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ABSTRACT

Graphite has historically been used as a moderator material in nuclear reactor
designs dating back to the first man-made nuclear reactor to achieve criticality (Chicago
Pile 1) in 1942. Additionally, graphite is a candidate material for use in the future
envisioned next-generation nuclear reactors (Gen 1V); specifically, the molten-salt-cooled
(MSR) and very-high-temperature reactor (VHTR) concepts. Gen IV reactor concepts
will introduce material challenges as temperature regimes and reactor lifetimes are
anticipated to far exceed those of earlier reactors. Irradiation-induced defect evolution is
a fundamental response in nuclear graphite subjected to irradiation. These defects directly
influence the many property changes of nuclear graphite subjected to displacing
radiation; however, a comprehensive explanation for irradiation-induced dimensional
change remains elusive. The macroscopic response of graphite subjected to displacing
irradiation is often modeled semi-empirically based on irradiation data of specific
graphite grades (some of which are obsolete). The lack of an analytical description of the
response of nuclear graphite subjected to irradiation is due in part to the complex
microstructure of synthetic semi-isotropic graphites.

Chapter One provides a general overview of the application, processing, and
irradiation-induced property changes of nuclear graphite. The key properties affected by
displacing irradiation include, but are not limited to, coefficient of thermal expansion
(CTE), irradiation creep, and irradiation-induced dimensional change. Additionally,

historical models of radiation damage in nuclear graphite, including their inadequacies in
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accurately describing property changes, are discussed. It should be noted that a
comprehensive explanation for all irradiation-induced property change is beyond the
scope of this work, which is focused on the evolution of novel atomic-level defects in
high-temperature irradiated nuclear graphite and the implications of these defects for the
current understanding of irradiation-induced dimensional change.

Chapter Two is focused on the development of a novel oxidation-based
transmission electron microscopy (TEM) sample-preparation technique for nuclear-grade
graphite. Conventionally, TEM specimens are prepared via ion-milling or a focused ion
beam (FIB); however, these techniques require the use of displacing radiation and may
result in localized areas of irradiation damage. As a result, distinguishing defect
structures created as artifacts during sample preparation from those created by electron-
or neutron-irradiation can be challenging. Bulk nuclear graphite grades 1G-110, NBG-18,
and highly oriented pyrolytic graphite (HOPG) were oxidized using a new jet-polishing-
like setup where oxygen is used as an etchant. This technique is shown to produce self-
supporting electron-transparent TEM specimens free of irradiation-induced artifacts;
thus, these specimens can be used as a baseline for in situ irradiation experiments as they
have no irradiation-induced damage.

Chapter Three examines the dynamic evolution of defect structures in nuclear
graphite 1G-110 subjected to electron-irradiation. As use of fast neutrons for irradiation
experiments is dangerous, expensive, and time consuming, electron-irradiation is
arguably a useful surrogate; however, comparisons between the two irradiating particles
is also discussed. In situ video recordings of specimens undergoing simultaneous heating

and electron-irradiation were used to analyze the dynamic atomic-level defect evolution
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in real time. Novel fullerene-like defect structures are shown to evolve as a direct result
of high-temperature electron-irradiation and cause significant dimensional change to
crystallites.

Neutron-irradiated nuclear graphite 1G-110 was supplied by ldaho National
Laboratory as part of the Advanced Graphite Creep capsule experiments (AGC-3).
Chapter Four reports the preliminary characterization of 1G-110 neutron-irradiated at
817°C to a dose of 3.56 displacements per atom (dpa). Shown is experimental evidence
of a ‘ruck and tuck’ defect occurring in high-temperature neutron-irradiated nuclear
graphite. The ‘ruck and tuck’ defect arises due to irradiation-induced defects. The
interaction of these defects results in the buckling of atomic planes and the formation of a
structure composed of two partial carbon nanotubes. The “buckle, ruck and tuck” model
was first theoretically predicted via computational modeling in 2011 as a plausible defect
structure/mechanism occurring in high-temperature neutron-irradiated graphite by Prof.
Malcolm Heggie et al. Chapter Four shows the first direct experimental results to support
the “buckle, ruck and tuck” model.

Chapter Five further characterizes nuclear graphite 1G-110 neutron-irradiated at
high temperature (>800 °C) at doses of 1.73 and 3.56 dpa. Results show further evidence
to support the “buckle, ruck and tuck” model and additionally show the presence of larger
concentric shelled fullerene-like defects. Fullerene-like defects were found to occur in
disordered regions of the microstructure including within nanocracks (Mrozowski
cracks). These results agree with high-temperature electron-irradiation studies which
showed the formation of fullerene-like defects in-situ and give additional validity to the

use of high-flux electron-irradiation as a useful approximation to neutron-irradiation.



Furthermore, Chapter Five gives valuable insight to unresolved quantitative anomalies of
historical models of graphite expansion and may improve the understanding of current
empirical and theoretical models of irradiation-induced property changes in nuclear

graphite.
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CHAPTER ONE: INTRODUCTION
1.1 Application of Graphite in Nuclear Reactors
Commercial nuclear reactors operate by utilizing the energy produced from
controlled and sustained fission reactions. In the case of uranium-based fuels which
utilize the isotope 2*°U, the fission reaction can occur in as many as 30 different ways,
which leads to the possibility of 60 different fission products [1]. In general, a fission

reaction may be expressed as,
235 + themal neutron — °2Kr + *2Br + 2 fast nuetrons + energy (1.2)

where on average the reaction releases 2 fast neutrons [1]. Fast neutrons produced by
fission reactions typically have energies in the range 1-10 MeV. To sustain a fission
chain reaction in the reactor, these fast neutrons must dissipate most of their energy
before they can react further with more 2°U atoms. Thermalized neutrons typically have
energies below 0.1eV. The process of thermalization of fast neutrons is achieved by
interaction with a moderator material. Moderating materials are often light elemental
species such as H20, D0, and carbon (graphite).

The first man-made nuclear reactor to achieve criticality, Chicago Pile 1, was a
graphite-moderated reactor. Since that time, graphite has been used as a moderator
material in more than 100 reactors, around 30 of which remain in operation [2]. These
include many reactor concepts including the advanced gas-cooled reactors (AGR) of the

United Kingdom and the water-cooled RMBK reactors designed by the Soviet Union.



Graphite has remained a candidate moderating and structural material for reactor designs
as it is relatively inexpensive (compared to other moderator materials such as D20), easily
machined into complex geometries, and has suitable mechanical properties for structural
applications in nuclear reactors. Figure 1.1 shows a graphite prismatic fuel and reflector

block typical for high-temperature gas-cooled reactor designs [3].

Figure 1.1  Typical prismatic fuel block (left) and a reflector block (right)
common to both prismatic and pebble-bed reactor designs. Adapted from Windes et
al. [3].

The envisioned next-generation nuclear reactor concepts (Gen V) will also
incorporate graphite as a moderator material, specifically the molten salt reactors (MSRs)

and very-high-temperature reactors (VHTRS) [4]. Gen IV reactors are envisioned to
operate at temperatures up to 1250°C and have lifetimes far exceeding those of previous-
generation reactors; however, an adequate database for the response of nuclear graphite

undergoing high-temperature high-dose irradiation remains to be fully established.

Furthermore, much of the established data on the irradiation response of nuclear graphite



are based on historical grades of graphite which no longer exist. As the processing
techniques will vary amongst each grade of nuclear graphite, their inherent virgin
properties and irradiation responses can differ significantly [2]. Thus, characterization
and irradiation programs for nuclear graphite must be completed for each prospective
grade. The cost and scope of these programs may be significantly reduced by further
understanding the relationship between irradiation-induced microstructure change and
properties.
1.2 Manufacturing of Nuclear Graphite

Nuclear grade graphite is a specially developed synthetic polycrystalline graphite
manufactured from a filler coke (generally petroleum or coal-tar based) and a pitch
binder. Manufacturing and processing of nuclear grade graphite is conducted in a manner
to produce a near-isotropic material. Figure 1.2 shows a generalized flow chart for the
processing steps in the manufacture of nuclear graphite. Raw petroleum or pitch coke is
calcined in an oxygen-deficient atmosphere at temperatures of approximately 1300°C, at
which volatile substances are driven off. Calcined coke is then ground to a desired
particle size, blended, and mixed with a pitch binder. The resulting material is then either
extruded, molded or isostatically pressed into what is termed a green artifact.
Carbonization of the green artifact is then conducted at temperatures above 2500°C and
the resulting baked artifact is typically impregnated with a petroleum pitch and re-baked
to densify the part. The process of impregnating and re-carbonization may occur several

times to attain the required density [5].
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Figure 1.2  Generalized flow chart showing the processing steps for nuclear grade
graphite. Adapted from Windes et al. [3].

1.3 Microstructures of Nuclear Graphites

On the atomic scale, graphite’s basal planes stack in an ABA... sequence to form
a primitive hexagonal unit cell with space group P6z/mmc with lattice constantsa =b =
0.246 nm, ¢ = 0.669 nm and a basal plane interatomic spacing of 0.335 nm (doo2 = ¢/2)
(Figure 1.3). Single-crystal graphite is anisotropic with strong in-plane sp? covalent
bonding within the ab plane and weak Van der Waals bonding parallel to the c axis.
Polycrystalline nuclear graphites have a complex microstructure composed of filler,
binder, quinoline insoluble (QI) particles, micropores, a turbostratic graphite phase, and
nanocracks (Mrozowski cracks) [6,7]. Mrozowski cracks are lenticular cracks, a few

nanometers to several hundred nanometers in length, which form between basal planes



due to the weak Van der Waals bonding and volumetric shrinkage during cooling from

graphitization temperatures [8].

A
B i
TS
dOOZ
A

Figure 1.3  Crystallographic structure of hexagonal graphite with an ABA
stacking sequence of basal planes and the interatomic distance doo2 = 0.335 nm
indicated.

As a result, Mrozowski cracks have lengths within the ab plane and widths
parallel to the c axis of crystallites. Figure 1.4 (a) and (b) show bright-field TEM
micrographs representative of the microstructure of nuclear graphite. Figure 1.4 (a)
shows a filler particle containing Mrozowski cracks. Inside the Mrozowski cracks there is
contrast consistent with a disordered carbon phase, as previously observed by others [9];
however, this conclusion has been disputed and there remains no consensus [10]. Within
the binder phase, as shown in Figure 1.4 (b), additional microstructural features such as
quinoline insoluble (QI) particles may be found. QI particles are poorly graphitized
rosette-like structures that form due to aromatic molecules present within the binder
material during manufacturing. Depending on the processing technique, the distribution
and size of these microstructural features varies significantly between grades of nuclear
graphite [4,5]. As a result, the mechanical properties and response to irradiation can also

vary between grades of nuclear graphite.
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Figure1.4 (a) Brigh;field TEM micrograph showing Mroowi cracks and
their orientation relative to crystallite directions. (b) TEM micrograph of QI
particles often found in the binder phase of nuclear graphite.

1.4 Irradiation Induced Property Change

While in reactors, irradiation damage is accumulated in graphite over time from a
fluence of fast neutrons. Irradiation-induced defect evolution is a fundamental response in
nuclear graphite subjected to irradiation. These defects directly influence the many
property changes of nuclear graphite subjected to displacing radiation. The three most
important properties which change due to irradiation damage are the specific volume
(dimensional change), coefficient of thermal expansion (CTE), and creep behavior [2,11].
Understanding these property changes is essential to reactor design, safety, maintenance
and the operational lifetime of graphite-moderated reactors.

1.4.1 Dimensional Change

During neutron-irradiation, nuclear graphite will undergo significant dimensional
change. Irradiation-induced dimensional change is arguably the most important parameter
when considering the in-service lifetime of graphite components. At the onset of
irradiation, a high rate of dimensional shrinkage occurs. As irradiation continues, the rate

of shrinkage decreases until there is a reversal and the graphite then begins to expand



(turnaround point). With prolonged irradiation, nuclear graphite continues to expand
reaching the component’s pre-irradiated dimensions (crossover). The phenomena of
turnaround and crossover are strong functions of irradiating temperature. At high
temperatures, turnaround and crossover occur at significantly lower doses compared to
lower-temperature irradiations. Figure 1.7 shows empirically based curves for
dimensional change in nuclear graphite 1G-110 as a function of neutron fluence at various

temperatures.
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Figure 1.5  Empirical curves of dimensional change for 1G-110 as a function of
neutron fluence at various temperatures. Adapted from Ref. [12].

The current theory for dimensional change holds that the irradiation-induced c-
axis expansion of crystallites is initially accommodated by porosity and Mrozowski
cracks, and contraction occurs along the ab plane (reasoned to be driven by vacancy
species) resulting in a net shrinkage. After the accommodating porosity densifies
(turnaround), irradiation-induced crystallite expansion causes internal stresses resulting in

new crack formation and runaway dimensional change [13,14]; however, a consensus on



atomic defect structures responsible for crystallite expansion has not been established to

date [15,16]. If considering a single defect mechanism throughout the irradiation

temperatures, it remains unclear how such large dimensional changes occur during high-

temperature irradiation even when the graphite has undergone a relatively small

irradiation dose.

1.4.2 Coefficient of Thermal Expansion

The thermal expansion of graphite is particularly important when considering

dimensional tolerances between the graphite fuel/reflector blocks and additionally other

reactor core components (fuel rods/channels, control rods, etc...) during normal operation

and abnormal events. The unirradiated CTE change in polycrystalline graphite is

reasonably well established by many semi-empirical relationships [2,17-19]. Figure 1.5

(a) and (b) show the temperature dependence on CTE for graphite crystal expansion

along the a axis and c axis in which all models show good agreement, especially at low

temperatures. A key parameter included in models of CTE change is a structural term

which accounts for crystallite orientation and the role that accommodating porosity

(Mrozowski cracks) has on crystallite expansion; however, this term is generally assumed

independent of temperature [17,20].
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Figure 1.6 shows the bulk CTE change in nuclear graphite 1G-110 as a function of
dose at various temperatures. The curves shown in Figure 1.6 are empirically based using
irradiation data for 1G-110 [12]. Initially there is an increase in CTE until reaching a
maximum followed by a rapid decrease, after which it continues to decreases linearly
more slowly [21,22]. The initial rise in CTE is believed to occur due to the closure of
Mrozowski cracks; however, mechanisms to account for the reduction in CTE are not
well understood. Furthermore, this reduction does not occur in some grades of nuclear
graphite [21,23]. The present understanding reasons that the reduction in CTE occurs as a
result of new porosity created from irradiation-induced damage [24]; however, this
conclusion does not agree with the current theory for dimensional change and is

discussed further in Chapter Five [13].
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1.4.3 Irradiation Creep

Irradiation creep is defined as the difference in dimensional change between an
unloaded specimen and a loaded specimen subjected to the same irradiation conditions.
In general, compressive loads result in an increase in dimensional change and tensile

stresses result in a decrease in dimensional change (Figure 1.8) [2].
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Figure 1.8  Irradiation creep in loaded and unloaded nuclear graphite ATR-2E.
Adapted from Ref. [2].

Irradiation creep in nuclear graphite is not considered detrimental, as it significantly
reduces the amount of stress during irradiation. Without the presence of irradiation creep,
stresses caused by both thermal and irradiation-induced effects would result in failure of
graphite components within a few years of operation [25].

Theoretical models of irradiation creep as a function of applied stress are built on
foundational theories of dislocation movement/migration. The pinning and un-pinning of
dislocations is one such theory that explains the observed increase in modulus [26]. This
theory also implies a dislocation movement of glide (a.k.a slide) [27]; however, others
suggest that a glide mechanism would result in a stress dependence of a power of two,

whereas most experimental data shows a linear dependence and may indicate a climb
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mechanism for dislocations [28]; although significant microstructural evidence of either
mechanisms has yet to be thoroughly established.
1.5 Radiation Damage in Graphite

The aforementioned property changes in nuclear graphite are fundamentally a
result of radiation damage to the crystalline structure of graphite; however, in all cases,
an analytical description relating atomic defect structures to property change has yet to
emerge. This is partially due to the complex microstructure of nuclear graphite and the
difficulties in monitoring the dynamic nature of irradiation-induced defects.

1.5.1 Historical Model of Radiation Damage

The historical model for radiation damage in nuclear graphite holds that
interstitially displaced carbon atoms will result in contraction along the a/b axes (due to
vacancy species) and expansion along the ¢ axis due to interstitial species. This point-
defect model also assumes interstitially displaced carbon atoms will coalesce resulting in
the formation of additional basal planes and vacancy loops. Much of this reasoning is
deduced from early studies on neutron-irradiated natural graphite [9]. Early studies did
show evidence of vacancy and interstitial loops occurring in high-temperature irradiated
natural graphite (Figure 1.9); however, experimental observations of such defect
structures were aided by high-temperature annealing in excess of 1600°C [9]. Similar
studies were conducted on electron-irradiation natural graphite; however, results showed
high-temperature electron-irradiation resulted in the formation of dislocation loops only
after annealing quenched-in irradiation damage at a temperature of 1200°C [29]. These
results are arguably ambiguous and may not represent the actual defect evolution of

nuclear graphite during normal operation of nuclear reactors.
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Figure 1.9  TEM micrograph showing dislocation loops in neutron-irradiated
natural graphite. Adapted from Ref. [9]. Note: no scale bar provided in original
publication, dislocation loops are approximately 20-40 nm.

1.5.1.1 Inadequacies of the Historical Model

The historical basal plane formation model inadequately explains many property
changes of irradiated nuclear graphite. As mentioned in section 1.4.2, it is unclear how
low-dose high-temperature irradiation can produce a sufficient number of vacancies or
interstitials to result in a/b contraction or ¢ expansion as the observed behavior clearly
demonstrates (Figure 1.7). Indeed, the actual amount of irradiation-induced dimensional
change expected from the historical model is less than half of the actual measured
dimensional change [15,29,30]. Furthermore, the well agreed-upon ground-state spiro-
interstitial [15,30,31] has an activation energy for migration of 1.2 eV. Experimental
evidence via differential scanning calorimetry (DSC) shows Wigner energy release at
cryogenic-irradiation temperatures which cannot overcome the 1.2 eV activation energy
for the migration of the ground state spiro-interstitials, and thus their movement cannot

be explained by the historical model [30,32,33].
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1.5.2 Experimentally Derived Models

More recent studies on graphite undergoing irradiation damage (neutron, electron,
or ion) provide little to no evidence for the formation of dislocation loops [16,34-37].
Kioke’s room-temperature electron-irradiation studies showed an extraordinary 300% c-
axis expansion in highly oriented pyrolytic graphite (HOPG), and it was proposed that
such expansion was due to fragmentation of basal planes by small clusters of interstitial
atoms [37]. Karthik et. al. [36] conducted room-temperature electron-irradiation on
nuclear graphite NBG-18 and showed a noise-filtered video recording of dynamic defect
evolution in real time. Those results suggested additional basal-plane formation by
dynamic disassociation of dislocation loops via a dislocation climb mechanism [36]. It
should be noted that a dislocation climb mechanism supports current theories for a linear
stress dependence of irradiation induced creep [28]. On the other hand, studies on HOPG
undergoing room-temperature ion-irradiation showed displacement of basal planes by the
formation of networks of kink bands which were purportedly driven by the agglomeration
of point defects and basal plane contraction [16]. As such, there remains no clear
consensus on the atomic mechanisms resulting in property changes in nuclear graphite.

While there is a considerable amount of experimental research reported on room-
temperature irradiation, that conducted at elevated temperatures (comparable to
conditions in nuclear reactors) remains scant [34,38,39]; however, there are many studies
on disordered carbonaceous species undergoing high-temperature irradiation [40-43].
Almost all graphitic precursors show a transformation to fullerene phases upon sufficient

irradiation [40-43]. As nuclear graphites do contain localized regions of disordered
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carbon one may expect such transformations to occur during high-temperature
irradiation.

1.5.3 Alternative Models via Computational Modeling

Given the complex and dynamic nature of radiation damage in nuclear graphite,
computational modeling, such as density functional theory (DFT) and molecular
dynamics (MD), provides an alternative means to predict the behavior of graphite
subjected to displacing irradiation. It is well documented in literature that domains of
non-six-member rings (basal plane dislocations) will result in the buckling and out-of-
plane distortion of basal planes [30,44-49]. Perhaps most notable is the ‘buckle, ruck and
tuck’ model proposed by Heggie et al. [30] which provided an alternative mechanism to
account for large amounts of irradiation-induced dimensional change. According to this
model, pinning defects mostly disappear during high-temperature irradiation, allowing
for migration and rearrangement of basal-plane dislocations. As a consequence, such
defect evolution was predicted to result in the buckling of atomic planes and the
formation of a structure composed of two partial carbon nanotubes, otherwise known as a
‘ruck and tuck’ defect (Figure 1.10). Chapter Four provides the first direct experimental
evidence of a ‘ruck and tuck’ defect occurring in high-temperature neutron-irradiated

nuclear graphite.

.............. -

Figure 1.10 Theoretically broposed ruck and tucl-<“(;léfect. Adapted from Ref. [30].
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1.6 Approach to Characterization of High-temperature Irradiation Damage
Irradiation-induced property changes of nuclear graphite are governed by the

evolution of defect species driven by neutron damage; however, there remains no clear
consensus on the nature of such defects, specifically during high-temperature irradiation.
This dissertation focuses on the characterization of high-temperature irradiation-induced
defect evolution in nuclear graphite via TEM. Conventional TEM sample-preparation
techniques require the use of displacing irradiation and may result in localized areas of
irradiation damage. Novel oxidative TEM specimen preparation, which does not require
displacing irradiation, was developed to produce baseline specimens (refer to Chapter
Two). As use of fast neutrons for irradiation experiments is dangerous, expensive, and
time consuming, electron-irradiation is arguably a useful surrogate. In situ video
recordings of specimens undergoing electron-irradiation and heating were used to analyze
the dynamic atomic-level defect evolution in real time. Novel fullerene-like defect
structures are shown to evolve as a direct result of high-temperature electron-irradiation
and cause significant dimensional change (refer to Chapters Three and Five). In situ
electron-irradiation results were compared to those caused by actual neutron-irradiation at
comparable doses and temperatures via ex situ characterization (refer to Chapters Four

and Five).
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Abstract
Graphite is a key component in designs of current and future nuclear reactors
whose in-service lifetimes are dependent upon the mechanical performance of the
graphite. Irradiation damage from fast neutrons creates lattice defects which have a
dynamic effect on the microstructure and mechanical properties of graphite. TEM can
offer real-time monitoring of the dynamic atomic-level response of graphite subjected to
irradiation; however, conventional TEM specimen-preparation techniques, such as argon
ion milling itself, damage the graphite specimen and introduce lattice defects. It is
impossible to distinguish these defects from the ones created by electron or neutron
irradiation. To ensure that TEM specimens are artifact-free, a new oxidation-based
technique has been developed. Bulk nuclear grades of graphite (1G-110 and NBG-18) and
highly oriented pyrolytic graphite (HOPG) were initially mechanically thinned to ~60um.
Discs 3mm in diameter were then oxidized at temperatures between 575°C and 625°C in
oxidizing gasses using a new jet-polisher-like set-up in order to achieve optimal oxidation
conditions to create self-supporting electron-transparent TEM specimens. The quality of
these oxidized specimens were established using optical and electron microscopy.
Samples oxidized at 575°C exhibited large areas of electron transparency and the
corresponding lattice imaging showed no apparent damage to the graphite lattice.
2.1 Introduction
Graphite has been used as a moderator in molten-salt reactor (MSR) designs and
CO2-cooled reactor concepts like the advanced gas-cooled reactor (AGR), and it is a
leading candidate core material for the extreme operating temperatures envisioned for

Generation IV He-cooled reactor concepts like the very high temperature reactor (VHTR)
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[1]. Graphite is exposed to harsh environments while in the reactor, leading to significant
structural changes. Specifically, irradiation damage from fast neutrons create lattice
defects which cause internal stresses and changes in mechanical properties. Internal
stresses are relieved under irradiation via plastic deformation [2]; however, the
mechanisms behind irradiation-induced creep and defect evolution in graphite are not
well understood, which results in uncertainty in predicting the response of graphite
components in reactors. For this reason, a complete understanding of irradiation-induced
structural changes in nuclear graphite is critical to the determination of component in-
service lifetimes.

When subjected to irradiation, complex dimensional changes occur in
polycrystalline graphites, whereas graphite with a monocrystalline structure such as
HOPG undergoes expansion in a direction normal to the basal planes accompanied by
contraction within the basal planes [3]. The current understanding for the observed
expansion along the c-axis is that displacement of carbon atoms occurs during irradiation
which results in nucleation and clustering of interstitial loops between the basal planes.
Formation of new basal planes results from rearrangement of these interstitial clusters,
giving rise to expansion along the c-axis, and contraction within the basal plane [4-7];
however, this theory has been contradicted by Tanabe et al. [8,9] whose analysis of
carbon fibers with room temperature transmission electron microscopy showed no
evidence of interstitial basal plane formation, as such their existence at room temperature
remains contentious. Another model exists which explains irradiation-induced
dimensional change and amorphization of the graphite lattice at low temperature, which

is explained by the accumulation of partial dislocations[10]; however, no clear consensus
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as to the nature of such dislocations exists. The lack of a clear understanding of
irradiation-induced microstructural changes can be attributed to the difficulty in acquiring
experimental observations in real time of the dynamic natured microstructural changes
along with the complex microstructure of nuclear graphite. In-situ transmission electron
TEM studies (using electrons as a substitute for neutrons) has been shown as a means to
overcome difficulties monitoring the atomic level response of nuclear graphites to
irradiation [7,11-17]. One of the drawbacks of TEM studies in general is that the samples
need to be thinned down to electron transparency. Conventional TEM specimen-
preparation techniques such as ion milling and focused ion-beam (FIB) thinning result in
ion-beam-induced irradiation damage to the graphite lattice. Distinguish these defects
from ones created by neutron and electron irradiation can be difficult, making the study
of the atomic level response of the graphite lattice to irradiation ambigous. For accurate
microstructural and irradiation-induced defect analysis, it is imperative that specimens
are free of any artifacts introduced during specimen preparation.

To avoid any such damage to the graphite lattice, a new TEM specimen-
preparation technique via oxidation has been developed and optimized. Graphite may be
readily oxidized at temperatures above 450°C, in which displacement of carbon atoms via
desorption of reaction products occurs. Utilizing the thermal oxidation of graphite,
combined with the use of a jet-polishing-like set-up, an optimal experimental procedure
has been developed to produce quality electron-transparent TEM specimens without any

damage to the lattice.
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2.2 Experimental

1G-110, NBG-18 and HOPG grades of graphite were used in this work. 1G-110,
manufactured by Toyo Tanso Co., Kagawa, Japan, is a petroleum-coke-based, fine-
grained, iso-molded nuclear graphite. NBG-18, manufactured by SGL Group, Wiesbhade,
Germany, is a pitch-coke-based, medium-grained, vibration-molded nuclear graphite.
Both grades of NBG-18 and 1G-110 have a complex microstructure composed of filler,
binder, QI particles, micropores, Mrozowski cracks, and turbostatic graphite phase
[18,19]. Grade 1 HOPG graphite was supplied by SPI supplies as 3 mm discs
approximately 40 pm thick. In addition, HOPG has been used as an approximation of
single crystal graphite due to the highly oriented nature of the crystallites [3]. Bulk
samples of NBG-18 and 1G-110 were cut using a low-speed diamond wafering blade into
approximately 0.5 mm thick slabs. Samples were further mechanically thinned to
approximately 60 um via grinding and polishing, then 3mm specimens were cut using a
Gatan TEM specimen disc punch or a rotary disc cutter (Model 360, Southbay, San
Clemente, CA). Final thinning of specimens to electron transparency was achieved by
controlled oxidation experiments in which the center of the 3 mm specimen discs were
selectively oxidized, resulting in self-supporting TEM specimens.

Specimens of HOPG were dimple-ground with 1 um diamond paste until
perforated, with final thinning via oxidation. This alternative sample preparation was
adopted due to the crystallographic structure of HOPG. For HOPG samples, basal planes
are parallel to the surface of the specimen exposed for oxidation. As such, to expose
active sites for oxidation to readily occur without the need of excessive oxidation times,

basal plane edges were exposed via dimple grinding. Oxidation of exposed basal plane
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edges was conducted such that mechanically induced damage equal to at least three times
the abrasive size used was removed.

When graphite is subjected to oxidation at high temperatures, molecular oxygen is
chemisorbed on active sites within the graphite lattice. These sites are often referred to as
arm chair or zig zag sites, both of which are located on basal plane edges (Figure 2.1). It
is highly thermodynamically unfavorable for oxidation to occur on an interior lattice
point [20-23]. Due to oxidation occurring primarily on these active sites, nuclear grades
NBG-18 and 1G-110 show preferential oxidation in the binder or matrix phase, followed
by the filler regions then QI particles [24]. As such, sample preparation via oxidation may
produce specimens with large areas of filler and QI particles present, so for the purpose
of this study, high-resolution TEM (HRTEM) of single graphite crystallites was

conducted in either the binder or filler regions of artificial nuclear graphites.

Zigzag sites

Arm-chair sites

Figure 2.1  Active sites for oxidation to occur can be represented two
dimensionally as zigzag and armchair sites. Desorption of reaction products occur
as carbon monoxide and carbon dioxide.

Oxidation of nuclear graphite in air has been extensively studied [20-28] and can
be expressed generically by the following reactions.

1 (2.1)
C+ 50, = CO

C+ 0, - CO, (2.2)
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There are many other compounds, such as H20, which may oxidize graphite; but for this
study molecular oxygen is the primary oxidizing reactant.

Oxidation of graphite may be categorized into three regimes: regime 1 or the
chemical regime, regime 2 or the in-pore diffusion-controlled regime, and regime 3 or the
sublimation regime [25]. Regime 1 is characterized by temperatures below 600°C and
low oxidation rates [26,27]. Within regime 1, oxidation occurs slowly, and oxidizing
gasses are allowed to penetrate deep within the graphite structure, resulting in uniform
oxidation throughout the sample. Regime 2 is within the temperature range 600-900°C
[26,27]. In regime 2, activation energy for oxidation may be reduced by as much as half
[28]. Oxidation occurs closer to the graphite surface, although diffusion into the porous
network is still occurring. Regime 3 occurs at temperatures above 900°C where carbon
oxidation reactions will occur primarily on the surface [23]. While temperature may be a
major factor in determining oxidation regime, other factors such as microstructure,
sample size, geometry, oxidizing gasses and flow rate will influence the temperature
boundaries between oxidation regimes [29]. Here, oxidation was conducted within the
temperature range of 575-625°C, where oxidation is believed to be uniform and slow,
allowing for more precise experimental control.

Oxidation experiments were conducted in a horizontal tube furnace witha 5 cm
inner diameter and 122 cm long alumina process tube. A jet-polishing type apparatus
constructed out of 304L stainless steel, in which oxygen is used as an etchant to perform
oxidation, was fabricated for use within the tube furnace. The apparatus allows oxidizing
gasses to be introduced to both sides of the specimen. Figure 2.2 (a) and (b) show a

simple schematic of the oxidation system along with the fabricated apparatus. Figure 2.2
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(c) shows how graphite specimens were supported by a machined washer and positioned
between two Au TEM grids with a 1 mm hole to selectively oxidize the center of the
specimen. Nuclear grade graphites were oxidized in a temperature range between 575-
625°C with zero grade compressed air (20.9% O, 79.1% N.) introduced at a flow rate of
5 standard liters per minute. The tube furnace atmosphere was purged with N2 until the
target oxidizing temperature was reached, and N> was re-introduced after desired
oxidation times.

A Leica DM6000 optical microscope with MultiFocus capability was used to
study the progression of oxidation and final perforation by monitoring the thickness
profiles of these samples. Scanning electron microscopy studies on the oxidized samples
were conducted with an FEI Teneo. Room-temperature bright-field and high resolution
transmission electron microscopic (HRTEM) studies were performed using a JEOL-2100

HR TEM operated at 200kV.

e Furnace (c) @

AL

Graphite_‘g_._D i

Specimen 4~
P &

Graphite specimen

Spelmen Holder 3mm An grid

with 1mm hole

Figure 2.2 (a) Schematic of the oxidation system used to selectively oxidize
graphite specimens. (b) Specimen holder constructed of 304L stainless steel. (c)
Threaded plug removed to show washer used to support 3 mm graphite specimen
which is positioned between two Au TEM aperture grids to selectively oxidize the
center of graphite specimens.
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2.3 Results and Discussion

TEM specimens of nuclear grade graphites prepared to electron transparency via
oxidation have been shown to produce self-supporting 3 mm TEM specimens. Figures
2.3 (a) and (b) show optical micrographs of 1G-110 before and after oxidation at 625°C
for 30 minutes. The thickness profile recorded from one of the sides of the sample shown
in Figs.3 (c) and (d) confirms the selective oxidation of the sample’s center. The outer
edge of the sample was not affected by the oxidation and thick enough to provide
mechanical support to the specimen. Self-supporting TEM specimens which do not
require the use of support grids are vital for high temperature in-situ TEM as well as
neutron irradiation studies which will require heating of specimens to temperatures above
800°C. Common specimen grids such as Cu, Au, Ni and Mo, have been shown to be
unstable at high temperatures in which sublimation and deposition of metal from grids
occurs and in which subsequent interaction of the metal with the specimen may mislead
interpretations of experimental results [30].

lon milling imparts irradiation damage into TEM specimens. This damage
includes defect production and surface layer amorphization [31,32]. Specifically, for
NBG-18 and 1G-110, this damage includes closure of Mrozowski cracks, lattice defects
and amorphization. Figure 2.4 (a) and (b) show bright-field TEM images recorded from
an NBG-18 sample prepared with conventional ion-milling techniques for comparison.
Low-kV, low-angle ion-milling finishing was conducted on the specimen at 1kV and 2°
for 20 minutes after perforation; however, this process does not completely remove the
amorphous region or resulting microstructural defects. Amorphous carbon can be seen in

Figure 2.4 (a) near the hole edge of the specimen, indicating that the graphite
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microstructure has been damaged by the Ar* ions. The HRTEM imaging in Figure 2.4 (b)
shows defects within the graphite lattice and amorphous carbon occurring, not only on

the edge of the specimen, but in the bulk of the material as well.

Line Profile

pm

0 05 2 25 111

Figure 2.3  (a) & (b) show respectively the optical images of 1G-110 sample before
and after oxidation at 625°C for 30 min. (c) Optical z stacking depth map of
oxidized NBG-18 specimen. (d) Line profile from depth map in (c) showing that the
oxidation is preferential to the center of the discs, creating self-supporting TEM
specimens.
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Figure 2.4  (a) Bright-field TEM micrograph of an NBG-18 specimen prepared
using conventional ion-milling technique with the area of milling damage indicated
with arrows, i.e., closure of Mrozowski cracks and the presence of amorphous
carbon near hole edge. (b) HRTEM micrograph near QI particle seen in (a) showing
defects which are indistinguishable from those created by ion-milling.

Specimens of NBG-18 were successfully oxidized to electron transparency in a
temperature range of 575-625°C (Figure 2.5). NBG-18 oxidized at the given
temperatures required approximately 30 minutes of oxidation to produce electron-
transparent specimens; although experimental results varied, some specimens being over-
or under-oxidized in 30 minutes. This variation is believed to be due to the large grain
and pore structure found in NBG-18 [33,34]. Given the inhomogeneous nature of the
microstructure, along with many microstructural features being larger than the area being
oxidized, variance in experimental results can be expected. Variability in experimental
results may also be attributed to the accuracy to which specimens can be mechanically

thinned to 60 pm.



Figure 2.5  Bright-field TEM micrographs of NBG-18 nuclear graphite oxidized
to electron transparency between the temperatures of 575-625°C. At temperatures
of 625°C (a) and 600°C (b), areas of crystalline graphite are present, although
amorphous carbon is observed in many areas, indicated by black arrows.
Decreasing oxidation temperature leads to a decrease of amorphous material
around leading basal plane edges. Oxidation temperature of 575°C (c) shows large
areas of un-damaged basal plane edges ideal for lattice imaging (d).

TEM analysis of specimens shows the presence of crystalline graphite at
oxidation temperatures of 575-625°C, as seen in Figure 2.5 (a-c), although accompanying
the crystalline structure is the presence of amorphous carbon in many areas of specimens

oxidized at 625°C and 600°C, as shown in Figures 2.5 (a) and (b). Experimental results
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show the amount of amorphous carbon, as an artifact from oxidation, decreases with
decreasing temperature. 575°C was chosen as the optimal condition for sample
preparation. This temperature, as shown in Figures 2.5 (c) and (d), produced large areas
of preserved crystallinity, produced minimal amorphous carbon surrounding graphite
flakes and lattice, and was experimentally practical for oxidation times. The resulting
single graphite flakes with no surrounding damage are ideal for graphite lattice imaging
and further electron or neutron irradiation studies.

The appearance of amorphous carbon may be an indication of surface chemistry
changing as oxidation temperature is increased. At the lower oxidation temperatures of
regime 1, molecular oxygen is chemisorbed onto the basal plane of graphite in bridge
positions over the C—C bonds, forming epoxy groups [35]. As the temperature of
oxidation is increased, new oxygen functional groups, such as ethers, which have been
shown to be more thermally stable, may be formed and remain on the surface at room
temperature [36]. These remaining functional groups may explain the presence of
amorphous carbon seen at higher oxidation temperatures, and is theorized to cause
bending, distortion and unzipping of the graphite lattice [37].

Bright-field TEM images of 1G-110 oxidized at 625-575°C are shown in Figures
2.6 (a-d). Experimental results show the same trends as that of NBG-18; a larger amount
of amorphous carbon is seen at oxidation temperatures of 625°C and 600°C, shown in
Figure 2.6 (a) and (b); whereas there is little to no amorphous carbon surrounding
graphite crystals at 575°C, shown in Figure 2.6 (c) and (d). Oxidation experiments for

1G-110 yielded consistent results for set oxidation times. Specimens achieved electron
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transparency with 60 minutes of oxidation at 575°C and required 40 minutes of oxidation

at temperatures of 600°C and 625°C.

Figure 2.6  Bright-field TEM micrographs of 1G-110 nuclear graphite oxidized to
electron transparency at temperatures of (a) 625°C, (b) 600°C and (c) 575°C. The
same behavior of decreasing amount of amorphous material as oxidation
temperature decreases is observed. (d) HRTEM of 1G-110 oxidized at 575°C
showing un-damaged graphite lattice.

Oxidative specimen preparation was also shown to be successful with HOPG;

however, due to the orientation of HOPG’s basal plane edges, the amount of active
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surface area for oxidation to occur is drastically reduced with respect to 1G-110.
Confirmation that oxidation primarily occurs on the leading basal plane edges can be
seen in the secondary-electron SEM image in Figure 2.7 (a) by the presence of distinct
steps in the basal plane layers. Electron transparency was achieved with 3 hours of
oxidation at 575°C. Large areas of preserved crystallinity are indicated throughout the
specimen by the presence of moiré fringes continuing to the edge of the specimen as seen
in Figure 2.7 (b). HOPG specimens are crucial for the analysis of irradiation-induced

defects such as basal plane dislocations via imaging along the c-axis.

-"_-‘ W]

o

Figure 2.7  (a) Secondary Electron EI\/I image of oxidized HOPG specimen. (b)
Bright field TEM image of oxidized HOPG specimen with moiré fringes indicated
with black arrow.

TEM specimens of graphite prepared via oxidation consist of thin crystals
which are ideal for HRTEM lattice imaging because they contain no damaged surface
layers; however, as with all TEM specimens, care must be taken when extrapolating bulk
mechanical behavior from essentially two-dimensional specimens in plane stress
conditions. Observations in such specimens may not be directly comparable to

macroscopic changes of bulk material. The data collected on the specimens examined in
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this study can be used as a baseline for both in-situ electron-irradiation and neutron-
irradiation studies.
2.4 Conclusions

A new oxidation-based TEM specimen preparation has been developed and
shown to produce self-supporting electron transparent specimens of nuclear graphite
grades NBG-18 and 1G-110 as well as HOPG. Nuclear graphite specimens oxidized at
575°C showed defect free lattice images. Oxidation times varied depending on the grade
and starting thickness. These specimens are imperative as an irradiation free baseline for
microstructural defect analysis of graphites exposed to electron and neutron irradiation
studies. This technique also eliminates the need for expensive techniques such as focused

ion beam to prepare nuclear graphite TEM specimens.
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Abstract

Defect evolution in nuclear graphite has been studied in real time using high-
temperature in situ transmission electron microscopy. In situ electron-irradiation was
conducted at 800°C on a 200 kV transmission electron microscope with a dose rate, given
in terms of displacements per atom per second, of approximately 1.46x10 dpa/s. Defect
domains consisting of ordered arrangements of pentagons, hexagons, and heptagons exist
intrinsically in nuclear graphite and in addition are readily produced via electron-
irradiation; however, at elevated temperatures these defect domains undergo atomic
rearrangements resulting in the formation of carbon nanostructures via curling and
closure of the basal planes. The formation of fullerenes and other structures due to
thermal annealing or high-temperature electron-irradiation has been observed in
disordered regions of the microstructure and interstitially between basal planes. These
defect structures result in localized swelling and expansion of crystallites along the ¢
axis; thus, it is proposed as one of the many atomic mechanisms involved in the
dimensional change of nuclear graphite subjected to high-temperature irradiation.

3.1 Introduction

Nuclear graphite is commonly used as a moderating material as well as a key
structural component in nuclear reactor designs. It is also a candidate material for the
future Generation IV reactors such as the very high temperature nuclear reactor (VHTR),
which may operate at up to 1000°C [1]. While in reactors, irradiation damage is
accumulated in graphite over time from a fluence of fast neutrons. During irradiation,
significant structural changes to the crystalline structure of graphite occurs, leading to

plastic deformation. Irradiation-induced microstructural changes can play an important
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role in adversely affecting the mechanical properties (and hence performance) of nuclear
graphites; however, a clear consensus on the various atomic mechanisms responsible for
irradiation-induced microstructural evolution has not yet emerged, which yields
uncertainty in accurately predicting component in-service lifetimes. In part, this
uncertainty is due to the difficulty in monitoring the dynamic response of graphite during
irradiation at the atomic level.

While in situ monitoring of the atomic level response of graphite in nuclear
reactors remains impossible; in situ transmission electron microscopy (TEM) offers a
way to monitor the dynamic atomic response of graphite during irradiation-induced
defect production, in which electrons are used as a substitute for neutrons. While
electron-irradiation does provide a method to overcome difficulties in monitoring the
atomic level response of graphite, considerations must be taken as the dose rate for
electron-irradiation (10 - 10 dpa/s) is far greater than that of typical neutron-irradiation
(107 dpa/s) [1]. Electron-irradiation is generally observed experimentally to primarily
cause point defects; however, theory proposed by Oen [2] suggests that secondary
cascade collisions have only a small contribution at high electron accelerating voltages;
whereas cascade damage can be significant under irradiation by neutrons given their
larger mass. In any event, the mobility and annealing rate of defects are Arrhenius in
nature [3]; therefore, as the operating temperature of many nuclear reactors is above
450°C, as will be that of the VHTR, cascade damage is partially annealed out between
individual cascade events, giving a net effect of isolated point-defect damage [4]. In
addition, given a low density of collision cascades due to the wide spacing of graphite’s

basal planes [4], high-temperature neutron-irradiation may arguably be comparable to
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high dose-rate electron-irradiation [5,6].

On the atomic scale, radiation displacement of carbon atoms causes contraction in
the a/b direction (i.e., parallel to the basal planes) and expansion in the c- direction (i.e.,
perpendicular to the basal planes) [7-10]. The formation of interstitial loops between
basal planes is generally believed to result in c-axis expansion due to the formation of
additional basal planes and a-axis contraction from displacement of atoms within the
basal planes [8]; however, alternative explanations for dimensional change in nuclear
graphite are given by recent theoretical models of basal plane defects, such as five- and
seven-member rings [11,12], the buckling of basal planes, and the so called “ruck and
tuck” of basal planes [13]. The buckling and distortion in sp? bonded materials is known
to occur in the presence of defect domains consisting of ordered arrangements of
pentagons, hexagons, and heptagons, in which the atomic arrangement departs from the
typical honeycomb structure [14]. Specific defects include the so called Stone-Wales
defect and the Haeckelite allotrope of carbon [15]. These basal plane defects are
commonly modeled two-dimensionally within graphene ribbons (isolated graphene
strips). Density functional theory (DFT) and molecular dynamics (MD) studies provide a
means for further analysis of the stability, scalability, and other key physical properties of
materials with these defect structures. Stable basal plane defects cause strain with respect
to unstressed graphene and have been proposed to result in out-of-plane “blistering” of
approximately 2 A [12]. Furthermore, MD studies have shown that graphene ribbons of a
critical size (rectangular ribbons of 56 atoms or more), along with the presence of five-
member rings and high temperature (~525-925°C), will curl and edges will meet resulting

in closure and the formation of open-ended hollow structures (i.e., nanotubes) [16]. MD
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studies have also shown graphene-to-fullerene transformations under simulated electron-
irradiation [17].

Many in situ electron-irradiation studies which analyze the c-axis expansion of
crystallites, amorphization, fragmentation of basal planes, tortuous nanotexture and line-
defect formation of graphite have been conducted [3,6,18-21]. Koike’s [18] room
temperature electron-irradiation TEM studies showed 300% expansion along the ¢ axis in
a crystallite of highly oriented pyrolytic graphite (HOPG). The proposed mechanism for
the extraordinary swelling along the ¢ axis was given by fragmentation of basal planes
due to small interstitial clusters. Room-temperature electron-irradiation studies on
graphitized carbon fibers by Muto and Tanabe [19] additionally showed swelling along
the ¢ axis; however, experimental results showed homogenous swelling of the lattice
spacing contradicting the proposed expansion due to fragmentation. It should also be
noted that experimental results from Refs. [18] and [19] did not provide evidence of
stable interstitial or vacancy dislocation loops, and their existence at room temperature
remains controversial. Other experimentally deduced mechanisms proposed for
irradiation-induced structural changes in nuclear graphite at room temperature include the
formation of new basal planes via dislocation climb [6]; however, electron-irradiation
studies conducted at elevated temperatures remains scant [3,20,21]. Of the few studies
conducted, that of Muto and Tanabe [20] showed that above temperatures of
approximately 125°C the mechanisms controlling irradiation damage change at a critical
dose inferred from electron diffraction patterns. At temperatures below 125°C, an
increase in lattice spacing was observed; however, at temperatures above approximately

400°C lattice spacings remained unchanged, indicating that during irradiation the
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graphite structure was not altered locally. As such, there remains no clear consensus to
the atomic mechanisms that contribute to dimensional changes seen in nuclear graphite.
While there remains a dearth of experimental studies of graphite at elevated temperatures,
there have been many studies of the alterations within disordered carbonaceous species
irradiated with energetic electrons, in which the formation of fullerenes, nanotubes and
carbon onions have been observed [9,22-24]; however, in-situ TEM experiments of these
phenomena occurring within nuclear graphites under irradiation at elevated temperatures
have not yet been conducted.

Almost all graphitic precursors, such as soot particles, or any disordered graphitic
species have been shown to transform to fullerene phases when subjected to sufficient
irradiation with an electron beam [25]. Nuclear graphites have a complex microstructure
composed of filler, binder, quinoline insoluble (QI) particles, micropores, turbostratic
graphite phase, and lenticular cracks nanometers to several hundreds of nanometers in
length known as Mrozowski cracks [26,27]. Mrozowski cracks form between basal
planes due to weak Van der Waals bonding and volumetric shrinkage during cooling
from graphitization temperatures. Given the complexity of this microstructure, a high
density of various defects exists; therefore, studies conducted on areas of the
microstructure with well aligned crystallites, such as filler particles, in which lattice
fringes are imaged perpendicular to the c axis, may not be an accurate depiction of the
bulk material. Furthermore, one might expect the presence of under-coordinated carbon
atoms in poorly graphitized areas of the microstructure including phase boundaries,
crystallite boundaries, and within many microstructural features such as QI particles and

Mrozowski cracks. Distortions in the graphitic structure may be expected when any non-
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six-sided rings are present. In addition, given defect production due to high temperature
and irradiation, non-equilibrium conditions are maintained while graphite is in nuclear
reactors, which may stabilize fullerene phases and other carbon nanostructures. In this
work, high-temperature in situ electron-irradiation studies have been conducted on
nuclear graphite 1G-110. Experimental results show the morphology and ordering of
carbon nanostructures not only in disordered areas of the microstructure, but interstitially
between basal planes as well. The formation of these nanostructures is proposed as one of
the many mechanisms resulting in the dimensional changes seen in high-temperature
irradiated nuclear graphite.

3.2 Experimental

3.2.1 Sample Preparation and Microscopy

1G-110 nuclear graphite (Toyo Tanso Co., Kagawa, Japan) is a petroleum-coke-
based, fine-grained, iso-molded nuclear graphite chosen because it is a common reference
fine-grained graphite. Bulk samples of 1G-110 were cut into approximately 0.5 mm thick
slabs using a low-speed diamond wafering blade. Samples were further mechanically
thinned to approximately 60 um via grinding and polishing, then specimens 3 mm in
diameter were cut using a rotary disc cutter (Model 360, Southbay, San Clemente, CA).
Final thinning of specimens to electron-transparency was achieved by Ar* ion-milling
using an ion polishing system (Model 691, Gatan, Pleasanton, CA). Low-voltage, low-
angle ion-milling finishing was conducted on the specimens at 1 kV and 2° for 20
minutes after perforation to minimize ion-induced damage. In addition, electron-
transparent specimens were also prepared via controlled oxidation in which the center of

the 3 mm specimen discs were selectively oxidized. Experimental conditions for the
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preparation of TEM specimens of nuclear graphite via controlled oxidation can be found
elsewhere [28]. Oxidized TEM specimens are free of irradiation-induced artifacts from
ion-milling; thus, they may be used as a baseline to confirm that any experimental
observations at near no irradiation damage are not artifacts caused by ion-milling induced
irradiation. Bright-field and high-resolution transmission electron microscopy (HRTEM)
studies were performed using a JEOL-2100 HR TEM (JEOL Ltd., Tokyo, Japan)
operated at 200 KV. In-situ heating experiments were conducted with a double-tilt heating
holder (Model 652, Gatan, Pleasanton, CA) in which specimens were heated at a rate of
10°C/minute. It should be noted that any material imaged with a TEM will experience
potentially damaging electron irradiation; however, care was taken to perform all beam
alignments and focusing off regions of interest to reduce electron beam-induced damage;
in addition, low exposure times (0.35s) were used while imaging. Hereafter, baseline

images are labeled as having ‘near-0 dpa’.

3.2.2 DPA calculations

To evaluate the dose of radiation damage experienced by a material, a commonly
used parameter that characterizes the number of atoms displaced from their normal lattice
sites as a result of energetic particle bombardment is the ‘displacements per atom’ (dpa).
To determine the dose experienced by a material in a transmission electron microscope,
the flux of electrons at operating conditions of the microscope must first be calculated.
The flux is calculated with the total beam current, iwt, the radius of the beam, ro, and the
magnification used, M. The following expression represents the total flux of electrons,

j =t (3.1)
(i) |
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where C is the fundamental charge (1.60217662 x 10™° C). Evaluating the expression for
a total current of 4.01x10*° A, a beam radius of 18 mm, and a magnification of 600,000
gives a flux of 9x10?% electrons m?s™. The dose rate, given in dpa/s, is given by the
product of the flux and the total cross section for atomic displacement, oot
dpa/s = Jo¢or (3.2)
Solutions for the total cross section for atomic displacement have been provided

by Oen [2] with the following two equations (3.3) and (3.4), assuming Ep < Tm < 2Epand

Tm> 2Ep respectively

(1 )
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where E; is the energy of the incident electron, E}, is the threshold energy for
displacement of a given element of atomic number Z, and x = T /T,,, , which is the ratio
of the primary knock-on energy T and the maximum transferred energy T,,, resulting from
a head-on collision. The function M (x, E) yields the ratio of the Mott and Rutherford
cross sections, the solutions for which are given by Ref. [29]. Assumptions implicit in
Egs. 2 — 4 follow the Kinchin and Pease Model [30] which assumes only one atomic

displacement will occur for primary knock-on energies in the range E, < T < 2E;, and
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the number of atomic displacements for primary knock-on energies T > 2Ep is given by
the ratio T /2E,. Reported values for E}, in graphite show a great variation in the
literature [5,9,21,31] and range from 12-60 eV; however, Banhart [9] suggests an
appropriate polycrystalline value between 15-20 eV. Assuming a value of 20 eV for Ep,
and a 200 keV incident electron energy, the total displacement cross section for carbon is
given in Ref. [2] as 16.25 barns. Evaluating Eq. (3.2) with the given values for electron
flux and the total displacement cross section yields an approximated dose rate of 1.46x10°
3 dpals.
3.3 Results and Discussion

Figure 3.1 shows bright-field TEM micrographs of nuclear graphite 1G-110
prepared by conventional ion-milling technique. Figure 3.1 (a) shows a boundary region
near the termination of a filler particle. Boundary regions between phases in nuclear
graphite may extend several hundred nanometers and are composed of Mrozowski
cracks, pores, misaligned basal planes and randomly oriented crystals. Figure 3.1 (b)
shows QI particles that are often found in the binder phase of nuclear graphites. The
micrographs shown in Figure 3.1 depict representative areas of the microstructure in
which there is no long-range order to crystals, basal planes are misaligned, and

disordered graphitic phases exist on the microscopic scale.
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Figure 3.1  Bright-field TEM micrographs showing the corﬁlex microstructure
of 1G-110 in (a) a region in the phase boundary between a filler particle and the
binder phase and (b) QI particles found in the binder phase.

Figure 3.2 (a) and (b) show a specimen of 1G-110 prepared via oxidation and
imaged at room temperature with very little electron beam exposure and therefore
approximately 0 dpa. Although this technique has been shown to produce isolated
artifact-free crystals of nuclear graphite [28], basal plane edges which contain under-
coordinated carbon atoms are exposed (i.e., while such specimens are artifact-free, they
are not defect-free), whereas Figure 3.2 (c) and (d) show specimens of 1G-110 prepared
via ion-milling. The micrographs of 1G-110 in Figure 3.2 were all taken near 0 dpa.
Figure 3.2 (a) was taken at room temperature while Figure 3.2 (b-d) were taken at 800°C.
While basal plane edges are left largely unaltered at room temperature, curling and
closure of basal plane edges is observed as loops in oxidized specimens with localized
swelling indicated, Figure 3.2 (b), and in ion-milled specimens as either hollow
nanotube-like structures within Mrozowski cracks, Figure 3.2 (c) or interstitially as a line
defects, Figure 3.2 (d). These results show experimentally that the curling and closure of

basal planes is not a result of irradiation but of thermal annealing only. Furthermore,
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given Figure 3.2 (b), the curling and closure of basal planes cannot be explained as

simply an artifact introduced by ion milling.

Figure 3.2 HRTEM images of 1G-110 imaged at ~0 dpa. (a) TEM specimen
prepared via oxidation of 1G-110 imaged at room temperature showing no curling
or closure of basal planes. (b) Oxidation-prepared TEM specimen showing curling

of basal planes and localized swelling at the edge of a crystallite imaged at 800°C. (c)
lon-milled TEM specimen imaged at 800°C showing curling and localized swelling
of basal planes in disordered region of the microstructure. (d) Curling of incomplete
basal planes around a prismatic dislocation in ion-milled 1G-110 imaged at 800°C.

Figure 3.3 shows the effect of electron-irradiation at 800°C on 1G-110 prepared

via oxidation. The oxidized specimen of 1G-110 irradiated to 1.75 dpa depicted in Figure
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3.3 (a) shows that under-coordinated carbon atoms near the edges of crystals will
transform into carbon onions upon continued irradiation. Carbon onions are a non-
equilibrium structure consisting of concentric shells of fullerenes which self-assemble
under irradiation. Formation of concentric-shelled fullerene phases due to electron-
irradiation from graphitic or amorphous carbon precursors was first observed by Ugarte
[22] and may be expected to form in any highly disordered phase of carbon irradiated at
high temperatures; however, their evolution and existence in disordered phases of nuclear
graphite has not previously been reported. The present experimental results shown in
Figure 3.3 (a) show that the formation of carbon onions will occur in nuclear graphite
where basal plane edges and under-coordinated atoms are exposed. As carbon onions
form in un-constrained areas near voids or pores, their contribution to dimensional and
property changes observed in nuclear graphite remains an open question; however, other
distortions to the graphite lattice may occur. The oxidized specimen of 1G-110 irradiated
to approximately 1.44 dpa depicted in Figure 3.3 (b-d) illustrates several mechanisms of
basal plane distortion, including Figure 3.3 (b) the curling and closure of a basal plane
interstitially forcing adjacent planes apart, Figure 3.3 (c) the rucking of basal planes, and
Figure 3.3 (d) the separation of basal planes creating voids. It is clear from this image that
many different mechanisms are responsible for observed dimension changes in nuclear
graphite at elevated temperatures. The difficulties in acquiring quality micrographs (i.e.,
snapshots) from in situ heating studies should be noted. Significant mechanical drift in all

axial directions may occur during in situ analysis and increases with temperature.
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Figure 3.3  HRTEM micrographs of 1G-110 prepared via oxidation imaged at
800°C. (a) Specimen irradiated to 1.75 dpa where the formation of carbon onions is
indicated. (b-d) Specimen irradiated to ~1.44 dpa where significant distortion of the

basal planes is observed. Area (b) shows the curling and closure of a basal plane
interstitially, (c) shows the rucking of basal planes, and in (d) basal plane separation

and voids are visible.

Figure 3.4 (a-f) shows an in situ electron-irradiation study of 1G-110 prepared via
ion-milling conducted at 800°C from approximately 0 to 1.77 dpa. Figure 3.4 (a) shows
the initial state of a crystallite within the center of a QI particle, with the initial crystallite
size measured along the c axis labeled. As the structure accumulates irradiation damage,
displaced atoms appear to form small aggregate defects, which distort basal planes and
are observed as blurred strain fields, indicated in Figure 3.4 (b). With continued electron-

irradiation, nucleation and growth of a larger defect structure is observed in Figure 3.4 (c-
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e). Figure 3.4 (f) shows a nanotube-like defect interstitially formed, resulting in
significant expansion in the ¢ direction, with the width of the indicated crystallite
increasing from 3.71 nm to 5.61 nm which is an increase of approximately 51%. In
addition, the clear contrast of the observed defect in Figure 3.4 (f) suggests that the defect
must be stable and extend through the majority of the specimen’s thickness [19]
(approximately 115 nm measured via electron energy loss spectroscopy with the log-ratio
method [32]). An in situ video showing the formation of the carbon onions is provided as
Video 1 from which the snap shot shown in Fig. 3(a) was taken (found in the online
version of this article). Supplementary video related to this article can be found at:

doi.org/10.1016/j.carbon.2018.11.077.
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Figure 3.4  HRTEM micrographs within a QI particle at 800°C. (a) Initial
micrograph at ~0 dpa with initial size of the crystallite along the ¢ axis labeled. (b)
After 0.90 dpa where the indicated strain field suggests the presence of defects. ()
After 1.01 dpa where accumulation of defects is apparent within the structure. (d)

1.29 dpa & (e) 1.47 dpa show the curling and closure of interstitially displaced
carbon atoms into a nanotube-like defect that remains stable under continued
electron-irradiation, as shown in (f) after 1.77 dpa with final crystallite size along

the c axis labeled.
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A possible interpretation of the evolution of the hollow nanotube-like defect seen
in Figure 3.4 (f) could be interlayer bonding occurring between basal planes. While
exposed to electron-irradiation, displacement of carbon atoms from equilibrium postitions
occurs, resulting in interstitial and vacancy defect species. It is generally believed that, in
the case of single-bonded interstials, binding sites are created in the adjacent interlayer
regions due to interuption of © bonding within basal planes [33], which may result in the
formation of small aggregrates (4+2 atoms) of cross-linking interstitials. Interlayer
bonding may also occur from divacancy species, such as the so called V88 and V2B
interlayer divacancies (in the notation of Ref. [34]); however, only the later has been
proposed to result in nucleation of extended interlayer defects [35] and is depicted in
Figure 3.5 The notation V, denotes a vacancy species in which two atoms surrounding
each vacancy are able to form bonds within the plane where two under-cordinated atoms
are situated directly above one another (a site), as indicated by the red square in Figure 3.
5. In the case of a V2 BB divacancy, the superscript 2 denotes the vacancies occur at
second nearest interplane neighbour positions, and # denoting a vacant lattice site
position below a ring center in the adjacent layer. This divacancy results in twofold
coordinated carbon atoms which allow bonding interactions between basal planes similar
to a spiro interstitial (ground state carbon atom interstitial consisting of four bonds, two
bonds with each adjacent basal plane) [8]. It is proposed that the V.23 interlayer
divacancy will remain immobile at temperatures below 1000°C and may therefore result
in further interlayer bonding from under-coordinated atoms [35]. After a V.25 defect is
formed, nucleation of an extended interlayer defect, such as the so called “V7-V7

interlayer defect” (in the notation of Ref. [34]) where four interlayer bonds occur as a
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result of two vacancy lines in adjacent layers consisting of seven vacancies in both a and
B sites along the zig-zag direction. This interlayer defect has been both simulated and
found experimentally with room-temperature HRTEM studies [6,35]. It is proposed that
further growth of an extended interlayer defect species may occur, and as irradiation
continues, bonds in under-coordinated carbon atoms linking the basal planes are broken
via atomic displacements resulting in an interstitial “ribbon of graphene” with
undercoordinated carbon atoms on the edges of the ribbon. The resulting ribbon curls
and closure occurs forming the nanotube-like structure (Figure 3.4 (f)). Further molecular
dynamics studies could provide confirmation of the stability of these defect structures and

a possible formation mechanism.

©@=—0 - Upper layer  (§) - Vacancy
O=—0 - Lower layer  (§) - Vacancy

Figure 3.5  Schematic of a V3B interlayer divacancy, where the square
highlights two under-coordinated atoms that may form an interlayer bond. A color
version of this figure can be found online.

The mechanisms responsible for the dimension change observed in nuclear
graphite while subjected to irradiation is believed to be a function of temperature. Room

temperature electron-irradiation studies have proposed several mechanisms to explain the
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resulting dimensional change in nuclear graphite [6,18,19]. However, larger and stable
defect structures have not been observed at ambient temperatures. At elevated
temperatures it is generally believed that the mobility of interstitial and vacancy defects
increases resulting in atomic rearrangement of atoms and/or agglomeration of point
defects [8]. The curling and closure of basal planes due solely to thermal annealing, as
seen in Figure 3.2, has been found to occur at lower temperature (750°C, see
supplementary data); however, the formation of stable fullerene defects via electron-
irradiation was not achievable below 750°C in practical experimental times. The
formation of the stable defect structure shown in Figure 3.4 (f) exemplifies the difference
in the response of electron-irradiation conducted at room temperature compared to
electron-irradiation at elevated temperatures. Furthermore, the experimental results of
this study demonstrate that there is no single mechanism responsible for the dimensional
change in nuclear graphite; thus, it is believed that many temperature-dependent
mechanisms are responsible for dimensional change in nuclear graphite.
3.4 Conclusions

The formation of carbon nanostructures via curling and closure of basal planes in
graphitic networks is favorable not only with increased temperature but also in the
presence of under-coordinated carbon atoms and defect species. This work shows
experimental evidence that under electron-irradiation conducted at 800°C, nuclear
graphite will form nanostructures not only in disorded phases of carbon, but interstitially
between basal planes. The given experimental results show that the formation of carbon
nanostructure defects due to thermal annealing or high-temperature electron-irraditation

results in localized swelling and c-axis expansion in nuclear graphite; thus, it is an
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additional atomic mechanism for the observed dimensional changes in nuclear graphite
subjected to high-temperature irradiation.

3.5 Supplementary Data
Supplementary data associated with this article can be found, in the online version, at

doi.org/10.1016/j.carbon.2018.11.077.
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Abstract

The current mainstream theory for radiation-induced dimensional change of
nuclear graphite is based on the notion that interstitially displaced carbon atoms will
coalesce into dislocation loops (i.e., additional basal planes). This standard atomic-
displacement model has been challenged by theories based on first principle calculations.
The so-called ‘ruck and tuck’ of basal planes has been proposed as an alternative
mechanism to explain the observed c-axis expansion under irradiation; however, no such
defects have been observed experimentally so far. In this study, the first experimental
evidence for the presence of a ‘ruck and tuck’ defect in high-temperature neutron-
irradiated nuclear graphite is presented.

4.1 Introduction

Graphite has historically been used as a moderator material in nuclear reactor
designs and is now a candidate core material for the future envisioned Generation 1V very
high-temperature reactors (VHTRS) and the molten salt-cooled reactors (MSRs) [1].
Despite the fact radiation damage in nuclear graphite has been the subject of scientific
investigation for over 70 years, irradiation-induced defect evolution remains poorly
understood. On the atomic scale, displacing radiation invokes Frankel pair formation;
where vacancies arise within the basal planes leading to contraction on the a-b plane,
while interstitially displaced atoms result in expansion in the ¢ direction. The standard
model assumes that interstitially displaced carbon atoms will coalesce into additional
basal planes resulting in swelling of crystallites in the ¢ direction; however, the standard
model inadequately explains many property changes observed in irradiated nuclear

graphite, including the actual dimensional change and Wigner energy release [2]. Wigner
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energy release is reasoned by the standard model to arise from point defect aggregation or
annihilation; however, cryogenic irradiations show Wigner energy release at temperatures
which cannot overcome the 1.3 eV activation energy for the migration of interstitials [2-
4]. In addition, the amount of dimensional change which would arise from the formation
of an additional basal plane is reported to be less than a half that of the measured change
[5]. Furthermore, transmission electron microscopy (TEM) analysis of nuclear graphite
damaged by particle radiation provides little or no evidence of the growth of additional
basal planes from the aggregation of interstitial atoms [6-8]. To address these
inadequacies of the standard model, Heggie et. al. proposed the ‘buckle, ruck and tuck’
model [2]. Using first principle calculations, they suggested that two sets of four basal
edge dislocations (as a result of radiation damage) will pile up and glide past each other
on nearby basal planes resulting in the so-called ‘ruck and tuck’ defect contributing to
significant c axis expansion; however, the ‘ruck and tuck’ defect has not been widely
accepted as a plausible defect mechanism as it has never been observed experimentally
via TEM analysis. On the other hand, studies on ripplocations by Barsoum et. al. report a
spontaneous nucleation of the ‘ruck and tuck’ defect during their molecular dynamic
studies of graphite and argued its existence is likely plausible [9,10].
4.2 Experimental

In this study, neutron irradiated nuclear graphite was supplied by Idaho National
Laboratory as part of the advanced graphite creep capsule (AGC-3) experiments. Nuclear
graphite 1G-110 was neutron-irradiated at 817°C to a dose of 3.56 displacements per
atom (dpa). For a detailed description of irradiation conditions, we refer the reader to Ref.

[11] (sample ID: EA3609). Bulk irradiated samples were mechanically thinned with 1200
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grit SiC paper to approximately 60 pm. Final thinning to electron transparency was
achieved by Ar* ion-milling followed by low-voltage, low-angle ion-milling finishing at
1 kV and 2° for 20 minutes using a Gatan PIPS 11 695. High resolution transmission
electron microscopy (HRTEM) studies were performed using a JEOL-2100 HR TEM
operated at 100 kV.
4.3 Results and Discussion

Figure 4.1 shows HRTEM micrographs of 1G-110 neutron-irradiated to a dose of
3.56 dpa at 817°C. Figure 4.1 (a) shows two lattice defects (marked by arrows) which
result in swelling along the c axis. Figure 4.1 (b) shows the upper defect, as shown in (a),
at higher magnification where a ‘ruck and tuck’ defect is clearly visible resulting in
significant expansion along the c axis of the crystallite. For comparison, the inset image
shows a representation of the originally proposed defect structure in which there is
observed a remarkable similarity. These results are the first experimental evidence for the
‘ruck and tuck’ defect as proposed by Heggie et. al. [2]. Figure 4.1 (c) and (d) show
similar defect structures observed from other parts of the sample and evidence that the
‘ruck and tuck’ defect, or folding of basal planes, is a plausible irradiation-induced defect

structure occurring in high-temperature neutron-irradiated nuclear graphite.



69

Figure4.1  HRTEM micrograph of 1G-110 neutron-irradiated to a dose of 3.56
dpa at 817°C. (a) shows two indicated defects resulting in ¢ axis expansion. (b)
shows the upper defect as indicated in (a) at higher magnification. The inset in (b)
shows the proposed ‘ruck and tuck’ defect by M.I. Heggie et al. [2] reprinted with
permission from Elsevier. (c) and (d) show similar defect structures which exhibit

the folding of basal planes.

The ‘ruck and tuck’ defect shown in Figure 4.1 (b) is composed of three graphite
basal planes, one which is folded interstitially and two adjacent. The displacement along
the c axis between the two adjacent basal planes is 1.76 nm. When comparing this value
to the measured spacing of three basal planes of well-ordered graphite (0.68 nm as
measured from Fig. 1 (b)) the resulting expansion along the c-axis is 159%. This value is
well above the theoretical value for the formation of a single additional basal plane
(50%). Heggie et. al. suggested if considering the “perfect’ case, the dimensions of a
‘ruck and tuck’ defect may be approximated via adoption of the chiral indexing of carbon

nanotubes, (j, k) [2]. The diameter of a nanotube is given by the following relationship,
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D =%w/j2 + jk + k2 (4.1)
where a is the lattice constant. DFT simulations showed the ‘ruck and tuck’ defect was
composed of partial nanotubes zig-zag in nature (i.e., k=0) and the appropriate indexing
included (7, 0) [2]. Evaluating equation (4.1) for a = 0.246 nm and a chiral index of (7,
0), gives an approximated diameter of 0.55 nm for each partial nanotube. It follows that
the theoretical displacement of the basal planes adjacent to the defect is given by two
nanotube diameters and two interplanar spacings of 0.34 nm. The approximated
theoretical displacement is 1.8 nm along the ¢ axis which is in exceptional agreement of
our experimental results (1.76 nm).

The defects shown in Fig. 4.1 are a result of high-temperature irradiation and do
not exist intrinsically within unirradiated nuclear graphites [12,13]. Heggie et. al.
suggested that the ruck and tuck mechanism would only become favorable at irradiation
temperatures above 250°C [2]. The Buckle, ruck and tuck model proposed that basal
dislocations are pinned by interlayer defects (such as spiro-interstitials) at temperatures
below 250°C, at temperatures greater than 250°C pinning defects mostly disappear and
basal dislocations are free to interact and pile up, with the possible consequence of ruck
and tuck [2]. However, our previously reported high-temperature electron-irradiation
studies of nuclear graphite 1G-110 show no evidence of the formation of carbon
nanostructures or fullerene-like defects below temperatures of 750°C [8]. In addition,
previously reported studies conducted on 1G-110 neutron-irradiated at 674°C to nearly
twice the dose of this study (6.7 dpa), showed no evidence of such defects [7]; therefore,

temperature is believed to be a significant factor when considering the formation of such
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defects and could explain why these defects have not been previously observed in lower-
temperature irradiation studies.
4.4 Conclusions

The HRTEM micrographs presented here are the first experimental evidence
showing the existence of the ‘ruck and tuck’ defect. The defect structures previously
proposed, and experimentally verified here, will give valuable insight to unresolved
quantitative anomalies of the standard model of graphite expansion and may improve the
understanding of current empirical and theoretical models of irradiation-induced property
changes in nuclear graphite. Furthermore, the adoption of a new model for irradiation-
induced defect production could potentially directly influence the design of next-
generation nuclear reactors and both the operation and decommissioning of current

graphite-moderated reactors.
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Abstract

Irradiation-induced defect evolution in graphite is particularly important for its
application in graphite-moderated nuclear reactors. The evolution of defects directly
influences macroscopically observed property changes in irradiated nuclear graphite
which, in turn, can govern the lifetime of graphite components. This article reports novel
defect structures and the irradiation response of microstructural features occurring in
high-temperature irradiated nuclear graphite 1G-110. High resolution transmission
electron microscopy (HRTEM) was used to characterize specimens neutron-irradiated at
a high temperature (> 800°C) at doses of 1.73 and 3.56 atomic displacements per atom
(dpa). Concentric shelled and fullerene-like defects were found to result in swelling along
the c-axis and contraction along the a/b-axis of crystallites. Furthermore, such defects are
shown to occur within, and partially fill, Mrozowski cracks prior to turnaround dose. In
addition, in situ TEM under similar irradiation conditions was used to capture the real-
time dynamic evolution of defects, providing unambiguous analysis of the evolution of
the graphite structures during irradiation. Results suggest the mainstream theory for
radiation damage in nuclear graphite (which assumes additional basal plane formation as
the sole reason) to be an incorrect interpretation of defect evolution contributing to
irradiation-induced property changes at higher temperatures.

5.1 Introduction

Graphite has historically been used as a key material in many nuclear reactor
designs dating back to the very first reactor to achieve criticality in 1942 (Chicago Pile
1). Since that time, graphite has remained a candidate material for nuclear reactors as it is

relatively inexpensive, easily machined into complex geometries, and has suitable
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physical/chemical properties. In addition, graphite is envisioned to be used in the
Generation IV reactor concepts such as the molten salt reactors (MSRs) and very high
temperature reactors (VHTRS) [1]. Given the current and historical use of graphite in
nuclear reactors, irradiation-induced defect evolution remains an active field of research;
however, atomic mechanisms governing irradiation-induced property changes in nuclear
graphite remains poorly understood.

On the atomic scale, irradiation-induced displacement of carbon atoms will cause
contraction along the a and b directions and expansion along c. The historically proposed
theory for the evolution of interstitially displaced carbon atoms assumes displaced atoms
will migrate and coalesce resulting in additional basal plane formation (Figure 5.1). This
atomic displacement model stems from early TEM analyses conducted on irradiated
natural graphite. Thrower et al. [2] showed the presence of large dislocation loops in
neutron-irradiated natural graphite; however, sample preparation included high-
temperature annealing (>1600°C). Indeed, precipitation of point defects into dislocation
loops was often aided in early studies. Amelinckx et al. [3] reported observations of
dislocation loops in irradiated natural graphite; however, interstitial dislocation loops
were only observed after quenching in the damage caused by electron-irradiation
conducted at 2700-3000°C, and subsequently annealing at 1200°C. Ex-situ results post-
annealing are arguably ambiguous and may not be a valid interpretation of the actual
defect evolution which occurs during operation of nuclear reactors. More recent TEM
studies on nuclear graphite subjected to energetic particle bombardment (electrons, ions,
and neutrons) provides little or no evidence to support the historical atomic-displacement

model [4-12]. Additionally, computational modelling studies give evidence for
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alternative theories for defect evolution (e.g. “ruck and tuck” and “ripplocations”) [13-
15].
a/b axis contraction
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Figure 5.1  Schematic showing the initially proposed atomic displacement model
for dimensional change in nuclear graphite where interstitially displaced atoms
cause a/b-axis contraction and coalesce to form additional basal planes (c-axis
expansion).

Irradiation-induced defect evolution is a fundamental response that in turn directly
influences the many property changes of nuclear graphite subjected to displacing
irradiation. The macroscopic dimensional change observed in irradiated nuclear graphite
is one such property change of importance. In large part, dimensional change provides
valuable insight to the lifetime and maintenance of graphite components used in nuclear
reactors. The amount of dimensional change may vary amongst each grade of nuclear
graphite due to processing techniques and the resulting microstructure [16-18]; however,
in general the dimensional change is often modeled empirically by quadratic functions as
depicted in Figure 5.2 [19,20]. Initially, there is a high rate of shrinkage during the onset
of irradiation, but with prolonged irradiation the rate of shrinkage slows and eventually
the graphite starts to expand (“turnaround”). Swelling of the graphite continues until

eventually the component returns to its pre-irradiation dimensions (“crossover”). As
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shown in Figure 5.2, the phenomenon of turnaround is a strong function of temperature;
where under high-temperature irradiation turnaround occurs at a relatively low fluence of
fast neutrons [18,21]. The mainstream theory for dimensional change in irradiated
nuclear graphite holds that porosity and microcracks (Mrozowski cracks) initially
accommodate irradiation-induced swelling along the c-axis and thus result in a net
decrease in dimensional change due to contraction along the a/b-axis. Mrozowski cracks
are lenticular cracks, nanometers to several hundred nanometers in length, which form
during cooling from graphitization temperatures [22]. The formation of such cracks is
due to weak Van der Waals bonding between planes and large differences in the
coefficients of thermal expansion (CTE) between the a and ¢ axes of crystallites. As a
result, Mrozowski cracks have lengths on the a/b plane and widths along the ¢ axis of
crystallites (thus accommodating c-axis expansion). When the accommodating porosity is
largely reduced as a result of irradiation-induced expansion of crystallites, turnaround is
soon reached. Continued irradiation and swelling of crystallites along the c-axis leads to

internal stresses causing new cracks to form and runaway dimensional change [18,23].
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Figure 5.2  Empirically based curves for dimensional change in neutron-
irradiated 1G-110 at various temperatures [20].

The curves shown in Figure 5.2 are reproduced from empirical models
extrapolated from irradiation data of nuclear graphite 1G-110 [19,20]. The basis for such
empirical models stems from the seminal work of Kelly et al, [24,25] which showed that
bulk dimensional change of highly oriented pyrolytic graphite (HOPG) could be
expressed as a function of crystallite dimensional change in directions of the ¢ and a axes.
In the case of polycrystalline graphites, the empirical model includes an additional term
to account for dimensional change due to porosity [26,27]. The model can be summarized

by the following equation as a function of fast neutron fluence [19]:

Gx(y) = AxG.(y) + (1 — A)Ga(y) + F(v) (5.1)
where,

X: Direction (not specific)

y: Fast neutron fluence (1026 n/m?, E>0.1 MeV)

G, (y): Fractional dimensional change of bulk graphite
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A, Structural factor

G.(y): Fractional dimensional change of c-axis direction in a graphite grain

G, (y): Fractional dimensional change of a-axis direction in a graphite grain

F, (y): Fractional dimensional change from pores
The variables G.(y) and G, (y) are derived from test data for HOPG subjected to fluences
of fast neutrons [25]. The dimensional change of HOPG as a function of fast neutron
fluence is shown to be linear along the ¢ and a axes at irradiation temperatures greater
than 250°C; therefore, G.(y) and G,(y) can be modeled by linear functions. Porosity is
believed to decrease prior to the turnaround fluence, due to c-axis expansion, then
increase beyond turnaround when internal stresses generate new porosity. Thus, F,(y)
may not be described by a linear function and may be quadratic [19]. The resulting

percent dimensional change is given in literature by the following [19,20]:

Dimensional change = a,;y? + a,y (5.2)

where a,; and a, are temperature-dependent empirical constants.

While empirical models do show reasonable agreement with irradiation data, an
atomic mechanism responsible for early turnaround behavior remains to be adequately
explained in literature. Considering the model of additional basal plane formation; it is
uncertain how such large dimensional changes during high-temperature irradiation can be
observed at relatively low fluences which arguably cannot generate enough interstitials or
vacancies to add enough additional basal planes to account for the c-axis expansion of
crystallites, nor enough vacancies for contraction along the a/b axes. Indeed, the actual
measured dimensional change exceeds that which would be expected from additional

basal plane formation [13,28,29]. The temperature-dependent turnaround behavior in
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irradiated nuclear graphite has in part been attributed to closure of the accommodating
Mrozowski cracks due to an increase in CTE [23]. In situ annealing via TEM does
provide experimental evidence that Mrozowski cracks will decrease in dimension due
solely to thermal annealing; however, not generally to the extent of closure [30]. In
addition, the linear coefficient of thermal expansion along c shows little change within
the temperature range 600-800°C [31]; thus, additional mechanisms must be contributing
to early turnaround behavior in high-temperature irradiated nuclear graphite. This
anomaly leads to the conclusion that a more practical explanation for the temperature-
dependent dimensional change behavior must lie in the nature of the defects themselves.

The effect of high-temperature electron-irradiation conducted on 1G-110 recently
[12] showed interstitially formed carbon nanostructures resulting in c-axis expansion of
crystallites; however, defect structures in that work evolved in a relatively unconstrained
TEM foil, leaving open the question of whether such defects would also be observed in
bulk neutron-irradiated nuclear graphite. In this work, the effect of high-temperature
neutron-irradiation on nuclear graphite 1G-110 is presented. New defect structures, which
occur interstitially and within disordered regions of the microstructure, have been
observed; and the irradiation-induced response of microstructural features subjected to
high-temperature neutron-irradiation are reported. In addition, with the use of electron-
irradiation as a surrogate for fast neutron-irradiation, the dynamic evolution of such
defect structures is discussed.

5.2 Experimental
1G-110 nuclear graphite (Toyo Tanso Co., Kagawa, Japan) is a petroleum-coke-

based, fine-grained, iso-molded nuclear graphite. Neutron-irradiated 1G-110 was supplied
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by Idaho National Laboratory as part of the advanced graphite creep capsule (AGC-3)
experiments. Two 1G-110 neutron-irradiated samples were characterized; the first
irradiated at 813°C to 1.73 dpa (sample ID: EA3611) and the second irradiated at 817°C
to a dose of 3.56 dpa (sample ID: EA3609). For a detailed description of irradiation
conditions, the reader is referred to Ref. [32]. These samples are considered to be
irradiated to a relatively low dose as the approximate turnaround dose at 800°C is 11 dpa
[19,20]. The dose is often reported either as a fluence of fast neutrons or dpa, the units are
interchangeable and may be converted by the multiplier 8.23 x 102 dpa/n/m? [33]. The
dose and irradiating temperature were chosen with consideration of the operating regimes
of the future envisioned Gen IV reactors (up to 1000°C [34]) and are similar to the dose
and temperature used in previously reported in situ electron-irradiation studies [12] which
showed the formation of carbon nanostructures (~2 dpa at 800°C). Bulk irradiated
samples were mechanically thinned with 1200 grit SiC paper to approximately 60 um
then cut into 3mm discs using a Gatan TEM specimen disc punch. Final thinning to
electron transparency was achieved by Ar* ion-milling followed by low-voltage, low-
angle ion-milling finishing at 1 kV and 2° for 20 minutes using a Gatan PIPS Il 695.
Room-temperature HRTEM studies were performed using a JEOL-2100 TEM
operated at 100 KV. This operating voltage is below the reported threshold value for an
incident electron to overcome the displacement energy (30 eV) in graphite [35]; in
addition, care was taken to capture micrographs from regions of interest without allowing
prolonged exposure to the electron beam. In situ electron-irradiation was conducted on
as-prepared unirradiated specimens of 1G-110 at the National Center for Electron

Microscopy using an image aberration-corrected FEI ThemlS 60-300 STEM/TEM
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operated at 200 kV and equipped with a double-tilt heating holder (Model 652, Gatan,
Pleasanton, CA). The dose rate during electron-irradiation is calculated by the product of
flux of electrons and the cross section for atomic displacement; further discussion on the
calculation of dose rate during electron-irradiation may be found elsewhere [12,36]. The
dose rate during electron-irradiation was approximately 2.5 x 107 dpa/s; total doses did
not exceed 2.5 dpa and, for clarity, the dose for electron-irradiation tests are reported in
seconds of electron beam exposure. While the flux of electron-irradiation far exceeds that
of neutron-irradiation (107 dpa/s compared to 107 dpa/s [34]), electron-irradiation is
primarily observed to cause point-defect damage whereas irradiation with neutrons will
cause cascade damage owing to their heavier mass. In any event, during high-temperature
neutron-irradiation, cascade damage partially anneals between individual cascade events,
giving an approximated net effect of isolated point-defect damage [37].
5.3 Results and Discussion

Figure 5.3 shows HRTEM micrographs of high-temperature neutron-irradiated
IG-110 in disordered regions of the microstructure where accommodating porosity on the
microscopic scale is abundant. Figure 5.3 (a) and (b) show 1G-110 neutron-irradiated at
813°C to 1.73 dpa where the indicated defects are shown to be domains of non-planar
basal planes (i.e., fullerene-like defects). Classifying these defects as “fullerene-like” is
not to imply strictly the traditional definition of a closed structure such as a
Buckminsterfullerene or the open-ended cylindrical carbon nanotube; as many hybrid
structures are possible, “fullerene-like” is used to include many nanoallotropes of carbon
as suggested by Cataldo [38]. Figure 5.3 (¢) and (d) show 1G-110 neutron-irradiated at

817°C to 3.56 dpa in which fullerene-like defects were similarly observed in disordered
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regions of the microstructure. Figure 5.3 (¢) shows the presence of fullerene-like defects
occurring within a Mrozowski crack. Figure 5.3 (d) shows additional evidence of
fullerene-like defects present within the accommodating porosity. The defects shown in
Figure 5.3 provide an insight to the macroscopic theory for dimensional change. As
already mentioned, closure of the accommodating porosity has generally been believed to
occur from c-axis expansion of crystallites due to interstitial defect species; however,
shown in Figure 5.3 is evidence that defects are forming within the accommodating
porosity at a relatively low dose which may impede further irradiation induced c-axis
expansion induced by prolonged irradiation. Figure 5.3 (d) additionally shows the
presence of a ‘ruck and tuck’ defect resulting in localized c-axis expansion. The authors
have recently reported the first experimental evidence of such defects [39]; however, the
additional observation of this defect here is worth noting and adds validity to the so-

called “buckle, ruck and tuck’ model proposed by Heggie et al. [13].
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Figure 5.3  HRTEM images of high-temperature neutron-irradiated 1G-110. (a)
and (b) show the presence of fullerene-like defects occuring within disordered
regions of the microstructure (813°C to 1.73 dpa). (c) and (d) show further evidence
of fullerene-like defects occuring within the accommodating porosity in a sample
irradiated at 817°C to 3.56 dpa; within a Mrozowski crack in (c) and additionally a

‘ruck and tuck’ defect in (d).

The defect structures shown in Figure 5.3 (and throughout this manuscript) were
not observed in areas of the microstructure where there is a high degree of long-range
order (such as filler particles). Fullerene-like defects were found to occur in areas of the
microstructure in which accommodating porosity is abundant (Figure 5.5 (a)). While both
neutron-irradiated specimens showed the presence of such defects, the apparent
concentration of defects was greater in the higher-dose specimen (817°C to 3.56 dpa).

The authors acknowledge that definitive conclusions of defect concentration may not be
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solely conducted via TEM analysis due to the complex and inhomogeneous nature of
nuclear graphite’s microstructure and the sample analysis being confined to an electron-
transparent area of a TEM specimen; nevertheless, the observations of fullerene-like
defects were noted to be far more frequent in the higher dose specimen.

Figure 5.4 shows HRTEM micrographs of 1G-110 neutron-irradiated at 817°C to
3.56 dpa where fullerene-like defects are occurring interstitially causing c-axis expansion
of crystallites. Figure 5.4 (a) shows a fullerene-like defect resulting in significant amount
of swelling in the c direction which results in closure near the top portion of the
neighboring Mrozowski crack. Figure 5.4 (b-d) show larger fullerene-like structures (~5
nm in diameter) consisting of several concentric shells of basal planes. The defects shown
in Figure 5.4 (b-d) all result in significant expansion of crystallites along the c-axis.
Furthermore, the defects in Figure 5.4 (b-d) result in the appearance of new nanocracks
via delamination of basal planes. The current macroscopic theory for dimension change
suggests that the generation of new porosity will occur after porosity can no longer
accommodate additional c-axis expansion of crystallites [18,23]; however, Figure 5.4 (b-
d) clearly show evidence of new crack formation as a result of the evolution of fullerene-

like defects.
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Figure 5.4  HRTEM micrographs of 1G-110 neutron-irradiated at 817°C to 3.56

dpa showing fullerene-like defects occurring interstitially resulting in c-axis

expansion. In (a), the indicated defect results in closure of a portion of a Mrozowski

crack (red arrows). (b) shows a cluster of fullerene-like defects occurring
interstitially and an additionally the formation of a new crack as indicated. (c)
shows an interstitial fullerene-like defect approximately 5 nm in diameter which

results in delamination of basal planes as indicated. (d) shows fullerene-like defects

occurring in relatively unconstrained areas of the microstructure resulting in
closure and generation of new cracks.

Figure 5.5 (a) shows a bright-field TEM micrograph of un-irradiated as-prepared
nuclear graphite 1G-110 in a disordered region of the microstructure in which several
Mrozowski cracks are present. Figure 5.5 (b) shows a micrograph of a Mrozowski crack
in as-prepared nuclear graphite 1G-110. The crack shows phase contrast, indicating that,
rather than being void of material, the crack contains disordered carbon (as do the cracks

in the micrographs shown in Figures 5.3 & 5.4). Neighboring the Mrozowski crack is
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ordered graphite, as confirmed by the well defined (00I) (I = 2n) reflections. Within the
Mrozowski crack, the fast Fourier transform (FFT) shows significant diffuse scattering,
consistent with a largely disordered graphitic phase. The authors acknowlege that there
remains debate in the literature about whether Mrozowski cracks are void or contain
material [40]; however, these results indicate the presence of disordered material within
the cracks as suggested in other studies [10,30,41]. Of the cited literature, Freeman et. al.
[41] confirmed the presence of material within Mrozowski cracks via electron energy loss
spectroscopy (EELS). In addition, Wen et al. [30] prepared specimens via microtomy
which eliminates the possibility of amorphous carbon being redeposited via ion-milling
during specimen preparation. It is conjectured that the presence of this disordered carbon
within in the microstructure of nuclear graphite is significant. Well observed in the
literature is a self-organization phenomenom of disordered carbonaceous species into
fullerene-like structures when subjected to irradation [12,42-45]. This phenomenon may
explain why the formation of such fullerene-like defects occur in these areas of the
microstructure aside from the crystallites being locally unconstrained due to

accomodating porosity.
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Figure 5.5 (@) Bright-field TEM micrograph of Mrozowski cracks in un-
irradiated nuclear graphite 1G-110. (b) HRTEM micrograph of a Mrozowski crack
showing disordered graphitic phase present within the Mrozowski crack. The insets
in (b) are FFTs of the indicated areas.

Figure 5.6 shows HRTEM micrographs of 1G-110 neutron-irradiated at 817°C to
3.56 dpa in which a disordered graphitic phase is abundant. Figure 5.6 (a) shows a
circular defect structure consisting of concentric basal planes. Figure 5.6 (b) shows an
additional concentric shelled defect found in a disordered region of the microstructure. A
possible interpretation of the defects shown in Figure 5.6 is that they are cross-sections
through carbon onions. A carbon onion is a non-equilibrium defect structure which can
form from the self-organization of disordered graphitic phase upon irradiation. Carbon
onions can reportedly occur in a wide range of diameters ranging from a two-shell
configuration of approximately 1.4 nm diameter to onions consisting of hundreds of
shells with diameters up to microns [44]; however, this phenomenon has not been
previously reported to occur in high-temperature neutron-irradiated nuclear graphite. The
authors acknowledge that it is not possible to empirically establish the spherical nature of
these defects from two-dimensional TEM micrographs; however, given the strong
evidence of the formation of such defects via energetic particle bombardment [12,42-45],

there is a strong a priori argument that the defect structures depicted in Figure 5.6 are
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indeed evidence of carbon onions having formed upon high-temperature neutron-
irradiation. Furthermore, a possible interpretation of the defect indicated in Figure 5.6 (a)
is a nautilus-type structure which has previously been proposed as a precursor to larger
onion-like structures such as the defect indicated in Figure 5.6 (b) [46]. A possible
consequence of the formation of carbon onions is a reduction in the coherent length of
crystallites along the a/b axes. The formation of such structures from irradiated basal
planes would suggest a new mechanism for contraction of crystallites along the a-axis;
however, confirming a-axis contraction from ex situ analysis is ambiguous, as the initial

state of the crystallite and the evolution of the defect is not known.

Figure 5.6  HRTEM micrographs of neutron-irradiated 1G-110 (3.56 dpa at
817°C). Shown in (a) is a circular concentric shelled fullerene-like defect. Shown in
(b) is an additional concentric shelled defect approximately 5 nm in diameter
occurring within disordered regions of the microstructure.

To further investigate the defects shown in Figure 5.6, in situ TEM was utilized to
capture the initial state of crystallites and dynamic evolution of irradiation-induced
defects. While in situ TEM analysis with fast neutrons remains impossible, an appropriate
surrogate is argued in literature to be high-flux electron-irradiation [7,12]. Figure 5.7

shows HRTEM micrographs taken from an in situ video recording of 1G-110 electron-
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irradiated (200keV, 2.5 x 107 dpa/s) at 800°C. Figure 5.7 (a) shows a crystallite at the
start of the experiment, with minimal electron-irradiation. In this instance, the closure and
rearrangement of basal planes on the edge of the crystallite is due solely to thermal
annealing as has been previously reported by the authors [12]. Figure 5.7 (b) shows the
same crystallite after 160s of electron-irradiation, where two caged fullerenes are
indicated by the left arrow. With prolonged electron-irradiation, these structures are
observed to recombine into the crystallite and result in growth along the c-axis of the
crystallite via formation of defective basal planes on the surface, indicated by the left
arrow in Figure 5.7 (c). The basal planes indicated by the right arrow in Figure 5.7 (b),
are shown to contract along the a axis of the crystallite and evolve into concentric shells
as shown by Figure 5.7 (c-f). Additionally, Figure 5.7 (c-f) shows the evolution and
growth of defective basal planes into a concentric shelled defect with pronounced
curvature. Figure 5.7 shows experimental evidence that concentric shelled onion-like
defects can form from relatively well-ordered graphitic phase via irradiation-induced
defect production. It is well observed in literature that the presence of non-six-member
carbon rings (basal plane dislocations) will result in out-of-plane distortion and buckling
of basal planes [13,47,48]; the defect structures shown in Figure 5.7 are believed to be
formed via the interaction of such basal plane defects produced by irradiation. The results
shown in Figure 5.7 give experimental evidence that the formation of fullerene-like
defects is a dominant defect evolution mechanism in high-temperature irradiated nuclear
graphite. Furthermore, Figure 5.7 shows the dynamic evolution of such structures in

which basal planes contract along the a/b axes, resulting in swelling along the c axis.
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Figure 5.7  HRTEM micrographs taken from in-situ electron-irradiation
conducted at 800°C. (a) shows a crystallite of 1G-110 with minimal electron-
irradiation in which the curling of exposed basal plane edges is due solely to thermal
annealing. (b-f) shows the same crystallite in (a) after continued electron beam
exposure, where the evolution of defective basal planes results in the concentric
shelled defect indicated by the left arrow in (f). Additionally, the basal planes
indicated by the right arrow in (b) are observed to undergo a-axis contraction via
the formation of a fullerene-like structure (b-f).



94

Figure 5.8 (a) shows ca. 50 nm diameter circular structures found in 1G-110
neutron-irradiated at 817°C to 3.56 dpa. Figure 5.8 (b) shows a HRTEM micrograph of
(a) where basal planes are resolved in the structure and exhibit a concentric arrangement.
Such defects have not been observed in un-irradiated nuclear graphites and are believed
to be formed via neutron-irradiation [16,17]. Nuclear graphites have intrinsic circular
microstructural features known as quinoline insoluble (QI) particles. QI particles are
poorly graphitized rosette-like structures that form due to aromatic molecules present
within the binder material during manufacturing. QI particles act as templates which
promote graphitization of the surrounding binder, forming a wide, porous rosette-like
arrangement of crystallites which is retained for up to several hundreds of nanometers (as
shown in Figure 5.9 (a)). When subjected to sufficient neutron-irradiation, QI particles
will become fully dense, resulting in the generation of new cracks [10,49]. Contescu et al.
[49] observed structures similar to those shown in Figure 5.8 in nuclear graphite G347A
neutron-irradiated past turnaround (29.8 dpa at 450°C) and reasoned the dense concentric
shelled defects were indeed the evolution of QI particles subjected to high-dose neutron-
irradiation; however, the defects they observed (as well as those in Figure 5.8) cannot be
the evolution of irradiated QI particles as both the length scale and surrounding
microstructures are inconsistent with those of QI particles [17]. Thus, the concentric
shelled fullerene-like structures shown in Figure 5.8 are believed to be irradiation-

induced defects.
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Figure5.1 (@) right-fieIdEM micrograph of nutrirriated 1G-110 (3.
dpa at 817°C) showing circular graphitic structures. (b) HRTEM micrograph of the

feature shown in (a) in which basal planes are observed to have a concentric
arrangement.

Figure 5.9 shows a bright-field TEM image of QI particles in as-prepared 1G-110
(a) and in high-temperature neutron-irradiated 1G-110 (b-d). Shown in Figure 5.9 (a), QI
particles exhibit a porous rosette-like arrangement of crystallites up to several hundred
nanometers wide. In contrast, the defects shown in Figure 5.8 (a) have diameters of less
than 50 nm and are formed between crystallites of different orientation, which is
inconsistent with the QI particles shown in Figure 5.9 (a) and reported in Ref [17]. Figure
5.9 (b) shows a QI particle in 1G-110 neutron-irradiated at 813°C to 1.73 dpa where much
of the porous structure is retained and only a slight densification of the rosette-like
structure is observed. Figure 5.9 (c) shows a QI particle irradiated to a higher dose (3.56
dpa at 817°C) where densification is clearly apparent in comparison to Figure 5.9 (a) and
(b); however, full densification is not observed. As a result of the densified
microstructure, cracking between neighboring crystallites occurs (indicated by the
arrows). Cracking of the surrounding microstructure around QI particles as a result of

irradiation has previously been reported; however, the irradiating dose was nearly twice
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that of this study [10]. Figure 5.9 (d) shows several partially densified QI particles in

neutron-irradiated 1G-110 (3.56 dpa at 817°C) where there is a significant amount of

additional porosity arising from densification of the QI.

Figure 5.9  Bright-field TEM micrographs of a QI particle in as-prepared nuclear
graphite 1G-110 (a), and in neutron-irradiated 1G-110 (b-d). With neutron-
irradiation at 813°C to 1.73 dpa, slight densification is observed; however, much of
the porous structure is retained (b). At higher dose neutron-irradiation (3.56 dpa at
817°C), densification of the QI particles is shown and additionally the formation of
new cracks as indicated by arrows (c & d).

Aside from the observed macroscopic dimensional change as a result of
irradiation damage, other property changes are directly affected by the evolution of defect

structures within the graphite structure, such as the CTE. Figure 5.10 shows a comparison
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of the empirical models for dimensional change and CTE change in 1G-110 neutron-
irradiated at 800°C [20]. The CTE rapidly increases at the onset of irradiation, then
rapidly decreases until turnaround, after which it continues to linearly decrease more
slowly. Initially, the bulk response of CTE change in nuclear graphite is buffered by the
accommodating porosity. In general, the increase is believed to occur when c-axis
expansion has caused closure in porosity. The decrease in CTE is reasoned to occur as a
result of new porosity occurring from additional c-axis expansion and internal stresses
causing the growth of new porosity [50]; however, this conclusion does not agree with
the macroscopic theory for dimensional change. As noted in Figure 5.10, the decrease in
CTE occurs before the turnaround fluence, and according to the present understanding,
new porosity should not occur until after the turnaround fluence. The vertical reference
line in Figure 5.10 shows the fluence used in this study, which is close to the fluence at
which the empirical model predicts the initial decrease in CTE would occur. The results
shown in Figure 5.4 show evidence of the formation of new microcracks occurring before

the turnaround fluence which may explain the observed decrease in CTE at low fluence.
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Figure 5.10 Empirical models for irradiation induced dimensional change (left
axis) and CTE (right axis) in 1G-110 (800°C). The vertical dashed line shows the
fluence of this study.

5.4 Conclusions

TEM analysis of high-temperature neutron-irradiated graphite confirms the
presence of fullerene-like defects occurring interstitially and within the Mrozowski
cracks. These defects are found to occur in high concentrations in disordered regions of
the microstructure and have not been previously observed in neutron-irradiated nuclear
graphite [10,24-27,51,52]. The results reported here do not provide any evidence to
support the previously proposed atomic displacement model as an appropriate
interpretation of defect evolution in high-temperature irradiated nuclear graphite. To the
contrary, these results suggest fullerene-like defects are a dominant mechanism
contributing to dimensional change, the filling and closure of accommodating porosity,
and in some instances the generation of new porosity prior to turnaround fluence. It is
worth noting that these processes are observed to occur at a relatively low irradiation
dose and at temperatures above 750°C [12]. Previously reported studies on graphite

NBG-18 neutron-irradiated to nearly twice the dose used in this study (6.7 dpa at 678°C)



99

showed no evidence of such defects [10]. Given these results, the authors believe that
such defects form via a thermally activated mechanism. As such, to improve the
empirical relationships for dimensional change given in equation (1), an Arrhenius term
may be an appropriate addition. These observations give a valuable insight into the
observed property changes of neutron-irradiated nuclear graphite. In addition, the present
results agree with previously reported high-temperature electron-irradiation studies which
showed the formation of fullerene-like defects in-situ and give additional validity to the
use of high-flux electron-irradiation as a useful approximation to that of neutron-
irradiation. Future studies may include characterization of nuclear graphite neutron-
irradiated at high-temperature (800°C and above) at and beyond the turnaround fluence.
Additional characterization could include annealing experiments combined with
differential scanning calorimetry, which may give insight into stored energy and
activation energy regimes, and spectroscopic techniques (EELS and Raman) which may

provide insight to defect concentration.
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CHAPTER SIX: CONCLUSIONS AND FUTURE WORK
6.1 Concluding Remarks

The irradiation-induced changes in the properties of nuclear graphite vary
significantly amongst grades and are dependent upon the source of raw coke and
processing technique. As many historical grades of nuclear graphite are now obsolete,
new grades of graphite for application in Gen IV nuclear reactors must be qualified and
characterized. The scope, size, cost and time of irradiation programs can be immense;
however, these programs may be reduced by further understanding the relationship
between irradiation-induced microstructural changes and properties. The work included
in this dissertation focused on the characterization of high-temperature defect evolution
in candidate nuclear graphite grades via innovative experimentation.

In Chapter Two, a novel oxidation-based TEM specimen-preparation technique
was reported and optimized for nuclear graphite 1G-110, NBG-18 and additionally
HOPG. Thermal oxidation of nuclear graphite is preferential to the leading basal plane
edges [1,2], therefore, HOPG sample preparation was modified to include dimple
grinding until perforation. Oxidation time varied between each grade due to the inherent
microstructural features of nuclear graphite being larger than the oxidized area (< 1 mm)
and the accuracy of initial mechanical thinning. An optimal temperature for oxidation in
all grades was found to be 575°C. At higher temperatures (up to 625°C), the observed
concentration of amorphous carbon increased. The increase in amorphous carbon is

conjectured to be a result of the formation of new oxygen functional groups that remain
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thermally stable on graphitic structures [3]. TEM specimens prepared via oxidation are
shown to be free of irradiation-induced artifacts which can occur with traditional
specimen-preparation techniques. Furthermore, oxidative TEM sample preparation of

nuclear graphite provides an alternative to expensive techniques such as FIB.

Chapter Three demonstrates in situ TEM characterization of nuclear graphite
undergoing electron-irradiation and heating. In situ heating was conducted on ion-milled
specimens up to 800°C prior to irradiation damage (near zero dpa). The curling and
closure of basal planes was observed as either hollow nanotube-like structures within
Mrozowski cracks or interstitially as line defects. To ensure these observations were not
artifacts produced via specimen preparation, annealing experiments were conducted on
specimens prepared to electron transparency via oxidative techniques. Results showed
leading basal-plane edges remained unreconstructed at room temperature and only after
thermal annealing at 800°C (during which, the electron beam was off) were basal-plane
edges found to reconstruct into small loops resulting in localized swelling; thus, domains
of undercoordinated atoms in nuclear graphite show a fullerene-like transformation due
solely to annealing. This phenomenon could explain the rapid increase in CTE during the
onset of irradiation and additionally the delayed dimensional change (in some instances
slight swelling) observed in low-dose irradiation studies (< 1 dpa) [4,5].

In situ heating and electron-irradiation showed the dynamic evolution of many
fullerene-like defects not previously known to occur in high-temperature irradiated
nuclear graphite, including carbon onions and interstitial nanotube-like defects,
specifically in Figure 3.4, which resulted in ~51% expansion of a crystallite along the ¢

axis. The formation of such defects is conjectured to be driven by the interaction of
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vacancy species resulting in extended interatomic linking between adjacent basal planes
[6]. It should be noted that the above-mentioned defect structures were not observed at
temperatures below 750°C, thus, the formation of such defects is proposed to be a
temperature-dependent mechanism. While Chapter Three shows novel defect
mechanisms occurring during high-temperature irradiation, those defects evolved in an
unconstrained TEM foil using electrons as surrogate particles, leaving the open question
if such defects would also occur in actual high-temperature neutron-irradiation nuclear
graphite.

Chapter Four shows fullerene-like defects occurring in ex-situ analysis of 1G-110
neutron-irradiated at 817°C to a dose of 3.56 dpa. Specifically, results show the first
direct experimental evidence of a ‘ruck and tuck’ defect [7]. The “buckle, ruck and tuck”
model is an alternative theory for the response of graphite undergoing neutron irradiation
and was proposed theoretically in 2011 by Prof. Malcolm Heggie et al. [7]; however,
after many years without experimental evidence, the acceptance of this mechanism
waned, and even Prof. Heggie began to doubt it. Sadly, Prof. Heggie did not live to see
the evidence for his model, as he passed away on 17 January 2019.

Chapter Five further investigates the atomic defect structures and microstructural
response of high-temperature neutron-irradiated nuclear graphite. TEM was used to
characterize specimens neutron-irradiated at a high temperature (=800 °C) at doses of
1.73 and 3.56 dpa. Areas of the microstructure where there is a high degree of long-range
order, such as filler particles, did not show evidence of significant crystallite deformation
driven by defect structures. In disordered regions of the microstructure (e.g., binder, QI

particles, and Mrozowski cracks), fullerene-like defects were found to be abundant and,
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in some instances, cause displacement of basal planes in excess of 5 nm parallel to the ¢
axis. Furthermore, direct evidence of such defects occurring within Mrozowski cracks is
given and is a significant insight into both the nature of these cracks and irradiation-
induced dimensional change.

The closure of Mrozowski cracks (onset of turnaround) is generally believed to
occur from c-axis expansion. The early turnaround behavior during high-temperature
irradiation is generally reasoned to occur due to an increase in CTE causing closure of
small Mrozowski cracks prior to turnaround dose [8]. This theory lacks definitive
microstructural evidence in literature, in fact, some results show Mrozowski cracks only
slightly decrease in dimension due to thermal annealing and not to the extent of closure
[9]. Chapter Five shows evidence of defects accumulating within the accommodating
porosity (impeding further c-axis expansion) which provides an alternative explanation
for early turnaround behavior in high-temperature irradiated nuclear graphite. In addition,
the CTE begins to decrease at approximately half the turnaround dose and is reasoned to
occur due to the closure of Mrozowski cracks and generation of new cracks due to
internal stresses; however, this reasoning is contradicted by the consensus that closure of
Mrozowski cracks occurs at turnaround. Thus, evidence of defects accumulating within
the accommodating porosity provides valuable insight into these discrepancies.

Chapter Five additionally shows the formation of carbon onions due to neutron
irradiation. Furthermore, it was suggested that larger concentric shelled defects (~50 nm
in diameter) were not densified QI particles but the evolution of concentric shelled
fullerene-like defects. As one cannot reasonably prove a formation mechanism solely by

ex-situ analysis, high-temperature electron-irradiation was again used to provide
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unambiguous results showing the dynamic evolution of concentric shelled defect
structures. In addition, the high-temperature electron-irradiation studies presented in both
Chapters Four and Five agree with results from actual high-temperature neutron
irradiation and give additional validity to the use of high-flux electron irradiation as a
useful approximation to that of neutron irradiation.

6.2 Future Work

6.2.1 Extend High-Temperature Neutron Irradiation of Candidate Nuclear Graphites

At present, many candidate graphite grades lack an adequate amount of irradiation
data to develop even empirically based models of irradiation induced property change.
Irradiation programs (such as the AGC) should continue efforts to validate next-
generation nuclear graphites and specifically extend irradiation of candidate graphite
grades to high temperature and doses at and beyond turnaround. Characterizing the nature
of the accommaodating porosity and Mrozowski cracks at turnaround dose is vital to
understanding dimensional change in nuclear graphite. This includes comparing defect
concentrations and structures in both unloaded and loaded specimens to further explore
irradiation creep mechanisms. With modern advances in characterization techniques,
such as aberration corrected TEM, atomic level defects may be identified with
unprecedented clarity.

6.2.2 Extend TEM Characterization to In Situ Straining

Predicting the structural integrity of graphite components is largely dependent
upon understanding the stress-strain relationship. Specifically, understanding how stress-
induced damage is accommodated within the microstructure of nuclear graphite and the

governing atomic mechanisms. In situ straining experiments generally are spatially
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limited to the macro and mesoscale using optical or X-ray techniques [10-12]; however,
to date there remains no in situ TEM straining experiments reported on nuclear graphite.
In situ TEM straining can provide a means to monitor the evolution of stress-induced
damage on the atomic scale. Furthermore, such experiments can also include in situ
observations of irradiation damage (via electrons) of nuclear graphite under load which
may provide novel insights towards atomic mechanisms related to irradiation creep.

6.2.3 Extend TEM Characterization to Spectroscopic Techniques

Quantitative analysis on irradiated nuclear graphite can be conducted via EELS.
The low-loss region of the EELS spectrum includes information containing specimen
thickness and relative density. The energy loss near edge structure (ELNES), which
contains the ionization edges, and the extended energy loss fine structure (EXELFS), can
be numerically analyzed to establish the relative amount of sp?/sp® bonding. If the
ELNES spectrum is normalized to a reference specimen, a percentage change in bonding
character as a function of neutron dose could potentially be established.

6.2.4 Extend TEM Characterization to Electron Tomography

Mrozowski cracks hold a critical role in determining the nature of irradiation-
induced dimensional change in nuclear graphite; however, a precise topological
description of Mrozowski cracks has yet to be developed. This in part is due to the spatial
resolution limit of most tomography characterization techniques. There have been
significant advances in characterizing the porous structure of nuclear graphites using
FIB-SEM tomography where the spatial resolution is approximately 150 nm [13];
however, 150 nm is nearing the upper limit of the width of Mrozowski cracks. In this

work most Mrozowski cracks are observed to be 5-50 nm in width. Electron tomography
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is a gradually maturing technique capable of reaching sub-nanometer resolution [14].
Electron tomography would provide novel insights towards a topological description of
Mrozowski cracks and, in addition, may prove or disprove the presence of amorphous

carbon within the Mrozowski cracks, which remains a subject of debate [15].
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