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Abstract

With further development of high -power acceleratorsand nuclear reactors there is a strong
demand for structural materials that can withstand extreme operational conditions, e.g., large
heat loads, mechanical and thermal stresss, high intensity and long-term ion irradiation.

Carbon-based materials show e&cellent thermal transport properties and thus efficient heat
dissipation required for such applications. Under ion beam irradiation, graphite also has the
advantage of lower stopping power and lower radiation induced activation compared to
metals. For these reasors, polycrystalline graphite is commonly used in extreme radiation
environments, e.g. beam dumps In the past, neutron-irradiation effects in graphite have been
studied in detail, whereasdata on material behavior under exposure to high-energy ion beams

is scarce

This thesis focuses on changes of structural and thermophysicaproperties induced by swift
heavy ion irradiation in well -oriented flexible graphite (FG) and in fine -grained isotropic
polycrystalline graphite (PG). To investigate radiation-induced degradation processes,
graphite samples were irradiated with 4.8 and 5.9 MeV/u *2C, “®Ca, *°Xe, **’Au, and #*®U ions
with fluences up to ~2x10 *ions/cm? at the UNILAC acceleratorof the GSI Helmholtz Centre
for Heavy lon Research, Darmstadt. Structural transformations along the ion range were
monitored by Raman spectroscopycomplemented by scanning electron microscopy The
corresponding modifications of thermophysical properties were characterized using laser flash

analysis and frequency domainphotothermal radiometry.

The response of FG and PG to higkenergy ion beamsis shown to be quite different, which is
ascribed to the different initial microstructure and microtexture of these graphite materials.
Radiation damage in flexible graphite follows the trend of the nuclear energy loss andyields a
weak or no correlation with the electronic energy loss up to 30 keV/nm. The density of point
defects produced via elastic collisions monotonously increases along the ion range andcauses
a pronounced thermal diffusivity degradation from ~550 down to 50 mm?/s for the Au ion
irradiation at a fluence of ~1 x10 **ijons/cm?. In contrast, in polycrystalline graphite, both
nuclear and electronic (above a certain threshold) energy loss contribute to material modifica-
tions. Raman spectoscopyrevealsthe sametype of damage forlow Z (Ca) and high Z (Au, U)
ions at the end of the ion range (last ~15 pm), where the nuclear energy loss is maximal.
Within the range section dominated by the electronic energy loss the irradiation with Au and
U ions (high energy loss of 20-25 keV/nm) causes significant disordering, crystallite refine-

ment and misalignment as well as partial amorphization. At the highest applied fluence of
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5x10 **ions/ cm?, this leads to a structure similar to glassy carbon Exposure to Ca ionsof the
same fluenceproduces just a slight increase of the defect density.The corresponding drop of
the thermal diffusivity is from 80 mm?/s (virgin) to ~5 mm?s for Au ions and to ~70 mm?/s
for Ca ions. Damage crosssections in both graphite materials are calculated based on the
evolution of the Raman parameters and thermophysical properties as a function of fluence.
Raman parameters assigned to the lattice disorder and thermal diffusivity values show a
strong correlation, providing the possibility to estimate heat transfer properties of graphite

materials by means ofRaman spectroscopy.
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Zusammenfassung

Mit der Weiterentwicklung von Hochleistungsbeschleunigern und Kernreaktoren besteht eine
starke Nachfrage nach Strikturmaterialien, die extremen Betriebsbedingungen standhalten,
wie z.B. groRe Warmebelastungen, mechanische und thermische Beanspruchungernsowie
hochintensive und anhaltende lonenbestrahlung. Kohlenstoffbasierte Materialien weisen
hervorragende Warmetrangorteigenschaften auf, die fur Anwendungen, die effiziente
Warmeableitung benétigen, aufierst wichtig sind. Im Vergleich zu Metallen hat Graphit bei
Bestrahlung den Vorteil, dassder Energieverlust der lonen klein und die strahlungsinduzierte
Aktivierung gering ist. Aus diesen Grunden wird polykristalliner Graphit Ublicherweise in
extremer Strahlungsumgebung verwendet, zB. fir Beam Dumps. Wéahrendin der Vergangen-
heit Neutronenbestrahlungseffekte in Graphit gut untersucht wurden, sind nur sehr wenige

die Daten zum Materialverhalten unter Bestrahlung mit lonen sehr hoher Energieverfiigbar.

Diese Arbeit konzentriert sich auf Anderungen struktureller und thermophysikalischer
Eigenschaften die durch die Bestrahlung mit hochenergetischen Schwerionen in orientiertem
flexiblem Graphit (FG) und feinkérnigem , isotropem, polykristallinem Graphit (PG) hervorg e-
rufen werden. Zur Untersuchung strahleninduzierter Abbauprozesse wurden Graphitproben
mit 4,8 und 5,9 MeV/u **C, *®Ca, **Xe, *’Au und ***U lonen mit Fluenzen bis zu ~2x10 **
lonen/ cm? am UNILAGBeschleuniger des GSI Helmholtzentrums fiir Schwerionenforschung,
Darmstadt, bestrahlt. Strukturelle Veranderungen entlang der lonenbahn wurden mittels
Raman-Spektroskopie erganzt durch Rasterelektronenmikroskopie untersucht. Die entspre-
chenden Modifikationen der thermophysikalischen Eigenschaften wurdendurch LaserFlash

Analyse (LFA) und mittels photothermischer Radiometrie (PTR) charakterisiert.

Es zeigt sich, dassFG und PGsehr unterschiedlich auf die lonenbestrahlung reagieren, was
auf die unterschiedliche anfangliche Mikrostruktur und Mikrotextur dieser Graphitmaterialien
zurlckzufuhren ist. Strahlenschéden in flexiblem Graphi folgen dem Trend des nuklearen
Energieverlusts und ergeben eine schwache oder keine Korreldion mit dem elektronischen
Energieverlust bis zu 30 keV/nm. In flexiblem Graphit nimmt die Dichte der Punktdefekte, die
durch elastische Kollisionen erzeugt werden, entlang desbestrahlten Bereichesmonoton zu
und verursacht fiir die Bestrahlung mit Au-lonen bei einer Fluenz von ~1x 10** lonen/cm?
eine Verschlechterung der Temperaturleitfahigkeit von ~ 550 auf 50 mm?%s. Im Gegensatz
dazu tragen bei polykristallinem Graphit sowohl nukleare als auch elektronische Energieve-
luste (oberhalb einer bestimmten Schwelle) zur Materialmodifikation bei. Raman -

Spektroskopie zeigtflr lonen mit niedrigem Z (Ca) und hohem Z (Au, U) die gleiche Art von
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Schadigung am Ende der lonenreichweite (letzte ~ 15 pum), wo der nukleare Energieverlust
maximal ist. Innerhalb der vom elektronischen Energieverlust dominierten lonenreichweite
verursacht die Bestrahlung mit Au- und U-lonen (hoher Energieverlust von 20-25 keV/nm)
signifikante Schaden Umorientierung und Verkleinerung der Kristallite, sowie teilweise
Amorphisierung. Dies fiihrt schlieRlich bei einer Fluenz von 5 x 10" lonen/cm? zu einer
ahnlichen Struktur wie glasartiger Kohlenstoff. Die Bestrahlung mit Calonen gleicher Fluenz
ergibt nur eine geringflgig erhéhte Defektdichte. Der entsprechende Abfall de& Temperatur-
leitfahigkeit fallt von urspriinglich (unbestrahlt) 80 mm?®/s auf ~ 70 mm?/s fiir Calonen und
auf ~5 mm?/ s fur Au-lonen ab. Aus dem Verlauf der Raman-Parameter und der Temperatu-
leitfahigkeit als Funktion der Fluenz werden Schadensquerschnittefiir beide Graphitmateria-
lien abgeleitet. Raman-Parameter, die der Gitterstruktur zugeordnet sind, und Temperaturleit-
fahigkeit zeigen eine starke Korrelation. Daraus ergibt sich die Mdglichkeit, die Warmetrans-

porteigenschaftenvon Graphitmaterialien mittels Raman-Spektroskopieabzusdatzen.
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Introduction

1 Introduction and motivation

The ongoing develgpment of new generations of high-temperature nuclear reactors and high
power accelerators faces many technological challenges. One of the critical aspects is related
to the extreme radiation and temperature operation conditions for engineering materials. I'n
high-temperature gas cooled reactors (HTR), graphite acts both as moderator and as structu
al material, whereas in the field of high-power accelerators, graphite is the first choice
material for collimators, beam dumps and production targets. For the latter application, one
of the main limiting factors for higher luminosities is the degradation of the thermophysical
properties of beam intercepting device materials exposed to highintensity beams. For high
dose applications, it is thus essential to undersand how the thermophysical properties of
different graphite grades evolve with accumulation of radiation damage. This issue is of great
importance for the future international accelerator Facility for Antiproton and lon Research
(FAIR), which is being built at the GSI Helmholtz Centre for Heavy lon Research (see
Figure 1.1). The new FAIR facility is designed to provide ion beam intensities up to a factor of
100-1000 higher in comparison with the existent GSI facility. Operating in both slow and fast
extraction modes, such beamswill lead to the deposition of an enormous power in beam-

intercepting materials and will be a great challenge for their resilience.

Isotropic polycrystalline graphite (PG), a material that served traditional ly in the nuclear field
for many decades is still one of the best candidates for applications in extreme radiation
environments [1-3]. The low atomic number and density of graphite lead to reduced energy
deposition by the ion beam in comparison with metals [4] . In addition, both the nuclear
activation by interaction with high -energy primary ion beams and its decay time are low for
pure carbon, qualifying graphite as most favorable in terms of radiation safety [1,5] . Howev-
er, it was shown that heavy ion irradiations lead to beam-induced structural defects, phase
transformations and degradation of the electrical and mechanical properties of graphite [6 -
10]. One has also to expect a severe influence of ion irradiation on the thermophysical
properties of graphite, affecting both the thermal diffusivity ( a) and thermal conductivity (k)
with a direct consequence on the efficiency of the system to diffuse the energy deposited by
the ion beam. Under extreme conditions, reduceda and k may lead to performance degracda-

tion and ultimately to failure of a device.
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Figure 1.1 Scheme ofthe current GSI (in blue) and future (in red) FAIR accelerator facility, adapted
from [11] . The materials research facilities are highlighted with colorful rings.

Structural and morphological irradiation -induced modifications are known to be determined
by the pristine graphite structure. The evolution of thermophysical properties with accumulat-
ed radiation dose is dependent on the starting degree of graphitization. This thesis conce-
trates on two types of graphite, well-oriented flexible graphite (FG) and fine -grained, high
density, isotropic graphite grade with improved mechanical properties and stability at
elevated temperatures. Flexible graphite exhibits highly anisotropic properties with a very
high thermal conductivity in the basal plane In contrast to the more common highly oriented
pyrolytic graphite (HOPG), FG hasthe advantage of easier handling and sample shaping,
making it a good candidate for thermal management applications. Although there exist some
data on ion irradiated HOPG [12-16], irradiation effects in flexible graphite has not be
studied yet. Most of the previous studies on polycrystalline graphite concentrated on neutron
irradiation induced damage produced by collisional displacement cascades, relevant for

nuclear reactor applications [17-23]. The defect creation mechanism via elastic atomic
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displacements, characteristic for neutron and ke\MMeV ion irradiations, is quite different fro m
ions of MeV-GeV energy [24,25] . When high-energy heavy ions pass though matter, the
energy loss is dominated by ionization and electronic excitation processes of the target atoms
(electronic stopping). Defect creation occurs via energy transfer from the excited electronic

subsystem by electrornphonon coupling to the atomic system.

At present it is not clear to which degree nuclear and electronic stopping contribute to the
overall damage and corresponding degradation of the thermophysical properties in graphite.
Experimentally this phenomenon has not yet been investigated thoroughly. Data of thermal
properties are scarce for neutron irradiated polycrystalline graphite and non-existing for
graphite irradiated with low and high energy ions. The influence of ion irradiation on the
thermophysical properties of well-oriented graphite, HOPG or FG, is unknown as well. This
lack of experimental data is probably linked to the fact that the penetration depth of ions is
rather limited (tens of nanometers for keV ions and up to about 100 pm for GeV ions) and the
analysis requires the preparation of sufficiently thin samples or/and more sophisticated

thermophysical characterization techniques.

The aim of the thesis is to study structural modifications and corresponding changes of the
thermophysical properties, induced by swift heavy ion irradiation of well -oriented flexible
graphite and fine-grained isotropic polycrystalline graphite. This research extends the existing
knowledge of radiation effects in different types of carbon based materials, caused by neutron
and low energy ion irradiation. The results on the evolution of the graphite thermophysical
properties under swift heavy ion irradiation are beneficial for the nuclear and particle
accelerator community in terms of the design and the long-term operation prediction of beam
intercepting devices. The obtained results for ion-beam induced thermal conductivity
degradation are also important for future model calculations, because they can be used as a
benchmark for computer models such as finite element and molecular dynamics simulations
[26-29].

In this work, structural modifications of flexible graphite and fine -grained, isotropic graphite
samples irradiated with 4.8 MeV/u C, Ca, Xe, Au and U ions were investigated using Raman
spectroscopycomplemented by scanning electron microscopy. e corresponding changesof
thermophysical properties were characterized by in-plane laser flash analysis (LFA)[30] and

photothermal radiometry (PTR) [31-34] techniques.

The thesis consists of five chapters including this introduction and motivation. In chapter

Theoreti cal Basics an essential review covering carbon and graphite materials, ion-matter
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interaction, and heat transport with main thermophysical properties is provided. The Experi-
mental chapter describes the samplesstudied, irradiation conditions and characterization

methods used Results and Discussions are dedicated to the observed beaminduced
structural and thermophysical changes In Conclusions and O utlook , the thesis summary is
formulated together with achieved goals, the perspectives of this researchand remaining open

questions.
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The oretical Basics

2 Theoretical background

2.1 Carbon and graphite

Carbon, C, is one of the most abundant elements in the universe. Its atomic numbeis 6, and
the electron configuration is 2s'2s’2p? with 4 valence electrons. Carbon atoms can form °,
sp’ and sp® hybridization bonds, which explains the broad variety of carbon allotropes with
very different physical properties. The most common carbon allotropes are graphitewith pure
sp® hybridization and diamond with pure sp® hybridization, however there are also amor-

phous carbon (soot), glassy carbon, fullerene, carbon nanotubes, graphene and others.

2.1.1 Graphite unit cell

A stable modification of graphite is formed by ABAB stacked layers of carbon atoms in the
hexagonal order (seeFigure 2.1). In the basal plane each carbon atom is connected with 3
other atoms via covalent s bonds (£-bond) at the distance of 1.42 A. The layers are connet-

ed via covalent A-bonds with the interlayer distance of 3.35 A. The graphite unit cell consists
of 4 atoms with parameters a and ¢ equal to 2.46 A and 6.71 A, respectively. The theoretical

density of ideal graphite is 2.267 g/cm?.

Figure 2.1 The crystal lattice of hexagonal graphite with the unit cell (dashed lines) and characteristic
sizes created using VESTA softward35] .

14 Theoretical Basics



The Brillouin zone of graphene is hexagonal and transmits into a hexagonal prism for
graphite. The Brillouin zones and calculated electronic structure of graphene and graphite ae
shown in Figure 2.2. For a single layer graphene, the valence and conduction bands touches
near the Fermi energy at the K point of the Brillouin zone, making the material a zero-gap
semiconductor. With increasing number of layers and for bulk graphite the valence and

conduction bands start to overlap causing semi-metal behavior [36] .

K,

N
-

K M r

Figure 2.2 The Brillouin zone (left) and electronic band structure (right) of graphen e (top) and graphite
(bottom), adapted from [37] .

The experimental and calculated phonon structure of graphite is presented inFigure 2.3, 8§ Mu
_I'b 8?2p gl bga_rc mnrga_j _I b _amsqrga_|j n-f ml mi
nal, transversal and out of plane polarization. Primed modes refer to the oscillations of the
two atoms in each layer of the unit cell, while non -primed modes indicate atoms in the same

layer.
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Figure 2.3 Phonon dispersion of graphite adapted from [38] . Lines and points show ab initio calcula-
tions and experimental data, respectively.

2.1.2 Carbon-based materials

The structure and nanotexture of carbon materials depend strongly on the precursor and the
heat treatment to which the material was exposed during the production process During
carbonization the structural units in form of carbon hexagons are formed from organic
precursors at temperatures around 10061500°C. At these temperatures all foreign atoms are
released leaving solid pure carbon as a residual. The produced anisotropic carbon units are
small and can be agglomerated with different orientation. The nanotexture differs between
random (glassy carbon) and oriented. The latter is classified into planar (highly oriented

pyrolytic graphite (HOPG)), axial (carbon nanotubes and carbon fibers) and point (fullerene)

orientation. Some carbon nanotextures can grow and develop large regular graphitic stra-
tures after further heat treatment at temperatures above 2500°C.Graphitization proceeds
easily in planar oriented carbons and is strongly depressed in thecase ofa random oriented

nanotexture such asglassy carbon even ata temperature of 3000°C. Additionally applied high

pressure during heat treatment allows to accelerate the graghitization development and even
to overcome the suppressed formation of random oriented glassy carbon ata temperature of
1500°C.

This work is focused on three types of carbon materials: well oriented flexible graphite (FG)

as a model of an ideal graphite structure, isotropic polycrystalline graphite as an important
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material for nuclear and other high dose applications, and glassy carbon asa reference of

disordered carbon.

2.1.2.1 Well oriented graphite

Flexible graphite is produced from natural graphite, which is chemically intercalated and then
exfoliated by rapid heating to 900-1200°C. The exfoliated graphite, being free of intercalates,
is further molded or rolled into a sheet without any binder or adhesive. The molding or rolling
process causes mechanicahterconnection between exfoliated graphite particles and defines
the resulting material thickness and density, typically varying from 0.1 to 3 mm and 0.7 to
1.4 g/lcm?®, respectively. The density also influences the mechanical and thermophysical

properties of flexible graphite.

Flexible graphite is well oriented along the ¢ axis (perpendicular to the basal plane), but it has
a much larger mosaic spread angle than highly oriented pyrolytic graphite (HOPG). As a
result, FG still exhibits strong anisatropic properties with a very high in-plane thermal
conductivity (~150 -500 Wm™K") and low thermal conductivity (~5 -20 Wm™K?) in the
perpendicular direction. In addition to the typical graphite properties such as chemical and
thermal stability, high thermal and ele ctrical conductivity, flexible graphite sheets have the
advantage of easy shaping,high compressibility and high resilience. Based on these properties

flexible graphite is widely used for sealing and thermal management applications.

2.1.2.2 Isotropic polycrystal line graphite

The production of high density isotropic graphite can be classified based on the raw materials
used and whether a binder is added or not. The most common fabrication is similar to the
general production of polycrystalline graphite. The fille r, petroleum and coal tar pitch cokes,
as well as possibly natural and recycled graphite, are milled to a particle size of below 10-
20 um and afterwards mixed with a binder pitch. The produced carbon pastes are formed by
cold isostatic pressing and then urdergo carbonization with an optional pitch impregnation at
a temperature around 1000°C. For graphitization, the carbon blocks are processed ata
temperature of 2500-3000°C.

The binder free production of high density isotropic graphite can be performed from grinded
raw coke powder with a large content of volatile substances Another option is to use
anisotropic mesophase spheresas the filler, which are called mesocarbon microbeads. They
are formed at the very beginning of pyrolysis of the pitches, which are usually the residues of

refining of petroleum oil and coals, and separated from the isotropic matrix using a solvent.
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Most properties of polycrystalline graphite are dependent onthe filler and binder, as well as

the heat processing conditions. The polycrystalline graphite has the density of around 1.7-
1.9 g/lcm? with porosity of approx. 10-20%. Pore density and pore size are usually inversely
proportional and have a big influence on the resulting mechanical properties. The random
orientation of small anisotropic graphite grains leads to isotropic bulk properties. Thermal
conductivity of polycrystalline graph ite can vary between 70 and 140Wm™K™ and coefficient
of thermal expansion stays around 48 x10° K. High thermal resistance, high thermal
conductivity and low coefficient of thermal expansion make polycrystalline graphite highly

resistant to thermal shock.

2.1.2.3 Glassy carbon

Glassy carbonis produced by pyrolysis of thermosetting resins or cellulose. The production
process is characterized by a very sl heating rate, which should be slower than the
shrinkage rate in order to compensate for the development of pores due to the gas release

from the precursor.

Glassy carbonhas a fullerene-related structure of randomly interconnected tortuous graphitic
lamellae of sp* bonded carbon [39-42]. The curvature of graphitic flakes is ascribed to the
presenceof pentagons and heptagons instead of ideal hexagonal carbon ringsln general, the
structure of glassy carbon strongly depend on the process temperature during pyrolysis,
which can extend from 600°C to 3000°C. Low temperature grades of glassy carbon are
characterized by small size, disordered sp bonded carbon domains, which tend to rearrange
and form larger and lessdisordered curved flakes in a high temperature pyrolysis process.
Transmission electronmicroscopy (TEM) images and Harris models of low and high tempera-

ture glassy carbon grades are shown irFigure 2.4.

Due to the random nanotexture, glassy carbon exhibits isotropic properties and has a low
thermal conductivity, high temperature resistance, high hardness and strength. Because of
large amount of small closed pores, glassy carbon has a low density (~1.41.5 g/cm®), very

low gas and liquid permeability as well as very good corrosion resistance.
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Figure 2.4 TEM images of Sigradur K (A) and Sigradur G (B) glassy carbon produced at 1000°C and
2800°C, respectively.Models for the fullerene-related structure of low-temperature (C) and high-
temperature (D) glassy carbon,proposed by Harris. The figures arereproduced from [39] .
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2.2 lon matter interaction

Swift heavy ions (SHI) are usually defined as ions heavier than ~ carbon propagating at a
velocity that is higher than the electron velocity on the atomic orbitals. The typical kinetic
energy of SHI lies in the range of MeV - GeV. Swift heavy ion irradiation can have a natural
origin like, for examples, cosmic rays, radioactive decay andfission fragments, or can be

produced artificially using ion accelerators.

When swift heavy ions propagate through matter, they slow down because oftheir interaction
with the electron and lattice subsystems of the medium. Depending on the energy of the

projectile, different processes plg a major role in the stopping process

Low energy ions mostly interact via elastic scattering on nuclei, and this process is called
nuclear stopping. When the energy transferred to the recoil atom is higher than the displace-
ment energy Ey, a point defect may be createdin the lattice. The knockedon ion leaves a
vacancy in the lattice, moves and collides with other ions producing an elastic displacement
cascade. The evolution of these collision cascades leads to the formation ofinterstitials,
vacancies and vacancy clusters.Effects in the nuclear energy loss regimeare comparable with

radiation damage produced by neutron irradiation.

With increasing of the projectile energy, the electronic energy loss regime starts to play a
major role. In this regime, the projectile scattersinelastically on the electrons of the target.
The transferred energy goesto excitations and ionizations of the target atoms. The energy
deposited in the electron subsystem dissipags and finally couples with the lattice, possibly

producing structural and phase transformations.

When the kinetic energy of the projectile is high enough to overcomethe Coulomb barrier, a
nuclear reaction can occur. At relativistic velocities, the ions can generate photons via

Bremsstrahlungand Cherenkovradiation.

In the MeV-GeV energy range, nuclear and electronic stopping play the main role and
contributions from Bremsstrahlung and Cherenkov radiation can be neglected.Thus, the total

stopping power S(E) in a solid can be expressed as:

Q0 Q0 Q0
o 2.1

YO o Q6 Qo

There is no analytical equation for an averaged nuclear energy loss. Usually it is calculated

based on the binary collision approximation using a screened Coulomb potential.
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The electronic energy lossof a charged patrticle in a solid depends on the projectile and target
properties and is described bythe Bethe equation (Eq.2.2) . The contribution of the projectile
is defined by its effective chargestate and its energy (velocity 0 ). Due to the stripping
and capturing of electrons, the effective chargeis not constant and changes with the projectile
velocity. Using the effective charge based on the semiempirical Barkas formula (Eqg. 2.3)
[43], stopping power calculations provide good agreements with experimental data The

influence of the target material is represented in the equation by the electron number density,

expressed viathe atomic number & , the molar mass0 and the density "
Q0 Q 0" () (&) ca 0
— - = aé¢ I 2.2
Qw ™- a 0] L O 1

U .
&) w p Adbp c%(’b : 23

Here - is the vacuum permittivity, 0 is the Avogadro number, c is the speed of light,T —,

e and m, are the electron charge and mass respectivelyl stands for the mean ionization
potential of the target atoms. Although the Bethe equation shows good agreement with
experimental data in the intermediate energy range, correction terms should be considered

for low velocity and relativistic charged particles [44] .

The radiation dose accumulated in the target is defined asdamageD. It takes into account the
energy loss—, the fluence § (number of ions per unit area) and the material density ”, and is

calculated according to equation 2.4:

QQw p % Q¢ € i 04
Ea T Qoa wda '

O pHP T O—

The Stopping and Range of lons in Solids (SRIM), developed by Ziegleet al [45] , is the most
commonly used software for the calculation of the energy lossof SHI. It is based ona Monte
Carlo simulation of binary collisions between nuclei with random values of the impact
parameter. The main limitation of SRIM is ignoring the crystallite struct ure of the target (all
materials are considered amorphous). Subsequently the complex dynamics of the lattice, like
defect recombination and clustering, beam induced amorphization or crystallization, cannot
be described using this software. The electronic energy loss values are based on fits to
experimental data and it does not consider that the energy is initially deposited to the

electrons and later transferred to the lattice atoms.

Nuclear and electronic energy lossvalues calculated with SRIM-2013 as a function of the

specific energy for C, Ca, Au and Uions in graphite are shown in Figure 2.5. Specific energy
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Es, defined as kinetic energy E per nucleon A, is usually used for comparisonof different ions.
E is linked to the projectile velocity and independent of the mass orthe atomic humber. The
maximum of the electronic energy loss, called Braggpeak, in graphite corresponds to the
specific energy around 15 MeV/u depending on the projectile atomic number. At the Bragg
maximum, the electronic energy loss values are about twoorders of magnitude higher than
the nuclear energy loss With decreasing energy, the ratio between electron and nuclear
energy loss goes down and both stopping mechanisms contribute simultaneouslypelow ~ 10 -
100 keV/u depending on the projectile mass. Before complete stopping of the projectile, the

nuclear energy loss becomes dominant.
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Figure 2.5 Nuclear (dashed lines) and electronic (solid lines) energy lossof different ions in graphite as
a function of specific energy, calculated using SRIM2013 software.

On the left and right sides of the Bragg peak the electronic energy loss have the same values,
but because ofthe different velocity of the projectile , the material response is different. At the
high velocity side, the excited electrons propagateradially further away from the ion trajecto-
ry and distribute the deposited energy into a larger volume in comparison with electrons
excited by ions from the low velocity side. This causes a larger energy density on the slow
velocity side, and as a result, stronger material modification. This phenomenon is called

velocity effect [46] .
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2.2.1 lon track formation

In some materials, the high energy density deposited in the electrornic subsystem causeshe
formation of so-called ion tracks, a modified structure along the ion path with radius of
several nm and length of several tens of um. The first ion tracks were observedin mica
exposed to U fission fragments[47] . Recent reviews of swift heavy ion irradiation effects in

various materials as well astrack formation models can be found in references[24,48 - 50]

Experimental data shows different sensitivity of materials to track formation based mainly on
the electronic band structure and lattice structure. The sensitivity is usually also linked to an
electronic energy loss threshold required for track formation. Most insulators, oxides and
organic materials exhibit a strong sensitivity to track formation already below 10 keV/nm.
Some insulators (ALO;, MgO, UG, etc.), few metals, compounds and metallic glassesare
more radiation hard and require 20-40 keV/nm for creating tracks. In high electrically
conductive materials, like Cu, Ag, Au, and in diamonds characterized by high thermal
conductivity no tracks were observed.Above the threshold, tracks are often gylindrical and
their size increases with electronic energy loss Electronic stopping below the threshold can
cause inhomogeneous, discontimious tracks. The track structure can also vary from material
to material. In many cases tracks are amorphous, but they can also have a complex coreshell

structure or show a crystalline phasedifferent from the initial material.

Although swift heavy ion irradiation s in solids have been studied for decades, thee exists no
commonly accepted track formation model. The main issue is connected to the extreméy
short time and spatial scale of the material excitation. The projectile passes through thetarget
typically on a time scale of 10'" to 10™° s and creates primary fasti-electrons. Within 10 to
10 s, the primary U-electrons spread in the material and cause the formation of secondary
electrons and holes. The deposited energy couples further between the electron and lattice
subsystemswithin 10™® to 10™° s. Subseqently, on the ns time scale the lattice responds to
the excitation with structural changes, depending on the initial material structure and
deposited energy density. Application of classic equations fordescribing such fast processes on

a spatial scaleof nm is limited and may cause systematic errors.

The inelastic thermal spike (i-TS) model tries to describe track formation in the electronic
energy lossregime. The physical principals of the model were initially developed by Kaganov
et al [51], and later adapted to track formation by Toulemonde [52,53]. The material
response to the ion irradiation is calculated using a coupled system of classical thermal

diffusion equations for electron and lattice subsystems(Eq.2.5 and 2.6) with "Y; Io , and
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0 ; standing for the temperature, the specific heat and the thermal conductivity of the
electron and lattice subsystems, respectively.Initially the energy from the projectile is

deposited in the electron subsystemdesaibed by a heat source! i . The form of ! 11D is
calculated according to the radial energy distribution of secondary electrons[54] . The energy
in the form of heat dissipates within the electron subsystem and isfinally transferred to the
lattice. This electron-lattice energy transfer is defined by a parameterg indicating the strength

of the coupling between the two subsystems.The heat transferred to the lattice can lead to a
very fast temperature increase and subsequent material melting The molten zone undergoes

a fast quenching process freeing an amorphousion track.

T"Y pT ) o T"Y‘lFb o [ v
i - I
T X L 10 Y T CY Y !lih 2.5

Y pT .. TY 1o o 2.6

The i-TS model shows good agreement with experimental data of amorphous track in many
insulators and metals, however the description of semiconductors is not very consistentThe
energy transfer to the lattice calculated via i-TS can be used as an input formore detailed

molecular dynamics simulations of structural changesin ion tracks.

The weak points of the i-TS model, for which it is criticized [55,56] , are mostly related to the
application of macroscopic laws for the description of the extremely fast processes in the
tracks. On the time and spatial scales mentioned, the heat transfer should have a finite
propagation velocity, which is not taken into account in the heat diffusion equations. The
classic equilibrium term temperature T cannot be consideredfor non-equilibrium thermod y-
namic processes in the trackon a time scale up to 1 ps. The electronphonon coupling
parameter g is a free parameter that allows fitting the model to the experimental track size
data. Moreover, the i-TS model does nottake into account the effect of holes in the electron

subsystem.

Another model called TREKIS, which was recently developed uses a hybrid approach of
Monte Carlo simulation of the electron kinetics and molecular dynamics of the lattice [28,57] .
The interaction cross-sections between electrons, holesand ions are calculated based on the
formalism of the complex dielectric function (CDF) and the dynamic structure factor (DSF).
DSF takes into account the collective response of the electron and ion subsystems to the
excitation and can be expressed usinghe loss function, which equals to the inverse imaginary

part of CDF. The approximation of CDF can be reconstructed from theexperimental data of
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the refractive index and the extinction coefficient of a material. This method allows taking

into account coupled excitation and relaxation of the electron and lattice subsystens without
macroscopic assumptions and fittingparameters, and at the same time provides results, which
are in a good agreement with SRIM calculations and experimental data of track formation in

various solids.
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2.3 Heat transport

Basicsof the heat transport are of great importance when studying ion beam induced damage
in graphite. The heat propagation influences the material response on the ion irradiation and
plays a critical role during track formation at the microscopic level In addition, irradiation
induced structural modifications can have a significant effect on the bulk thermophysical
properties of a material. Thermophysical properties can be measured using various techniques
based on the principles of thermal conduction and thermal radiation . One of the most
convenient ways to perform a thermophysical analysis is to actively heat up a sample (for
example via excitation by a pulsed or modulated laser) and measure the responseusing an
infrared detector [58] .

2.3.1 Thermal conduction

The parabolic heat equation 2.7, describing the heat distribution in a medium in the classical
model, originates from the Fourier law of the thermal conduction with the heat flux ®

(Eq. 2.8) and the energy conservationlaw:
LY
"0 —, Q7Y 2.7
0
B QY 2.8

The thermal conductivity k (Wm™K™') shows how much energy in terms of heat can be

transmitted through a material. It is assigned to steadystate heat transfer.

The specific heat capacityd (Jkg'K™') defines a material property for storing energy in the
form of heat related to the sample mass In most heat transfer equations it appears in a

product together with the density ” (kg m™) which is considered as volumetric heat capacity.

Another thermophysical material property is the thermal diffusivity a (m?s?). It is connected
to the thermal conductivity and volumetric heat capacity as shown in equation 2.9 and
describes how fasta given material reacts to a temperature difference and reaches equilibri-

um. Thermal diffusivity is usually used to describe a transient heat transfer.

. Q
W = .
e 2.9

The thermal effusivity e (JKP'm®2s®’ )%is a less common property also called the heat

penetration coefficient or thermal inertia which is linked to the thermal conductivity and the
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volumetric heat capacity (equation 2.10). It determines the heat exchange between two

bodies in contact and measures the heat absorption speed.
Q Q6 2.10

The energy in solids can be transferred via two types of carriers, electrons and phonons i.e.
guantized lattice waves describing the elementary excitations of lattice vibrations [59] . The
contribution of each carrier type depends on the electronic band structure of a material. In
metals the main heat carriers are eled¢rons, whereas the phonon mechanism is dominant for
non-metals. Graphite belongs to semimetals with phonons as main heat carriers anda small

contribution of the electronic thermal conductivity [60] .

According to the kinetic theory of gases the thermal conductivity k can be expressed viathe

specific heat capacity C, the averagepatrticle velocity v, and the mean free pathl:

Q g 3 2 X 2.11

This approach can be rather successfully applied tcestimate the thermal conductivity of solids
by considering phonons instead of gas molecules.The thermal conductivity strongly depends
on the phonon mean free pathl, or in other words, on the relaxation time between scattering
T GfL. Phonons can scatter through different mechanisms, including Umklapp phonon-
phonon scattering, scattering on defects and impurities, phonon-electron scattering, and
scattering on grain boundaries. Such processedecome important when the phonon mean free
path is comparable with the characteristic length scale of the material structure. The contribu-
tion of phonon-electron scattering on the thermal conductivity of solids is usually negligible.
In general, the scattering mechanism strongly dependson the phonon frequency and tempera-
ture. All independent scattering processescan be taken into account by Matthiensser?ogule,
where z; stands for the corresponding relaxation time:

p P

¥ T_ 2.12
A more detailed description of the thermal conductivity of graphite can be found in references
[61-63].

2.3.2 Thermal radiation

All bodies of temperature above 0 K emit radiation . The spectral radiance at a given tempera-

ture Tisdesapg c¢cb ~w Nj Il ai %q j _u8
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6 _HY 2.13

- g 0
Here h is the Planck constant, ¢ is the speed of light, 'Q is the Boltzmann constant.6 _RY
defines the amount of energy, which is emitted per unit area of the body, per solid angle of
emission, per spectral unit. As shown in Figure 2.6, at room temperature most of the radiation

is emitted in the infrared region and shifts towards smaller wavelength with increasing

temperature.
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Figure 2.6 Spectral radiance according to Planck's law at different temperatures

The total radiated power P per surface area A at the body temperature T is obtained from the
integration of equation 2.13 over all wavelengths and solid angles, giving equation 2.14 called

the Stefan-Boltzmann law:

-y 2.14

where ,, is the StefanBoltzmann constant and- is the emissivity, which represents the
effectiveness of emitting and absorbing energy in comparison with a black body.The emissiu-
ty is in general dependent on the wavelength, the angle of radiation and the body tempena-

ture. - takes values from 0O (a perfect reflector) to 1 (an ideal black body).
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Experimental

3 Specimens

In the present work swift heavy ion irradiation effect s were investigated for two different
types of graphite: (1) well-oriented flexibl e graphite, an anisotropic graphitic structure with a

low amount of defects and (2) fine-grain isotropic polycrystalline graphite.

Flexible graphite (FG) specimenswere cut into 20 mm diameter discs from thin foils, pro-
duced as a laboratory test samples at SGL Carbon. The average measured thickness and

density of the samples are 213 + 0.7 pm and 2.25 + 0.4 g/cm?, respectively.

The main grade of polycrystalline graphite (PG) used in this work is SIGRAFINE® R6650 by
SGL Carbonwith a nominal grain size of 7um (according to data sheet of producer [64] ).
This grade is produced by isostatic pressing and is considered as quasi-isotropic. A density of

1.84 g/cm? and thermal conductivity of 95 Wm™K™ are provided by the manufacturer.

The samples were cut into discs with a diameter of 10 and 20 mm. The 20 mm samples were
lapped down to approx. 43 £ 7 um thickness The 10mm discs have thicknesgs spanning

from ~50 pm to ~ 1 mm. A photo of the different samples is shownin Figure 3.1

Figure 3.1 Photo of pristine samples. From left to right: polycrystalline graphite disc (& 10 mm, 500 pm
thick), polycrystalline graphite disk (220 mm, 50 um thick), flexible graphite disk
(220 mm, 21 pm thick).

Optical microscopy images of the surface of flexible graphite and polycrystalline graphite

sample surfaces are presentedn Figure 3.2.
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Figure 3.2 Optical microscopy images of flexible graphite (A) and polycrystalline graphite ( B).

Two grades of glassy carbonhaving different manufacturing temperatures, Sigradur K and
Sigradur G (HTW Hochtemperatur-Werkstoffe GmbH), were used as reference of disordered
carbon material [65] . They are fabricated at 1000°C and 2800°C, respectively The optical

microscopy imagesof Sigradur K and Sigradur G samples are shown inFigure 3.3.

Figure 3.3 Optical microscopy imagesof Sigradur K (A) and Sigradur G (B) glassy carbon samples
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4 lon beam irradiation

The ion beam irradiations were performed at the linear accelerator UNILAC at GSI Hein-
holtzzentrum fiir Schwerionenforschung. This facility can accelerate ions from*H to ?**U up

to the energy of 11.4 MeV per nucleon (MeV/u).

The scleme of the UNILAC is presented m Figure 4.1. The ions, extracted from an ion source
(for example, Penning lonization Gauge (PIG) or Metal Vapor Vacuum Arc lon Source
(MEVVA)), are initially accelerated, bunched and focused in the Radio Frequency Quadrupole
(RFQ). Then the beam passes througha gas stripper in order to achieve a higher charge state
and is further accelerated in the Alvarez type drift tube linac. After acceleration the beam is

delivered to the experimental area or is transferred to the heavy ion synchrotron SIS18[66] .

GSI Linear Accelerator L)
M-branch TK / [
n
UNILAC N4 —
:‘E’S\',i LEBT HUI Wl ;L”_. Crm
HSI .?HM Poststri /‘}\ Foll
(RFQ, IH1, 1H2) § PPEer (awaroz, Cavities) . s Shloper
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| | ;/.'L’p?.
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[T Stripper |y ™

Figure 4.1 Schemeof GSI linear accelerator UNILAC adapted from [66] .
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Figure 4.2 Schematic structure of M3-beamline at UNILAC.

All studied samples were irradiated at the M3-beamline of M-Branch experimental area.
Figure 4.2 shows the schematic structue of the M3-beamline. Coming from the accelerator,

the ions are passing throughdipole and quadrupole magnets, used forbending and focusing
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the beam, and a slit system, which shapes the beanand is used for the beam flux monitoring
during irradiation. Behind the diagnostic chamber, the sample is mounted in the oven or

multipurpose spectroscopy chamber.

Prior to the irradiation , the size and position of the beam spot is controlled by means ofa
luminescence target made of Crdoped Al,Oz, which glows under irradiation. When the beam
spot is defined in a way that the beam covers homogeneouslythe whole sample surface (see
Figure 4.3), the flux is calibrated via the beam induced current in a Faraday cup and on the
slits. During irradiation of the samplesthe Faraday cup is removed andthe flux is monitored

by the slit current, assuming no changes in the beam shape and position.

Figure 4.3 Example of a 2cm x 2 cm beam spot checked on a luminescence screen(right) next to a
sample holder (left) .

The irradiated samples were fixed on an Al holder on the horizontally moving stage in the
oven chamber. The irradiation was done in vacuumat 10°- 10”7 mbar at room temperature
under normal beam incidence. The sample temperature during irradiation was monitored

using an IR camera.

Depending on the ion source, the beamhad 2 different time structures. C, Ca, Xe and Au ion
beamsfrom the PIG source wereoperated in a heavy duty cycle with a frequencgy of 10-40 Hz
and 1-3 ms pulse length. The MEVVA ion source used forthe U ion beam is operated in the
high flux mode, which works at low duty cycles with a frequency of 0.5 - 1 Hz and a pulse
length of 0.2 - 0.5 ms.

A summary of the irradiation conditions for flexible and polycrystalline graphite samples is
presented in Table 4.1. Flexible graphite samples were irradiated in a stack of 3 samplegsee
Figure 5.6a). One set of flexible graphite samples was irradiated with 4.8 MeV/u Au ions in

stacksconsisting of 10 um thick pyrolytic graphite sheets (PGS) from Panasonicwith a density
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of 2.13 g/cm®[67] . Samples of thickness lesshan the ion range are completely penetrated by
the ion beam.
Table4.1 Irradiation parameters for flexible graphite (FG) and polycrystalline graphite (PG) disc

samples. lon range is calculated using SRIM2013 code with an uncertainty of about 10% [68] .
Flux and fluence uncertainties are assumed to bebetween 10 and 20%.

Energy | lonrange Flux Fluence range
Sample lon _ ) _ )
(MeV/u) (um) (ions/ (cm<s)) (ions/cm )
4804 43.5 (2.5-3)x10° | 1x10™ 0, 818 ™
129y 39.6 4x10° 1x10*. /x10*
FG
@ 20 mm 4.8 2x10° 1x10*. / , 41
_ 197, 46.7
=21 um (4-10)x10° | 1x10 2. 2x10 7%
238 47.2 2x10° 5x10 ™. / ,x20"
126 5.9 108.9 5x10° 1x10 ' 3x10 %
4804 4.8 55.4 2x10° 1x10*. 3x10 "
PG 3x10° 2x10™. /x10"
@ 20 mm
= 20.60 4.8 57.2 2x10° 1x10 ' 3x10 %
=40- m
u 197AU
9x10° 1x10**. 3x10 %
5.9 67.9 1.5x10° 1x10 ™. /%10
12 5.9 108.9 5x10° 1x10 ' 3x10 %
484 4.8 55.4 5x10° 1x10 ' /x10*
PG
@ 10mm 4.8 57.2 3x10° 1x10 ' 3x10%
197AU
SR 5.9 67.9 1.5x10° 1x10 . 3x10 ©
238 4.8 57.7 2x10° 5x10 ' 3x10*
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5 Characterization

This chapter shortly describesthe characterization techniques used forthe analysis of the
radiation damage in flexible and polycrystalline graphite, including experimental details of
scanning electron microscopy, Raman spectroscopy, laser flash analysis, and photothermal

radiometry.

5.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a common technique used for the sample topogiahy
[69,70] . The focused electron beam scans the sample surfacien a raster mode and based on
the combination of the beam position with the detected signala sample image is produced In
the region, where the beam interacts with medium, called the interaction volume, different
processes take place, causing the emissioaf secondary, backscattered and Augeelectrons as
well as characteristic, continuum and fluorescent X-rays (see Figure5.1). The penetration
depth of the electron beam increases with increasingelectron kinetic energy and decrea®s

with the atomic number Z and the density } of a sample.

Electron beam

sample
surface —_—__’
Auger electrons ‘\Seconda ry
electrons
Backscattered
electrons

Characteristic X-mﬁ : >

\ Continuum X-rays

Fluorescent X-rays

Figure 5.1 Scheme of processes in the interaction volume of a sample exposed to the electron beam,
adapted from [71] .

Secondary electrons (SE) are produced in the process of inelasticscattering of the electron

beam and typically have a low energy and relatively small scattering angles. This leads to the
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fact, that most of the secondary electrons are stopped in thesample volume, and only those
generated just below the surface (< 2 nm) can escape and be detected.Thus, the SE image
provides information mainly from the surface structure (topography) rather than from the
bulk. The secondary electron yield depends on the angle between the incoming beam and the
surface, which is minimum in the case of a perpendicular incidence and increageswith larger
angles between the primary beam and the surface normal. Because of this orientation
dependence of the yield, tilted, protruding or recessed featuresusually appea with a brighter

outline in a SE image.

SEM images, presented in the thesiswere obtained using the secondary electronsEverhart
Thornley Detector. The low magnification images were measured using a SEM Philips XL30
FEG with an operating voltage of 10 kV. The high magnification images were taken & JEOL
JSM 7600F operated at 5kV.
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5.2 Raman spectroscopy

Raman spectroscopy $ related to inelastic scattering of light and is commonly used for

chemical and structural characterization of material. It provides information on vibrational

modes of moleculesexcited to a virtual state by absorbed photons The schematic represend-
tion of different light scattering processes depending on the energy level to which a molecule
relaxes after emitting a photon, is shown in Figure 5.2. The most probable scatteringprocessis
elastic also called Rayleigh scattering. mMiring this process, the system relaxes back to the
initial state by emitting a photon with the same energy (frequency) as the absorbed one The
scattering is called inelastic or Raman scattering when the emitted photon has a different
energy, corresponding to the relaxation from the excited state to the level with higher or

lower energy level. The probability of this scattering is much lower, what causes several
orders of magnitude weaker intensity of the emitted light . If the emitted photon has a lower
energy, the energy difference is called Stokes shift. The photon emission witha higher energy

is called anti-Stokes shift.

A
Virtual state
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L
Y E

Rayleigh Stokes Anti-Stokes
scattering Raman scattering

Figure 5.2 Energy level representationof elastic (Rayleigh) and inelastic (Raman) scattering.

The Raman shifty , usually given in wavenumbers (cm™), can be calculated using equa-

tion 5.1, where a, and &, are the wavelength of the excitation and emission light, respectively.

p p p TE &
_€a _ ta ®a

Y wa 5.1
Raman spectroscopy is widely used forthe characterization of carbon based materials. A
recent summary of accumulated knowledge on this technique and application to structural

analysis of different types of graphite can be found in the following works [72-77].

The typical Raman spectra of flexible and polycrystalline graphite before and after irradiation
are shownin Figure 5.3. The list of all deconvoluted peaks is presented inTable 5.1. The main
band, so called G-peak, which is always observed in Raman spectra of carbon witha sp’

structure, is caused bythe E,q vibration and has aRaman shift of 1580 cm. The Raman band
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at about 1360 cm™ (D-band) is usually connected to the breathing vibrations of carbon rings,

Ay, and becomes active withthe introduction of defectsin the lattice. The D band of well
oriented graphite (HOPG, flexible graphite) is asymmetric and consists of the D1-peak

(1355 cm™) and the D2-peak (1375cm™). They originate from graphite edge plane and in-

plane defects respectively [12,78] . Both D1 and D2 peaks can be used forthe analysis of
polycrystalline graphite Raman spectra, although in this case the D-band has a symmetric

shape The B %eak at 1620cm™ is observed only in damaged graphite. The second order
Raman bands consistof several overtones of the first order Raman bands. The high intensity
second order Raman band is located at about 272@&m™ and consists of two peaks 2D1 and
oBO, Rfc _nnc_p_lac _Ib clcpew bggncpqggtc "~ cf _
by a double resonance proces$79-81].TheB% ~ _| b gq b s c scattering ptocegsl r p _t
involving a phonon and a defect. D and 2D bands are caused by an intervalley scattering
“cruccl I _I'b 1 % n mg (seegigurel.2 and FReguréBphy g phengniplusx ml c

a defect or by two phonons, respectively. The peaks D3 (also called A, ~1500 cm™), D4

(~1250 cm™) and D5 (also called T, ~ 1100 cm™) around D-band are usually only observed

on highly disordered graphite [82,83] . These peaks are also present in nanocarbons with high
curvature of basal planes (carbon onions). They are required for a good fit, however there is

no data available of their quantitative contribution. The same applies tothe second order

B)B% ~ | b* ufgaf gq _jgm a_jjcb B)E,
Table 5.1 List of deconvoluted peaks of graphite Raman specta recorded with a laser of wavelength
=473 nm.
First order Second order
Peak Raman shift (cm™) Peak Raman shift (cm™)
D5 1080-1150 D1+D5 2430-2440
D4 1240-1260 D2+D5 2455-2480
D1 1355-1362 2D1 2702-2721
D2 1372-1380 2D2 2444-2750
D3 1460-1500 B) B% 2950-2965
G 1578-1585
B % 1614-1623
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Figure 5.3 Raman spectraand fitted peaks of pristine (a) and ion irradiated flexible (b) and polycrystal-

line (c) graphite with main vibration modes. The in set graph shows a zoomed view on the D-
band.

The intensity of the Raman spectra is proportional to the material concentration and overall

depends on the setup parameters, e.g. laser power and polarization, grating, aperture size,
etc. Thus, for the analysis the Raman spectra relative intensities e typically used instead of
absolute intensities of individual peaks. The width of the Raman bands is connected to the

lifetime of the corresponding scattering process The most common parameters used for
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analysis of the graphite Raman spectraare the ratios of peak intensities Ip/l g and I/l g g,area
ratio A/ Ag, and the G band linewidth 3 .

Raman spectroscopyis mostly applied for quantification of two types of defects in graphene
and graphite: point defects (0D) and line defects (1D). For this purposes either the ratio I/l g
or Ao/ Ag is used The recent approach to connect structuraldefects of graphene with recorded
P_k_1I qgqncarp_ ggq a_j j clbwasfiistpaoposed forahe gherracteigzation
of point defects induced by ion beam irradiation of graphene [14,84,85], and later applied
also for the estimation of crystallite size L, [86] . The scheme, illustrating the model is shown
in Figure5.4. In this model one considers three sets of parameters. The first set consist of the
so-called structural parameter rs, describing the radius of a disordered region around point
defects, andthe width of the disordered linear region at crystallite boundary Is. The second
group includes the dynamical parametersrand |5, defining electron coherence lengthand the
limit of the 8 ar gt _r c@n aplistange darger than rs(ls) but smaller than r, (1,) the
lattice is not disturbed, but the proximity of defects causes changes in the electronic structure
of graphite and allows a double resonance mechanismresponsible for the D band. The third
group of parameters consists of the Raman crosssections for structural disordered and
activated regions Cs and C, for point and line defects. Ly is the average distance between point
defects andin the case of ion irradiation of graphite can be connected to the accumulated
fluence 3 as0 pj VI . The evolution of 1/l ¢ for 0D and 1D defectsis described byequation
5.2 and 5.3, respectively [14,84 - 86]. These equations were obtained by using the mentioned
phenomenological model, considering contributions to the intensity of the D-peak from the
disordered and activated fraction areas of the entire probed region. As the intensity of the G-
band depends onthe excitation laser energy E, asE,*, the ratios Ip/l ¢ and Ao/ Ag are multiplied
by E.*in order to eliminate the dependence on the excitation energy and to make it possible to
compare with other published data. E. can be calculated from the laser wavelength using

equation 5.4.

=0 0 — Q Q 0 p Q 5.2
i«

O Posab e O tabd a 5.3
o) 5 0 ca p T 0 :
@ @

0 Q6 — p; . 5.4
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Figure 5.4 Local activation model for point defects (a) and crystallite boundaries (b), adapted from
[73] . The right graphs show zoomed in schemes of the OD and 1D defectsThe disordered and
activated regions are marked green andyellow, respectively.

In the limit of large crystallite size 0 | &, equation5.3 can be simplified to a simple

dependenceon Ip/l g, similar to the one which was usedin earlier works [87 - 89]

Twnp mmo
O O

5.5

Ferrari and Robertson observeda change in the proportionality between L, and Ip/l ¢ in the
highly-disordered regime when L, goes to small values and they proposed the relation
"0j 08 0 for L.<2 nm [90]. They describe this stage asa transition from well -ordered
graphite towards nanocrystalline graphite (stage 1) with a subsequent transition towards
amorphous carbon (stage 2). Equatons 5.2 and 5.3 can describe the evolution of both stages
1 and 2 simultaneously in terms of point and line defects, respectively.

In their recent work, Cancadoet al [91] proposed a way of disentangling the contribution of

point and line defects coexisting in graphene-based materials.In order to do so, it is necessary
to introdu ce an additional independent spectral parameter, which is the G band linewidth 3 .

The full width at half maximum of the G -band (FWHM(G)= 3 ) monotonously increases with
structural disorder in contrast to Ip/l g and A/ As. Thus, the combination of these two
guantities allows the unique characterization of structural disorder of graphene-based
materials. The linewidth 3 dependence onthe parameters L, and Lp is described by equa-
tion 5.6:

5.6

~on

3 0 3B 6Q
where 3 H wasfound to be 14cm™, 8 equals to 87cm™, the phonon coherence lengthlyy, is
16 nm., can be replaced by L, in the case of only line defects andby U, for point defects
(the fit value U describing experimental data, is 10). For samples with both kinds of defects,

is selected asthe minimum between L, and ULp.
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An analytical expression of Ap/ Ag as a function of L, and Lp for samples with both point and

line defectsis given by equation 5.7, coming from a combination of equations 5.2 and 5.3:

o] -
— O b h
0
_ . 0 G -
o] p Q 0 « 5 Q
5.7
. Lo GO 4 5
| T
S 5 p 5
0 ca - —
¢oO 5 p Q Q

The typical behavior of — ‘O as a function of FWHM(G) for damaged graphene is presented

in Figure5.5. The increase of 0D type defects is characterized by steep increase of — O

values, while FWHM(G) remains around 15-30 cm™ before a high degree of amorphization is

achieved. Changes of the inplane crystallite size, i.e. development of 1D type of defects, are
linked to a significant increase of FWHM(G) with relatively low values of — ‘O . A certain
combination of the FWHM(G) and — 'O values laying in the most part of the area limited

by the lines in Figure 5.5 almost unambiguously corresponds to a simultaneouscontribution of
both OD and 1D defects with defined values of L, and L.
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Figure 5.5 The evolution of Aol AcE* as a function of FWHM(G) of graphene materials with dominant
presence of point defects (dashed line and solid symbols) and 1D line defects (solid line and open
symbols), adapted from[91] .
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The ratio Ip/l g floes not change with the number of defects, but can be used for defect type
determination [92,93] . Considering equation5.2 for both the D- | b -ba®d$ in the low

defect concentration limit, the ratio 1p/l g dpas the following form [93] :

5.8

Dn

0
l’C) 6 h ‘l R ‘l A 6ﬁ ‘l R
According to [92], the ratio Ip/l g+is minimal for boundary -like defects, increases for point
defects and reaches maximum for defects associated witlsp® hybridization, taking values of
approximately 3.5, 7 and 13 (measured at an excitation energy of 2.41 eV), respectively.

However, the excitation energy can affect the ratio values fordifferent defect species

Larouche and Stansfield introduced a new Raman graphitization index Ry, called the
tortuosity ratio, quantifying the effect of tortuosity in the graphene layers [89] . Taking into
account the dispersive behavior, the tortuosity ratio is defined as
O Qw ¢oO
8 p 0

5.9

By multiplication of Ry, by the in-plane crystallite size L,, one can obtain the average
continuous graphene length Ly (Equation 5.10), which describes the total length of several

planar graphene units interconnected into a larger curved graphene layer.
0 Y D 5.10

In order to adapt the experimental data with D-band fitted with 2 peaks to the previously
developed models, obtained for a single symmetric Dpeak, the Iy value is taken as a max-

mum intensity of summed D1 and D2, andA, is a sum of Ap; and Ap,.
Experimental setup

A commercial Raman spectrometer LabRAM HR 800 (Horiba Jobin Yvon) was used for
spectroscopy measurements The measurements were performed usinga Cobolt Blues CW
diode pumped laser with a wavelength of a=473 nm (E=2.62 eV). The laser power on the
sample surface was 510 mW, which did not causeany material modification. Depending on
the sample roughness x100, x50 and long working distance x50LWD objectives were used
The theoretical radius of the laser beam spot on a sanple surface is defined by the laser
wavelength ay and the objective numerical aperture N.A.:

T

= 511
0&DH8
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However due to a non-ideal optical system the real beam spot had a larger diameter of
2.5 um for the x100 objective (N.A.=0.9) and 4.5 um for both x50 (N.A.= 0.75) and x50LWD
objectives (N.A.= 0.45).

The probing depth of Raman spectroscopy in graphite is limited to ~50 nm for the used
wavelength. The backscattered ligh is passing through an objective, a confocal hole with size
of 100 um and a monochromator. After dispersion on the grating with 1800 grooves/mm ?, the
light comes to a Peltier cooled CCD detector.The calibration of the spectrometer was done

using the 520 cm™ Raman band of aSi sample.

For getting structural information along the ion beam path in graphite, the Raman spectra of
flexible graphite samples were measuredon 25-36 points on the sample at a distance of at
least 50 um from each otherin the central area of the front and back side of each sample This
was applied for set-ups with very thin samples, where the beam was penetrating stacks of
samples The Raman spectraof polycrystalline graphite were recorded along five profiles on
freshly fractured sample crosssections, each with a length of 100 um, normal to the irradiated
surface and along the incoming ion direction, with a step of 2 um. Figure 5.6 provides a
sketch of Raman spectroscopy measurements on flekle graphite (a) and polycrystalline
graphite (b) samples. All measurements were performed using the reflection autofocus. The
Raman spectra were measuredin the wavenumber range from 100 to 3200 cm™ using
standard LabSpec 5 and LabSpec 6 software by Hda Jobin Yvon [94] . The acquisition time
was selected to 15 seconds for flexible graphite andto 45 seconds for polycrystalline graphite
in order to get an average signalto-noise ratio for the G-peak of at least 20. During the
measurements, each spectral window was recorded 2 times with subsequent averaginglhe
background correction, normalization and fitting of the Raman spectra was done usingthe
Fityk 1.3.1 software [95] .
a lon beam p

Front s ! surface layer

21, =mmmE:L

A pristine layer

Figure 5.6 Scheme of Raman spectroscopymeasurement of a) flexible graphite samples, b) cross
section of polycrystalline graphite samples. Blue dotsillustrate probed positions on the samples
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5.3 Laser flash analysis

One of the commonly used methods to measure thermal diftisivity and conductivity is | aser
flash analysis, initially developed by Parkeret al in 1961 [96] . This technique is operated in
transmission geometry andis based on detecting atime-dependert temperature rise on the
rear face of the sample after a short pulse laser shoton the front face. A short summary of this

method can be found in [97] .

Initially the analytical solution of the heat transport equation was developed for an ideal case,
assuming an infinitely short pulse uniformly absorbed within short distance "Qof an insulated,
homogeneous, isotropic sample of thickness I. In these conditions a flash causes aone
dimensional heat flow through a sample with the temperature dependence on the rear surface

as a function of time described by equation5.12:

x v OET&Qa . .
Yo Y p ¢ p TMQ(M]M 5.12
Y 0 ¢ o 5.13
] R |

Here Q is the deposited energy, the product of the density and the specific heat” ds the
volumetric heat capacity, and a is the thermal diffusivity. To deduce the thermal diffusivity it
is necesary to measure the relative temperature change”"W'Y. Considering a moment ty,,
when half of the maximum temperature rise is reachedon the rear face (see Figure 5.7), one

getsthe equation for the thermal diffusivity:
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Figure 5.7 Temperature rise on the rear side of a sample induced by a laser flash
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Later the model was improved in order to take into account the effect of heat losses[98,99]

and the finite duration of the laser pulse [99-104]. It is observed, that in the case of high
conductive materials the characteristic thermal diffusion time, which is required for the heat

to propagate from the front to the rear side of a sample, becomescomparable with the length
of the laser pulse. The instant approximation is no longer valid and the obtained values of the
thermal diffusivity show significant deviation s from the reference. For example, Figure 5.8a
shows the evolution of the recorded signal for polycrystalline graphite samples with thick-
nessesfrom 65 pum to 1.8 mm. For the thickness below 1mm, the temperature rise is very fast
and the characteristic half-time becomes comparable withthe pulse duration (0.3 ms). The
apparent thermal diffusivity for polycrystalline graphite, as well a s for Cu, Al and Ti samples

of different thickness is shownin Figure 5.8b.
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Figure 5.8 a) Recorded LFA signal forPG samples ofdifferent thickness measured with a laser pulse of
0.3 ms; b) Apparent thermal diffusivity values as a function of thickness for Cu, Al, C and Ti
samples

The laser flash analysis was further improved by usinga more accurate experimental setup

and a non-linear fit of the temperature rise curve at the rear side of a sample[105-107].

In order to measure thin and high conductive samples an in-plane laser flash setup was
developed [108-110]. In this type of measurements a small central part of the front side of
the sample is heated up by a laser pulse andthe temperature rise is detected atan annular
area with a larger radius (see Figure5.9). This geometry increases the heat propagation
distance and time, diminishing the effect of finite laser pulse. This method can also be applied

for thermal diffusivity analysis of anisotropic samples.

Transversal laser flash analysis is also applicable for the measurements of multilayer samples.
The early models were based on the same assumptions as in a single layer approach and

estimated the unknown thermal diffusivity of one layer using a half -time ty,, [111-114]. For
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this type of calculations, it is necessary to knowthe thickness, density and heat capacity ofthe
unknown layer and these parameters together with the thermal diffusivity for all other la yers
in the system. Further models were based on the noHdinear fit of the temperature rise curve
at the rear side of a sample[115-117]. This approach provides more reliable results and also
allows considering thermal resistance at the interface between layers. Although just one fit
parameter from the equation should be unknown, in some situation it is possible to use

several uncorrelated parameters simutaneously.

- IR detector

Holder lid
<l sample
- Holder base

Laser

Figure 5.9 Scheme of an h-plane laser flashmeasurement
Experimental setup

Laser flash measurements were performed ora LFA427 device from NETZSCH.The setup is
presented in Figure5.10. The sample is located in the furnace chamber allowing operation
from room temperature up to 2000 °Cin vacuum or protective atmosphere. A laser pulse with
a wavelength a=1064 nm is coming to the chamber via fiber optics and illuminates the
bottom surface of the sample through a fused silica window. Temperature evolution on the
top surface of the sample is recordedusing a liquid nitrogen cooled IR detector. The pulse
length is adjustable from 0.3 to 1.2 ms with an applied laser voltage from 400 to 800 V,
leading to a maximum energy of 25 J/pulse. An optical filter, which reducesthe power of the

laser down to 10%, can be usedoptionally in order to avoid overheating of sensitive samples.

The pristine and the irradiated samples were measired at 20°C with 10-20 laser shots The
pulse length and the laser voltage were adjusted for each series of measurements to hava
signal amplitude of ~1 V, providing a good signatto-noise ratio without overheating the
sample The laser induced temperatue increase would affect the measured value of thermal
diffusivity . The influence of laser voltage and the pulse length on the thermal diffusivity
values in the case of inplane polycrystalline graphite measurements is demonstratedin
Figure5.11.
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Thermal diffusivity of the measured sampleswas calculated usingthe NETZSCHProteus® 6.0

software [118] . In most of the cases the best fit was achieved by the Cowan modelwhich

takes into account the heat losswith a pulse correction.
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Enlargement
optic

Pulse detector

Fiber optics

o

Aperture system

Graphite heater
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Figure 5.10 Scheme of laser flash setup LFA42adapted from [119] .
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Figure 5.11 Measured inplane thermal diffusivity of pristine polycrystalline graphite as a function of

the laser voltage for different pulse length.
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5.4 Photothermal radiometry

Photothermal radiometry (PTR) is a non-destructive material characterization technique

based on the detection ofthe emitted IR response ofmaterials to modulated heat excitation.

This method was initially presentedin 1979 by Nordal and Kanstad [120] and has been used
for testing of optical and thermophysical properties. The basicsand different aspects of PTR
are described in[121] .

Modulated heating of a material leads to the generation and propagation of so-called thermal
waves. The term thermal wave is usually used because the induced temperature oscillationsn
the sample can be mathematically expressed in a similar way as highly damped waves,
however during heat propagation there is no energy transferthat corresponds to the standard

wave nature [122] . The penetration depth of the thermal waves defines the probing thickness

at a given frequency and is given by the thermal diffusion length * o “ JQ, where a is
the thermal diffusivity of a given material and f is the excitation laser frequency. Thus,
scanning the frequency in a broad range from Hz to hundreds of kHz provides a depth
resolved characterization of the sample. At low frequency the sample is thermally thin
(sample thicknessL L W) and the approximated heat transport solution results in the ampli-

tude being proportional to "Q and the phase equalto B90°. In the limit of high frequency,

the sample is thermally thick (LI p), the amplitude is proportional to "Q~ and the phase is

D 45°. A detailed theoretical description and limit cases can be found in[123] .

The modulated heat transfer through a layered system can bedescribed using the thermal
guadrupole method [124] . The solution of the one dimensional heat diffusion equation is
obtained by the Laplace transform. The temperature and the heat flux on the front and rear
sample surfaces are connected via a system of equations represented in a matrix form
(equation 5.15). A matrix Q, correspondsto each layer of a samplewhere the matrix elements
depend on the properties of the layer. In the case of a nodulated laser excitation, these

elements are defined as shown inequations5.16 and 5.17.
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Based on theoretical approaches presented in previous work[33,123], the following two

independent parameters have to be considered:

(1) the thermal effusivity ‘Q (Eq. 5.18) and (2) the product Li-a™2

N o "o @ 5.18
The thermal effusivity is a function of the thermal conductivity "Q, density ” , and specific heat
capacity @ of each layer.0 and ¢ denote the layer thickness and its thermal diffusivity,
respectively. The GaussNewton algorithm was used to adjust the theoretical model to the
experimental data in order to extract the thermophysical properties. To ensure the reliability
of the fit and the uniqueness of the obtained fit values, the relative sensitivity [125,126] of a
function "O "On ) M ) to the fitting parameters 1} was estimated by
w | 1o
v !

TR, ] 5.19
i h

It provides the relative variation of a function with respect to the relative variation of one
variable, while other parameters remain fixed. Sensitivity value S, = 0 means a small
variation of parameter p at the corresponding frequency does not change the resulting
functon F.Inthea _qc md Q ; b F tlepends on tliesparametgrm hs"C° 1)

Overlapping or symmetrical shape of the sensitivity curves, corresponding to different

parameters, indicates their direct correlation.
Experimental setup

To analyze the thermophysical properties of the irradiated layers, all samples were measured
using a frequency scanning PTR setup (see Figure5.12) at the Mechanical and Thermal
Engineering Lab of The University of Reims ChampagneArdenne, France.The sample surface
is heated with a continuous laser (in this case with a wavelength of 532 nm) modulated in the
frequency domain via an acoustc-optic modulator (AOM model AA.MTT.AR 05) in the range
of 1 Hz to 100 kHz. A beam shaer is used to produce a homogeneous excitation laser beam
spot coveing the whole sample surface. The infrared radiation emitted from the sample
surface is transferred by two off-axis parabolic gold-coated mirrors (Edmund Optics) to a

liquid -nitrogen cooled HgCdTe photoconductive detector (Kolmar Technologies, KMPV 111-
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J1/DC) with a 1 mm? active area The detector has an antireflection-coated Ge entrance
window with sensitivity for IR radiation of wavelength between 5 and 12 um. The detector
output signal is analyzed by a lockin amplifier (Stanford Research Systems: SR&5), provid-
ing temperature amplitude and phase in relation to the excitation frequency. The signal
depends on the variation of the temperature at the surface of the sample and is linked to the
thermophysical properties of the investigated material layers. The instrumental dependence of
the signal of the detection system on frequency was corrected by normalization of the
recorded signal to the electro-optical transfer function (TRF). The low frequency part of TRF,
which takes into account the influence of the lock-in amplifier electronic system, was obtained
by shooting a laser directly to a photodiode. The high frequency part of TRF, correcting the
effect of the IR detector, was determined by measuring a reference material (polished Ti6Al-
4V sample). The fitting of the experimental amplitude and phase to the heat transfer model,
described in terms of thermal quadrupoles, sensitivity analysis and uncertainty calculations

were done using GNU Octave software.

[Pre-amplifier|H Lock-in
IR detector

AO modulator
Beam homogenizer

Sample[ |¥
J Parabolic mirrors

Figure 5.12 Scheme of photothermal radiometry setup.
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Results and Discussions

6 Structural modifications caused by ion irradiation

This chapter is focused on the structural changes induced by swift heavy ion irradiation in
well-oriented flexible graphite and quastisotropic polycrystalline graphite. The morphology of
ion-beam irradiated graphite was studied using scanning electron microscopy and Raman

spectroscopy.

6.1 Well-oriented graphite

6.1.1 Scanning electron microscopy

Selected SEM images of pristine (a, ¢) and 4.8 MeV/u Au ion irradiated (b, d) flexible

graphite samples arepresentedin Figure 6.1. The imagesshow randomly-shaped multilayer ed
flakes of graphite. The low magnification SEM image of the beam facing flexible graphite
sample irradiated with Au ions at a fluence of 1x10 *?ions/cm? (Figure 6.1b) has a larger
amount of more pronounced bright contrast features, corresponding to the folded edgesof
graphite flakes as it is seenat high magnification ( Figure 6.1d). Even at this high fluence, the
large well-oriented graphite flakes of pristine flexible graphite are still preserved. The folding
of the edges induced bythe irradiation is supposed to be dueto stresscaused bythe creation

of vacancies and interstitials in the basal planes.

Figure 6.1 SEM images offlexible graphite before (a, ¢) and after (b, d) irradiation by 4.8 MeV/u Au
ions at a fluence of 1x10 **ions/cm? at low and high magnification.
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6.1.2 Raman spectroscopy

Raman spectroscopy analysis of thin(~21 pm) flexible graphite samples irradiated in stacks
with Ca, Xe, Au and U ionsallows probing of the beam-induced radiation damage at different

position along the ion path corresponding to different energy loss values.

Selected Raman spectra, recorded at different depth and accumulated fluence are presented
in Figure 6.2 normalized to the intensity of the G-band. Comparing Raman spectra of
4.8 MeV/u Ca and Au ions irradiated flexible graphite, one can seea pronounced growth of

the D-band intensity with increasing: 1) ion mass, 2) accumulated ion fluence, and 3) depth

along the ion range.
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Figure 6.2 Raman spectra of flexible graphite irradiated with 4.8 MeV/u Ca (a, b, ¢) and Au (d, e, f)
ions at fluences from 1x10™ to 1.34x10 **ions/cm?. The measurementscorrespond to a penetra-
tion depth of 0, 21+1 pm and 42+2 pm of the ion beam.
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As mentioned in section 5.2, the D-band of the ion-beam irradiated flexible graphite is

asymmetric and actually consists of two peaks D1 (~1355 cm™) and D2 (~1375 cm™) for
laser wavelength a of 473 nm. The splitting of the D-band, previously reported for the
measurements of graphite edgeplanes is caused by folded edges of graphite flakes,as
observed with SEM. For further quantitative Raman analysis, the intensity of the D-band Iy is
taken as a maximum of the added up D1 and D2 bands(see Figure 6.3), and the area A is the
sum of the areas Ap; and Ap,. The intensity and area of the second order 2Dband are

calculated in the same way.
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Figure 6.3 Raman D-band of ion irradiate d flexible graphite consisting of D1 and D2 peaks.

The fluence dependence ofthe main Raman parameters is presentedn Figure 6.4 for three
series of flexible graphite samplesirradiated with 4.8 MeV/u Ca, Xe and Au ions.lp/l ¢, Ao/ A,
and FWHM(G) are usually considered for the characterization of structural disorder in
graphite. All these Raman parameters show a consistent increase with fluenceevolving faster
with the depth increasing from 0 to ~42 pum and with the ion massincreasing from Ca to Au.
The Ip/l ¢ and Ap/ Ag values follow the same trend and are more sensitiveto the ion beam
induced damagethan FWHM(G), which shows an increase already atan intermediate fluence
of 1x10 *ions/cm? and approaches saturation for the Au ion irradiation at a depth of ~42 pm
and a fluence of 1x10 ** ions/cm?. The Raman parameters offlexible graphite irradiated by Xe
ions at the position of ~42 pm remain at the level of pristine values, indicating that the beam
was stopped inside this sample. The relative intensity of the second order defect bandlp/l ¢
demonstrates the inverse behavior, decreasing with accumulated beam induced damagerlhe
Isk ¢ increaseswith ion fluence as Ip/l . The ratio Ip/l gojs around 2 for pristine and low
fluence samples irradiated with Ca and Xe ions, indicating grain boundaries as dominant

defects [92,93] . For all used ion species, fluences and positions along the ion range,lp/l g o
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increases and stays around 6what is typical to point -like defects. This is also the casefor the

Au-ion irradiated sample at low fluence (~1x10 ** ions/cm?) at the end of the ion range.
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The depth profiles of energy loss and Raman parameters for 4.8MeV/u Ca, Xe, Au and U ion
irradiated flexible graphite are presented in Figure6.5. The electronic energy loss br all
studied ion speciesis almost constant along the first ~30 um of the ion range and steeply
decreases in the last ~15um. The nuclear energy loss, on the contrary,increases monotan-
ically along the whole ion range. The fact that the Raman parametersshow an increase of
structural disorder with increasing depth indicates that they are rather correlated to the

nuclear energy lossdominated damage mechanism
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Figure 6.5 a-d) Electronic and nuclear energy loss of 4.8MeV/u Ca, Xe, Au and U ions in flexible
graphite, calculated using SRIM-2013. e-p) Raman parameters FWHM(G), Ip/l g, and 1,5/l g as a
function of depth. The Raman spectra were recorded athe front and rear surfaces of three flexi-
ble graphite samples irradiated in stacks.
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In order to compare results for different ion speciesand checkthe correlation between energy
loss and induced damage the accumulated doseD was calculatedinserting just the nuclear or
the electronic energy lossin equation 2.4. The obtained dose dependence folp/l c, FWHM(G)
and I/l g is presented in Figure 6.6. By comparing the behavior of the Raman parameters
with increasing dose for different interaction regimes, one seesan obvious trend for all ion
speciesin the case of nucleardose dependence At the same time the dependence of Raman
parameters on electronic dose does not exhibit a smooth monotonous evolution. This
scattering is caused by a higher damage at the end ofthe ion range, where the electronic
energy loss steeply drops (sedrigure 6.5). This leads us to the conclusion that in swift heavy

ion irradiated flexible graphite the elastic interaction is the dominant mechanism of damage

formation.
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Figure 6.6 Raman parameterslp/l ¢, FWHM(G) and I,p/l ¢ as a function of dose, calculated using nuclear
(left) and electronic (right) energy loss of Ca, Xe, Au and U ions in flexible graphite.
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As reported in previous works, 0D point defects and 1D ribbon like defects, that define the
boundaries of crystallites, cause arise of the D-band in graphite. In order to disentangle the
contribution of each type of structural defects, we analyzed the evolution of FWHM(G).
Becauseeither the ratio Ip/l ¢ or Ay A is usedin literature, both parameters normalized by the
excitation laser energy are shownin Figure 6.7 as a function of the corresponding FWHM(G).
For all irradiated flexible graphite samples the ratios lp/IcE* and Ao/ AcE* steeply
increaseat small initial broadening of the G-band. According to reference [91], this indicates
the dominance of point defect creation, while the size of the in-plane crystallites stays

relatively large.
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Figure 6.7 Raman parameters Ip/l ¢ and Ap/ As, normalized by the laser exctation energy E, as a
function of FWHM(G) for various ion irradiation s.

The admost ideal crystallite structure of flexible graphite makes it more sensitive to the
creation of point defects in the nuclear stopping regime. The initial low defect density and

large size of the crystallites prevent fast recombination of beam induced defects.
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6.2 QuasiHsotropic polycrystalline graphite

6.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) images show distinctive contrast featuresin the cross
section of the irradiated layer. Examples of low and high magnification SEM images of a
sample irradiated with U ions at a fluence of5x10 ** ions/cm? are presentd in Figure 6.8. The
dashed line on the low magnification image (Figure 6.8a) corresponds to the SRIM calculated
ion range. Compared to the norn-irradiated substrate (below dashed line), the material of the

ion modified layer (above dashed line) seems to have a more homogeneous structureand

shows signs of brittle fracture.

Figure 6.8 SEM images ofpolycrystalline graphite sample irradiated with 4.8 MeV/u U ions at a fluence
of 5x10 " ions/cm?. a) and b) low magnification images of sample crosssection, the dashed line
marks the SRIM calculated ion range (upper area: irradiated and lower area: pristine); c) high
maghnification image of non-irradiated section (beyond ion range); d) irradiated area of graphite
sample within ion range.

The brighter features observedfor this layer correspond to the complex topography of this
fractured surface producing more secondary electrons in the SEM image. In the high
magnification SEM images (Figure 6.8c and d) the pristine graphite displays a polycrystalline

structure with sharp grain boundaries whereas the irradiated graphite shows rounded grain
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edges. Individual grains look like molten or amorphized indicating a possible allotropic phase

change.

6.2.2 Raman spectroscopy

Raman spectroscopymeasurements were performed on the surface of the irradiated sample
and on crosssections obtained by cutting or fracturing the irradiated samples. Crosssections
were analyzed by stepwise recording spectra fran the sample surface across the irradiated
region until deep into the non-irradiated substrate with a step width of 2 um. This provided
information o n the structure of the irradiated layer and the pristine substrate and allowed us
to check if the graphite exposed to swift heavy ions preserves the sp bonding. Examples of
Raman spectroscopy depth profiles for samples irradiated with 4.8 MeV/u Ca, Au and U ions
at a fluence of 5x 10* ions/cm? are shown in Figure 6.9. The spectra arebackground correct-
ed and normalized to the intensity of the G-band (Raman shift 1582 cm™). The position of the
sample surface was identified based on the appearance of the @and in the spectrum. The
corresponding point was set as 0 depth for each line in the depth profile. Because of the finite
laser beam spa size (~4 um) and the surface roughness of the fractured sample, the real

sample edge is defined within an uncertainty of severalpm.

Based on the Dband of the Raman spectra for all studied ion species, the ion range can be
split in two parts depending on the dominant energy loss regime. Within the first ~40 pm of
the ion range, the inelastic interaction plays the important role, while the effect of elastic
collisions becomes prominent in the last ~15 um before stopping of the ion. The recorded
Raman deph profiles show a different response of polycrystalline graphite for light (Ca) and
heavy (Au and U) ion irradiation s. At the fluence of 5% 10" ions/cm?the region of dominant
electronic energy loss looks just slightly damaged in the case of the Ca ion iadiation. At the
same fluence this part of the ion range of samples irradiated with Au and U ions exhibits
significant changes, namely a rise and broadening of the Dband together with associatedD3
(~1500 cm™), D4 (~1200 cm™) and D5 (~1080 cm™) bands. The Raman spectra of graphite
in the dominant nuclear energy loss part of the range look similar for all ions and is character-
ized by a large and sharp BDband. A comparison of the Raman spectra evolution from the
regions with dominant electronic and nuclear energy loss for Ca, Au and U ions with incres-
ing fluence can be found in Figure 6.10. The beam induced changes in the second order defect
2D band (~2730 cm™) are also visible there. Caused by double phonon scattering mechanis,

the 2D band becomes weaker with increasing defect density.
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Figure 6.9 (Left) Stacked Raman spectra recorded on polycrystalline graphite sample crossections
along the ion range for 4.8 MeV/u (a) Ca, (b) Au and (c) U ion irradiation at a fluence of

5x 10" ions/cm?; (Right) Corresponding intensity maps. All spectra are normalized to the inten-
sity of the G-band.
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Figure 6.10 Raman spectra of pristine as wel as 4.8MeV/u Ca (a, b), Au (c, d) and U (e, f) ion
irradiated polycrystalline graphite at different fluences, measured at the depth with dominant
electronic (~15 pm) and nuclear (~50 pm) energy loss.

The Raman spectra of polycrystalline graphite are simiar to flexible graphite, but there are
minor variations. In polycrystalline graphite the D -band is symmetrical and does not show a

splitting into the D1 and D2 peaks.
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For fluences of 1x10%? 1x10** and 5x10 **ions/cm?, the depth profiles of FWHM(G), o/l g,

Ina/l ¢ and I,p/l g parameters along with the calculated energy loss of 4.8MeV/u Ca, Au and U
ions are presented inFigure 6.11. The fluctuations along the profile are ascribed to the rather
large grain size (~7 um) of the sample being larger than the size of the laser spot (~4 um) of
the Raman spectrometer. For all measured samples, the profiles of the studied Raman
parameters follow a similar scheme. For Au and U ions already at the fluence of
1x10 *ions/cm?, the values of FWHM(G), o/l g, Ipg/l s are larger within the first ~55 pm from
the irradiated surface than those for pristine graphite, measured within a depth from 60 to
90 um. Towards the end of the ion range, the values steeply drop to the average values of
pristine polycrystalline graphite within less than 10 um. The I,p/l ¢ ratio seems to follow the
inverse dependence ofFWHM(G). In the case of the Ca ion irradiation there are no observable
changes in the Raman spectra up to the fluence 06x10 ** ions/cm?. The increased FWHM(G),
Io/l ¢, and Ips/l ¢ values and decreasedl,p/l ¢ ratio in the irradiated layer are a clear evidence
for structural changes and disordering of the carbon lattice. The thickness of this beam
modified layer is in good agreement with the range of the ions as calculated by the SRIM
2013 code. For all studied ion species (Ca, Au and U ions), the values of the Ip/l g ratio
increase at a sample depth of approximately 50um following the trend of the nuclear energy
loss This correlation indicates a dominant contribution of point defects due to the nuclear
energy loss at the end of the ion range.In contrast, the values of FWHM(G) and I3/l ¢ are
almost constant within the whole ion range, steeply decreasing close to the depth where the
ions stop. This suggest a correlation to the electronic energy loss without excluding some
contribution s by the nuclear energy loss. Additionally, preserving of FWHM(G) and Ip3/l ¢
values on the pristine level for Ca ion irradiated graphite up to fluence of 5x10 **ions/cm?
indicates a possible existence of an electronic energy loss threshold required for this specific
material modification. The loss of crystalline order, corresponding to larger values of
FWHM(G) and the formation of amorphous carbon (Ips/l ) is significantly more pron ounced
at the highest fluence (5x10 **ions/cm?) for Au and U ions. In spite of the high defect density
and disordering, the corresponding Raman spectra still show the predominance of sp bonds,
characteristic to graphite basal planes.In order to better di stinguish the specific contributions
of the electronic and nuclear energy loss, the studied Raman parameters were averaged along
the first 40 um from the surface (electronic dE/dx) and for the depth range from 40 to 56 pm
(nuclear dE/dx). The mean values of the different Raman parameters for increasing fluence of

Ca, Au and U ion irradiated polycrystalline graphite are presentedin Figure 6.12.
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Figure 6.11 a, b, c - Electronic and nuclear energy loss of 4.8MeV/u Ca, Au and U ions in polycrystal-
line graphite. The ratio of intensities Ip/l ¢ (d, e, ), Ips/l c (g, N, i), FWHM(G) (j, k, I) and 15/l g
(p, g, r) averaged over five line profiles measured on fractured crosssection of samplesirradiated
with 4.8 MeV/u Ca, Au and U ions at fluencesof 1x10 *, 1x10 ** and 5x10 **ions/cm?.
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