaCl structure after irradiation. XRD patterns also showed diffraction peaks belonging to
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zirconia and a secondary unknown phase. The lattice parameters of the irradiated samples were
seen to be higher than the pristine samples with the overall trend being congruent with the

linear trend of lattice parameter observed in the literature.
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3.5  Discussion of Proton and Xe irradiated samples

The results from this chapter and the combination of techniques used provide information about
the effect that a range of damage doses has on ZrC. For the first time, a range of sub-
stoichiometric ZrC samples from the same precursor powders have been irradiated and

characterised for a range of damage doses.

If we begin with the lowest dose, dose 1 (0.015 dpa) proton irradiations resulted in a decrease
in the lattice parameter for all three compositions compared with their pristine values. A
simplistic assumption, when applied to ‘standard materials’ with very low levels of vacancies,
would be that irradiation would lead to the creation of vacancies, some macroscopic swelling
and an increase in lattice parameter. The results presented in this chapter are counter to this
standard situation. As the proton irradiations were carried out at 300°C, the idea was proposed
that this level of damage causes the initial defects that may be present in the pristine samples
from sample preparation to be redistributed, thus the material is effectively annealed by the
introduction of additional energy to the system. The presence of oxygen has been observed to
lower the lattice parameter of ZrC [64], if free oxygen is present in the sample, annealing of
the sample for the period of the irradiation may cause oxygen to diffuse into vacant sites on the
carbon sub-lattice resulting in a decrease in the lattice parameter from its pristine value. In
addition to this, radiation damage causes the inevitable production of additional vacant carbon
sites [35], [66], [67], [175] which have been observed to increase the lattice parameter [149].
From the above, it is evident that the low dose proton irradiation does not act to cause

detrimental damage and that a significant amount of vacancies are not created.

Increasing the irradiation proton dose from 0.015 dpa to 0.031 dpa increased the lattice
parameter from the lower dose values. The lattice parameter values of the dose 2 proton
irradiated samples also remained below their pristine values, with the exception of the nominal
C/Zr = 0.80 sample which was observed to be higher than its pristine value. To explain this, it
was proposed that the limited swelling observed in the nominal C/Zr = 0.6 and 1.00 samples

was due to a relationship of the concentration of vacant sites, the width of the grain boundaries
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and the average grain size that act to limit the lattice parameter expansion by providing sinks
for radiation damage. This is explained as follows. The nominal C/Zr = 0.60 was observed to
have a large grain size and large grain boundaries (inter-/intra-granular black structures evident
from SEM) thus it was proposed that carbon atoms that have vacated their lattice sites via
irradiation can sink, or be annihilated, into a number of vacant sites in the carbon sub-lattice or
migrate to the large grain boundaries. In the nominal C/Zr = 1.00 samples, carbon atoms that
are vacated from their lattice sites via irradiation have fewer vacant sites on the carbon
sublattice for damage to sink into; however, they have a smaller grain size and thus less distance
to travel to the grain boundaries than the nominal C/Zr = 0.60 samples. Due to these defect
sinking mechanisms, it was proposed that both materials can accommodate vacancies at low
dpa, limiting the lattice parameter increase and thus, have similar defect sink efficiencies. The
nominal C/Zr = 0.80 however has an intermediate-range grain size, a smaller number of
vacancies on the carbon sub-lattice and a larger grain size than the nominal C/Zr = 1.00
samples, which means that defects have a longer distance to travel to be sunk at grain

boundaries.

At significantly higher damage doses of 2.4 dpa (Xe) a greater swelling of the lattice parameter
was observed compared to the pristine material and the proton irradiated material at all three
compositions. This result is to be expected as increasing radiation damage is known to induce
swelling in materials. Comparing the nominal C/Zr = 1.00 sample lattice expansion (0.03%) to
that reported in the literature for 2.5 dpa (0.44%) and similar irradiation temperatures (C/Zr =
0.99,10 MeV Au) [54].

Huang et al. and Motta et al. [35], [43] showed that black dot damage (proton irradiated) was
observed to first occur at 0.3 dpa. However, results from this chapter show that vacancy
production initiates at 0.015 dpa.'*C NMR studies of the irradiated nominal C/Zr = 1.00 sample
showed that an increase in the number of vacancies was produced with increasing proton
radiation dose for the nominal C/Zr = 1.00 sample. This was determined by the shift of the

main peak to higher ppm with increasing dose and is consistent with the evolution of the *C
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NMR line shape to higher ppm seen in the pristine samples, as the carbon content was
decreased. If it were possible to study the effects of Xe irradiation (using higher irradiation
energies to produce a great quantity of material to fill an NMR rotor), one would expect the
I3C NMR signal observed to be at a higher ppm than seen in the proton irradiations, consistent

with the irradiated material containing an increased number of vacancies.

It is important to note that the intensity of pristine Raman spectra cannot be compared to that
of the spectra of irradiated ZrC as the laser was replaced in the period before the irradiated
spectra were analysed. However, the structure and the general peak form can be compared to
one another. Raman spectroscopy undertaken on the inter-and intra-granular black structures
showed the presence of pristine and disordered graphite through the presence of the G and D
peaks, respectively. All samples aside from the nominal C/Zr = 1.00 pristine and dose 1
samples showed evidence of D and G peaks in Raman spectra and typically the intensity
(height) of the D peak remains smaller than that of the G peak aside from the dose 1 nominal
C/Zr = 0.80 sample. The lack of signal in the D and G band of the pristine and proton dose 1
nominal C/Zr = 1.00 sample indicates that there is no Raman signal detectable carbon in the
black structures. For the nominal C/Zr = 0.60 and 0.80, the intensity of the D and G peaks
signals increase with increasing irradiation doses, with the Xe irradiated samples showing the
largest D and G intensities. As 3C NMR studies showed vacant sites occur through increasing
radiation dose, through the movement of the main ZrC peak to lower ppm, the increase in
Raman signal with increasing irradiation dose implies that carbon atoms that are dislocated
from their lattice sites sink into grain boundaries. As graphite was observed in the static 1*C
NMR spectra, it is possible that this graphite is responsible for the G band signal we see in the
black structures and that carbon atoms dislocated from the ZrC lattice migrate towards grain
boundaries with increasing radiation dose. If this is the case, then the origin of the disordered
graphite band D may then be the carbon atoms that have been liberated from their lattice sites
as a result of irradiations. It was proposed that, as both the vacant sites and the grain boundaries
act as sinks for damage within the sample, the sink efficiency for damage in the sample to a

first approximation is a function of the volume of the grain boundaries, the size of the grains
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and the number of vacant sites. The fact that carbon atoms can move out of the ZrC structure
during irradiation toward the grain boundaries, as observed in the Raman spectra, may bolster

the radiation tolerance of ZrC.
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Chapter4  Future materials a preliminary

investigation into carbide MAX Phases

The following section describes a preliminary investigation into NbsAlCs, a layered carbide
MAX phase that has been shown to exist while containing a large fraction of vacancies similar

to ZrC.

4.1 Introduction

MAX phase ceramics are layered, machinable, hexagonal materials that are under
consideration for Generation IV reactor component materials [7], [19], [176], [177]. The
interest lies in the fact that these phases possess a desirable combination of ceramic and metallic
properties. Stoichiometrically, the MAX phases have the following form: My+1AX, - where
‘M’ is an early transition metal, ‘A’ is an A = group element, X is either carbon or nitrogen and
n=1,2or 3 [7], [11]. Alloying an ‘A’ group element with an appropriate MX binary system
produces a ternary MAX phase compound that can provide enhanced materials properties,
which have been reported previously in great detail [7], [10], [11], [19], [178]-[180] through a
combination of theoretical and experimental work. Most promisingly, the metallic and ceramic
properties of MAX phases coupled with the wide stoichiometric, and elemental range can

produce materials that are suitable for a diverse range of nuclear applications.

13C NMR is a powerful tool for understanding the carbon atom distribution in a material. So
far, this technique has not been applied to Nb4AlC; to probe the local structure and may provide

more insight into the distribution of environments that may exist within the sample.

The objectives of this section are the following. To determine if NbsAlC; has been successfully
produced, to determine if the NbsAlC3 contains ordered or disordered carbon vacancies (o-

Nb4AlCs or a- NbsAIC3), to probe the local structure and investigate the range of unique carbon
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environments present in the sample and relate that back to the distribution of carbon vacancies

and finally to investigate potential ordering schemes of the carbon atoms.

To achieve the above objectives XRD is used to differentiate between the different phases and
determine which one is produced in this study. NMR is used to investigate the distribution of
carbon vacancies in the sample. EDS is undertaken on the samples to determine if any phase

separation exists.

4.1.1 NbsAIC3 sample fabrication
The NbsAlIC3 samples were supplied by Jef Veugel’s group at the Katholieke Universiteit
Leuven (KU Leuven) as part of the collaboration within the CAFFE consortium. The
fabrication method is summarised below [11]. Precursor powders of NbHogo, Al and C were
used to fabricate the MAX phase. Hydrogenation of the NbHo g9 was completed at a temperature
of 800°C (under a dynamic Hz atmosphere) with the product subsequently ball milled for 2
hours at 200 rpm at room temperature. An additional amount of C and Al were added when
preparing the NbsAICs. In order to produce a homogeneous mixture/ powder consistency, the
precursor powders were milled in ethanol with ZrO> milling balls multi-directionally for a
period of 24 hours. Post-milling, the powders were compacted into graphite dies as described
above for the ZrC. The powders were then reactively hot-pressed under vacuum conditions
with a heating ramp rate of 20°C/min under 5 MPa until the temperature of 1700°C was reached
(sintering temperature). At 1700°C the pressure was increased to 20 MPa, and these conditions
were maintained for 30 minutes. After which the heaters were turned off and the samples were
allowed to cool. As with the ZrC, the bonded carbon layer from the fabrication process was
removed. Optically, the difference between the back-carbon layer and the metallic MAX phase
was discernible. Samples were polished to a mirror finish using the same steps as the ZrC

samples, as detailed in the Methods section.
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4.1 Results

4.1.1 XRD

The following section presents the results of the XRD diffraction experiments undertaken on

the solid MAX phase samples provided by KU Leuven.

10 15 2

25 30

Intensity (arb. units)

10 15 " 20 25 30

26 (degrees)
Nb4AIC3 MAX phase v Graphite
o NbO, * Corundum

¥ Unknown phase

Figure 83 XRD diffraction pattern of solid Nb4AlC3 MAX phase (indexed) samples, corundum standard peaks are
denoted by an asterisk above the respective peaks. NbO: is denoted by an open marker above the respective diffraction

peak.

Figure 83Figure 52 shows the observed diffraction pattern of the Nb4AlC; hexagonal MAX
phase. The XRD pattern was analysed the using Rietveld structural refinement method, and the
peaks were indexed using the phase search in the ICSD, as detailed in the methods chapter.

The indexed peaks matched the NbsAlCs phase, confirming that the phase had been
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successfully fabricated. The lattice parameters of the NbsAlC3 phase were determined to be a
=3.134 £ 0.001 A and ¢ = 24.162 + 0.001 A with the goodness of fit = 4.886. In addition to
this phase, weak peaks belonging to NbO» were also observed in the diffraction pattern. Finally,
several diffraction peaks were present in the sample that were not possible to index. No graphite

was observed in the XRD patterns.

4.1.2 NMR
13C NMR was used to probe the local structure of the NbsAlC3 material produced. Both static

and spinning NMR was conducted on the samples at room temperature.

—— Static Nb4AIC3
—— Spinning Nb4AIC3
—— Spinning NbC

1200 1000 800 600 400 200 O -200 -400
ppm
Figure 84 Overlain NMR spectra for the static and spinning NMR of Nb4AICs.

Figure 84 shows the static (black trace), the fast MAS spectrum (red) '*C NMR spectrum of
the Nb4AlC; sample and the NbC binary carbide powder spectrum. The static line profile of
the NbsAIC3 sample showed a broad NMR peak which significantly narrowed when the
samples were spun. From visual inspection, the centre of gravity of the spinning spectrum is

observed to be at a higher frequency (ppm) than the static spectrum. The centre of gravity of
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the static and spinning spectra was measured to be 394 + 5 ppm and 404 + 2 ppm, respectively.
This could be due to heating effects that occur during spinning that could act to shift the centre
of gravity of the peak, as has been observed on annealed samples of uranium carbide [181]. A
clear asymmetry is present in the peak structure of the spinning spectrum; Figure 85 shows the

expanded range (0 to 800 ppm) of the spinning spectrum.

a b ¢
A M A
I ! 1 ' I ' I i 1
800 600 400 200 0
ppm

Figure 85. MAS NMR spectrum of Nb4AIC. features of interest are labelled ‘a’,’b’ and ‘c’.

From visual inspection, the range expanded spinning spectrum shown in Figure 85 was
observed to have three distinct shoulders which contributed to the overall asymmetry of the
peak. The main peak is labelled ‘b’ in Figure 85 and this was flanked by two additional
shoulders located at higher and lower ppm, labelled ‘a’ and ‘c’ respectively. In order to
deconvolute overlapping resonance peaks, IGOR pro was used to fit Gaussian functions (as

they were the best fit) and minimise the residual signal — the results of this are shown in Figure
86.
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Figure 86 shows the results of fitting three Gaussian functions to the spinning spectrum. The
bottom spectrum shows the fitted Gaussian functions which were used as they were observed
to capture the characteristics of the observed spectral line shape well (red trace middle
spectrum). The fit was optimised using the least-squares regression, the residual spectrum can
be seen in the top graph. The Gaussian function fitted to the ‘a’, ‘b’ and ‘c’ shoulders were

observed to be located at 469 + 2, 403 + 2, and 352 £+ 2 ppm.

A Aot A A Ao AL A a AR ALY aa ALALTNAA
" A P

[ [ | I I
800 600 400 200 0
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Figure 86. Peak fitting on the 13C spinning NMR spectrum. The bottom spectrum shows the fitted Gaussian line shapes.
The middle spectrum has overlays of; the observed spectrum (red trace), the fitted baseline (green trace)

and the fitted spectrum (blue trace). The top spectrum shows the residual signal after fitting.

The fractional areas can also be calculated by taking the ratio of the fitted Gaussian to the total
peak area which was calculated for the ‘a’, ‘b’ and ‘¢’ peaks to be 23.5, 55.7 and 20.8 %, which

also corresponds to the distribution of carbon nuclei in these environments.
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4.1.3 EDS imaging

Preliminary EDS imaging was conducted on the sample to investigate the phase purity of the

sample.

Figure 87. BSE image of the typical sample area on the MAX phase (left), and the corresponding EDS elemental maps
of Al, Nb, C and O elements corresponding to the purple, light green, red and dark green images respectively.

Figure 87 shows the BSE image of a section of the NbsAlC;, the square marker is a laser
ablation marker, EDS mapping was conducted of elements of Al, Nb, C and O (purple, green,
red and dark green respectively). EDS showed that heavier elements such as Al and Nb were
distributed evenly in the sampling area. Care must be taken in interpreting the EDS images
where uneven surface heights are present. Depressions in surface height can act as secondary
emitters, creating unreliable results. This is the case in the carbon EDS map as all the
depressions are shown as high signal areas (high brightness). In the oxygen map, the high signal

regions correspond with the oxygen map and bright spots are in shallower depression regions.

Depressions from nominal surface height were observed in light and dark contrast regions, and

the depression created with a laser can be used as a contrast reference to identify these regions.
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4.2 Discussion

The XRD patterns collected and indexed in this study were in agreement with the indexed
planes reported by Hu et al. [9], Zhang et al. [68], indicating that the sample created in this
study was NbsAICs. The lattice constants measured from the samples in this study were a =
3.134 £ 0.001 A and ¢ =24.162 + 0.001 A, which was comparable to the values reported by
Hu et al. a = 3.1296 A, ¢ = 24.121 A [9]. As no uncertainty was reported with these
measurements, it was difficult to gauge if the values were within error of one another. As
described earlier, NbsAlC3 has been observed to undergo an ordered to disordered carbon
vacancy transformation between 1400 and 1500°C [68], [122]. As the samples analysed by this
study were synthesised at 1700°C and lattice parameters are lower than the ordered lattice
parameters values seen in the literature [68], the sample was determined to be the a-NbsAICs3
phase with ‘disordered’ carbon vacancies. The presence of NbO; indicated that some oxygen

contamination was present during sample fabrication.

Further probing the local carbon environments using static '*C NMR spectra revealed a very
broad carbon resonance in which no sub-structures were identifiable. Spinning the (MAS
NMR) samples caused a significant narrowing of the main resonance, revealing asymmetry in
the peak structure. Peak fitting on the asymmetric resonance structure showed that the
characteristics were suitably captured by three peaks, indicating that at least as many unique
carbon environments exist in the sample. Using the 3C NMR results as a basis, we can then

try to understand what carbon atom configurations might exist.

The carbon atoms in the unit cell can be separated into C1 and C2 carbons dependent on the
spacing with respect to a central C2 atom (see Figure 88). Accordingly, the distance from a C2
to a C2 is 3.13 A and the C2 to C1 spacing is 3.18 A. The unit cell consists of a C2 carbon
located at the origin. Within a unit cell, the six carbons can be counted in terms of their
constituent C1 and C2 components, of which there are four C1 carbons and two C2 carbons in

a ratio of 2:1 (C1:C2).
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In a NbsAlIC;3 structure with no vacancies, the ideal NMR spectrum would then have two
resonances that would occur because of carbons in the C1 and C2 environments. The proportion
of integral signal intensity from each resonance in a theoretical NMR spectrum would be 67%
and 33% for the C1 and C2 carbon resonances, respectively. Carbon analysis showed that 36.7
% of the carbon sites were vacant. We can correct the stoichiometric formula to reflect the
analysed carbon stoichiometry which then becomes: NbsAIC;9. This approach is based on
vacancies being located on the carbon sites. It is at this point we can consider a range of vacancy
models with respect to the C1 and C2 carbon sites — the goal is to find a distribution model
which can recreate the experimental NMR spectrum of NbsAICs. The vacancies cannot be
distributed exclusively over the C2 sites as this would liberate all C2 atoms (1.1 vacancies for

the single C2 site).

As the NMR is sensitive up to second nearest neighbours, we can use two polyhedra centred
around a central C2 and C1 carbon atom, respectively, (Figure 88 and Figure 89) to understand
better how vacancies can be distributed throughout NbsAICs. As the NMR spectra can be
thought of as the summation from all the carbon sites within the sample, we must consider the
ways in which carbon sites may be occupied within a complex unit cell such as NbsAICs. To
this effect, we can consider the contribution of the C1 (Figure 89) and the C2 sites (Figure 88)
to the NMR spectrum.

’ C1 carbon
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Figure 88 coordination polyhedron with the two chemically unique carbon environments listed as CI1 an C2

. C1 carbon

. C2 carbon

z

le:

Figure 89 coordination polyhedron centred around a C1 carbon.

4.2.1 Simple model

If vacancies were distributed around a C2 central carbon atom) then 55% of the six surrounding
C1 carbon atoms would be vacant, corresponding to an average of 3.33 vacant sites. This would
imply that each C1 environment sees either three or four vacancies and that the relative
intensity of the C1 signal would be separated into two discrete resonances in the NMR
spectrum, as observed. However, the relative amounts (2:1) of C2:C1 environments are not
reproduced by this model. It may be the case that the extra 51% vacancy concentration may be

distributed over the C2 carbon atoms, and this may then produce a third resonance.

A number of vacancy ordering models can be considered in an attempt to explain the NMR

spectrum as observed. These are detailed in the following sub-sections.

4.2.2 Random vacancy distribution

A random distribution of carbon vacancies in the structure can be modelled by the binomial
distribution. This uses the same approach used in the ZrC pristine chapter. Two vacancy
stoichiometric carbon resonances should be considered as a starting point, the first would arise
from a central C2 carbon (Figure 88) and the second from a central C1 carbon (Figure 89).
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For the first resonance, we can consider the random distribution of vacancies over the six C1
sites and six C2 sites as per the configuration shown in Figure 88 - 12 sites in total. In the
binomial model, we can account for 2:1 abundance of C1:C2 environments as a proportion of
the six-carbon sites. The probability of obtaining a vacancy on a carbon site is shown in Figure
90. The most probable number of vacant sites over the 6 C2 and 6 C1 sites was observed to be

three vacancies, followed by four vacancies.
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T T

o
o

Probability of obtaining a carbon site with
different numbers of vacancies

0 1 2 3 4 5 6

Number of vacant sites

B Vacancies over 6 C2 sites m Vacancies over 6 C1 sites

Figure 90 binomial model for the probability of vacancy creation over 6 C1 (blue) and 6 C2 sites (orange).

The next most likely vacancy concentration for the random distribution is eight vacancies over
the 12 sites resulting in 33% carbon concentration. This is at the stability limit of NbC

according to the phase diagram [182].
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Figure 91 Binomial distribution for the probability of vacancy creation over 6 C1 (green) and 3 C2 sites (grey).

For the second resonance, we can consider the random distribution of vacancies over the nine
sites (six C1 and three C2 sites) centred around a central C1 atom, as shown in Figure 89. In
this resonance — 2/3 of the C1 sites were observed to be missing alongside 3/6 of the C2 carbon

atoms. The resultant NMR spectrum would be the sum of these resonances discussed above.
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T I T I
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Figure 92. The theoretical NMR spectrum for a random vacancy distribution model using the binomial model. The

bottom spectrum shows each contributing peak, and the top spectrum shows the sum of the peaks.

Figure 92 shows the NMR spectrum generated based on the integral peak intensities determined
from the binomial distribution. The Gaussian peaks are ordered such that vacancy rich, lower
carbon content peaks, are located at higher ppm following the results from the systematic
studies on the pristine ZrC samples (Chapter 2). The individual peaks sum to a broad Gaussian
that does not have the shouldering peak features observed in the experimental spectrum,

indicating that it is unlikely that the vacancies are randomly distributed.

4.2.3 Avoidance model

The second model that can be considered is the avoidance model where carbon vacancies
arrange themselves as far apart from one another as possible over the C1 and C2 sites. The
proportional number of vacancies in either the C1 or C2 are the product of the number of sites
(six) multiplied by the respective stoichiometric proportion (2/3 for C1 and 1/3 for C2) of the
site multiplied by the vacancy concentration (1.1/3). Hence the average number of vacancies

that will be distributed among the two layers is: 1.468 for C1 and 0.734 for C2.
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Figure 93. the arrangement of C1 and C2 sites in an avoidance model for around a) C1 and b) C2 layers.

As the number of vacancies must be an integer number, it follows that for the C1 layers a
proportion of the sites will have one vacancy, and a proportion will have two vacancies (Figure
93 a)). Similarly, for C2 carbons, a proportion of C2 layers will have zero vacancies, and a

proportion will have one (Figure 93 b)).

As the overall NMR spectrum of the material is a summation of the resonances produced by
individual unique carbon environments, each C1 and C2 configuration (Figure 93) would
produce two NMR peaks. The sum of the C1 and C2 environments in an avoidance model
distribution would produce four resonances in an NMR spectrum. As the Cland C2 layers have
a site with one vacancy in common, the total NMR spectrum could have three resonances with
the two one vacancy resonances overlapping. Normalising these resonances and accounting for
the stoichiometric ratio between the peaks results in the 0:1:2 vacancy environment that has

the integral intensity ratio 27%:51%:22%. From the systematic studies on ZrC NMR spectra
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in the previous chapters, we observed that carbons in less metallic environments (less
vacancies/higher carbon content) are located at lower ppm. As NbsAlCs is comprised of binary
carbide layers it is possible that the position of resonances in the NMR spectrum of NbsAIC3

would also evolve in a similar fashion.

I [ [ I |
800 600 400 200 0

Figure 94 NMR spectrum showing the theoretical NMR spectrum for a vacancy avoidance model. The bottom spectrum

shows each peak and the top spectrum shows the sum of the peaks.

Therefore, we can construct a theoretical NMR spectrum based on the above considerations
placing resonances with lower vacancy concentrations at lower ppm. Figure 94 bottom figure
shows the individual resonance peaks for the avoidance models as stated above, and the top
figure shows the sum of the individual peaks. The fitted simulated Gaussian resonance peaks

were fixed in width and position in order to construct the diagram observed.

The avoidance model approximately agrees with the experimental results on two accounts.

Firstly: the integral peak intensities of each carbon resonance in the NMR spectrum as
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calculated in the avoidance model are similar to that obtained from the experimental MAS
spectrum. Secondly: the resonances produced in the avoidance model are ordered such that
carbon layers that have fewer vacancies are located at lower ppm, and this, in turn, matches

with the ordering of the resonances in the experimental MAS NMR spectrum.

Future work should focus on fabricating NbsAlC; with systematically varying carbon contents
and conducting MAS !*C NMR on the samples to determine if the ordering mechanism
proposed in this thesis is correct. In addition, irradiation tests should be undertaken initially, at

low dpa to determine stability response of the material under irradiation.

4.3 Conclusion

Nb4AlC3 produced at KU Leuven has been analysed using XRD and is confirmed to be the a-
NbsAICs phase. EDS analysis showed a homogenised distribution of Al and Nb elements —
hinting that a near phase pure material had been produced. Spinning '*C NMR showed the
presence of one central resonance with two-shouldering resonances at higher and lower ppm
on either side — signifying that an additional unique carbon environment had been created aside
from the C1 and C2 layers. The experimental 3C NMR MAS spectrum is consistent with a
distribution of vacancies that corresponds to a vacancy avoidance model operating in each C1

and C2 layer.

200



Conclusions and recommendations for future work

Chapter 5  Conclusions and recommendations for

future work

5.1 ZrC

5.1.1 Conclusions
A new method has been proposed by which the carbon content of ZrC can be determined with
greater accuracy than techniques previously used as standard both in academia and in industry.
Probing the short-range structure of the sample using '3C NMR allowed for quantitative
correction to the carbon analyser and hence nominal carbon content values. In some cases,
these NMR corrected values were much lower than the conventional carbon determination and
reporting methods (combustion carbon analysis, nominal carbon content). This result implies
that ZrC values of carbon content reported in the literature, which is subsequently used to
reference physical property data, may be inaccurate. The above method allows the rigorous
evaluation of the effect of carbon content on the physical properties of ZrC. One of the
consequences of these findings is that the homogeneity region of ZrC is extended to slightly

lower carbon contents than those that appear in the phase diagram.

A few previous studies have used XRD patterns to indicate that no free carbon exists within
the sample and that the synthesis of ZrC from precursor powders has been completed and was
successful. Carbon dissociated from the ZrC structure was determined to be located within
grain boundaries or dispersed throughout the sample in the samples studied here while a
graphite phase was not observed in the XRD pattern. This was supported by SEM images that

displayed dark regions in intra- and intra-granular regions.

In the dark regions, dissociated carbon existed in two forms: amorphous carbon and graphitic
carbon. When these dark regions were examined by Raman spectroscopy, the presence of
pristine and partially destroyed graphite was confirmed. The '*C NMR spectra also revealed

the presence of sp? amorphous carbon and graphite.
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For carbon within the ZrC structure vacancy ordering was observed - multiple unique carbon
environments due to the presence of vacancies were observed. The integral fraction of these
environments were seen to vary systematically with carbon content in the samples sintered at
the lowest temperature. At higher sintering temperatures, the carbon environments within the
ZrC displayed a more random distribution. Despite this, the CG of the ZrC peak of the samples
sintered at 2000°C showed a systematic movement to higher frequencies in samples with lower

carbon content.

It was found that ZrC is tolerant to radiation damage up to 2.4 dpa as XRD studies showed the
ZrC maintained its crystal structure after irradiations. However, during irradiation carbon

atoms were observed to be vacated from the ZrC structure to grain boundaries.

Examination of the effects of irradiation on the carbons remaining within the ZrC structure
suggests that the carbon content within the ZrC structure had been reduced. This was supported
by high-resolution MAS 3C NMR spectra of samples irradiated to higher doses that showed a
systematic growth in the intensity of a shoulder at more positive ppm, a result consistent with
pristine samples of lower carbon content. The migration of extra carbon atoms into the grain
boundaries was based on the increase in the Raman signal within these areas with increasing
irradiation dose. It was also proposed that the radiation resistance of ZrC is a function of the
range of vacancy concentrations stable in the ZrC structure and the ability of ZrC to dissociate

carbon from its structure.

5.1.2 Future work

Future work should be conducted, validating the trends observed in this thesis. Samples
sintered at 1500°C should be annealed incrementally to 1700°C to observe the temperature at
which the line shape transitions from a more ordered structure observed in the 1500°C to a
more homogeneous profile as was observed in samples sintered at higher temperatures. In

addition, the oxygen content and the lattice parameter of these samples should be measured
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throughout the annealing process to observe if there are any systematic changes over smaller

heating increments.

Long-period annealing, ~12 hours should be carried out on the samples sintered at 2000°C —
to match the annealing time of the older studies in the literature to determine if this causes the
parabolic lattice parameter trend [124], [183] observed in the literature [64]. The new method
of carbon content determination proposed in this thesis should be applied to alternative
fabrication methods used to produce ZrC such as spark plasma sintering (SPS) to determine

how different fabrication routes affect the final product.

Future work should also focus on higher temperature irradiations for the same nominal
stoichiometries fabricated under the same conditions, as studied in this thesis. The irradiation
temperatures for these further studies should be in the range of 850 to 1350°C, typical of deep-
burn pebble-bed reactor operating regimes, to doses of 10 dpa [67] — with the same techniques
used in this study being used for comparative analysis. The results of these analyses should be

used to extend the understanding of ZrC presented in this thesis.

5.2 NbsAIC; MAX phase

5.2.1 Conclusions
Nb4AlCs, studied here was observed to tolerate a large vacancy content, with the vacancies
within the structure distributed in an avoidance configuration. This was supported by higher
resolution '*C MAS NMR in which three sub environments were visible — the intensity of these
peaks matched a theoretical avoidance distribution over Cl1 and C2 layers. The lattice
parameter of the MAX phase samples was observed to be in good agreement with literature

values.
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5.2.2 Future work

Future work should focus on fabricating NbsAlC; samples with higher carbon contents, and
subsequently studying these to determine whether other 413 MAX phase samples can also
tolerate a large degree of vacancies and adopt a similar vacancy distribution model as detailed
above. Additional physical properties of NbsAlC3 should also be measured, such as the
ductility, as a function of carbon content in order to understand further how this varies

stoichiometrically with carbon-based MAX phases.
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