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ABSTRACT

This experimental work aims to characterize the SiC layer of various Tri-Structural
Isotropic (TRISO) coated fuel particles. In the first part of the work, Raman spectroscopy
is used to qualitatively characterize the SiC TRISO layer and to identify the presence of
silicon from peak positions. Free silicon poses a significant threat to the integrity of the
SiC layer because it melts at 14@4 significantly lower than the maximum operating
temperature of 158Q. Crystalline silicon is characterized with qualitative Raman
spectroscopy by a 520 €npeak. Silicon is found to be preferentially concentrated along
the SIiC layer close to the inner pyrolytic carbon (IPyC) layer. Samples that were only
mounted and polished are compared with those that have in addition also been etched.
Disordering of the crystals and peak splitting necessitated the use of peak de-convolution.
The 3C, 6H and 15R polytypes of SiC were identified.

The second part of the Raman spectroscopy work involves the development of calibration
curves using peak areas from known binary mixtures (5%, 25%, 50% and 75% Si) to
qguantify the amount of silicon found relative to SiC. Initially the SiC polytypes used in
these mixtures are 3C, 4H and 6H. Reasonably good logarithmic calibration fits were
obtained with R values of 0.996, 0.966 and 0.988 respectively. However some error

accompanied the calibration values and an average of ten analyses yielded a more reliable
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average. The calibration curve results made it possible to estimate the silicon content
throughout the SiC layer for each sample, when combining the results of the qualitative
and quantitative Raman spectroscopic study. Samples PO6 and PO8 revealed high peaks
of crystalline silicon. When peak areas were quantified and related to the 3C calibration
curve, as much as 60% silicon was calculated for both samples. Etching was found to
slightly lower the silicon to SiC ratio. The calibration accuracy for the binary mixtures
was checked by plotting calculated values against weighed-off values, yielding 3C, 4H
and 6H straight-line fits with Rvalues of 0.983, 0.941 and 0.981 respectively. These
binary mixtures were analyzed with the SEM, which revealed variable particle size and
segregation of silicon and SiC. Quantitative Raman spectroscopy is however known to be
affected by a significant number of variables that are difficult to control. Attempts were
made to decrease the scatter of the results from the calibration curve to yield more precise
results. Two pure samples of silicon and SiC were studied separately, in attempts to better
understand particle size and distortion effects. Distortion was found to have a greater
impact on the scatter of peak area values than particle size. The scatter associated with
pure sample peak areas casts doubt on the accuracy of the binary calibration curves.

Rietveld analysis using X-ray powder diffraction is used to further support the Raman
spectroscopy work by qualitatively and quantitatively characterizing the phases involved
in each TRISO particle, to a greater degree of accuracy than the Raman spectroscopy.
Refinement components include 2H graphite, quartz, SiC (3C, 6H, 8H and 15R), silicon
and tetragonal Zr@ Oxidized samples were compared with unoxidized samples. The
outer pyrolytic carbon (OPyC) layer was oxidized (to improve the accuracy of
guantitative measurements). Graphite percentages dominated the refinements with values
ranging from 57% to 90% for unoxidized samples and 28% to 83% for oxidized samples.
The 3C SiC polytype is the most abundant polytype and constitutes 78% to 83% of the
SIC (unoxidized samples) and 82% to 90% (oxidized samples). Trace percentages of
silicon were detected for PO6 (0.4%), PO8 (0.6%) and PO10 (0.1%) Quantitative XRD
results are known to be accurate to around 1% atdhlev&l. Calibration curves were

also subsequently constructed from the same samples as those used for quantitative
Raman spectroscopy by comparing the weighed-off values to the measured ones. The 3C,
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4H and 6H Rits are 0.991, 0.978 and 0.984 respectively. All the milled samples
contained significanti-Fe which contaminated the samples from the gringiragess.
After dissolving thea-Fe in HCI a sample was tested to check the effe¢ch@a-Fe
specifically on microabsorption. Microabsorption was found to be an insignificant effect.

The second part of the XRD work focused on the high-temperature stability of SiC up to
1400C. Al,O3 was used as the standard and the instrument was calibrated using its two
independent lattice parameter values along the a-axis and c-axis to make temperature
corrections. Temperature corrected curves (of SiC and graphite) were constructed, which
superimposed the theoretical,® curve along the a-axis and c-axis. The linear thermal
expansion coefficients of SiC and graphite could then be determined from corrected
lattice parameter values. The thermal expansion coefficients of G102 SiC had similar
values to the literature values up to 8DO Thereafter the experimental values had
significantly higher thermal expansivity when compared to literature values. PO4 and
PO9 thermal expansion coefficient values were higher beloRC5@ut much closer as
temperatures approached 19400 There was little correlation between G102, PO4 and

PO9 graphite c-axis thermal expansion coefficient curves and literature values.

The third section of the work involves the characterization of the SiC layers of three of
the samples by transmission electron microscopy using their selected area electron
diffraction patterns. This facilitates the unequivocal characterization of the SiC polytypes.
The 3C and 6H polytypes were identified. There is substantial disorder in the crystals.
Planar defects of differing periodicity are seen along the [111] direction of the 3C
polytype.

Keywords. SiC, silicon, characterization, Raman spectroscopy, X-ray powder

diffraction, electron diffraction
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1. INTRODUCTION

The Pebble bed modular reactor (PBMR) is a helium-cooled, graphite-moderated high
temperature reactor (HTR). The PBMR will consist of a vertical steel reactor pressure
vessel with a 6.2 m inner diameter and about 27 m Mighemove the heat generated by

the nuclear reaction, helium coolant enters the reactor vessel at a temperature of about
500°C and at a pressure of 9 MPa. It then flows down between the hot fuel spheres, after
which it leaves the bottom of the vessel, having been heated to a temperature of about
900 °C. The heated gas directly drives a power -turbine-compressor mounted on a single
shaft. This shaft is coupled to a generator through a speed reduction gearbox. The coolant
exits the power turbine at about 500°C and at a pressure of about 3 MPa. It then passes
through a high efficiency recuperator. After the recuperator the gas is cooled and
recompressed in two stages after which it returns to the reactor core after being reheated

to 500°C in the secondary side of the recupetator

PBMR fuel is based on a proven, high-quality German fuel design consisting of low
enriched uranium triple-coated isotropic (LEU -TRISO) particles contained in a moulded
graphite sphefe A coated particle comprises of a kernel of uranium dioxide surrounded
by four coating layers: the porous carbon layer, inner pyrolytic carbon layer, silicon
carbide layer and the outer pyrolytic carbon layer (which form the so-called tri-structural
isotropic particle (TRISO¥) In the coated particle fabrication process, a solution of
uranyl nitrate is sprayed to form micro-spheres, which are then gelled and calcined to
produce uranium dioxide fuel “kernels”. The kernels are then run through a chemical
vapour deposition (CVD) furnace (typically using a gaseous environment at a
temperature of 1 000 °C) in which layers of specific composition can be added with

extreme precisioh

This study aims to compare experimental SiC TRISO particles from different batches that
were produced under various conditions in the CVD coater. This serves the purpose of
comparing the experimental PBMR particles with others known to have superior
properties. All batches were produced by PBMR. The kernels used asea@ddOnot
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radioactive UQ. This comparison is done by making use of different analytical methods,

each with its own strengths and limitations.

The SiC layer plays a key role in the TRISO particle coating layer because it provides
mechanical strength for the particle and acts as a barrier to diffusion of metallic and
gaseous fission products. Since there are in excess of 200 SiC polytypes’ tohdate
characterization of SiC polytypes is particularly challenging. However it has been shown
that the most commonly occurring polytypes of SiC (namely 3C, 2H, 4H, 6H, 8H and
15R) can be characterized by Raman spectroScamy the Rietveld method of X-ray
diffraction®. The most definitive means of SiC polytype characterization however is with
transmission electron microscopy and selected area electron diffraction. There are

however few studies that focus specifically on the SiC layer of TRISO particles.

From communication with PBMR, it has been established that the SiC prepared by
chemical vapour deposition has the following general propérties
* As the main retention layer the SiC is rather brittle in tension but strong in
compression
* Methyl trichlorosilane (MTS) is used in coating SiC, where Si and C combine in a
1:1 ratio at an optimum temperature of about 265@ lower temperature leads
to a greater proportion of free silicon, while a higher temperature leads to a
greater proportion of free carbon
* The size of SiC crystals may play a significant role in the effectiveness of the

layer as a barrier
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2. LITERATURE REVIEW

2.1. TRISO particle properties

The Tri-structural isotropic (TRISO) coated fuel particles consist of a micro-spherical
kernel of uranium oxide or oxycarbide fuel and coating layers. These consist of a porous
pyrolytic carbon (PyC) layer, the inner PyC (IPyC) layer, the silicon carbide (SiC) layer,
and outer PyC (OPyC) layer. Figure 2.1 illustrates these layers schematically. The
function of the coating layers is to retain fission products within the pértidie TRISO

layer also functions to withstand the thermo-mechanical stresses generated during
burnup.

. 5mm Graphite layer

Coated particles imbedded
< in Graphite Matrix

Dia. 60mm
Fuel Sphere

_—Pyrolytic Carbon 40/1000mm
~_~Silicon Carbide Bamer Coating 351 000mm
~_—Inner Pymlytic Carbon 40/1000mm

_ _Porous Carbon Bufferssi1000mm

Dia. 0,92mm o
TRISO
Dia.0,.5mm

Coated Particle Uranium Dioxide
Fuel Kernel

Section

Figure 2.1 — Schematic diagram of TRISO particles and the respective layer
thicknesse?.

The low density porous PyC coating layer is called the buffer layer (about 50% void) and
attenuates fission recoils and provides void volume for gaseous fission products including
carbon monoxide. It also accommodates kernel swelling without transmitting forces to

the outer coatings. The high density, isotropic IPyC coating layer contains the fission
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products and carbon monoxide during irradiation, protects the kernel from reactions with
chlorine during SiC deposition and provides structural support for the SiC layer. The SiC
coating layer provides the mechanical strength to withstand stresses developed due to
irradiation-induced dimensional changes in the pyrolytic carbon layer. Secondly, it acts
as a barrier to high pressure diffusion of gaseous and metallic fission products generated
in the kernel/buffer region, which diffuse easily through the IPyC layer. The function of
the high density OPyC layer is to protect the SiC during the remainder of the fabrication
process and to provide structural stability to the SiC coating during irradidtion

The coating layers should ideally be intact before and during irradiation. It is the case in
practice that a small fraction of the particles with defective coatings are present in the
fabrication batch. A defective SiC layer carries the greatest risk from the point of view of
fission product retention. The burn leach test is used to detect defective SiC layers. In this
test, particles are heated to 800 to®@0h air in order to oxidize the OPyC layers. Acid
leaching of the exposed uranium follows. The defective SiC layer of coating will then

expose uranium upon burnifig

2.2. Silicon carbide — basic background

4500
ST
3500

D0 [ T - e
) an 3+ 4() "I\

L1
1500y Lt
11 I{“:' | : MO+
51+ SiC

S0

“: T T T 1 T L
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C [At %]
Figure 2.2 — The Si-C binary phase diagram system gtlpbar®. The dotted lin¥,

Temperature [*C]

square® and diamontf scatter points all show data available from literature.
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Silicon carbide is the only solid phase binary compound of silicon and carbon under
standard conditions. This is confirmed by figure 2.2, which is a binary phase diagram of
silicon and carbon. It is evident that the solubilXy ¢f C in liquid Si is low, reaching a
maximum value oX ~15 mol% (at 283C). The solubility ranges from 0.5 to 7 mol%
between 1800 and 23D "3,

SIiC has a very high thermal stability. It is not possible to melt it at atmospheric pressure
as it sublimes and dissociates into C and Si-rich vapour. Dissociation and sublimation are
appreciable above 2080, From pressure experiments the peritectic reaction occurs at
2830 (+460C)™. Under such the solid decomposes into a Si-rich liquid in graphite. As a
result silicon carbide has no congruent melting paint

It has been reported that the coating temperature is the main variable affecting the content
of free silicon and density. At temperature below £8001500C, the free silicon was
found to increase with decreasing coating temperature. The density was found to decrease

with increasing free silicon contéfit

Silicon carbide is one of the hardest materials, with a Moh'’s scale hardness of 9 (between
diamond (10) and topaz (8)). It also has a high resistance to wear with a value of 9.15
when compared with diamond at 10.00 and corundum at®0.Tbe SiC prepared by
chemical vapour deposition (CVD) has good mechanical properties and good stability
against oxidatiolf . CVD SiC is synthesized using MTS (Methyl Tri-Chlorosilane)
according to equation 2.1:

CH,SCl, — SC +3HCl e.1)
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2.3. Polytypism of SiC

The ability of compounds and elements to occur in more than one crystal structure is
termed polymorphism. The one-dimensional variation of this is polytypism. Polytypes
differ by the stacking sequence along one direttid?olytypism refers to the occurrence

of different stacking sequences in the same material and can reflect a change of physical
properties with a change in crystal structufehe physical properties that are observed

are strongly dependent on the amounts of the various pol§types

There are in excess of 200 SiC polytypes (one cubic (C), and numerous hexagonal (H)
and rhombohedral (R) ones). Of these the most common polytypes are 3C, 4H, 6H and
15R™. Silicon carbide exhibits an extensive range of well ordered struttirdhe
rhombohedral and hexagonal classes of SiC polytypes are collectively &l€dand

the cubic class (consisting of one member) is c4H&HC>2

Polytypes of SiC arise from different periodic stacking sequences of bffayehss is

seen from figure 2.3. There are six different bilayers each consisting of two close packed
planes of polytypes described by different stacking sequences of Si-C double layers,
perpendicular to the close-packed plane; i.e. [111] for cubic and [0001] for heXagonal
The stacking sequences of the atomic double atomic planes Si-C along the c-direction are
different and the polytypes are regarded as natural superfatBiesers stack to form
vertex-sharing tetrahedral cages ofCS{or SiG) with a C (or Si) atom at the center of
each cage. The stacking sequence does not significantly alter bond lengths or affect bulk
density (3.2 g/cr}) . With a Si-C bond distande= 1.89 A, bilayers are spaced 43

2.52 A apart. If the number of bilayers in the unit cell is even, the symmetry must be

hexagonal; otherwise it is cubic or rhombohetral
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Figure 2.3 — Silicon carbide polytype structurésPolytypes of SiC are formed by
periodic stacking sequences of bilayers that produce tetrahedral sheets. Atomic models of
the six unique (fundamental) bilayel#\( cA, aB, cB, aC, andbC) of SiC (top left) based

on three principal close packed planasg, andC) (lower left) are shown. Blue atoms
represent C and orange atoms represent Si. The two basic stacking arrange®ants,

A-C that form planes of vertex-sharing parallel and antiparallel tetrahedra, respectively,
are shown (lower left). Atomic models of the four simplest, 3%/@H/(11), 4H/(22),

and 6H/(33), polytypes are shown superimposed on calculated HR-TEM lattice images
produced using defocus conditions that reproduce the symmetry of the projected lattice
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(center column). Schematic illustrations of diffraction patterns (including forbidden

reflections in some cases) are also shown (right column).

A number of notation schemes are used to describe SiC polytypes. The Ra@msdell
notation is such that a polytype is denoted by the number of bilayers in the unit cell
followed by C, H, or R, denoting the crystal symmetry (i.e., cubic, hexagonal, or
rhombohedral). The fundamental bilayers are denlotedA, aB, cB, aC, andbC. In the

earlier Zhdanof? notation, sheet tetrahedra are assigned a positive or negative sense
defined by a relative rotation of radians about the stacking direction (as is shown in figure
2.3). The successive number of tetrahedral layers, having tetrahedra with a common
positive or negative sense, is counted in each subseries present. For example, the
polytype denoted 6H (i.e. {. . .AaBbCcAaCcBb .}) in the Ramsdell notation (figure 2.3)

has two subseries each consisting of three tetrahedral layers of the same sense, {. . . +++ -
--. ..}, and in the Zhdanov notation is denoted (33). The polytype denoted 3C (i.e., {. .
AaBDbCec. . .}) in the Ramsdell notation has an infinite number of tetrahedral layers of the

same sense in one subseries, {. . .}, and is denotedx) (figure 2.3%°.

2.3.1. Cubic 3C/(x), B-SiC polytype

The cubic SiC polytype has the second smallest unit cell, withdam space group (

unit cell lengtha = 4.36 A). This structure is formed by the stacking sequence {. .
AaBDbCc. . .} of three bilayers, and is denoted 3C in the Ramsdell notationdnd the
Zhdanov notation. Cubic 3C-SiC is iso-structural to cubic 3C diamond and consists of
two interpenetrating face-centered cubic (FCC) sublattices, one lattice entirely Si and one
entirely C, which are separated by the displacement vector a/4 [111]. Tetrahedra lie in
(111) planes and the 3C stacking sequence of tetrahedral planes is best viewed along the
[011] zone axi&.
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2.3.2. Hexagonal 2H/(11), a-SIC polytype

This polytype has the smallest unit cell (lowest order) and is hexagonal (space group
P63mc, unit cell lengthsi= 3.08 A,c = 5.03 A). This structure is formed by the stacking
sequence {. .AaBb. . .}, and is denoted 2H in the Ramsdell notation and (11) in the
Zhdanov notation. Hexagonal 2H-SiC is iso-structural to hexagonal 2H diamond
(lonsdaleite). It is the only polytype with a 1 in its Zhdanov symbol; meaning that no

other polytype contains subsequences of 2H order. Tetrahedra lie in {0001} planes and

the 2H stacking sequence of tetrahedral planes is best viewed anr[l;]Zb]e zone

axes’,

2.3.3. Higher order a -SiC polytypes (unit cellslarger than 3C)

Lattice images ofa-SiC along zone axes perpendicular to the tetrahedral stacking

direction and analogous to 3{1:)11_] and 2H [1i20] display a characteristic zigzag

contrast pattern reflecting their Zhdanov symbol, under defocus conditions where the
symmetry of the open channels in the structure is reproduced. Furthermore, the different
polytypes can be readily identified by their electron diffraction patterns and HR-TEM

image$.

2.34. Factor sinfluencing polytypism

Polytypic structure is influenced by dopants. By increasing the partial pressure of
nitrogen (n-type dopant), the formation or growth of 3C-SiC is promoted. Aluminium (p-
type dopant) increases the probability if 6H or 4H formation. In the case of 3C-SiC, SiC
growth occurs at temperatures of up to 2475K, in the presence of supersaturated Si
vapour. This sometimes leads to the formation of a silicon liquid phase. Solid-state phase
transformation between SiC polytypes has been illustrated in the literature as a function
of temperature and applied stfes a solid phase has several modifications, one is

usually the thermodynamically stable one while the others are metastable. Formation of
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one or more metastable phases is often observed. Most theories that explain the formation

of certain polytypes are usually based on the follofving

e Impurities

* Si/C ratio

* Temperature

* Presence of dislocations

* Presence of vacancies ordered in superlattices

e Stacking fault energy

* Formation of polymers within the gas phase

* Non-equilibrium conditions within the vapour phases

» Surface vibrational entropy contribution to free energy
* Native defects

« Surface superstructures

2.4. Raman theory

24.1. The Raman effect

Raman scattering or the Raman effect is the inelastic scattering of a photon. When light is
scattered from an atom or molecule, most photons are elastically scattered (Rayleigh
scattering). The scattered photons have the same energy (frequency) and wavelength as
the incident photons. However, a small fraction of the scattered light (approximately 1 in

1 million photons) is scattered by an excitation, with the scattered photons having a

frequency different from, and usually lower than, the frequency of the incident pHotons

Scattering is defined as light deflected from the original direction of propagation of the
incident light. From spectral analysis of the light scattered there exist discrete
components of altered wavenumbers in addition to Rayleigh scattering (scattering of light

without change in the wavenumber of the incident light). There are in general, pairs of
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new lines appearing in the spectrum at wavenumbers positioned symmetrically relative to
the Rayleigh 1iné?°* Figure 2.4 shows the possibilities that occur when radiation is
scattered. Molecules in the ground state give rise to Raman scattering with emgrgy h(
v1). Molecules in a vibrationally excited state scatter inelastically back to the ground

state, giving the Raman-effect with an energy of fi(1).

Virtwal [ T TR
states | 41
hVg+ [hYg  [(¥g+Y,)
S
Q0 h("s-", hvy RV
o
L
=
Lu
= 1 ) =
b,
W= D T ) - ¥
Stokes Rayleigh Anti-Stokes

Figure 2.4 — Energy level diagram, illustrating the fundamental processes of Raman

scattering, adapted from Grasselli et al, (1981)

The appearance of altered frequencies (wavenumbers) in scattered light is called the
Raman effect or Raman scattering. The Rayleigh scattering that accompanies Raman
scattering is usually 3-5 orders of magnitude greater, rendering the latter a feeble effect.
The Rayleigh scattering itself is 3-4 orders of magnitude lower than the intensity of the
incident exciting radiation. The new components that appear in the spectrum of the
scattered radiation at shifted wavenumbers are called Raman lines or Raman bands and
collectively they are referred to as the Raman spectrum. The Raman bands at
wavenumbers less than the exciting wavenumieny) are the Stokes lines, while those

that appear at higher wavenumbers are anti-Stokes hpesvg). Generally, the anti-
Stokes lines are considerably weaker and quickly diminishing in intensity with increasing

v, relative to the Stokes lin®s Frequency shifts of Stokes and anti-Stokes Raman
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spectra correspond to the frequency of the normal modes of molecular vibrations. The
shift values are therefore more valuable for characterizing band position, rather than the
absolute wavenumbers. Most Raman applications use the more observable Stokes side of
the Raman spectrum and the plot is on a relative seate € v1)?2.

Dispersive Raman spectroscopy uses a visible laser for excitation, a dispersive
spectrometer and a charge coupled device (CCD) for detection. The main disadvantage of
using visible excitation is common to all visible spectrometer systems and this is
fluorescence. Since Raman scattering is a weak effect, a powerful excitation source is
chosen to provide a high power density at the sample. The implication is that
fluorescence can not only occur from the sample under investigation, but also from any
contaminant which is fluorescent. Fluorescence will not occur at energies below that of
excitation and it can therefore be intense in the energy region covered by Stokes Raman
scattering. As a result, interference often occurs and accounts for why Raman scattering

is not more widely uséd

2.4.2. Theoretical overview

The classical description of Raman scattering is of a polarization induced in the molecule
by the oscillating electric field of the incoming light. The induced dipole then radiates
scattered light with or without exchanging energy with vibrations in the molecule. The
effect is described by the equation 2.2 below and describes the case for both classical and

quantum mechanical treatments of Raman scatt@ring
P=aE (2.2)
Where:P is the strength of the induced dipole

o refers to the molecular polarizability

E is the incident electric field
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The classical treatment of Raman scattering is based on the effects of molecular
vibrations on the polarizability. The electric field resulting from the incident radiation

is a time-varying function as is shown by equation 2.3.

E = E, cos27w,t e.3)

Where:y, is the frequency of the laser light

The molecular vibrations are usually composed of normal md@deswhere there are

3N-6 (and 3N-5 for a linear molecule) modes for a molecule of N atoms.
Q, =Qj cosRrmrv, t) e.4)

Where:v; is the characteristic harmonic frequency of the j-th normal mode.

Q, is the j-th normal coordinate of the vibration

When a molecule vibrates, the polarizability is also a time-varying term which depends

on the vibrational frequency of the molecule.

a:ao{g—&éJQj +... .5

The polarizability of electrons in the molecule is modulated by the molecular vibration as
is shown in figure 2.5. A combination of equations 2.2, 2.3 and 2.5 yields equation 2.6;

assuming that the higher order terms of equation 2.5 are ignored. Raman scattering
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occurs because a molecule can change the polarizability. The change is described by the

polarizability derivativeﬂ .
i

~180° scattering

Figure2.5 — Polarization (P) induced in a molecule’s electron cloud induced by an optic
electric field E, shown for $aand 186 geometrs”.

(2.6)

co2r {/, +Vv. J+co27r(v, — V)t
P=a,E, cos@ryv, t)+E0Q}’(§-Cé] Vo +v, )2 71(Vo ~ V)

When polarized electrons radiate light at the frequency of their oscillations, scattering
occurs at three frequencies, as is confirmed by equation 2.6. The first term denotes
Rayleigh scattering, which is the same frequency as the laser. Its magnitude is
proportional toop which is the inherent polarizability of the molecule. The second term is

the anti-Stokes Raman scattering and occu(g, &v;). The third term is the Stokes

Raman scattering at{-v; .)

Equation 2.6 is derived classically and is incomplete, with the following implic&tions
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» Polarization and scattering (Raman and Rayleigh) intensities are linear with the
laser intensity. Even though non-linear Raman scattering can occur at high E
values, this is not an issue in analytical applications.

* Only vibrations that change the polarizability (hence ai@Q+0) yield Raman
scattering. This governs the primary selection rule for Raman scattering.

* Raman shifts may be both positive and negative. The Raman anti-Stokes intensity
depends on the population of the first vibrationally excited state, its intensity is
related to temperature by the Boltzmann distribution, which is given by equation
2.7, for the case of non-degenerate vibration.

* Ju/0Q; may vary greatly for different molecules and different modes within a
molecule, leading to a wide variation in Raman scattering intensity

* 30/0Q; is generally much smaller thag and Raman scattering is much weaker

than Rayleigh scattering, even though this is not apparent from equation 2.6.

The observed intensity of Raman scattering is proportional to the cross-sesiquare
centimeters per molecule). The magnitudespfs related toa/6Q;. The effect of this
relationship is shown in equation 2.7, where the Raman intensity is shown to vary with

frequency.

@.7)

I (Vo +Vj) _ (Vo +Vj)4 exr{_hvj]

eV =V)) (Vo -v))* KT

From equation 2.8, it is evident that the Raman intensity varies with the fourth power of
the observed frequency for normal Raman scattering, which depends on the laser

frequency. Thev* factor gets derived from the classical treatment of scattering from an

oscillating induced dipole. The scattered light occurs at an absolute frequency\of.

|R:/J'(\_Io i\_lj)40'j2Qj2 @.8)
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Where :1 is the Raman intensity

' 1S a constant

v i is the Raman shift (in reciprocal centimeters)

Raman Cross section

In addition to the factors affecting the Raman intensity, such as the laser wavelength and
polarizability, the empirically determined cross-section is equally important for analytical
applications. This is especially true in cases involving weak or characteristic scattering
from several components. The polarization, laser wavelength and observation geometry
are often invariant, being determined by the instrument. This makes it sufficient to use
the empirical cross section for a given Raman band in that geometry to estimate the
signal strength. The cross section, denotedragcentimeters squared per molecule) is
proportional to the probability of an incident photon being scattered as a Raman-shifted

photon with a particular Raman shfft

For the classic approach the Raman scattering (watts) is related to the cross-section and

laser intensity ¢lin watts) by equation 2.9.

| = 1,0,Ddz €.9)

Where : D is the number density of scatters (molecules per cubic centimeter)

dz is the path length of the laser in the sample
. . —4,
For a scatter that is not resonant or pre-resonant (which follows the clagsical

dependence) a frequency independent cross-seatfqoentimeters to the sixth power

per molecule) may be defined by equation 2.10.
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oo =7 .10)
b (vo-v))! '
Where:\_/j is the vibrational frequency of the Raman mode (iffcm

Vo —V; is the absolute frequency of scattered light (irtgm

Vo and\_/j are expressed in wavenumbers (in'gm

The introduction of photon counting detectors into Raman instrumentation has meant that
current spectrometers count photons as opposed to measuring watts, with the two
differing by a factor of hv. Photons counting derivations are more consistent with a

guantum mechanical treatment whereas the classical derivation is based on induced

dipoles. Equation 2.11 is the result of equation 2.9 rewritten for photon counting systems.
P = P,0,Ddz e.11)

P; and B, have units of photons per second, thé; has a different frequency
dependence than for equation 2.10. The substitutingroffrom this equation into

equations 2.9 and 2.11 yields equation 2.12.
|, =1,02(Vo —V;)*Ddz @.12)

Sincel , = Pshc(vo —v;)and |, = P,hcve equation 2.12 can be rewritten as:

P, = P,oVo(Vo —V;)*Ddz @.13)
and
J‘J— :0';)\_/0(\_/0—\_/1)3 2-14)
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Hence whenevd?; is measured in photons per second, the Raman intensity scales with

Vo(Vo —V;)? as opposed {@o —Vv;)*.

The differential Raman cross-section is defineddas /dQ where Q represents the

solid angle of collection (equation 2.15).

do.
B(cm*molecule™sr ™) = d_Q] @.15)

do- . :
Equation 2.15 can be summarized _ scatterediux / unit of solicangle

— - , Where
dQ incident flux / unit of surfact

the units arecm’molecule™sr . The sr™* term refers to the reciprocal of the steradian
(the Sl unit of solid angle). The symbgl is used to differentiate from the integrated

and from the cross section differentiated with respect to the observation angle and with
respect to the wavelengtf (equation 2.16)3 depends both on observation direction

and the Raman shift.

: 2 1oy -1 -1y — 520‘1’
L (cm“molecule™"sr “wavenumber 7) = —— @.16)
XQI0(AvV)

24.3. Raman Spectroscopy of condensed phases

The analysis of solids with Raman spectroscopy is significantly more complex than is the
case with liquids and gases since atoms, ions or molecules may be distributed with either
no long-range order (amorphous), perfect order in one, two or three dimensions
(crystalline) or a mixed state (semi-crystalline). As is the case with infra-red
spectroscopy, Raman spectroscopy is highly sensitive to the state of order 3. solids

In a crystal, the vibration selection rules depend upon the symmetry and the occupancy of

the unit cell and the molecular symmetry (molecules are classified according to symmetry
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elements or operations that leave at least one common point unchanged). Generally, when
a molecule is placed at a lattice site of lower symmetry than its point group, the molecule
is perturbed and more bands can appear due to removal of vibrational degeneracy (band

splitting)*?

Disordered solids

In extreme cases of disordered material such as inorganic glass or an amorphous polymer,
translational periodicity is very low and a wide range of local molecular environments
exist. This gives rise to very broad features in place of sharp bands observed from

crystals?

Influence of sample form

The sample form can have a significantly large influence on Raman band intensities,
shapes and positions. These factors are particularly significant when interpreting spectra

to draw quantitative conclusiolis

Size effects in polycrystalline particles — diffuse reflection

The overall scattering intensity can be strongly dependent on the particle size and patrticle
packing. This happens because both the laser beam and the Raman radiation will suffer
multiple elastic scattering events in a polycrystalline powder. The observed Raman
intensity will then depend on the diffuse reflectivity of the sample. The effect of forward
and backscattered Raman intensities have been related to the incident laser power, sample
thickness, sample absorption, elastic scattering coefficient and the Raman scattering
coefficient by means of the Kubelka-Munk theBryThe basic results are tffat

* The Raman intensity decreases as the particles get smaller

* For samples with a low absorption coefficient, the Raman/Rayleigh ratio is

maximized by using coarse powders in a forward scattering arrangement
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* For strong absorbers it is better to use coarse powders and backscattering

geometry

Absolute Raman intensities from powders are of limited use because they will be
influenced by particle size. The use of a powder standard as an intensity standard is
therefore not recommended. Quantitative measurements of heterogeneous powders
should be made using band ratio methods. This will necessitate the measuring of two or
more compounds by ratioing discrete Raman bands that arise from each of the
compounds. This approach could be invalid if the particle sizes of the components vary
from sample to sample. The particle sizes in a calibration need to be similar to those of
the sample; otherwise the intrinsic Raman intensity of each component will not be
constant. As the particle size drops significantly belownilit is generally observed that

the intrinsic scattering efficiency falls dramatically for non-surface modes. For instance, a
10 um particle will have a much stronger intrinsic Raman spectrum than [0rD1

particles of the same mateffal

The following artefacts can arise when dealing with condensed phases

Self absorption (colour)

If the sample possesses strong absorption bands in the absolute wavelength region of the
Raman scatterer, the Raman scattered radiation will be attenuated. In some cases, the
effect is obvious and expected — as such strongly coloured samples are likely to absorb
Raman scatter excited by a visible laser. The absorption band of coloured samples is
generally broad leaving a large region of the Raman spectrum suppressed. It has been
shown through studies how attenuation can be quantified as a function of absorber
concentration and optical properftésThe same study also showed that for a sample that
absorbs both laser and Raman wavelengths, i8tkscattering is greatly preferred if the
absorber molecule is also the Raman scatterer of interest. st8flering is employed, it
becomes necessary to carefully optimize the absorber concentration thereby maximizing

its Raman signal, whereas f8&attering efficiency reaches a plateau once the absorber
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reaches a sufficient concentration. In this case, the laser beam will penetrate deeply into
the sample, yielding an analysis specific to the sample surface. In this case, it is best to
use the widest aperture collection lens available in order to obtain the highest Raman
signal.

Heating, degradation and fluorescence

Condensed samples are prone to heating in the laser beam, even if they are slightly
coloured. This leads to subtle phase changes such as crystal form or conformational
modifications. In addition the laser-induced heating can induce subtle, reversible effects

such as band broadening and shifting as is the case with arbbese changes can be

hard to avoid because the intensity at the laser focus can be very high, especially in
Raman microscopy measurements. Therefore, even with a solid that does not visibly

melt, burn or otherwise indicate damage, it is not safe to assume that the laser has not
modified the sample. Where possible, spectra should be recorded using different laser
powers to check for changes.

If the laser light is absorbed by the sample, this often leads to relatively intense
fluorescence, which can severely degrade the signal-to-noise ratio of the Raman
spectrum. Fluorescence can be minimized using a number of techniques to either clean up
the sample chemically (removing the fluorescor) or to suppress the fluorescence signal by
distinguishing Raman and fluorescence signals. However, the most effective universal
approach is to shift the excitation laser to a longer wavelength (about 785 nm or 1064

nm) to avoid exciting electronic transitions.

244, Quantitative Raman spectr oscopy

Both currently and historically, the majority of applications of Raman spectroscopy have
been qualitative, with the objective being to determine the peak frequencies and
comparing vibrational features to spectra from different laboratories, or those predicted

theoretically. The vast majority of reported Raman spectra are not corrected for variation
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of instrumental sensitivity across the spectrum, with the intensity scale often being
arbitrary. Unlike ultra violet visible and infrared absorption spectroscopy, Raman
scattering is viewed as a single beam mode, without a reference channel to compensate
for instrumental sensitivity variation with time or waveleri§tf Consequently, it is
generally difficult to compare relative or absolute Raman intensities from different
instruments, and calibration transfer based on intensities is exceedingly difficult. The
problem is further compounded by the dependence of observed Raman intensity on
focusing and alignment, so that a given sample may yield a significant variation of
intensities from day to day, even on a particular instrument and under apparently identical
conditions. The main drawback with the use of the Raman spectroscopy as a quantitative
technique has been the difficulty in the reliable determination of relative and absolute

intensitieg®.

Basic theory of peak intensities

The factors that influence the observed Raman intensities can be divided into two
categories: sample and laser variables as well as collection and detection variables. Most
of these variables are kept constant by using the same spectrometer and laser in addition

to checking the Raman signal with a silicon standard.

S(e”) = (R, ADK) (A, Q5 TQL) ©.18)
Se) = Observed signal (in photoelectronk)= Specific intensityPp = Laser power
density (in photons’scni?), B = Differential Raman cross-section (in tmoleculé' sr
), D = Number density of scatters (in molecules3nK = Path length (in cm), =

Observation time (in second#), = Sample area monitored by spectrometer (if) cfip

= Collection solid angle of the spectrometer at the sample (il sr)[lransmission of the
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spectrometer and collection optics (unitle€3): Quantum efficiency of the detector (in

€ per photon).

When considering the photometric accuracy in Raman spectroscopy, the most basic issue
is the relationship between the observed signal and the sample variables, such as the
cross-section and concentration. This basic objective is difficult to achieve because it
depends on a large number of variables as shown by equations 2.17 and 2.18. This issue
is illustrated by comparing Raman scattering with absorption techniques. For instance the
Fourier Transform Infrared spectroscopy (FT-IR), has a reference spectrum that
effectively calibrates most of the instrumental variables. Variables such as the detector
response, source intensity and optical losses are all relevant to an absorption experiment;
however their effects are removed from the final spectrum by calculating a ratio of
reference and sample spectra. In Raman spectroscopy however, one usually measures
only the scattered intensity with no reference beam. As such the variations in the
collection function with time or with wavelength are not compensated for by a reference
spectrun®. Any such fluctuations are checked for by daily calibration with a silicon

standard.

There are three steps that need to be followed to achieve a corrected Raman spectrum that
accurately represents the scattering intensity of a given sample as a function of Raman
shift®®:
Reproducibility of the observed scattering intensity
2. Correction for variation of instrument response across a Raman spectrum
Determination of absolute scattering intensity and absolute Raman cross-

sections

The first two objectives can be achieved by more straightforward calibration than the
third step, which is more involved. The great majority of applications however, do not
require the assessment of absolute intensity, with its accompanying experimental
difficulties. Measurements of the cross-section are generally left to the specialists.

Reproducible Raman intensities may be achieved with sensible design of sampling optics
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and reasonable experimental care. Response function correction is not yet routine but it
can be applied. The result of the first two steps is a Raman spectrum that accurately
reflects relative Raman scattering intensities and is useful for library searching,
quantitative analysis and comparison of spectra between libfaries

24.5. Raman propertiesof SIC

The salient features of the spectra of Raman SiC polytypes are the appearance of many
weaker lines due to the increased number of molecules per unit cell and the decreased
symmetry of the crystal formThere is a splitting of the TO vibration near 794 dmto

two components TOwith a constant frequency and 7,@vhich varies with polytype and

drops as low as 782 ¢mThe 3C-SiC unit cell has ag Bymmetry yielding one triply
degenerate Raman active phonony,(T>y, T2;). This mode is polar and leads to two
longitudinal optic (LO) and transverse optic (TO) components. In 3C-SiC, two Raman
peaks are therefore observed corresponding to the TO and LO modes at 7@Hiadm

972 cm?, respectively. The point group for the hexagonal polytypes,islQgives rise

to the Raman activeAE; and & modes. Both Eand E are doubly degenerate(EE;y

and B1, Ex) and only A and g are polar and split in TO and LO phon8h#s the unit

cell increases, additional phonons with different energies may appear. These new Raman
bands are called folded modes, as they correspond to phonon modes located within or at
the edge of the Brillouin zofte

The intensities of the Raman phonons vary with the orientation of the crystal about the
laboratory axes (XYZ). The scattering efficiency (I) is related to the polarization of the
incident (¢) and scattered {elight and is given by I=&; - | -R(j) ¢ .@’, where C is a
constant, Ris the Raman tensor adgdis the polarization of the phonol% The &, A;

and B modes are polar. The intensities of the LO and TO vibrations therefore vary with
the propagation directions in the crystal. The intensities of the LO and TO vibrations
therefore vary with the propagation directions in the crystal. In the backscattering
configuration, the wave vector of the phonon ¢ is parallel to the light propagation. The

consequence is straightforward for both theaAd E modes: A(LO) is active when q is

38



UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Que® VYUNIBESITHI YA PRETORIA

et

along the c axis of the crystal, whereas thé€r®) and E(TO) modes are active when g

is perpendicular to c. For the cubic zinc-blend crystal, the assessment of the TO and LO
peak intensities is more complex. It can be shown, for instance, that the TO mode is
strictly forbidden for the (100) crystal orientation, whereas the LO mode is forbidden for
the (110) orientatioH.

Frequency (cm™)
Planar acousti¢c Planar optic| Axial acoustic| Axial optic

Polytype | x=qg/gs | FTA (E) FTO (E) FLA (Ay) FLO (A)
3C 0 - 796* - 972
2H 0 - 799 - 968

1 264* 764* - —
4H 0 - 796 - 964

2/4 196, 204* 776* — —

4/4 266 610 835
6H 0 - 797 - 965

2/6 145, 150* 789* - -

4/6 236, 241 504, 514 889

6/6 266 767 - -
15R 0 - 797 - 965

2/5 167, 173* 785* 331, 337 932, 938

4/5 255, 256 769 569, 577 860
21R 0 - 797 - 967

217 126, 131* 791* 241, 250

417 217, 220 780 450, 458 905, 908

6/7 261 767 590, 594

Table2.1 — Raman frequencies of fundamental SiC polytypes. The asterisk denotes the
Fourier Transverse Acoustic (FTA) and Fourier Transverse Optic (FTO) modes with the

maximum intensity in each phonon branch. FLA and FLO are abbreviations for the
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Fourier Longitudinal Acoustic and Fourier Longitudinal Optic modes; @/the reduced

wave vector of the corresponding phonon mode.SiC

A detailed study of these aspects is made possible by polarization of the Raman scattered
light. This property can be measured using (plane) polarized laser excitation and a
polarization analyzer. Spectra acquired with the analyzer set at both perpendicular and
parallel to the excitation plane can be used to calculate the depolarization ratio. This
technique is useful in analyzing the connections between group theory, symmetry, Raman
activity and peaks in the corresponding Raman spectra. The spectral information arising
from this analysis gives insight into molecular orientation and vibrational symmetry,
allowing the user to obtain valuable information relating to the molecular shape. It is
often used to understand macromolecular orientation in crystal lattices, liquid crystals or

polymer samplés.

The various Raman frequencies of 3C, 2H, 4H, 6H, 15R and 21R SiC polytypes are given
in table 2.1:

From the literature it has been shown that the 973 photons of the 3C polytype can

shift to around 964 cth This effect is attributed to be independent of the excitation
radiation, but is more likely due to small crystallites found in the samples. The position,
relative intensity and bandwidth of the Raman bands are closely related to the degree of

order in the structure and the stress in the material

The Raman bands in SiC crystals containing stacking disorder exhibit broadening and
distortion at frequencies corresponding to the basic polytypes (e.g. 4H, 6H, 15R etc.)
For heavily disordered crystals, a broad background is sometimes observed and
corresponds to the so-called ‘density of state’ (DOS) contribution, which superimposes
between 700 and 1000 &mThis phenomenon is as a result of random faulting in the
stacking sequené® In disordered SiC, long-range order in the stacking of the atomic
layers is lost. The short-range order remains however, comprised of small domains, each

consisting of a basic polytype structure. Consequently, the Raman spectra of the
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disordered structures reflect the structures of the doffiaiB8C rarely has uniform
distribution of the stacking order across the entire crystal. A common feature is that in
disordered SiC, disordered zones are sandwiched in between the same or different
polytype layers, or are located near the surface région

Raman shifts toward high wavenumbers are attributed to macroscopic strain induced
during the deposition process and the width is also governed by the lattice imperfection
and grain boundaries. Increasing the deposition temperature increases the intensity and
lowers the wavenumber. A higher intensity indicates a more perfect crystallinity. A
change in the wavenumber is a reflection of the degree of distortion of the crystal lattice
and therefore of the residual strain. A lower wavenumber indicates a lowef’sitdias

also been suggested that a high wavenumber region means that crystals are under external

pressure.

The FTO to FLO SiC line intensity ratio is thought to be a function of the microscopic
composition or the structure of the SiC layer. The variation in the SiC line intensities may
be caused by changes in the long-range order of the SiC microstructure. Analysis by the
scanning electron microscope has revealed a difference in the surface morphology of the
coating with and without a strong LO line. A strong LO line is an indication of large,
interlocked grains. If no LO is seen, then a ‘cauliflower’ structure with undefined grains

is expected. Furthermore, high deposition temperatures lead to SiC grain size increase,
but grain boundary gaps also develop. The structural changes as a result of changes in the

coating rate depend on the deposition temperature and the coatér size

Silicon and carbon

The amount of silicon which forms in TRISO-coated nuclear particles increases with an
increase in the coating rate and a decrease in the deposition temperature. The amount of
excess carbon increases with an increase in the deposition temperature and a decrease of

the coating rafé.
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Single crystal and polycrystalline silicon are characterized by a sharp Raman line
centered at 520 chmto amorphous silicon with a broad band extending from 415 to 540

cm?® and centered near 480 ¢nif.

Diamond gives a strong sharp Raman line at 1336 ¥mSingle crystalline and highly
oriented pyrolytic graphite materials show a sharp line at 158 ¥nt. The more
poorly oriented graphitic materials, e.g. activated carbon or glassy carbon show two
broader lines at 1335 to 1340 ¢rand at 1580 to 1590 ¢ht®. Amorphous carbon yields

a broad skewed band extending from 1000 to 170® eentered near 1500 &m®

2.5. X-ray powder diffraction

25.1. General background

X-Ray Diffraction is a powerful non-destructive technique for the structural analysis of
crystalline and polycrystalline phaséslt is based on the diffraction of a collimated
beam of X-rays by the crystalline planes of a solid phase. X-ray powder diffraction can
be applied to determine the SiC polytype distributions. A considerable overlap of
individual peaks of the x-ray powder diffraction pattern occurs for the SiC polytypes. The
reason for this effect is that polytypes are derived from the same parent structures, but
contain different stacking vectors to each other. As a result it is difficult to obtain
accurate results from a distribution of the polytypes in a mixture. However, the Rietveld
method has been found to be a highly effective approach to solving this ptbblem

X-ray wavelengths are typically in the range of 0.7-2 A. The XRD spectrum is usually
obtained by measuring the diffracted intensity as a function of the diffraction ahgle 2
which is the angle between the incident and diffracted beams and the orientation of the
specimen. Different maxima, corresponding to the contribution of the different crystalline
planes in the crystal, are obtained when constructive interference of diffracted X- rays
occurs according to the Braggs laws 2dsiM, wherel is the wavelength of the x-rays
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and d is the inter-atomic planar spacing in the crystal. The technique is extremely
sensitive to variations of the inter-atomic planar spacing. In general XRD does not
provide spatial resolution, being the measured area of severdl Fon special
applications, spatial resolution approximately @ can be achieved with a microfocus
source for films thick enough @m). The penetration depth of the X rays is determined

by the absorption length. These characteristics give a strong incentive to also use XRD

for the non-destructive analysis of epitaxial films and heterostrucfures

XRD is also a very useful technique for the analysis of polycrystalline samples. Data
related to texture and preferred crystalline orientations, strain, grain size, and crystalline
guality of the sample can be obtained from the XRD spectra. For a given orientation of
the sample, diffraction will occur from any crystallite with the proper orientation
satisfying diffraction conditions. If the crystals are randomly oriented, peaks
corresponding to the different planes will appear in the XRD spectrum, and the relative
intensity of the different peaks is characteristic of each phase in the material. The amount
of preferred orientation can be estimated by comparing the integrated intensities of the
different peaks from the calibrated data, once geometrical factors have been corrected.
The peak width is also affected by crystalline size and the presence of extended defects in
the crystals as dislocations and stacking falillBetermination of accurate compositions

in SiC is made difficult because if the significant overlapping of the Bragg reflections
from the numerous polytypes as well as texture effects. Results obtained by the

traditional quantitative XRD methods are generally unsatisfatory

The diffraction pattern is recorded in digitized form (as a numerical intensity ya)us,

each of several thousands equal incremenis,the pattern. The Rietveld method is the

same no matter what powder diffraction data are used. The differences among data
sources affect the data preparation that is required, whether the steps are in angle or
energy, and the instrumental parameters that are refined but not in the method itself. In all

cases, the best-fit sought is the best least-squares fit to all of the thousapds of
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simultaneously. The quantity minimized in the least-squares refinement is the

residualS,, while the sum is overall data poitits
Sy = 2 W (¥ Ve’ €.19)

Where: w, =1/y,; y, = observed (gross) intensity at theth step;y, = calculated

intensity of the i-th step.

There are typically many Bragg reflections contributing to the integsitgbserved at

any arbitrarily chosen pointj, in the pattern. The calculated intensitigg are

determined from th¢FK|2 values calculated from the structural model by summing the

calculated contributions from neighbouring Bragg reflections including the backgfound
2
Yo :Sz LK|FK| ¢(20| _ZHK)PKA"' Yoi 2.20)
K

Where: s = scale factorK = Miller indices,h k|, for a Bragg reflectionl, = Lorentz,
polarization and multiplicity factorsg = reflection profile function;P, = preferred
orientation function;A = absorption factorjf, = structure factor for th& -th Bragg

reflection andy,, = background intensity of thieth step.

The least squares minimization procedures result in a set of normal equations that involve

derivatives of all the calculated intensitiag,, with respect to each adjustable parameter.

These are soluble by inversion of the normal matrix with elemdntsgiven by”:

0%Ys _[0Ya | 9Ys
M. =-) 2w =\ a — a a 2.21
ik Z W{(y. Ye) o 0% { x J( o (2.21)
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Where: x;, X, = same set of adjustable parameters

This has to do with the creation and inversion ofnatby m matrix, wherem is the
number of parameters being refined. Since the residual function is non-linear, the solution

must be found with an iterative procedure in which the siAiks, are:

L, 0S
AX, :ZMjkla—X: @.22)

25.2. Rietveld method

The presence of multiple phases in powder diffraction patterns leads to degradation of the
resolution of the data. For the same counting time, there is a decrease in the intensities of
the patterns from the individual components. It has however become evident that with the

Rietveld analysis it is possible to obtain accurate estimates of the relative abundances of

the component phag8§!6263.64

Equation 2.23 is the formula for quantitative analysis with the Rietveld method. This
method is then similar to the traditional integrated-intensity techniques for phase analysis.
The difference is that the advantages obtained from considering the full pattern are

retained.

W S@MV),

p

n @.23)
2.S(@ZMV),

Where:W = relative weight fraction of phagein a mixture ofn phases, S = Rietveld
scale factor, Z = number of formula units per unit cell, M = the mass of the formula unit

(in atomic mass units), V = the unit cell volume,&i‘).

The X-ray powder diffraction full-pattern fitting Rietveld method has several

advantages:
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* It makes use of the full diffraction profile correction factors and hence reduces
system effects of preferred orientation, extinction, absorption and instrumental
configuration.

* There is more efficient treatment of overlapping peaks resulting in consideration
of patterns of great complexity and broader peaks.

» There is correct error propagation for quantitative analysis results, by making use
of the standard deviation of the scale factor for each phase (estimation by least
squares refinement)

* The sample preparation is relatively easy

» It refines crystal structures and peak profile parameters for individual phases in a

mixture, providing interactive adjustments of their properties during the analysis.

Peak intensities

For crystal structures solution and refinement the measured peak intensities must
represent a known mapping of the intensity distributions of alhkheeflections onto the
20 dimension of the powder pattern. The assumptions made during such mapping are
that®:
I. The sample is composed of randomly oriented crystallites (i.e. no preferential
orientation)
Il. The crystallites are sufficiently numerous to present just about all possible

orientations to the incident beam (i.e. a powder average)

For thein situ analysis of intact TRISO coated particles criterion I. is not met because
they consist of concentric layers of different phases around a central core. The inner
layers are therefore shielded by the outer layers, affecting their diffracted intensities.
Since we are however interested in the phases in the SiC layer, we are normalizing to a
total phase composition comprising only SiC and Si. This ensures a reliable estimation of
the phase ratios in the SiC layer. There are a variety of methods that have been proposed
to make sure that such requirements are met, including randomizing sample movements,

homogenization with amorphous diluents and crystal size redfttion
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Micro-absorption

It is required that information about the particle and domain size distribution of each of
the phases in the sample be obtaifi€d For this reason and because micro-absorption
has a small dependence dh 2orrection for this effect has not yet been implemented in
Rietveld analysis. It is possible however to take account of the effects of micro-
absorption (and other uncorrected systematic terms) by experimental determination of the
constants in the equation 2.23 using a calibration mixture composed of standard

material§*68:5°

25.3. Characterization of SiC by XRD

It has been stated by Ortiz et’a(2001) that quantitative x-ray diffraction is the most
suitable method for making accurate measurements of the relative abundance of the SiC
polytypes, in order to better understand their processing, microstructural development,
mechanical, electrical, electronic and optical properties. Ortiz et al, (2001) used two
methods to analyse the 3C, 4H, 6H and 15R polytypes: polymorphic methods and whole
pattern methods. The Rietveld method on the other hand is based on analysis of the whole
pattern, which is fitted by means of a non-linear least-squares regression. The
polymorphic method was found to be easier to operate compared to the Rietveld methods.
However it is known that Rietveld methods are more accurate. As was expected, it was
found that the Rietveld method gave more accurate results in terms of the quantitative

polytype composition analysis of SiC.

Hongchao et abP (1997) studied the quantitative XRD analysis, by the Rietveld method
of the 3C, 4H, 6H and 15R polytypes. The detection limit of each polytype was based on
the standard deviation. An accurate account of the distribution of the SiC polytypes was
obtained. The largest relative error was found to be 13% (for the 4H polytype). However
the absolute error was less thanghich is why the results were regarded as accurate.

When the lower detection limit was Zsince the quantitative analysis method can give a
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more accurate result in this case), the lower detection limit for the above four polytypes,
6H, 4H, 3C and 15R were 1.26, 0.76, 0.78 and 0.82%. Minor high order polytypes were
not detectable with the experimental statistics used. Higher order structures tended to
form as a result of stacking faults that were introduced into parent structures resulting in

main reflections overlapping with those of the parent polytypes.

2.6. High temperature XRD - thermal expansion

2.6.1. Factorsinfluencing cell parameters

There are a number of factors that influence the p&ago8ition as well as the cell

parameters. These 8ré""?
* The sample height
* Experimental temperature
» Sample absorption
* Instrumental calibration

* The peak shape model used

2.6.2. Thermal expansion properties of Al,O3

The ALO; thermal expansion data have been determined in the literature by Touloukian

1”® and by Taylof*.

eta

c(M)=c,@+cT +c,T?) @.24)

Equation 2.24 is Taylor’'s expression and was used in conjunction with table 2.2.
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a C

Co 4.75814 12.99113
Ci1 6.55E-06 | 6.54E-06
Co 1.82E-09 | 2.60E-09

Table2.2 — The coefficients describing the temperature dependence of the cell parameter

of Al,O3 using equation 2.22 Units are in A.

2.6.3. Thermal expansion properties SIC polytypes

The three principal axis coefficients of thermal expansion of 3C, 4H and 6H SiC
polytypes are expressed by equations 2.25-2.29 as second-order polynomials along the a-
axes and along the c-ax&&""® It is not reported what fabrication method was used to

manufacture the SiC samples but x-ray diffraction was used to collect data.

a @B3 319 15+ 366 10°T — 168x10 *°T? 2.25)
a, @3 324 160+ 356 10°T — 162x10 T2 (2.26)
a, 39 327 160+ 32% 10°T - 136x1072T? 2.27)
a,, 3 309 10+ 26% 10°T - 108x107*T? (2.28)
a,, 9 318 10+ 248 10°T - 851x107°T? 2.29)

The numerous SiC structural polytypes can be considered to consist of two different
types of layer plane stacking sequences, which correspond to the cubic and hexagonal
types. The 4H and 6H are structurally similar within their layers (i.e. along the a-axes of
those polytypes), and also to within the layer structure of the cubic SiC polytype. It is

therefore not surprising that the principal axial thermal coefficient€ ,(&,,X4H) and

a,,(6H) are similaf®
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Figure2.6 — The principal axial coefficients of thermal expansion for the 3C, 4H and 6H

SiC polytype¥’.

From figure 2.6 it is evident that the principal axial coefficients of thermal expansion
perpendicular to the stacking layers for the 6H and 4H structures are lower than those
parallel to, or within the layers. The averages for the three principal axial coefficients of

thermal expansion from 20 to 1000C can be calculated from the polynomials of
equations 2.25-2.27 (along the a-axis)aas IadT/IdT , yielding 445x107°/°C for
a@C), 447x10°/°C for au(4H) and 446x10°/°C for au(6H). When

considering the statistical significance of these averages, the three values are very

similar’.

The averages for the axial coefficients of thermal expansion fré@ @01006C along
the c-axis can be calculated from equations 2.28-2.29 to vyield valud®@{107°/°C

for arss(4H) and 416x10°/°C for ass(6H). This confirms that therss values for the

4H and 6H structures are significantly lower than the values and that the natural
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decreasing order iE(SC), as3(6H) thenass(4H) . This order is the same as that of the

density of the H-stacking layers along the c-axes, indicating that the lower thermal
expansion coefficients in the <0001> directions for the 4H and 6H polytypes are a direct
consequence of the non-cubic stacking layer sequence. Furthermore, it can be deduced
that the magnitude of the thermal expansion anisotropy is directly related to the fraction

of the H stacking layer sequence in the non-cubic SiC polytypes

The thermal expansion and the thermal expansion anisotropy of crystals depend on two
structural factor®:
* The strength of the bonds within the structural polyhedra, which directly relate to
the nearest-neighbour effects
» The angular changes between the polyhedra or the structural tiltings that relate to

the second, third,...,etc., nearest-neighbour effects.

The thermal expansion coefficients of all crystal structures are determined by a
combination of these two factors.

The equation for the thermal expansion of polyhedra is derived on a basis related to the
strengths of the individual bonds within the crystal polyh®dEhis equation expresses

the mean linear thermal expansion coefficient between room temperature af@.1000

— N -6 /0
A ose = 40(4) 7.7, x10™/°C .30)
a = mean linear thermal expansion coefficient between room temperature and

1000°C

1000C; N = coordination number of the structui®; and Z_ are the cation and anion

valencies:S? is a factor that is 0.20 for carbides and nitrides.

For SiC theN, Z, and Z, are 4. When these values are substituted into equation 2.30,

a is about5x107°/° C, which is close to the values given by equations 2.25-2.29.

1000°C
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The theoretical coefficient of thermal expansion is only related to the nearest-neighbour
atoms and is slightly larger than the reported values. The difference suggests that it is the
presence of bond tilting contributions or further removed bonding effects that reduces the
overall thermal expansion within the polytypes. The differences from the theoretically
calculated coefficient obtained from equation 2.29 are not the same for the a-axis and the
c-axis either. It can therefore be concluded that it is the different atom positions in the C
and H stacking layer sequences which directly determine the thermal expansion
anisotropies of the SiC polytyfle There have been other 3C SiC thermal expansion
coefficient data reported in the literature. CVD SiC has been analyzed with x-ray

diffraction** yielding equation 2.31 (units in P0X).

a=- 182%6 00178- 1554& — 05*T* + 45246E —09* T3 (2.31)
T(K) a, - 3C SiC (10°K™) | a, - Graphite (10 °K™)
320 2.93 4.62
340 3.08 471
360 3.22 4.80
380 3.36 4.88
400 3.49 4.96
420 3.61 5.03
440 3.72 5.10
460 3.83 5.17
480 3.92 5.23
500 4.01 5.28
520 4.08 5.34
540 4.15 5.38
560 4.21 5.43
580 4.27 5.47
600 4.31 5.50
620 4.34 5.53
640 4.37 5.56
660 4.39 5.58
680 4.40 5.59
700 4.40 5.61
720 4.39 5.61
740 4.39 5.62
760 4.38 5.62
780 4.38 5.61

Table2.3 — Thermal expansion data of SiC and PyC
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Table 2.3 is a set of interferometer-collected data from 3C SiC and PyC of a TRISO
particlé®. The TRISO samples were hollow hemispherical SiC shells, prepared by the

fluidized bed method, across a temperature range of 300 K to 800 K.

From a dilatometric study, it has been reported that there exists an inflection point in the
1350C-1450C temperature range and hysteresis after a SiC sample has been cycled
down through this temperature range when plotting the linear expansion versus
temperature as is seen in figure®2.7The cooling curve does not retrace the heating
curve below 1451, indicating a change that is not completely reversible. The difference
is explained by the slight contraction that free silicon impurity (~1%) experiences when

going from the solid to the liquid phase
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Figure2.7 — Linear thermal expansion versus temperature relati@ 3>

2.6.4. Thethermal expansion of graphite

It has been shown that the crystal lattice coefficients of thermal expansion parallel and

perpendicular to the basal planes may be expressed in tH& form
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<

a, = AC, +BC, +CT

.32)
a,=LC, +MC, +NT

The two component€,, andC, refer to lattice vibrations parallel and perpendicular to

the basal planes respectively.

o, =0(2)
3

Where, ©, and ©, = Debye temperatures associated with the lattice vibratibns,

—

0.33)

O]

C, = 3RD(

—

absolute temperature ari®l = ideal gas constant.

These are expressible by the Debye function:

0.34)

Thermal expansion coefficients of graphite have been estimated in the literatur®, Riley
Morgarf®, Kellet and Richard§ have estimated the coefficients for, as is shown in

Table 2.4. These values are compared to those that were experimentally determined by

Steward et af’.

0,(K) | ©.(K) | A@/mol) | B@/mol) | C(deg?
Morgan 2300 800 1.677E-7| -1.036E-/ -8.30E-11
Kellet and Richards | 2280 760 1.777E-f  -1.065E-7 0
Riley 2280 760 1.620E-7| -1.013E-f O

Table2.4 — Various coefficients in the expressiongf®,
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Figure 2.8 shows the plot the, curves plotted from table 2.4’s coefficients compared

with the experimental results of Steward ef’alThe non-zero coefficient of the
temperature term by Morgan gives a closer solution to the experimental data at high

temperatures. Alsar, = 0 is predicted to be attained at 398@0which compares well

with the 406C that is found experimentaff/

—— Kgllelt = = = = Morgon

Riley x Steward

2,00E-06

1.50E-06

1.00E-08

5.00E-07

0.00E+00 T . T . . .
-200 209%’ 600 1000 1400 1800 2200 2600

-5.00E-07 13
\f
-1.00E-06

-1.50E-08

CTE e (°C)

-2.00E-08

Temperature (°C)

Figure 2.8 — The coefficient of thermal expansion in the a-direction results against

temperatur®.

Riley®* and Morgaf have also published their coefficients for the predictiorr gfwith

the results shown in table 2.5. The results of Tswang®&tteve also been included and
better correspond to the experimental values shown in figure 2.9, determined by Steward
et al®’, Nelson and Riléy, Yates et ai° and Harrisoft. Riley's® coefficients give

reasonable values at high temperatures but overestimate @idow temperatures.
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0,(K) | ©,(K) | L@/mol) | M (I/mol) | N (deg?
Morgan 2300 800 -7.93E-7 | 1.56E-6| 7.19E-9
Riley 2280 760 -7.70E-7 | 1.38E-6| 1.08E-8
Tsang et al. 2300 800 -5.05E-7 1.40E-6 5.15E-9

Table2.5 — Various coefficients in the expressionf

|— = Iargan - = + - Mew Calculation Riley x MNelsonandRiley e Steward + Yates < Harmison |
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Figure 2.9 — The coefficient of thermal expansion in the c-direction results against

temperature.

2.7. Transmission electron microscopy

2.7.1. Conventional transmission electron microscopes

In the TEM, a thin specimen is irradiated with an electron beam of uniform current
density; the electron energy is in the range 60-150 keV (usually around 100 keV) or 200
keV-3 MeV in the cases of intermediate and high-voltage electron microscopes. Electrons
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are emitted in the electron gun by thermionic emission from tungsten hairpin cathodes or
LaBs rods or by field emission from tungsten filaments (used when high gun brightness is
needed). The two stage condenser-lens system permits variation of the illumination
aperture and the area of the specimen illuminated. A three or four stage lens system
images the electron-intensity distribution behind the specimen onto the fluorescent
screen. The image is then recorded by direct exposure of a photographic emulsion inside
the vacuum or digitally by CCD or TV cametasThe ray diagrams of the TEM are
shown in figures 2.10 and 2.11.

Electron gun

Condenser 1 ]

SifLi)

]
) Sy
.

-\

Condenser 2 ]

Specimen

Objective -
Objective diaphragm

Selector diaphragm
lntermediate
lans

Projector
lens

Image

Etectron-
energy-loss
spectrometer

TEM

Figure 2.10 — Schematic ray path for a transmission electron microscope equipped for

additional x-ray and electron energy-loss spectroséopy
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The lens aberrations of the objective lens necessitate the use of very small objective
apertures (in the order of 10-25 mrad, to achieve a resolution of 0.2-0.5 nm). The bright
field contrast mode is produced by absorption of the electrons scattered through angles
larger than the objective aperture (i.e. the scattering contrast) or by interference between
the scattered wave and the incident wave at the image point (phase contrast). The phase
of the electron waves behind the specimen is modified by wave aberration of the
objective lens. The aberration and the energy spread of the electron gun (1-2 eV); limit
the contrast transfer of high spatial frequencies. Electrons interact strongly with atoms by
elastic and inelastic scattering. This necessitates the use of thin samples of the order 5 nm
to 0.5um for 100 keV electrons, depending on the density and elemental composition of
the object and the resolution desired. Special preparation techniques are used, for instance
electropolishing of metal foils. Thicker specimens are investigated with a high-voltage
electron microscope. TEM is able to provide high resolution because elastic scattering in
an interaction process that is highly localized to the region occupied by the screened
coulomb potential of an atomic nucleus. Inelastic scattering is more diffuse and spreads

out over about a nanometer
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Figure2.11 — Ray diagram for a transmission electron microscope in (a) the bright field

imaging mode and (b) the selected-area electron diffraction¥hode

2.7.2. Limitations of the TEM

Sampling

As with any high resolution imaging technique, the main limitation is that only a small
area can be looked at for any one time. A higher resolution therefore implies worse
sampling abilities of the instrument. It is necessary to examine samples with techniques
of poorer resolution but better sampling abilities (such as the eye, visible-light

microscope and the scanning electron microscope) before utilizing th&TEM
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Interpreting transmission images

One of the challenges that are associated with the TEM is that it presents us with 2D
images of 3D specimens that are viewed in transmission. As a result there are certain
artifacts that abound in TEM images. One of the aspects of this drawback is that many of
the TEM information such as imaging, diffraction patterns and spectra, is averaged
through the thickness of the specimen. Therefore a single TEM image has no depth
sensitivity. A full characterization of the specimen would require the assistance of surface

sensitive or depth-sensitive techniglies

Specimen preparation

It is necessary to have thin samples to get any information from the transmitted electrons
of the TEM. A sample is considered thin if it is electron transparent. A prerequisite for a
specimen to be transparent to electrons is that it must be thin enough to transmit
sufficient electrons such that there is enough intensity faling on the screen or
photographic film. This is generally a function of the electron energy and the average
atomic number of the specimen. The thinning process does affect the structure and the

chemistry of the specimen thereby introducing artifdcts

Electron beam damage and safety

lonizing radiation can damage the specimen particularly in materials such as polymers
and some ceramics. The combination of high-kV beams with the intense electron sources
that are available means that almost every sample can be destroyed. There is also a

danger that is posed to the operator by the ionizing radfation
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2.7.3. Electron Diffraction

In the periodic potential of a crystal lattice, the electron waves propagate as a Bloch-wave
field, exhibiting the same periodicity as the lattice. The interaction may be characterized
by the Bragg condition:

A= 2sing, @.35)

This relates the angle@ between a Bragg-diffraction spot and the primary beam to the
lattice-plane spacingl and the wavelength.. The kinematical theory of electron
diffraction assumes that the amplitude of a Bragg diffracted wave is small compared to
that of the primary wave. This is applicable only in for very thin foils which are less than

a few nanometers thick. The dynamical theory, which is based on the Schrédinger
eqguation, also describes wave propagation in thick crystals resulting in a ‘pendellésung’.
This means that the amplitude of the Bragg-diffracted and primary waves oscillate in
antiphase as a function of depth and depend sensitively on the tilt of the specimen. The
primary beam may show anomalous transmission. A two-beam approximation is often
used to discuss the main effects of dynamical electron diffraction on the beam intensity
and image contrast in crystals. However, a many-beam theory with 20-100 or more
diffracted beams has to be used if the observed phenomena are to be explained in detall.
The pendellésung effect causes typical diffraction effects in crystal foils, that can be seen
as edge or bend contours. The image intensity depends very sensitively on the strain field
of any lattice defects, meaning that a large variety of defects can be imaged and analyzed
without resolving the lattice structure. A resolution of the order of 1 nm is attained, if the
weak beam technique (in which a dark-field image is formed with a weakly excited

Bragg reflection) is uséd

In the case where the objective aperture is so large that the primary beam and one or
more Bragg reflections can pass through the diaphragm, the waves interfere in the image
plane forming an interference pattern. This can furnish an image of the crystal structure

and its faults, if the specimen is thin enougtiQnhm). The image contrast is often
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affected by the dynamical diffraction and the phase shift of the electron lens, so that a
high resolution image of lattice structures has to be analyzed with care. It is usually
necessary to compare the results with computer simulations in which the crystal
orientation and thickness and the phase shift caused by the spherical aberration and

defocus of the electron lens are consid&red

2.7.4. Thereciprocal lattice

The reciprocal-lattice concept is important for the understanding and interpretation of
electron-diffraction patteri§ The Laue conditions that govern the occurrence of strong

diffraction to occur and are equivalent to the Bragg law are given by equatiéh 2.44

P.a=hA
P.b=kA @.36)
P.c=IA

The reciprocal lattice (equation 2.45) is derived directly from equations 2.44.
P=ha*+kb* +Ic* 0.37)

Where, b* and c*are vectors defined such thaaa*=b.b* =c.c* =1 and
a*.b=Db* .a, etc. = 0. The relations are derived from the fact #fatis perpendicular

to b and c etc. Equation 2.45 is a solution of equations 2.44, since forming the scalar
product of equation 2.45 witla leading to P.a=hA, the first Laue condition. The
conditions thata.a* = Jand a.b* = Ofor instance can be explained by the fact #atis

perpendicular td andc, as is shown in figure 2.12, for non-orthogonal axes.
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Figure 2.12 — The geometric relationships between the geometric lattice vectors

a*,b*and c* and the real lattice vectors a, b, c.

For crystal structures with orthogonal axes (i.e. cubic, tetragonal and orthorhombic), the

axes of the reciprocal lattice coincide with those of the crystal [ttice

The reciprocal lattice is characterized by two properties:

The vectorgn.y to the point (hkl) of the reciprocal lattice is normal to the plane
(hkl) of the crystal lattice
The magnitude ofnwy is 1/dna), Where ¢y is the interplanar spacing of the

family of (hkl) planes

The reciprocal lattice is therefore defined as an array of points, with each of the points

corresponding to a particular (hkl) plane as is defined by the two properties above. In

figure 2.13, the relationship between planes in the real lattice and point in the reciprocal

lattice for a cubic crystal structure is shdtvn
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Figure2.13 — The geometrical relationship between the plane normal and g

64



&
=

W UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
\ 4

YUNIBESITHI YA PRETORIA

3. OBJECTIVES AND HYPOTHESIS

3.1. Objectives and outcomes

The composition and structural integrity of TRISO SIC are important factors in
understanding its effectiveness as a barrier to diffusion products. The presence of silicon
which melts at 1414°C is particularly detrimental. The transformation of SiC from one
polytype to another is known to slightly alter some of the physical and thermal properties.
To better understand selected properties of TRISO SiC the following objectives were
pursued:

e Phase characterization by means of Raman spectroscopy, XRD and TEM. In

addition to the SIC polytypes, the silicon and graphite characterization are critical

* Phase quantification by means of Raman Spectroscopy and XRD

» High temperature stability of SiC up to 1400°C by HT-XRD analysis to provide
data for therma expanson modelling. Of importance is possible phase

transformation and volumetric changes

Each experimenta technique aids in a unique aspect of characterizing the SIC TRISO
layer.

3.2. Hypothesis
The CVD SIC layer properties of the PBMR TRISO coated particle can be characterized

in terms of polytypes qualitatively and quantitatively by micro Raman spectroscopy and
XRD (Rietveld method). The microstructure can be characterized by TEM.
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4. EXPERIMENTAL PROCEDURE

4.1. Raman Spectroscopy

4.1.1. Samples and labeling

Ten different types of samples labeled from PO 1 to PO 10 (supplied by PBMR) were
examined in this study. Only the thicknesses of the TRISO layers and the densities are
known as is shown in table 4.1. The deposition temperate, rate, gas pressures and
impurities are all unknown to the author. All samples used had a TRIS@ cor@

instead of the U®used under actual irradiation conditions.

Thickness (microns) Densities (g/cms)
Sample | Core | Buffer | IPyC SiC OPyC | Buffer | IPyC | SiC OPyC
PO 1 408 67 35 5 29 1.52 3.03 1.99
PO 2 502 124 14 31 10 1.60 3.13
PO 3 516 84 10 30 9 1.57 3.09
PO 4 490 71 20 25 29 1.22 3.17 1.97
PO 5 483 90 13 30 32 1.62 3.13 1.98
PO 6 494 81 8 25 5 1.65 3.10
PO 7 490 87 20 - - 1.31 -
PO 8 496 84 14 31 13 1.20 3.10
PO 9 481 60 15 51 45 1.75 3.16 1.97
PO 10 520 53 50 27 20 1.00 1.43 | <2.87

Table4.1 — Sample layer thicknesses in microns. Sample PO7 contains no SiC layer and
the sample with thickest SiC layer is PO9.

4.1.2. Calibration

In order to check the instrumental error and sample error, a single crystal 4H (602069
03AA) SiC wafer from ‘Intrinsic semiconductor (CREE) was used. The instrumental
error has to be significantly smaller than the sample error in order to attain reliable

results.
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Instrumental error

The test for the instrumental error was done by simply analyzing the same spot on the
single crystal seven times. The variability in the analyses then gave the error. The
selected region is in from 100 to 1600 tnwavenumbers). Each time, the area

underneath the curve was measured by Sigma plot as a check for statistical variation. The

intensities have been offset by a value of 10 000 arbitrary units, for clearer comparison as

is seen in figure 4.1.
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Figure4.1 — Instrumental error analysis of the 4H single crystal wafer

machine).

Instrumental Analysis

Analysis | Area

M ean

Std. dev.

M ax

Min

Range

259805.7

266212.

¥ 5258.0¢

b9 27469

3.4 2598

D5.7 148

260471.6

263620.5

268443.5

274693.4

268491.2

N[O WIN|(F

267963.2

ERROR (%) = 1.98

Table4.2

area values (Coherent Innova machine), used for qualitative Raman spectroscopy results.

— 4H single crystal SiC statistical data of the instrumental analysis measured
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The measured area values are given by table 4.2. The error is calculated as the percentage

of the standard deviation relative to the mean. Table 4.3 shows the error for the dispersive

Raman spectroscopy machine used for constructing the calibration curve. The sample

analyzed was the 4H single crystal SiC.

Instrumental Analysis

Analysis | Area Mean Std. dev. | Max Min Range

1 5719318.5 5831516.1 81111.287 5965571.5 5719318.5 246253
2 5788042

3 5781072

4 5817125

5 5858365.5

6 5965571.5

7 ss01118.5 ERROR (%) = 1.39

Table 4.3 — 4H single crystal SiC statistical data of the measured area values of the

instrumental analysis (Renishaw RM 2000 inVia), used for quantitative Raman

spectroscopy results

Sample error

20000

FOoooo

G000

50000

40000

Intensity

20000

0000

Raman spectroscopy OFFSET - (Sample error check) for a Single crystal 602069 SiC, Bright phase
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Figure 4.2 — Sample errors analysis of the 4H single crystal wafer (Coherent Innova

machine).
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The test for the sample error was done by varying the laser beam across the surface of the
single crystal wafer for a total of seven analyses. The chosen wavenumber region is again
100 to 1600 ci and intensities are offset by a value of 10 000 arbitrary units as is shown

in figure 4.2. The measured area values are given by table 4.4.

Sample Analysis

Analysis | Area Mean | Std.dev. | Max Min Range
303280.7| 249815 67655.3 356114.7 147675.5 208439.2
214283.4
356114.7
226916.9
226916.9
147675.5
273516.9

N O O A W N

ERROR (%) = 27.1

Table4.4 — Statistical data of the measured area values of the sample analysis (Coherent

Innova machine)

The sample error of the Renishaw RM 2000 inVia machine is further discussed in the

section 5.2.3.

4.1.3. Qualitative analysis

Sample preparation

The samples, in the as-received condition were fully spherical TRISO particles. The
samples were mounted in resin inside sample holders with a design that is shown in
figures 4.3 and 4.4. The material used is 1 inch diameter brass. The 0.52mm depth of the
cylindrical cutaway was determined by taking half of the average diameter value of 25
TRISO particles analyzed by optical microscopy. Samples were then mounted in resin
and polished.
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0.52
12

254

Figure4.3 — Sample holder design (side view). Units are in millimeters.

Figure4.4 — Sample holder design (top view)
It was decided to compare TRISO coated particles that were polished only and particles

that were polished and etched (with a mixture of NaOsFekKCN) and HO). Sample
PO7 was found to contain no SiC layer and hence no analysis is available.
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Analysis of samples

The qualitative analyses were done using the dispersive Raman spectroscopy Coherent
Innova machine fitted with the Olympus BH2 microscope. Most of the samples were
analyzed with the Coherent Innova 300 -fm laser using a 514.5 nm excitation line,

with a spectral resolution of 2.2 &mand a microscope spatial resolution of 12 In

other cases the Stabilite 2017 Kon laser with an excitation line of the 647.1 nm was
used. The light intensities were between 0.1W and 0.2W. The laser beam was formed to a

spot diameter of 48n, with an objective lens of 50X magnification.

It was decided to compare TRISO coated particles that were polished only and particles
that were polished and etched The Murakami etéhimgcedure was followed, (with a
mixture of NaOH, KFe(CN)} and HO).

The SiC layer was in each case characterized by analyzing several spots in a straight line
along the cross-section (i.e. A to H). Samples were analyzed from the innermost part of
the SiC (closest to the ZpQore) to the outermost part. For instance if the analysis is
from point A to H, then A represents the point closest to the centre of the particle
(innermost) and H represents the point furthest to the centre of the particle (outermost).
This labeling system is illustrated in figure 4.5. The numbers of analyses vary because the

SiC layer thicknesses also vary.

OPyC
Sic
H - Qutermost
L\ >
IPyC A - Innermost

Figure4.5 — Labeling system used for qualitative micro Raman spectroscopy analyses.
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Peak de-convolution procedure

Peak de-convolution was done using LABSPEC®2@4 an attempt to identify peak
positioning and hence the polytypes that are present in the sample. The following
procedure was followed:
 The region which was extracted is across wavenumbers 700-1000 cm
 Three bins were used for filtration as a moving average. There is a tradeoff
between the level of detail and filtering the noise.
 Removal of the background followed the shape of the spectra; therefore both
linear and polynomial profiles were used.
* Peaks were identified and the Lorentzian distribution was chosen as opposed to
the Gaussian distribution.

* The peaks were approximated and then de-convoluted.

4.1.4. Quantitative analysis (calibration curve)

Experimental setup

Analytic grade silicon (99.99%) was mixed with monocrystalline SiC wafers supplied by
Cree (formerly Intrinsic Semiconductor). The polytypes used are 4H (602069 03AA) and
6H (503030 04AA). In addition a 3C sample was prepared by the Nuclear Energy
Corporation of South Africa (NECSA); the details are contained in the appendix B
section. This sample underwent a heat treatment SC7t0 24 hours in order to oxidize
the outer graphite layer formed during manufacturing. Each of these polytypes was used
to construct a calibration curve. The following procedure was used:

* Mixtures - the proportions used are 5%, 25%, 50% and 75% silicon by mass. The

total mass of each mixture is approximately 0.045g (<1% error)
« A Retsch MM 301 mixer mill with a steel ball and lining was used to ensure

homogeneity and a fine grind of wh. Fine grinding was wet in ethanol. The
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capacity of the mill is 35ml and the ethanol used filled about 30% of the
container. The mixture was vibrated at a frequency &s30 minutes.
» Samples were pressed under a uniaxial load of 10 tons for 10 minutes. No binder

was used. The sample holder design is shown in figure 4.6.

Top View

{o

12

Side View

Y
| 254 .

Figure 4.6 — Sample holder design. Manufacturing material is brass. Units are in

millimeters.

The measurements were done using the Renishaw RM 2000 inVia Raman spectroscopy
microscope using the 514.5 nm excitation line of thé-idm laser with a spectral
resolution of approximately 1¢hand a microscope spatial resolution of gml The

power of the laser was 0.1W at 8 amps. The quantitative analysis was done at 5x
magnification and for each mixture, 10 analyses were taken. Two repetitions were done
for each analysis for 20 seconds each. The laser beam was defocused by 25% in order to

spread the laser beam and quantitatively analyze a larger area.
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Error analysis

The 50% silicon — 50% 3C SiC batch mixture was subdivided into 5 sub-samples in an
attempt to calculate the errors within each sample and the scatter across similar samples.
Each of samples was analyzed 10 times, using the Renishaw RM 2000 inVia Raman

microscope using the 514.5 nm excitation line of theidn laser.

4.1.5. Improved calibration curve

Particle size distribution measurements

The particle size distributions of silicon and SiC were measured using the Malvern
Analyzer MU 2000. Analyses were done with the minerals in slurry form. The amount of
each of the chemicals was determined by the extent of the laser obscuration, which had to
be between 10 and 20%. The pumping rate was 2050 rpm. An ultrasonic displacement of
5.5 um, applied for 10 seconds was used for improvedgbaispersion. The analyses
spanned 60 seconds and an average from two runs was used as the final result. The

refractive indices of silicon and SiC were chosen as 3.5 and 1.5 respectively.

Separation by particle sizes

The +38um particles were separated as the oversize by noéan88 micron sieve. The
particles were in slurry form and were thoroughly dispersed and flushed under running
water, until only the oversize was left. The undersize was collected in a pan. All particle
sizes were dried in pans with an oven operating .70

The -38um particles (in slurry form) were poured into a measy cylinder, with a
volumetric scale that corresponded to the length in centimeters. Water was then added to
fill the cylinder such that the slurry reached a height of 20 cm. The settling rate per

particle size was determined by Stokes’ law.
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After the +10 -38um particles had settled, the -ufh slurry was removed with a 30 ml
pipette. While the -1Qum was allowed to settle, the +10 -8 particles were dried in

the oven.

Annealed SiC and Si powders

Silicon and SiC powders obtained from American Elements were annealed at 1000 and
1100°C respectively, by means of a horizontal tube furnace in an inert atmosphere. The
powders were placed inside flat-bottomed, boat-shaped sample holders. The furnace was
heated up from room temperature to 1N 2 hours and allowed to stabilize for a
further 90 minutes. A similar heating rate was used for heating up t6CL10Qook a

total of 4 hours before the reading from the thermocouple stabilized alCl1D@is is
because the furnace was approaching its maximum operating temperature. The hot-zone
in the furnace was detected and measured by means of a k-type thermocouple. Argon gas
was used at a flowrate of 1-2 L/min. The annealing times for both the silicon and SiC are

2, 4 and 8 hours. The samples were cooled within a few minutes in air.

4.2. X-ray Diffraction

The XRD patterns of all samples were obtained using a PANalytical X’Pert Pro powder
diffractometer with Col¢ radiation £ = 1.78901A). No monochromator was used. The
generator settings used are 35 kV and 50 mA. Collection of the powder patterns used for

Rietveld analysis is discussed below.

4.2.1. Analysis of experimental samplesfrom PBMR

The 10 samples issued by PBMR (i.e. PO1 to PO 10) were analyzed in two conditions:
» Firstly, in the as-received condition with all the layers intact
* Secondly samples were analyzed with the outermost PyC layer removed via
oxidation at 858C
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The unbroken TRISO particles were loaded to fill the 10mm diameter of the sample
holder and therefore to give average measurements across many particles. The analysis
was performed across an angular ran@¢ ¢25° to 126 using a step width of 0.00&nd

a counting time of 15.4 seconds per/step with a rotating sample holder. Programmable

divergence slits are used in addition to an X'Celerator scanning detector.

The analyses were refined using the BGMN Rietveld analysis program, AUTOQUAN
%yersion 2.7.0.0. The polytypes of SiC which were considered in the refinements are the
3C, 2H, 4H, 6H, 8H and 15R. In addition to these the following were also included in the
refinements:

» Graphite (from the buffer, IPyC and OPyC)

» Tetragonal ZrQ@ (from the core)

» Silicon (free silicon)

* Quartz (impurity)

In cases where phases were almost absent no refinements of such phases was possible
and these were not considered in the calculations. The key parameters are the crystallite

size, the particle size, the microstrain and preferred orientation.

4.2.2. Quantitative analysis (calibration curve)

The same samples used for the calibration curve by Raman spectroscopy were analyzed
by quantitative x-ray diffraction. The samples were removed from the 1l-inch diameter
sample holder and placed on a zero background sample holder with the surface of the

powder as flat as possible.
The analysis was performed across an angular rafy®f3° to 9C¢ using a step width

of 0.017 and a counting time of 3.0 seconds/step with a rotating sample holder. In

addition programmable divergence slits are used along with an X’Celerator detector.
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The analyses were also refined using the Rietveld analysis program AUTOQUAN
version 2.7.0.0. The following were included in the refinement:

* The relevant SiC polytype phase (main polytype, i.e. 3C, 4H or 6H)

» Silicon (other main constituent)

e Other SIC polytypes (impurities). Only 3C, 2H, 4H, 6H, 8H and 15R are

considered
» Graphite (impurity)
* Quartz (impurity)

* o-Fe (contaminant from grinding)

The criteria used for refinement are identical to those used for analyzing the TRISO

particles from PBMR.

4.2.3. XRD analysis of sample with removed a-Fe

In order to investigate whether microabsorption plays a significant role in the quantitative
XRD investigation, a separate sample was prepared by mixing 50% 4H-SiC with 50%
silicon. The same preparation procedure which includes weighing-off, fine-grinding and
mixing was followed. The method followed for the removai-dfe is as followed:

* The binary mixture is placed inside a 20 ml vial.

* HCI (32% concentrated) is added to fill the vial in order to dissolve-the o

» After the particles have settled, the HCI is removed with a pipette attached to a
rubber stopper. Only the HCI directly in contact with the mixture is left.

* The HCl is diluted with distilled water in order to wash the mixture from the acid.
After settling the now dilute acid mixture is removed by the pipette and more
distilled water is added.

* This procedure is repeated a total of 5 times (until thorough washing of the

sample had taken place).
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« The wet mixture inside the vial is placed on a hot stove dtClé&ide a fume
cupboard for 15 minutes.

* The dry binary mixture was removed from the vial and placed in a sample holder
before being uni-axially pressed together before analysis with XRD and
refinement with AUTOQUAN.

4.2.4. High temperature XRD

The TRISO particles are fixed to a heating strip by alumina cement, which is also the
standard used for calibrating the SiC. One of the analyses (G102) was done using a
molybdenum heating strip with helium as the inert gas, while the other two (PO4 and
PO9) made use of a graphite heating strip under ultra high purity nitrogen. The Anton
Paar TCU 2000 temperature control unit was used to heat up samples up°®, b400
following the following steps:

« Starting from room temperature (25, heating up was in increments of 00

from 100C to 1106C

« From 1100C to 1400C increments of Z& are used heating up

« Cooling down from 140 to 1106C, increments of 5T are used

» Cooling from 1108C to 26C was done in a single step
It took a total of 5 hours to heat up and cool down the samples. The Rietveld method
using the TOPAY software package was used to refine the lattice parameters by
updating each next step with the data for that specific temperature. The analysis was
performed across an angular rang@) & 5° to 120, using a step width of 0.03and a
counting time of 11.9 seconds/step. A single simultaneous refinement was performed on
all data from the same run or sample. The zero point and crystallite sizes of the phases
were refined collectively for all runs, whilst the sample displacement and lattice

parameters were individually refined for each run at a different temperature.
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4.3. TEM experimental procedure

Thin slices cut from TRISO coated particles were ground to a thickness of approximately
30 microns and polished to further reduce the thickness. The resulting disks were
mounted on molybdenum rings with holes that were punched in the centre. Two argon
guns operating at 1 kV and 24 (for the left), 29 mA (right) under an angfendrgé used

for the etching of the samples. Sample PO 6 had to in addition be etched from both sides,
with the second side etched &t Zhe arrangement of the experimental setup used for
analyzing sample PO 9 is shown in figure 4.7. The other two samples had only one disk
mounted on the molybdenum ring. The thin area had to be <125 nm for analysis to be

possible.

Mo holder

SiC layer

Graphite layer

Figure4.7 — Sample arrangement upon analysis with the TEM for sample PO 9.

The TEM studies were done using a Philips CM 200 electron microscope operating at
160 kV, with a point to point resolution of 0.24 nm and a line resolution of 0.204 nm. The
images were collected and analyzed using the Gatan DigitalMicrograph version 3.11.2
for GMS 16.2 software package. The calculated diffraction patterns were generated using
the JEMS software packale
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5. RESULTS AND DISCUSSION

5.1. Qualitative Raman Spectroscopy

The characterization of components such as silicon, SiC polytypes and graphite are key to
understand the integrity of the TRISO particles. Using peak positioning, it is possible to
characterize each of these components. SiC polytype characterization however required
peak deconvolution to result in more meaningful analyses. The Lorentzian peak shape is
chosen because it was a closer match to the peaks than the Gaussian profile. The detailed
procedure is in section 4.1.3 of the experimental procedure. Peak deconvolution was
confined only to the TO SiC peaks and of particular significance is the main peak, where
the 3C and 6H SiC main peak coincide. The deconvolutions shown are for the innermost

analysis (analysis A in each case is the point closest to the IPyC layer).

5.1.1. Characterization of PO samples

Table 5.1 is a summary of peak positions of the etched and unetched samples (PO1-6 and
8-10). Sample PO7 is not included because it contained no SiC layer. The 3C and 6H
polytypes are both identified in all the samples. There is evidence of the 15R polytype in
some of the samples. Either some crystalline or amorphous silicon (or a combination of
the two) is identified in all the samples, with the exception of PO5 (where there is no
evidence of silicon). Samples PO6 and PO8 had exceptionally high 52@eaks of
crystalline silicon (relative to the highest SiC peak). Samples PO2, PO4 and PO10 had
high crystalline silicon peaks, while PO3 and PO9 had low silicon peaks. Sample PO1
was the only sample to have had significant evidence of graphite throughout the cross-
section. The reason why the 1360tmeak is sometimes seen in other analyses is
because each analysis is starts or ends close to a PyC interface. Some of the FLO peaks
tend to shift significantly (from the peak positions of table 2.1) and even in literature,

their behaviour is not well-understodd
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Sample Silicon Silicon Carbide Carbon
. 3C 6H 6H 6H 15R 15R
Crystalline  Amorphous | 3C (FLO) (2/6) (6/6) (FLO) (4/5) (FLO)
PO1 X 420-540 795 969 790 765 X X X 1360
etched
PO1 X 420-540 796 969 791 766 X X X 1360
unetched
PO2 520** 420-540 796 964 790 768 X X X X
etched
PO2 520%* 420-540 | 794 964 788 760 X X 941 X
unetched
PO3 520 420-540 | 794 965 789 763 960 785 X X
etched
PO3 520 420-540 |794 X 788 761 961 X X X
unetched
PO4 520** 420-540 795 969 792 770 X X X X
etched
PO4 520** 420-540 794 967 790 765 X X 940 X
unetched
PO5 X X 795 971 792 764 X X X X
etched
PO5 X X 794 971 791 763 X X X X
unetched
PO6 520%+ X 794 967 788 763 X X 943 X
etched
PO6 520%++ X 794 965 787 771 X X 939 X
unetched
PO8 520*** X 794 965 788 766 X X X X
etched
PO8 520*** X 793 964 788 759 X X 937 X
unetched
PO9 520 420-540 | 797 967 790 766 X X X X
etched
PO9 520 420-540 | 795 967 787 764 X X X X
unetched
PO10 520%* X 796 971 791 766 X X X X
etched
PO10 520** X 794 968 790 763 X X X X
unetched

Table5.1 — Summary of peak positions identified with qualitative Raman spectroscopy
(units are in wavenumbers; ¢n *, ** and *** denote a low, high and very high

crystalline silicon peakx indicates the absence of a peak.

Samples PO3, PO5 and PO6 were chosen to illustrate how the results of table 5.1 were

derived. The rest of the PO samples’ graphs are included in Appendix A.
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Sample PO3
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Figure5.1 — Optical microsﬁpe imaggof PO3 polished coated particles.

Raman Spectroscopy PO3 - Polished and etched (A to H is innermost to outermost)
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Figure5.2 — Raman spectra of the SiC layer of a PO3 polished and etched coated patrticle.

A is the innermost and H is the outermost spot along the SiC cross-section. There seems
to be a mixture of amorphous and crystalline silicon throughout the analyses. The most

intense crystalline silicon peaks occur in the middle of the SiC layer (analysis C to E)
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Peak splitting is clearly evident, indicating that the 3C polytype is not the only one that is

present.

Once again, there seems to be a mixture of amorphous and crystalline silicon present. In
the case of the etched sample (figures 5.1 & 5.2), the crystalline silicon (occurring at
520cni') and the amorphous (420-540 &nsilicon both seem to be present throughout

the whole cross-section. The 3C SiC is characterized by the peak of 784 isrseen in

figure 5.3. The presence of the 2/6 6H peak is confirmed by the peak at 790/tite

the 2/5 15R peak is confirmed by the 7867cpeak. The broad peak at 963 tm
represents the 6/6 6H and 3C polytype. This is further confirmed by the LO peaks at 960
and 965 crit. The relative broadness of the peak is an indication of disordered SiC.
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Figure 5.3 — Raman spectra of the TO SiC peaks after deconvolution for analysis 3A
(etched). It was assumed that there were three components making up the main peak. The

peaks indicate the presence of the 3C, 6H and 15R polytypes.

83



e
&

“ UNIVERSITEIT VAN PRETORIA

et

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Raman Spectroscopy PO3 - Polished only (A to K is the innermost to outermost)
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Figure 5.4 — Raman spectra of the SiC coating of PO3 polished (unetched) coated
particle. A is the innermost and K is the outermost spot along the SiC cross-section.
There seems to be predominantly amorphous silicon, with small crystalline silicon peaks
evident for some analyses. Peak splitting is clearly evident, indicating that the 3C

polytype is not the only one that is stable. There is no evidence of graphite.

With regards to the polished unetched sample (figure 5.4), amorphous silicon seems to be
predominantly present in the region 420-540'crwith trace amounts of crystalline
silicon at 520 cril. Unlike with the etched sample, the crystalline silicon is almost non-
existent. According to figure 5.5, the presence of the 3C polytype is confirmed by the 794
cm™. The presence of the 2/6 6H polytype is confirmed by the 78Bpaak. This is

further confirmed by the broad peak, which is at wavenumber 963 dimere is
reasonable similarity between the two samples, with the exception that the 15R polytype
is detected only in the etched sample.
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Figure 5.5 — Raman spectra of the TO SiC peaks after debamon for analysis 3A
(polished). It was assumed that there were three components making up the main peak.
The peaks indicate the presence of the 3C and 6H polytypes.
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Sample PO5
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Figure5.6 — Optical microscope images of PO5 polished coated particles.

Raman Spectroscopy P05 - Polished and etched (A to K is the innermost to outermost)
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Figure 5.7 — Raman spectra of the SiC coating of PO5 etched and polished coated
particle. A is the innermost and K is the outermost spot along the SiC cross-section.
Neither the amorphous nor crystalline silicon is seen throughout the SiC layer. The SiC
peaks do not split, however peak deconvolution indicates the presence of a relatively

small 6H peak.
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In the case of the etched sample, (figures 5.6 & 5.7) neither the amorphous nor crystalline
silicon is seen throughout the SiC layer. The 3C SiC polytype is characterized by the TO
and LO peaks at 795 ¢hand 971 cnt, as is seen in figure 5.8. The presence of minor
6H polytype is confirmed by the 2/6 and 6/6 6H peaks evident at wavenumbers 792 and
764 cm'® respectively. There is a low background (for both the etched and unetched
samples) which is usually an indication of low fluorescence associated witfl PO5
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Figure 5.8 — Raman spectra of the TO SiC peaks after deconvolution for analysis 5A
(etched). It was assumed that there were two components making up the main peak. The

peaks indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P05 - Polished only (A to | is the innermost to outermost)
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Figure 5.9 — Raman spectra of the SiC coating of PO5 polished (unetched) coated
particle. A is the innermost and | is the outermost spot along the SiC cross-section.
Neither the amorphous nor crystalline silicon is seen throughout the SiC layer. The SiC
peaks do not split, however peak deconvolution indicates the presence of a relatively

small 6H peak. Graphite is only seen at analysis | at 1360 cm

In the case of the polished unetched sample, (figure 5.9) the positioning of the peaks
seems to be very similar to those of etched samples. No silicon is seen throughout the SiC
layer. The 3C SiC polytype is characterized by the TO and LO peaks at 7%hdra71

cm?, as is seen in figure 5.10. The presence of the 6H polytype is confirmed by the 2/6
and 6/6 6H peaks evident at wavenumbers 791 and 763respectively. Of all the
samples analyzed, PO5 seems to be the purest in terms of stoichiometry (since no excess
silicon or graphite is present in the SiC layer). Analysis | is probably an analysis of the
SIC-OPyC interface thereby resulting in significantly smaller SiC peaks and graphite.

Also, the 3C polytype seems to be most abundant in this sample.
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Figure5.10 — Raman spectra of the TO SiC peaks after deconvolution for analysis 5A
(polished). It was assumed that there were two components making up the main peak.

The peaks indicate the presence of the 3C and 6H polytypes.
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Sample PO6
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Figure5.11 — Optical microscope images of PO6 polished coated particles.

Raman Spectroscopy PO6 - Polished and etched (A to H is innermost to outermost)
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Figure 5.12 — Raman spectra of the SiC coating of PO6 polished and etched coated
particle. A is the innermost and H is the outermost spot along the SiC cross-section. The
crystalline silicon progressively increases from analysis A to C before declining again.
The silicon to SiC ratio of peaks is particularly high relative to that of other samples.
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Consequently, there is very little that can be said about the SiC peaks. There is a hint of

graphite detected from the slight change of slope from analysis B.

With regards to the etched sample, (figures 5.12 and 5.13) the crystalline silicon
occurring at 520cfh, seems to be more abundant from the innermost part of the SiC
(analysis A-D). Hence the Si:SiC ratio increases upon moving closer to the centre (core)
of the SIC layer. Unlike with previous samples, the crystalline silicon peak is
significantly higher than that of the SiC (with a maximum at analyses B and C). The 3C
SiC is characterized by the peaks at 795 and 965 amseen in figure 5.13. The peaks
occurring at 790 and 763 chtonfirm the presence of the 2/6 and 6/6 6H peaks. The split
of the LO peak resulting in the peak occurring at 943 &srthought to be due to the 2/5

15R polytype. Excess graphite is seen at 1360atanalysis B.

600

400 -

Figure5.13 — Raman spectra of the TO SiC peaks after deconvolution for analysis 6A
(etched). It was assumed that there were two components making up the main peak. The

peaks indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P06 - Polished only (A to | is the innermost to outermost)
30000 - — - —
25000 +———— - T 1 .
20000 g : 1 : Y
' A B 8B
N i —EC
£ I ' i I RN I I I Gl
e P et —— o e — = i [ L
§ 15000 R T T R T R R R s
=t | : —BG
g a8 a0 3 E —HH
10000 L —h — i Bl
et S - i
5000 = S 1 :
=L - - i
- NEEEEEREEN il
o Lo :
0 200 400 500 800 1000 1200 1400 1600
Wavenumber (cm™)

Figure5.14 — Raman spectra of the SiC coating of POG6 polished coated particle. A is the
innermost and | is the outermost spot along the SiC cross-section. The crystalline silicon
increases from analysis A to B before progressively declining up to analysis I. The silicon
to SiC ratio of some peaks is particularly high relative to that of other samples. There is

no evidence of graphite.

The unetched polished sample, (figure 5.14), has peak positioning which is almost
identical to that of the etched sample. Crystalline silicon peaks are also significantly high
especially closer to the IPyC layer (analysis A-C). The 3C SiC is characterized by the
peaks at 794 and 965 €mas seen in figure 5.15. The peaks occurring at 787 and 771
cm® confirm the presence of the 2/6 and 6/6 6H peaks. It is possible that the peak
centered at 771 cm-1 could represent the 4/5 15R peak. This would however be
surprising since the most intense TO 15R peak is the 2/5 peak expected at.7B%em

split of the LO peak resulting in the peak occurring at 939 snthought to be due to the

2/5 15R polytype. The 3C SiC polytype is further seen at 1528 &o graphite is

observed.
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Figure5.15 — Raman spectra of the TO SiC peaks after deconvolution for analysis 6A

(polished). It was assumed that there were two components making up the main peak.

The peaks indicate the presence of the 3C and 6H polytypes.

5.1.2. Silicon to Silicon Carbide ratios of PO samples

The silicon to silicon carbide peak intensity ratios (in terms of the area under the peaks)
were measured, to get an idea of the relative quantities of the respective products. The
values are averaged across the cross-section of the SiC layer. Figure 5.16 shows the mean
values of the ratios of the crystalline silicon peak to the dominant TO mode SiC peak for
all the samples (PO1 to PO10). The results reveal that a decrease of silicon content occurs
with etching (with the exception of sample PO3). Samples PO1 and PO5 contain no
crystalline silicon peaks, while sample PO7 has no SiC layer. Samples PO6 and PO8
seem to have very high free silicon contents. The use of different lasers is known to affect
Raman spectra and in particular, the relative peak interi&itias is stated in the
experimental procedure, the ‘Af514.5 nm) and Kr(647.1 nm) excitation lasers were

used in collecting qualitative Raman data. However, samples PO3, PO5, PO6 and PO9
were used as independent measures of how the Raman spectra varied with excitation

lasers. It was found that there was no general difference except for slight peak intensity
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variations, which will slightly reduce the accuracy of the silicon quantification procedure.

All quantitative data were collecting using only thé £§14.5 nm) excitation laser.

Mean 5i:5iC ratios for Raman TO 3C SiC peaks (Area)

O Etched
B Folished

Si:SIC

P |

1 2 3 4 8 ] 3 9 10
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Figure5.16 — Mean values of the ratio of the crystalline silicon peak to the dominant
transverse optic mode SiC peak for both etched and unetched samples. Samples PO6 and

POS8 clearly have high free silicon contents in the SiC layer.

5.1.3. Silicon Carbide Peak Width Half Maximum measur ements

Figures 5.17 and 5.18 show the mean and standard deviation of the peak width half
maximum (PWHM) values in terms of wavenumbers 't}:rrFrom figure 5.17 the
polished samples are generally broader than the etched samples, which suggest that
etching has the effect of narrowing the peaks. There is significant difference in the peak
width values. The biggest difference of 6 tis between PO3 and PO5. However, the

high peak width value of PO3 is attributed to the presence of three peaks constituting the
main peak (as is seen with figures 5.13 and 5.15), rather than disordering. Analysis of
figure 5.18 reveals that the greatest scatter is from sample PO9. This is an indication that
sample PO9 shows the greatest disorder (because of the broad peak). The trend seen from

figure 5.18 is less general in this case.
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Figure5.17 — Mean values of the Peak Width Half Maximum of the transverse optic
mode SiC peak. There is significant difference in the peak width values, with the biggest
being sample PO3 and PO5.
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Figure 5.18 — Standard deviation values of the Peak Width Half Maximum of the

transverse optic mode SiC peak
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5.1.4. The Silicon to Silicon carbide ratio along the SIC layer cross
section

The Si:SiC ratio was plotted along the cross-section of the SiC layer. Point A represents
the point closest to the IPyC layer (innermost), while the last point for each sample

represents the point closest to the OPyC layer (outermost).

The 8i:8iC ratio across the cross-section of the etched SiC layer (for TO

siC)

14
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Figure5.19 — The silicon to SiC ratio along the cross-section of the etched TO SiC layer,
where A denotes the innermost part of the SiC and J the outermost. Samples PO6 and
PO8 possibly have unacceptably high free silicon contents in the SiC layer. The general

trend is that the silicon is mainly concentrated along the inner parts of the SiC layers.

Figures 5.19 is a plot of the silicon to SiC ratio along the cross-section of the etched TO
SIiC layer. As can be seen the most silicon is generally concentrated close to the
innermost part of the SiC layer. Samples PO3 and PO10 seem to be exceptions to this
rule, as the Si to SIiC ratio does not decrease as a general rule. Sample PO2 shows a

similar trend even though it is to a lesser extent. The highest ratios are for samples PO6
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and PO8, reaching maximum values of about 13 and 11 respectively, indicating either the
presence of unacceptably high free silicon in the SiC layer or an intrinsic silicon value
that is much higher than that of the corresponding SiC. All other samples have maximum
ratios of less than 2. In the cases where the Si to SiC ratio is zero, no crystalline silicon is
present.

The 3i:SiC ratio across the cross-section of the polished SiC layer (for
TO SiC)

) [\ =
25 PO2

/ \ —=—P03

PO4

\ AN — P05

i / ——P08

\ |\ \ Dl

10 \ ¥ ——P010
5 1 &

p—

U P
K

H I J

§i:5icC
]
1 ()
N
=" )
=i

3

A B c D E F
Innermost to Cutermost

Figure5.20 — The silicon to SiC ratio along the cross-section of the (unetched) polished
TO SiC layer, where A denotes the innermost part of the SiC and K the outermost. Once
more, samples PO6 and PO8 have unacceptably high free silicon contents in the SiC
layer. The general trend is that the silicon is mainly concentrated along the inner parts of
the SiC layers.

Figures 5.20 is a plot of the silicon to SiC ratio along the cross-section of the polished TO
SiC layer. In general it is seen once again that there is decrease of the Si to SiC ratio from
the innermost to the outermost part of the SiC. Sample POS8 fluctuates before declining. A
similar trend is seen with sample PO6 though to a lesser extent. Only the sample PO10
increases towards the outermost part of the SiC layer. As was the case with the etched

samples, the Si to SiC ratios of samples PO6 and POS8 are very high, reaching maximum
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values of 22 and 30 respectively. However, since the analysis positions of points A to |

do not correspond exactly, the curves of figures 5.19 and 5.20 have differing shapes.

5.2. Quantitative Raman spectroscopy

A variety of binary mixtures of silicon and SiC powders were prepared with the purpose
of estimating the percentage of silicon in the TRISO layer by means of a calibration
curve. The stacked spectra (without modification) used for the calibration curve are
included in Appendix A.

5.2.1. Calibration curves

The calibration curves were constructed by using equation 5.1, derived using a similar
equation by Kim et al'®. In the case of the silicon, only the crystalline peak at 520 cm

was used. The peak area considered for integration was from wavenumber 482.27 to
540.30 crit. In each case, the main SiC peak of that polytype was used. In general the

peak area chosen was from wavenumber 761.48 to 802:27 cm

— IS
xg—f[—lgﬂgcj 6.1)

Where :14 represents the integrated peak intensity of the silicon peak

: l4c is the integrated peak intensity of the SiC main peak

The y-axis values used for the trend curves are average values of the intensity ratios

The calibration curve of silicon, relative to 3C SiC is given by figure 5.21. As mentioned

in the experimental procedure, the 3C sample contained less than 80% 3C SiC. This has
been corrected in the plot, resulting in values along the x-axis having higher values than
those that we weighed-off. The y-axis values used for the trend curves are average values

of the intensity ratios.
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Calibration curve of the 3C SiC polytype (in terms of silicon) with trendline
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Figure5.21 — Raman calibration curve of the 3C polytype

As can be seen, a logarithmic relationship exists between the intensity ratios and the

fraction of silicon present governed by equation 5.2:

y= 01624ink )+ 10047 6.2)

The Rfit is 0.9957. Examination of the spectrum reveals that relatively small amount of
silicon is reflected as a peak with significant area. For instance at about 7% Si, the
relative peak area is 55%. At 50% Si, the peak area is about 88%, almost 9 times that of
SiC.
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Raman calibration check of the 3C SiC polytype (in terms of silicon)
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Figure5.22 — Calibration check of the 3C polytype

The check for the accuracy of calibration was tested by plotting the calculated mass
versus the weighed-off mass as is in figure 5.22. The ten points at each weighed mass
were averaged to obtain a plot. Ideally, a straight line should be obtained, with the slope
equal to one and the plot intercepting the y-axis at zero. This calibration is given by
equation 5.3. The Rs 0.9825.

y= 09X+ 00316 6.3)

It is evident that some points (about one point in ten) are significantly far from the
average value. As such a single analysis is not enough to obtain statistically relevant data.
The extent of segregation between the silicon and SiC phases is shown by scatter of
points. The degree of fine grinding was found to have a dramatic influence on the scatter.
In addition using the smallest objective lens spreads out the laser beam and analyzes a

greater area.
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Calibration curve of the 4H SiC polytype (in terms of silicon) with trendline)
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Figure5.23 — Raman calibration curve of the 4H polytype

The calibration curve of silicon, relative to 4H SiC is given by figure 5.23. A similar
trend in seen as with the 3C sample, since a logarithmic relationship exists between the
intensity ratios and the fraction of silicon present as is shown by equation 5.4:

y= 01913nk »+ 10161 6.4)

The Rfit is 0.9656.
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Raman calibration check of the 4H SiC polytype {in terms of silicon)
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Figure5.24 — Calibration check of the 4H polytype

Figure 5.24 shows the calibration curve check of the 4H polytype. The calibration check
is given by equation 5.5. Thé i 0.9406.

y = 10558+ 00025 6.5)

102



UNIVERSITY OF PRETORIA

&

=

w UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Raman calibration check of the 6H SiC polytype (in terms of silicon))
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Figure5.25 — Raman calibration curve of the 6H polytype

The calibration curve of silicon, relative to 6H SiC is given by figure 5.25. The
calibration curve shows a similar trend as with the 3C and 4H samples. A logarithmic
relationship exists between the intensity ratios and the fraction of silicon present as is

shown by equation 5.6:

y= 02203n{ )+ 1042 6.6)

The Rfit is 0.9877.

Figure 5.26 shows the calibration curve check of the 6H polytype. The calibration check
is given by equation 5.7. Thé & 0.9813.

y= 0952&+ 002 6.7)
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Raman calibration check of the 6H SiC polytype (in terms of silicon)
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Figure5.26 — Calibration check of the 6H polytype

Figure 5.27 illustrates the level of accuracy and repeatability that could be attained using

the chosen sample preparation method with Raman spectroscopy.

SiC-Si Calibration curve, in terms of silicon all polytypes included
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Figure5.27 — Plot of the individual points of the calibration curve, illustrating the scatter.
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5.2.2. Quantitative silicon distribution

The calibration curve of the 3C polytype was used to project the fraction of silicon that is
present in the radial direction of the SiC layer. The qualitative results from Raman
spectroscopy were used in conjunction with the calibration curve to obtain the
guantitative line profile as is shown in figure 5.28. The reason the 3C calibration curve
was chosen is because this is the most abundant polytype in each sample. Across the x-
axis, point A represents the part of the SiC closest to the IPyC layer. It is evident that
samples PO6 and PO8 have the most silicon. However, it is possible that this may simply
be due to the silicon of these samples having high intrinsic scattering properties (Such a
sample produces a high peak as a result of its intrinsic properties). The worst points in
each case have silicon accounting for 60% of what is supposed to be SiC. As has been
stated before, the silicon is concentrated mainly close to the IPyC layer. Sample POS8 is
an obvious exception to this trend since silicon is abundant in the middle part of the SiC
analysis. To a more limited extent, sample PO10 also has silicon concentrated throughout
the SiC layer cross-section.

The Silicon fraction along the SiC (3C) line profile as determined from the calibration curve

0.7
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Figure 5.28 — Quantitative line profile of the fraction of silicon along the SiC cross-

section
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5.2.3. Error Analysis

In order to determine the sample error, five samples were split from the same batch. The
samples of 50% silicon and 50% 3C SiC were prepared the same way and 10 random
analyses from their surfaces were collected, as is illustrated in figure 5.29. The average
relative intensity value is 0.931, with a standard deviation of 0.014. The upper and lower

limits based on the-error are 0.945 and 0.918 respectively.

Error analysis of 10 random spots of 3C 50%S5i from 5 samples
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Figure 5.29 — Plot of relative Raman spectroscopy intensities from the five 50%Si-
50%3C SiC mixtures.

5.24. Scanning electron microscopy analysis

It was decided to check the morphology of the 3C (50%Si) and 4H (50%Si) quantitative
samples by the electron backscattering mode of the SEM. The aim is to verify particle
size, the degree of homogeneity and segregation in a typical sample. The same sample

procedure used for preparation of quantitative Raman spectroscopy was used to test if the
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Nis
pressing process produces biased powder mixtures on the surface. These images are
shown in figure 5.33. The three main phases present (from lightest to darkestjcere

silicon and SiC. From the samples that have been examined, there does not seem to be
segregation and the homogeneity seems reasonable. The reason for this conclusion is that
the resolution with Raman spectroscopy, using the 5x objective is expected to be in
excess of 60m. The image on the left had large particle sizes and necessitated longer
grinding times. The size of the grains resulting from the grinding process is a further

factor that contributes to homogeneity. In figure 5.33, the image on the left (3C SiC- 50%

silicon) has large particles because the grinding process was only 2 minutes long whereas
the one on the right (4H SiC- 50% silicon) was ground for 30 minutesu(&echas been

removed).

5980 im ’ ‘
Figure 5.30 — Backscattered SEM images of mixture of two Raman spectroscopy
guantitative samples. The sample on the left (3C SiC- 50% silicon) cont&iesafter
grinding, while thea-Fe of the sample on the right has been dissolved (4H SiC- 50%

silicon).

With regard to the PO samples, PO6, PO8 and PO10 were analyzed with the SEM and
high resolution SEM in the backscattered electron mode. The purpose was to locate the
crystalline silicon that was identified in section 5.1. However the silicon was not
irrefutably located. Figure 5.34 from left to right represents the cross-section of a particle
from the outer to the inner SiC layer. Close to the inner PyC layer (right), there are bright
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dispersed particles which are thought to be crystalline silicon. However, this may be an
effect due to topographical effects. In a scenario where the silicon is located along the
SIC-IPyC interface (maybe as a result of polishing) the silicon would not be detected by
the SEM.

ZEakU 18 um

Figure5.31 — Backscattered SEM image of the SiC layer of sample PO10

5.25. Particle size and distortion effects

It was decided to eliminate some of the variables that directly led to the scatter from the
guantitative plots from the calibration curve. New samples were ordered because there
was not enough NECSA SiC left. The silicon and SiC powders used were manufactured
by American Elements. Since the XRD and TEM results revealed that the 3C SiC

polytype is the most abundant in all samples, it was decided that focus be shifted

specifically on improving the 3C SiC-silicon calibration curve. @&%iC powder was
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also ordered, which had a mixture of 4H, 6H, 8H and 15R polytypes. It was of
importance to study the one component systems of silicon and SiC separately to better

understand the binary mixtures.

Particle size
Particle size distribution

The particle size distribution of some of the powders was checked with the Malvern MU
2000 analyzer. The American Elements’ silicon and SiC were ordered to specifically

have a particle size range between 1 and 2 microns.

Particle Size Distribution

Volume (%)

SO RPN WRUIO N ®CO

.01 0.1 1 10 100 1000 3000
Particle Size (um)

Figure5.32 — The patrticle size distribution curve of American element’ silicon powder

As can be seen from figures 5.32 and 5.33, there is an inherent problem associated with
the silicon particle size in that the vast majority of the particles (>80%) are greater than
10 microns in diameter, significantly higher than the expected 1-2 microns range. The
majority of particles (~37%) are around 30 microns in diameter. This discovery is
particularly detrimental for quantitative micro Raman spectroscopy, where the spot size is

at maximum several tens of microns in diameter.
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Figure5.33 — The particle size distribution by size fraction bins, of American Elements’

silicon powder.

Figures 5.34 and 5.35 are analyses of the particle size distribution of 3C SiC. It is
observed that the majority of the particles (>40%) are less than 2 microns in diameter.
What is of concern however are the secondary peaks from the 10-20 micron and 20-200
micron range which account for a large percentage of the remaining particles. The
potential for analyzing a calibration curve accurately with such particle sizes is virtually
nullified. This suggests that manufacturing SiC is not a trivial task, since a number of
other samples were found to be out of specification, (especially in controlling which

polytype is stable).

Particle Size Distribution
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Figure5.34 — The patrticle size distribution curve of American element’ SiC powder
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Figure5.35 — The particle size distribution by size fraction bins, of American Elements’

SiC powder.

Separation by particle size

It was therefore necessary to develop a method to separate the particles on the basis of
particle sizes. The method that was used is separation based on settling rates according to

Stokes’ law as is seen in equation 5.8:

R = Z'Op_—'of) ng 68)
9 wu

WhereV;s = particles' settling velocity (m/s), (vertically downwardggyf pr, upwards if

pp <pf); 9 = gravitational acceleration (rﬁ)/spp = mass density of the particles (kgym

pt = mass density of the fluid (kgfn « is the fluid's dynamic viscosity (Pa.s), R is the

radius of the spherical object (m).

The settling time would in theory be determined by the particles’ settling velocity and the
level of the water in the measuring cylinder (assuming particles drop in a straight line).
The level of water chosen was 20 cm. The particle sizes chosen are > 38 microns, 10-38
microns and < 10 microns. The setting times are summarized in table 5.2. For 38 microns
particles, it takes 43 and 26 seconds for silicon and SiC particles to settle. On the other
extreme end, a 1 micron particle takes 25.8 and 10.3 hours for silicon and SiC particles to

settle.
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¢

(microns) | Si

Time (minutes)

SiC

38
10
1

0.71
15.46
1546.43

0.43
6.16
615.77

Table5.2 — Settling rates of silicon and SiC particles according to Stokes’ law for 38, 10

and 1 micron patrticle sizes.

The validity of the method is subject to some error though. For instance, the effect of

particle shape is not accounted for, which is known to significantly affect the settling

patterns of particles. The basic assumption is then that the particles are spherically

shaped.

Raman spectroscopy analyses of different silicon particle size fractions

The samples that were divided on the basis of size fractions were analyzed with the

Raman. The laser beam was moved around the surface of the samples to get different

measurements. Peak area values are summarized in table 5.3.

Avy.

Error %

1
2
3
Fl
5
3]
7
a

Std. dew.

=38 pm =1

13090
16233.1
5577 .2
10115.5
103088
19141.6
2BT2E
73931

13066.65 13311.43 14666.83
8901453 2522137 B404.473

4516447 2

0=38 pr <10 prm
142408 249627
83007 189636
15456.6 142177
15555.7 104821
8MB.T| 969585
130778 86561
171117 217214
1202582 87026

1.20086 4366624

Table5.3 — The individual peak area values showing variations for >38 microns, 10-38

microns and <10 microns silicon particle sizes.
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Figure5.36 — Raman spectroscopy analysis of silicon particles sizes: (a) >38 microns, (b)
10-38 microns and (c) <10 microns. The y-axis is the intensity in arbitrary units, while

the x-axis is the wavenumber in ¢m
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The individual silicon plots for > 38 micron, 10-38 micron and <10 micron particles are
shown in figure 5.36. The crystalline silicon peaks are centered at 520Tdrare is
significant variation in the intensities (and areas) of the peaks, which is verified by the
error values. It is not clear why theerror value of the 10-38 micron size fraction
(21.2%) is less than half that of the other two size fractions (45.2% and 43.7%) for

silicon. None of the plots were offset on the vertical scale

Raman spectroscopy analyses of different SiC particle size fractions

Peak area values are summarized in table 5.4.

=38 pm 10«38 pn <10 pm
76123 B2¥6.3 50567
76993 B127E8 MV
BEEZ.E  BE/E.E 55451
111807 32576 125581
9277 75299 99545
0426 A317.8 56192
102888 95817 127365
126448 9601.8 78945
Avy. 89673.658 B6733.713 8351.613
Std, dev. | ZBE21EZ 2124.233 3090942
Error % J0.559458 31.546523 37.01012

00 =~ O M| LD R —

Table5.4 — The individual peak area values showing variations for >38 microns, 10-38

microns and <10 microns SiC particle sizes.

SiC analysis was done following a similar particle size procedure as that of silicon. The
individual SiC plots for > 38 micron, 10-38 micron and <10 micron particles are shown
in figure 5.37. The crystalline SiC peaks are centered at 790 There is significant
variation in the intensities (and areas) of the peaks, which is verified by the error values.
Percentage values of theerrors range from 31% to 37%, and show no significant
difference. None of the plots were offset on the vertical scale
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Figure5.37 — Raman spectroscopy analysis of SiC particles sizes: (a) >38 microns, (b)

10-38 microns and (c) <10 microns. The y-axis is the intensity in arbitrary units, while

the x-axis is the wavenumber in ¢m
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The fact that the one component systems of silicon and SiC yield such significant errors,
illustrates the complexity of using Raman spectroscopy to calibrate and predict a two
component system of solid powders. Unlike with liquids or single crystals, the particles
of powders are oriented in a range of directions leading to varying intensities when the
sample is slightly rotated (or the laser focuses on another spot). In particular, as has been
stated in the literature, particle size plays a major role in quantitative Raman &n3ysis

It is known that disorder and distortion alter the shape and intensities of the peaks.

Annealing

Disorder is known to exist in all of the samples analyzed, to varying degrees because of
the shape of the peaks in comparison to the analyses of single crystals. Powders generally
yield peaks that are significantly broader and less intense than those of single crystals (for
both silicon and SiC). Peak broadening as an indication of disorder is also a feature x-ray
powder diffraction. It was therefore expected that the shape of the peaks and the rough
background would be improved by annealing.

Raman spectroscopy analysis of silicon after annealing

Peak area values are summarized in table 5.5.

2 hrs 4 hrs 2 hrs
1 21985 313708 45643
2 BADSS3 188726 3FFTIE3
3 FF9NE 297772 32139
4 283398 191416 351102
5 322176 513004 493248
B 373IBE.7 369521 B2461.9
7290667 29738450 442815
8 406284 200263 243229
Ay, 35266.39) 2965981 41500.58
Std. dev. 9706113 1108717 11787 .97
Error 2753008 37.38112 28.40436

Table5.5 — The individual peak area values showing variations for 2 hours, 4 hours and 8

hours annealing of silicon.
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Figure5.38 — Raman spectroscopy analysis of silicon particles annealed for: (a) 2 hours,

(b) 4 hours and (c) 8 hours. The y-axis is the intensity in arbitrary units, while the x-axis

is the wavenumber in ¢
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The individual silicon samples plots for 2 hour, 4 hour and 8 hour annealing times, are
shown in figure 5.38. The crystalline silicon peaks are centered at 520Tdrare is
somewhat reduced variation of the intensities (and areas) of the peaksy-evithr
values ranging from 28 to 37%.

Annealing SiC Raman spectroscopy analysis

Peak area values are summarized in table 5.6.

2 hrs 4 hrs g hrs

1 44633 B2182.9 70292
2 B3346.1 647087 BOS70.6
3 985346 FE114.3 75138
4 59816 639399 BMEZ7
O BO4923 745749 818651
B

7

B4756.9

4E5595 2
Avy. SB455.67 BE704.14 ) BIE0DS BT
Std. dev | 7931.539 7145.016 H3535.143
Error 1413771 1039969 13.45043

Table5.6 — The individual peak area values showing variations for 2 hours, 4 hours and 8

hours annealing of silicon.

The individual SiC samples plots for 2 hour, 4 hour and 8 hour annealing times are

shown in figure 5.39. The crystalline SiC peaks are centered at 800 cm
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Figure5.39 — Raman spectroscopy analysis of SiC particles annealed for: (a) 2 hours (b)

4 hours and (c) 8 hours. The y-axis is the intensity in arbitrary units, while the x-axis is

the wavenumber in ¢t
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The variation of the peak intensities (and areas) is significantly lowergvatior values
ranging from 10 to 16%. Annealing temperature is known to be the most important
variable affecting the annealing behaviour. This probably suggests that th&C 1100
annealing temperature is fine for SiC but the £Q06f silicon may not be an appropriate

annealing temperature.

5.2.6. Quantitative Raman Spectroscopy discussion

In general the applicability of quantitative Raman spectroscopy is limited by the
difficulties surrounding getting accurate and precise peaks mainly because of a large
number of variables that have to be accounted for. The biggest obstacle is the size of the
laser beam (which can at most be several tens of microns with micro-Raman
spectroscopy), relative to the particle sizes. A technique such as Fourier Transform
Raman spectroscopy samples several millimeters diameter to get a spectrum. The obvious
limitation is that this cannot be applied to TRISO particles, where the entire SiC layer is
several tens of microns at most. Another factor when analyzing solids with Raman
spectroscopy is that the particles are oriented in an array of different angles. Depending
on how the irradiated particles are oriented, there will be a varying influence on the peak
intensity and aré4

However, with regard to the results obtained, it is obvious that some of the calibration
curve points vary significantly for the same particle size fraction of silicon. An average
from repetitions of 10 analyses however is expected to yield more accurate results.

When dealing with quantitative Raman spectroscopy, it should always be remembered
that technique counts the number of photons resulting when the laser interacts with the
sample. The role of heterogeneity is therefore a very relevant issue. For instance if a
mixture is weighed off as 50% silicon and 50% SiC, chances are this is not what will be
reflected by the analysis, because only a few particles are measured with each analysis

(even when the laser beam is 60 microns in diameter). Therefore even though the 10
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points are plotted on the same 50% silicon x-axis point this is not necessarily what the
Raman laser spot samples. As is discussed in more detail in section 2.4.3, 2.4.4 and the
conclusions and recommendations section, the most immediate challenge with
guantitative Raman spectroscopy is the large number of variables that have an effect on
the intensity signal. Even though particle size and peak shapes and backgrounds were
optimized by sample preparation, it is difficult to say what role the rest of the variables

were playing when analyses were made.

Since Raman spectroscopy counts the number of photons subjected to the laser beam and
the more particles are sampled, the more accurate the photometric results will be. With
micro Raman spectroscopy, the inherent disadvantage is that the laser beam is several
tens of microns in diameter at best. This can be achieved by using the smallest available
magnification (5X objective) and defocusing the beam (a feature of more modern Raman
spectroscopy machines). These factors disperse the beam diameter at the expense of peak
intensity, meaning that a relatively strong signal is required. If the laser beam is too
intense, the sample contents may burn or the signal to noise ratio may significantly be
worsened because of fluorescence contributing to the background. If the signal is weak
not only is the intensity further reduced, but the spot size becomes smaller as well. The
beam size becomes problematic when powder samples are out of specification. The
American Elements’ samples were supposed to be about 1-2 micron particles. However,
analysis with the Malvern particle size analyzer revealed particles several tens of microns
in size, with a few that were in the hundreds of microns range. This observation was
further confirmed by SEM analyses. This is problematic not only because of the
relatively small laser beam, but also because of particle segregation (heterogeneity)
introduced by mixing two components together (SiC and silicon). Manufacturing particle
sizes of SiC that are around 1 micron is particularly challenging especially when the goal
is to avoid contamination with the grinding medium. SiC has a Moh’s hardness of 9.3
(more than corundum = 9 and less than diamond = 10) making its grinding particularly
challenging. A recommended way of getting around this particle size issue is to have a

fixed stage which spins the sample around while the analysis data are being collected. It
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not recommended that particle sizes in the nanometer range be used because a whole lot

of other factors come into play as is highlighted in section 2.4.3.

5.3. Quantitative X-ray Diffraction Characterization

The unequivocal identification of the 6H, 8H and 15R SiC polytypes is restricted by peak
overlapping and the small quantities relative to the 3C polytype. The crystallite sizes of
these minor phases were constrained to values similar to those of the 3C polytype, using
the Rietveld method via the AUTOQUAN software package. This is done in order to
avoid the broadening of the minor phase thereby merging with the background and
reflecting unrealistically high percentages of the minor values. One of the assumptions
made when analyzing with x-ray powder diffraction is a powder mix that is randomly
mixed. This has implications for analysis of TRISO particles (especially for quantitative
analyses), where the layers are firmly attached to each other. Appendix B contains the

high temperature XRD data used.

5.3.1. As-received (normal) samples

When all the layers are fully intact, the graphite phase is in all the samples by far the
most abundant phase, ranging from 57% to 90%, as shown by figure 5.40. This is
expected since the buffer layer, IPyC and OPyC layer are all carbon phases. Owing to the
fact that the x-rays penetrate through the entire TRISO particles and therefore yields a
bulk analysis, it is not possible to analyze the SiC layer in isolation in comparison to

Raman spectroscopy. There is also a small amount of quartz in each sample. The
predominant SiC polytype is the 3C. There are in addition significant quantities of the

6H, 8H and 15R polytypes. Even though the 2H and 4H polytypes were also considered
in the refinement, their contribution was in most cases either zero or minimal, hence for
the sake of better refinement these small contributions are not included. Sample PO7
contains no SiC layer. The varying quantities of the components from one sample to the

next are the result of differences in the layer thicknesses.

122



-

&

e

\ 4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Percentage

100 1

80 4

80 -

70 4

&0 -

50 -

40 1

30 1

20 4

10 4

XRD quantitative analysis of normal (unoxidized) samples

O Zr72 tetragonal
B Silican
OSiceH
BSiC3C

Osic 18R

Osic e

W Quartz

O Graphite 2H

PO1

FO2

PO3

PO4

POS
Sample

PO6

PO8

P04

PO10

Figure 5.40 — Quantitative analysis of PO samples by x-ray diffraction with all layers

intact. Graphite is by far the most abundant phase.

Figure 5.41 is derived from figure 5.40, where the amounts of SiC polytypes and silicon
are isolated and normalized to 100%. The general trend is that the 3C polytype is
predominant (with values ranging from 78-83% of the normalized total), followed by 6H,
15R and 8H respectively. An exception to this trend is seen with sample PO1, where the

15R polytype is the second most abundant polytype.
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XRD SiC components by normalized percentage (unoxidized samples)
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Figure5.41 — Quantitative analysis of PO samples in the normal (as received) condition
considering only the SiC polytypes, normalized to 100%. The 3C polytype is by far the

most abundant ranging from 78% to 83%.

5.3.2. Oxidized samples

The samples were oxidized in order to remove the OPyC layers of the TRISO particles,
thereby reducing the intensity of the poorly crystalline carbon peaks. For this reason, it

was expected that the accuracy of the SiC quantification would improve.

The samples shown in figure 5.42 were oxidized in an attempt to remove the OPyC layer.
In most samples, the graphite is still the most abundant phase indicating that the buffer
layer and the IPyC layer alone contribute significantly to the overall graphite content. The

graphite phase quantities range from 28% to 83%.
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Figure5.42 — Quantitative analysis of PO samples by x-ray diffraction, with the samples

oxidized at 858C. Even after oxidizing the OPyC layer, graphite is still the most

abundant phase.

Figure 5.43 is a derivation of figure 5.42, with only the SiC polytypes and silicon

contributions considered and normalized to 100%. A similar trend is seen as in figure
5.41, where the 3C polytype is most abundant (82%- 90% of the normalized total),
followed by the 6H, 15R and 8H respectively. Unlike with figure 5.41, sample PO1 also

follows this trend.
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XRD SiC components by normalized percentage (oxidized samples)
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Figure5.43 — Quantitative analysis of PO samples in the oxidized condition considering
only the SiC polytypes, normalized to 100%. The 3C polytype is by far the most
abundant ranging from 82% to 90%.

The actual values comparing the SiC polytype percentages of the normal and the oxidized
samples are summarized by table 5.7. The includgdvRlues are a measure of the
accuracy for the least squares refinement, with smaller values signifying a better
refinement®. It can be seen that the oxidized values yield refinements that are worse
than the normal samples. The lowegy,Ralues of the unoxidized samples are attributed

to the graphite’s dominance of the refinements (graphite has only a few peaks to fit) and

not better refinements.
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Sample SiC3C | SiC6H | SiIC8H | SiC 15R | Silicon Rwp%
PO1 83.2 6.0 3.2 7.6 0.0 419
PO1,sidized 84.9 9.0 1.4 4.7 0.0 8.20
PO2 80.0 11.6 3.1 5.3 0.0 412
PO2,idized 84.6 7.7 2.4 5.2 0.0 8.81
PO3 78.8 13.3 3.0 4.9 0.0 4.19
PO3,yidized 82.5 11.1 2.2 4.2 0.0 9.32
PO4 80.7 8.6 2.9 7.8 0.0 4.00
PO4yidized 86.8 6.6 2.1 4.5 0.0 9.44
PO5 82.6 8.6 2.6 6.3 0.0 4.18
PO5,yidized 90.0 5.1 1.7 3.2 0.0 9.00
PO6 80.5 9.1 3.2 6.9 0.3 4.25
POB,yidized 84.1 8.3 2.4 4.9 0.4 8.79
PO8 78.1 10.1 3.3 8.0 0.6 4.12
PO8,yidized 82.2 9.3 2.4 5.6 0.6 8.75
PO9 78.9 9.9 3.6 7.6 0.0 4.45
PO9,idized 87.9 5.9 2.0 4.1 0.0 10.53
PO10 80.8 9.5 2.6 7.1 0.0 4.16
PO10yidized 88.7 4.7 2.2 4.3 0.1 10.54

Table5.7 — A summary of the AUTOQUAN refinements, comparing the original and
oxidized samples. The 3C polytype is the significantly the most abundant SiC polytype.
Sample PO7 contains no SiC layer and has for this reason been excluded.

5.3.3. Calibration curve

Figure 5.44 is the x-ray diffraction calibration curve from the same initial quantitative
mixtures of silicon and SiC as was used in the Raman spectroscopy analysis. The graph
correlates the mass fraction calculated from AUTOQUAN versus the initial weighed-off
mass fraction. The linear regressioh\Rlue is 0.984 for the 4H polytype, 0.978 for the

6H polytype and 0.991 for the 3C polytype. It is evident that the measured mass fraction
values for the 3C polytype do not correspond with those of the other polytypes. The
reason for this is that the sample is about 79% pure and this is corrected for the plot. In

general however, there is good fit from refinement with AUTOQUAN.
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Figure5.44 — The XRD calibration curve relating the mass fraction of silicon determined
by AUTOQUAN versus the weighed off mass fraction of silicon. The binary mixtures are
of silicon and the 3C, 4H and 6H polytypes of SiC.

5.4. High temperature XRD thermal expansion of SiC and graphite

The high temperature XRD results were collected to evaluate the thermal expansion
properties of the SIiC and graphite layers for three TRISO samples. Samples PO4, PO9
and G102 were chosen. The effect of layer thickness on the thermal expansion
coefficients is of interest. Sample PO9 has a SiC layer that is more than double that of
PO4 (51 and 25 microns respectively). Furthermore, it is of interest to check if an

inflection point does indeed exist along the profile of the thermal expansion of SiC,

which would suggest change of the stable SiC phase (i.e. polytypic change). The high

temperature refinements were done using the TOPAS software package.
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54.1. Experimental results

Al;,Os

The analysis of AlO3 is important because it provides an internal standard for correcting
the thermal expansion values, and to what extent the experimental values differ from the
theoretical values. The a-axis and c-axis measurements,0f #&lerefore provide an
independent measure for calibrating the a-axis of SiC and the c-axis of graphite. Sample
displacement due to higher temperatures was accounted for in the TOPAS refinements.
Figure 5.45 shows the plots of a-axis lattice parameter values against temperature of the
Al,O5 internal standard for G102, PO4 and PQO9. The theoretic&d;Adurve was

calculated using equation 5.9.

aT(9 475814% 65% 10°T + 182x107°T?) (5.9)
Experimental a-axis of Al,O;
483
4382
y = BE-09:¢ + 3E-05x + 4.7581
RZ=1
4381 =
aged®, = G102 (heating)
=0 bé 74
TLENE < )
480 .-’ i'::‘ = G102 (cooling)
+ Fy
_ / it + P04 (heating)
oL . t
= e 2 + P04 (conling)
"
u * & PO (heating)
478 =
/.// & POO (cooling)
477 w : Theoretical AI203
- & [Toulaukian]
LIS — Poly. (Theoretical AI203
476 ¥ [Toulaukian])
475 T T T T T T T
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Temperature (°C)

Figure 5.45 — Plots of the uncorrected experimental a-axes lattice parameters versus
temperature of AD; for G102, PO4 and PO9, compared with the theoreticaDAh-
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axis lattice parameter. A molybdenum heating strip was used for G102 whereas PO4 and

PO9 were analyzed using a graphite heating strip.

It is clear from figure 5.45 that the a-lattice parameter values &;Ah G102 have the
poorest correspondence with the literature values at lower temperatures and the best at
higher temperatures. PO4 and PO9 display similar behaviour when compared to each
other. Collectively, the best correlations are at lower temperatures, with rather significant
deviations at higher temperatures.

Figure 5.46 shows the plots of c-axis lattice parameter values against temperature of the
Al,Oj3 internal standard for G102, PO4 and PO9. These are compared with the theoretical
c-axis values of AlD; using equation 5.10.

cT(9) 12911F 654 10°T + 260x107°T?) (5.10)

A similar trend is observed as with the thermal expansion along the a-axis. The deviation
of the G102 sample is greatest at lower temperatures and the least at higher temperatures,
when compared with the theoretical values. PO4 and PO9 almost coincide and this is
attributed to the use of heating strips (leading to differing temperature profiles), as
opposed to sample variables. Differences in the lattice parameters when heating up and

cooling down are not perfectly reversible along the c-axis.
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Figure5.46 — Plots of the experimental a-axes lattice parameters versus temperature of
Al,O3 for G102, PO4 and PO9, compared with the theoreticaDAL-axis lattice
parameter. A molybdenum heating strip was used for G102 and a graphite strip for PO4
and POO9.

SiC

The a-axis lattice parameter of the SiC was analyzed with the purpose of monitoring the
thermal expansion properties of the TRISO particle samples. TX data served as a
means of correcting the SiC values thereby monitoring how close to theoretical values the
SIC experimental results are. Figure 5.47 shows the plots of a-axis lattice parameter
values against temperature of SiC for G102, PO4 and PO9. As is the case wittOthe Al
plots, the G102 results are higher than those of PO4 and PO9. The heating and cooling

results are closer to each other than is the case with 10g pibts.
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Experimental a-axis SiC versus temperature values of G102, PO4 & PO9
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Figure5.47 — Plot of experimental the a-axis lattice parameter for SiC

54.2. Corrected Curves

The temperature values of the a-axis of SiC and the c-axis of graphite were recalculated
on the basis of the theoretical .8 a-axis and c-axis values. The thermocouple

measured a single spot on the heating strip. It is however expected that there is a
temperature profile along the heating strip. As a result, the actual temperature tends to

vary significantly from the one detected by the thermocouple.

Al;03

Figure 5.48 shows temperature corrected values using the a-axigOaf Ahe values of

G102, PO4 and PO9 superimpose those of the theoretig@k After correction. The
temperature error was calculated based on the differences in a-axes values of the
experimental uncorrected A); (for G102, PO4 and PO9) and the theoretical curve
values. In order to obtain accurate curves, temperature was plotted as the dependant

variable against the a-axis values. The resulting relationship was fitted as a binomial with
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six decimal places for increased accuracy. The new (corrected) temperature values were

then used as a basis for plotting the correcte@Aplots.

For instance, the G102 temperature versus lattice parameter curve, based on the a-axis of
Al,O3 is summarized by equation 5.11. Based on this equation, it is possible to calculate
what the temperature should have been to yield the resultant lattice parameter. In this way

a corrected temperature profile is obtained for each lattice parameter.

T =-10123Bxa, ,° +9922971xa, , - 2429553 (5.11)

Temperature corrected a-axis of Al,0; upon heating
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Figure5.48 — Plot of the experimental a-axis lattice parameter at corrected temperatures

for Al,O3, superimposed on the theoretical curve.

Figure 5.49 shows temperature corrected values along the c-axigOaf Ahe values of
G102, PO4 and PO9 superimpose on those of the theoretigad. Alhe temperature
correction of the c-axis was done exactly the same way as that of the a-axis. Once more,

the corrected values superimpose on those of the theoretical curve.
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Temperature corrected c-axis of Al;O; upon heating
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Figure5.49 — Plot of the corrected c-axis lattice parameter at corrected temperatures for
Al O3,

Silicon Carbide

The temperature corrections of the experimental SIC are based on the temperature
correction of the a-axis and c-axis of,@. A high number of decimals are used (as is

seen in the figures) to yield accurate thermal expansion coefficient values.
Figure 5.50 illustrates the plots of the a-axes values of G102, PO4 and PO9 SiC against
temperature corrected values when heating up and cooling down, where the temperature

correction values are based on the a-axis gDAlIThe G102 profile is fitted by a
binomial (equation 5.12), with arRalue of 0.9988.

g0, T(9 43580 334 10°T + 142x10°7°T?) (6.12)

The PO4 profile is fitted by a second order polynomial (equation 5.13), wit/3 aalie
of 0.9993.
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Apo, T( 43579% 42% 10°T + 665x107'°T?) 6.13)

The PO9 profile is fitted by a second order polynomial (equation 5.14), witii aali
of 0.9991.

s T(D 43573 416 10°T + 805x107°T?) 6.14)

The heating up and cooling down curves are reasonably similar suggesting that cyclic
effects are minimal. The corrected curves are all similar in shape and almost

superimpose.

Experimental a-axis versus corrected temperature values of G102, PO4 & P09 SiC
(based on a-Al,05)
4.390
4385
= a3 G102 (heating)
4380 = 3 G102 (cooling)
+ a P04 (heating)
PO4 (codli
_ 4375 —* G ¢+ a (coo I_ﬂg)
£ g ~ . 4 @ P03 (heating)
o . M =6 1835509;};2;1;;587?285&%53 + 4 3530E+00 + 2P0 (cooling)
G5l P ol a SIC (dervied from Li)
- Tl y = 2.89B0E-09: + 1.8593E-05x + 4. 3579E+00 Faly. (a G102 (heating))
4365 i R* = 9 9926E-01 — — Paoly. {a P04 (heating))
- PO | Paly. (a POY (heating))
. o y = 3.5036E-09%" + 1.7851E-05% + 4.3573E+00
2 —
4360 ank RE = 9.9907E-01
4355 T T T T T T
0 200 400 00 800 1000 1200 1400
Corrected temperature (*C)

Figure5.50 — Plot of experimental the a-axis lattice parameter for G102, PO4 and PO9
SiC, upon heating up and cooling down (the correction is based on a-axis values of

Al,O3). There is very good correspondence with the data by Li et al. [72].

Figure 5.51 is a plot of a-axis of G102, PO4 and PO9 SiC against temperature corrected

values when heating up and cooling down, where the temperature correction values are
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based on the c-axis of Ab;. The G102, PO4 and PO9 (equations 5.15, 5.16 and 5.17)
SiC binomial curves are fitted with’?Ralues of 0.9989, 0.9990 and 0.9996 respectively.
The corrections are further apart relative to the correction made on the basis of the a-axis
of Al,Os. For each of the curves, the heating up and cooling down values have only slight

deviation therefore no cyclic effects are evident.

aT(eh, = 4360%k 28% 10°T + 142x107°T?) (5.15)
aT(p), = 43592 424 10°T + 630x107'°T?) (©.16)
aT(p= 43591 324 10°T + 124x107°T?) ©.17)

Experimental a-axis versus corrected temperature values of G102, PO4 &
P09 SiC (based on c-Al,03)

4390
4385
= 3 G102 (heating)
4380 = g (G102 (cooling)
+ a P04 (heating)
4375 + 3 P04 (cooling)
=< 4 3 P04 (heating)
L) & aP09 (cooling)
4370 G102 a SiC (derived from Lij
y = B.174BE-09x% + 1.2268E-05x + 4.3601E+00 Paly. (a G102 (heating))
4365 R? = 8.5850E-01 — — Poly. (a PO4 (heating))
e - Poly. (a P08 (heating))
¥ = 2 7445E-09x% + 1.8470E-05x + 4.3592E+00

R? = 9.9897E01
P09

¥ = 5. 4186E-09x% + 1 4138E-05x + 4.3591E+00
2 = |
4355 : : : : Rl o .

0 200 400 500 200 1000 1200 1400

4360

Corrected temperature (°C)

Figure5.51 — Plot of experimental the a-axis lattice parameter for G102, PO4 and PO9
SIiC, upon heating up and cooling down (the correction is based on c-axis values of
Al,03).
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There is no evidence to suggest a change of SiC slope for the correction based on the a-
axis or the c-axis. There is therefore no change in the mechanism governing the lattice
parameters. The process was also checked for the case where the temperature correction
applied was that of the c-axis of 8.

Best fit a-axis & c-axis Al;0; based SiC corrections versus corrected temperature

4395

a-axis - :
v = 3.8300E-002 + 1.7230E-05% + 4.3583E+00 _ * ((f.
R? = 9.8432E-01 i
4385 ‘ £
. / - aaxis AI203 (G102,
4380 PO4 & POY)
4475 . // . c-axis AI203 (G102,

4390

=y
w - PO4 & POY)
4370 / c-axis Poly. (a-axis AI203
e y = 2BT13E-00C + 1.6171E-05x¢ + 4.3592E+00 (5102, PO4 & POS)
[~ B 2 _
4365 L R =9 9761E01 — — Poly. (c-axis A2O3
= (G102, PO4 & PO
:r”bﬂ .
4360 T2~
1
4355 ' ' ' ‘ ' ' '
a 200 400 600 800 1000 1200 1400 1600

Temperature (°C)

Figure5.52 — The best fit a-axis SiC lattice parameter fits for G102, PO4 and PO9 based
on the a-axis and c-axis temperature corrected values. There is generally a good
correlation between the a-axis and c-axis based correction data.

The best fit a-axis lattice parameters of G102, PO4 and PO9 SiC are shown in figure
5.52. The temperature corrected values based on the a-axis and c-ax©O-phrsl
compared. Even though there is some scatter with individual plots, there is good
correlation of the fitted curves, which combine the individual G102, PO4 and PO9 data.
There is a slight deviation at lower temperatures from room temperature up°@ 500
From 1200 to 140, there is a much smaller deviation as well. The relationships
between the lattice parameters and temperature are given by equations 5.18 and 5.19.
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aT(, )= 43582% 39% 10°T + 881x107'°T?) (5.18)
aT(. L= 43592 37% 10°T + 842x107'°T?) (5.19)
Graphite

The temperature corrections of graphite are based on the temperature correction of the a-

axis and c-axis of ADa.

Figure 5.53 illustrates the c-axis plot of G102, PO4 and PO9 graphite against temperature

when heating up and cooling down, based on the a-ax@s #dmperature correction.

Experimental c-axis versus corrected temperature values of G102, PO4 &
PO9 graphite (based on a-Al;03)

725

[
120 e
ik [ ]
715 A/é‘: .
. Aﬂ-‘ﬂ’-‘r'v.
(] "" '3’30
+
710 ——a =
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¢ 5102 (cooling)
¢ P04 (heating)
¢ PG4 {cooling)
(

\\h
.« >
*
»
> F ¢ + = =

2 v |
5 7.05 —F T G102 ¢ POY (heating)
AT y = -7 5795E-10x% + 1 9BE3E-Ddx +B.9791E+00 ¢ P08 (cooling)
700 e o R = 9-2’:’)143501 Poly. {c G102 (heating))
e -~ )
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585 T T T T T T
0 200 400 600 300 1000 1200 1400

Corrected temperature (°C)

Figure5.53 — Plot of experimental the c-axis lattice parameter for G102, PO4 and PO9
graphite upon heating up and cooling down (the correction is based on a-axis values of
Al03).
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The resulting profiles (for G102, PO4 and PO9) are fitted as binomials Wital&es of
0.9871, 0.9996 and 0.9965 (equations 5.20, 5.21 and 5.22). The c-axis errors for graphite

are several orders of magnitude larger than th®4£dnd SiC errors.

Coz T(D 6979 28X 10°T + 109x107°T?) (6.20)
Cpos T(S 68821 346 10°T + 158x107°T?) (6.21)
Croo T(D 69263 33% 10°T — 459x107°T?) 6.22)

At lower temperatures the graphite c-axis values differ significantly, with the difference
gradually narrowing as temperature increases. Above®Cl@Bere is significant scatter

for the G102. Since sample displacement at high temperature is accounted for, the reason
is likely to be the broad graphite peak. The centre for broader peaks tends to vary in
TOPAS. There is also a possibility of a contribution to the graphite peak from the

graphite heating element. This would be from a different height than the sample.

Figure 5.54 illustrates the c-axis plot of G102, PO4 and PO9 graphite against temperature
when heating up and cooling down, based on the c-ax{S;Aémperature correction.

The plots and their relationships are very similar to those of figure 5.53. It is not clear
why the G102 cooling values are so different from the heating up values. The profiles
(for G102, PO4 and PQ9) are fitted as binomials withv&ues of 0.9891, 0.9984 and
0.9962 respectively (equations 5.23, 5.24 and 5.25).

Cary T(D 70053 22% 10°T + 189x107°T?) 6.23)
Cpos T(S 68983 33& 10°T + 166x10°T?) (6.24)
Cooo T(D 69479% 266 10°T + 269x107°T?) (6.25)
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From figure 5.53 and 5.54, it is clear that there is significant scatter associated with the
thermal expansion of the c-axis of graphite. This is attributed to the broad amorphous
graphite peak, which is fitted at varying positions. Analyses of PO4 and PO9 are
further complicated by the use of the graphite heating strip, which yielded sharp
crystalline graphite peaks of its own in addition to those from the TRISO particles. As a
result these curves are not expected to be very reliable and the thermal expansion

coefficient curve is not plotted.

Experimental c-axis versus corrected temperature values of G102, PO4 &
PO9 graphite (based on c-Al;03)
725
0 L]
720 _.." ﬁ-/'
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i,}’o ~ = ¢ G102 (coaling)
7.10 = Py ‘/, + ©PO4 (heating)
. . AT + ©PO4(cooling)
< 705 I — _— 4 ©PO8 (heating)
(5] L * )
/ Nt y = 1.3205E-08:¢ +1.54B7E-04x +7 00516400 4 c P03 (cooling)
700 - R = 9.8907E-01 Paly. {c G102 (heating))
' ~ PO4 o :
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6.05 ‘,44 - > RZ=gogaiEDt 0 | | Paly. (c P24 (heating))
' Pt P09
s y = 1.8710E-09: + 1.B54BE-0x + 5.9479E+00
6.90 o R? = 9.9615E-01
5.85 T T T T T T
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Figure5.54 — Plot of experimental the c-axis lattice parameter for G102, PO4 and PO9
graphite upon heating up and cooling down (the correction is based on c-axis values of
Al,03).

54.3. Thermal expansion coefficients of SiC

The corrected a-axis SiC values were recalculated based on the temperature corrected

curve for each sample. The temperature range used is chosen to be the same as the

140



Py

W UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qo YUNIBESITHI YA PRETORIA

original experimental increments (i.e.°25to 1400C). These values were then used to
calculate the linear thermal expansion coefficients of graphite and SiC according to
equation 5.26 below, assuming one-dimensional length change with temperature. The
thermal expansion coefficient was calculated using the derivatives of figures 5.50 and
5.51.

_dinb) . 1 5.26)

SiC linear relative thermal expansion coefficient of G102, PO4 & PO9

8.0E-06
+* 5102 (based on a-axi
7 OE-06 ”_‘0 . A|203() ased on a-axis
”.0’ 59° = P04 (hased on a-axds
. 05 4 Al203)
£.0E-06 < 'i?EEEEEEE— POY (based on a-axs
. 4 LLLER AI203)
. & B + Liet al[72]
5.0E-06 — e i3
n + ® Snead et al. [11]

i @ & Pojuretal [78]

4 0E-06
L7 PA @ & (G102 (based on c-axis
* Al203)
30E-06 y

a(Th

o P04 (hased an c-axis
Al203)
P9 (based on c-axis

2.0E-06 A1203)
Poly. (Li et. al[72])

1.0E-06 —Paly. (Snead et. al. [11])

—Paly. (Pojur etal [78])

0.0E+00 T T T T T T ‘
a 200 400 500 800 1000 1200 1400 1600

Temperature {°C)

Figure 5.55 — Plot of the a-axis SiC thermal expansion coefficients of the TRISO

samples.

The thermal expansion coefficient results of G102, PO4 and PO9 SiC are shown in figure
5.55. The values chosen to construct the thermal expansion coefficient curves are lattice
parameter, temperature-corrected curves based on the a-axis and c-ax(3;0TAd¢re

are general similarities between G102 and the results By $mead® (CVD SiC) and

Pojuf? (TRISO particles), up to about 8@ Thereafter the experimental data show
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significantly greater thermal expansivity. It should be noted that the TRISO samples by
Poju® were hollow hemispherical SiC shells, prepared by the fluidized bed method.
Sample PO4 and PO9 data becomes accurate from abd@@. 308 worth noting that

the data by L7 is accurate only up to 108D. It is not conclusive why the results for
PO4 and PO9 deviate from room temperature. The best fit plot, which combines G102,
PO4 and PO9 data is shown in figure 5.56. As is seen, there is deviation from literature
data at room temperature. At higher temperatures, the thermal expansion coefficient
curve does not level off (as is the case with literature data) resulting in higher

expansivity.
Best fit SiC linear relative thermal expansion coefficient of G102, PO4 & PO9
7.0E-06
» ”“
6.0E-06 AT a0 .
*
. *
5.0E-06 T
. + Bestfit [current work]
. + Lietal[s]
— 40808 73 Snead et. al. [3]
tg‘ &« Pojur et al[10]
A0E-06 +—¢ —Faoly. (Li et. al [5])
Paly. [Snead et al. [3])
—Poly (Pojuretal [10])
2.0E-06
1.0E-08
0.0E+00 T T T T T T ‘
0 200 400 600 800 1000 1200 1400 1600
Temperature (°C)

Figure5.56 — Best fit plot of the a-axis SiC thermal expansion coefficients of the TRISO

samples.

It is however known that the thermal expansion of SiC is significantly dependent on its
crystal structure. This is not likely to be the cause since the 3C polytype has been shown
to be dominant and differences are in any case minimal. Some studies have claimed that
the presence of impurities such as free carbon or silicon could reduce the TRISO SiC
thermal expansivity. Micropores have also been known to have an effect on the thermal

expansion behaviotlt Furthermore, it is not known what effect the surrounding layers
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(of pyrolytic and porous carbon and the Zrik&rnel) have on the thermal expansion of
each TRISO patrticle.

5.,5. Transmission electron microscopy

From the total of 10 samples, PO5, 6 and 9 were selected for analysis with the TEM. The
indisputable characterization of the SiC polytypes is possible by interpretation of the
diffraction patterns of the associated crystallites. Streaking was identified from some of

diffraction patterns and the bright field and dark field images.

55.1L Polytype characterization

PO 5
Image # | Diffraction | Polytype | Zone axis
1 1 3C [100]
2 3C [211]
3 3C [122]
2 1 3C [111]
2 6H [001]
3 1 3C [211]
4 1 3C [111]
5 1 3C [111]
2 3C [100]
6 1 6H [001]
7 1 3C [110]
8 1 3C [111]

Table 5.8 — Summary of the interpreted diffraction patterns of PO5 included in the
appendix section, showing that the 3C polytype is the most commonly occurring.

The interpretation of all the crystals analyzed is summarized in table 5.8. Some of the
images have more than one diffraction pattern resulting in repetition of the crystal
number. In cases where two zone axes are listed for the same diffraction pattern, multiple
overlapping crystals yield more than one diffraction pattern. Only the 3C and the 6H SiC
polytypes were identified. The 3C polytype is the most commonly occurring. The PO5

images, diffraction patterns and calculated patterns are listed in appendix C.
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From figure 5.57, the two diffraction patterns represent the 3C [100] and 3C [111] zone
axes. The diffraction pattern of figure 5.58 represents the 3C [111] zone axis. The two
diffraction patterns of figure 5.57 come from different parts of the same twinned crystal.

Figure5.57 — Bright field image of PO5 image 5 (from the appendix C), along with its
diffraction patterns. The two ordered diffraction patterns represent the 3C [100] and 3C
[111] zone axes of the same twinned crystal. The central direct beam diffraction spot is

blanked out on the experimental diffraction patterns.
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Figure5.58 — Bright field image of PO5 image 4 (from the appendix C) along with its
diffraction pattern. The diffraction pattern represents the 3C [111] zone axis. The central
direct beam diffraction spot is blanked out on the experimental diffraction pattern.

PO 6

From XRD results it is clear that of the SiC polytypes, the 3C is most abundant followed
by the 6H, 8H and 15R respectively. Table 5.9 summarizes the interpretation of the PO6
diffraction patterns. The 3C SiC polytype is the most commonly occurring. The 6H
polytype is the only other SiC polytype detected. All the PO6 images, diffraction patterns
and calculated patterns are listed in appendix C.
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Image # | Diffraction | Polytype | Zone axis
1 1 3C [111]&[100]
2 1 3C [211]
2 3C [111]&[110]
3 3C [111]
3 1 6H [001]
4 1 3C [111]
5 1 3C [111]
6 1 3C [111]
7 1 3C [111]
8 1 3C [110]&[211]

Table 5.9 — Summary of the interpreted diffraction patterns of PO6 included in the

appendix section. The 3C polytype is the most commonly occurring polytype of SiC.

Figure5.59 — Bright field image of PO6 image 7 (from the appendix C) along with its
diffraction pattern. The disordered diffraction patterns represents the 3C [111] zone axis.
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The central direct beam diffraction spot is blanked out on the experimental diffraction
patterns.

Analysis of figure 5.59 reveals weaker spots surrounding the 3C [111] zone axis, which
indicates that the crystals tend to overlap. The diffraction pattern of figure 5.60 is
characterized by two separate diffraction patterns (from more than a single crystal),
interpreted to be the 3C [211] and 3C [110] zone axes.

_3C [21i] & [110]

Figure5.60 — Bright field image of PO6 image 8 (from the appendix C) along with its
diffraction pattern. The two ordered diffraction patterns represent the 3C [211] and 3C
[110] zone axes of the same crystal. The central direct beam diffraction spot is blanked
out on the experimental diffraction patterns.
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PO 9
Table 5.10 summarizes the interpretation of PO9 crystals. It is evident that the 3C is once
again the most abundant. There are also several diffraction patterns interpreted to be the

6H polytype. The PO9 images, diffraction patterns and calculated patterns are listed in

appendix C.

Image # | Diffraction | Polytype | Zone axis

1 1 6H [100]/[110]

2 1 3C [110]&[111]
2 3C [111]

3 1 3C [111]

4 1 3C [111]

5 1 3C [111]

6 1 6H [001]

7 1 3C [111]&[110]

8 1 3C [211]

9 1 3C [111]

10 1 3C [111]&[110]

11 1 3C [211]

12 1 6H [001]

13 1 6H [100]/[110]

14 1 3C [111]

15 1 6H [100]/110]

16 1 3C [100]

Table 5.10 — Summary of the interpreted diffraction patterns of PO9 included in the
appendix section. The 3C polytype is once more dominant, and 6H is the only other

polytype that was detected.
Figures 5.61 and 5.62 represent the 3C [100] and 6H [100 or 110] zone axes respectively.

Sample PO9 has the most complex crystals and subsequent diffraction patterns of the

three samples studied.
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5C [100]

Figure5.61 — rlght field -|mage of PO 9 crystal 16 (from the appendix C)aong with its
diffraction pattern. The diffraction pattern represents the 3C [100] zone axis. The central
direct beam diffraction spot is blanked out on the experimental diffraction pattern.
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20 nm

Figure5.62 — Bright field image of PO 9 image 15 (frm the pendik ‘C) along with its

diffraction pattern. The diffraction pattern represents the 6H [100] or [110] zone axis.
The magnified image shows the varying periodicity of the stacking disorder. The central
direct beam diffraction spot is blanked out on the experimental diffraction pattern. The

scale bar of the lower image is 20 nm long.
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5.5.2. Disorder and twinning

PO 5
The analysis of PO5 from Raman spectroscopy and X-ray powder diffraction revealed
that it consisted predominantly of 3C-SiC with minimal 6H, 8H and 15R) and virtually

no amorphous silicon.

Of the three samples chosen from the 10 (i.e. PO5, PO6 and PQ9), it is clear from the
images and diffraction patterns that sample PO5 is the least disordered. The crystals are
well-ordered, with a few disordered crystallites and streaking due to stacking disorder, as
is seen in figures 5.57 and 5.58. There is no stacking disorder streaking evident from all
the diffraction patterns that have been analyzed. Some overlapping diffraction spots were
identified resulting in more than one diffraction pattern (as is seen in figure 5.58). There
is also evidence of some twinning from both figures 5.57 and 5.58. The rest of the images
taken and their interpreted diffraction patterns are included in appendix C.

PO 6

Sample PO6 had a narrow region of SiC and therefore a limited number of crystals could

be analyzed. Raman spectroscopy analysis of POG6 revealed high crystalline silicon peaks.

Analysis of TEM images reveals that the crystals are generally well-ordered. However,
sample POG6 has significantly more disordered crystals than PO5. The image of figure
5.59 was analyzed in bright field mode. The striking contrast of light and dark lines is
evidence of denser streaking due to stacking disorder, as is seen in figure 5.63. The
stacking disorder streaking is also observed from the diffraction patterns, along the [111]
direction for the 3C polytype and the [001] direction for the 6H polytype. In some of the
crystals, there is evidence of overlapping resulting in two diffraction patterns as is seen in
both figure 5.59 and figure 5.60. There is also evidence of twinning. All of this is evident
by examination of figures 5.59 and 5.60.
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Figure 5.63 — A magnified image of the diffraction pattern of figure 5.59, depicting
streaking due to stacking disorder evident between the diffraction spots. Overlapping

crystals yield additional, weaker diffraction spots.

PO 9

Sample PO9 had a very broad region of SiC and a lot of other crystals could have been
analyzed. In comparison to samples PO5 and PO6, sample PO9 is the most disordered.
There are generally well-defined crystals. Some of the images were analyzed in dark field
mode. The streak lines are generally denser than those of sample PO6. The streaking
occurs along the [111] direction for the cubic polytype and the [001] direction for the
hexagonal polytypes. In addition there is evidence of twinning and complex twinning.

Some of these features are seen in figures 5.61 and 5.62.

The magnified image of figure 5.62 reveals planar defects revealed by extensive
streaking due to stacking disorder. It is clear that there is a lack of consistency in terms of
the periodicity. This suggests that on the scale of tens of angstrom units, there are a
variety of SiC polytypes that are stable. The broad bands that are in between the periods
are thought to be interpreted by the macroscopic techniques of Raman spectroscopy and
XRD as mainly the 3C polytype.
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All the PO samples studied had 3C SiC as the predominant polytype. A few 6H SiC
crystals were detected from all samples. Sample PO5 is the least disordered. Crystals are
well-ordered, with a few disordered crystallites and streaking due to stacking disorder.
Some twinning is observed. Sample PO6 is more disordered than PO5, evidenced by
heavier streaking due to stacking disorder. There are several diffraction patterns resulting
from a composite of two patterns. Twinning is also evident. Sample PO9 is the most
disordered of the three analyzed. There are generally well-ordered crystals, characterized

by dense streaking due to stacking disorder and twinning.
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Qualitative Raman Spectra
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Sample PO1
Raman Spectroscopy PO1 - Polished and etched {A to F is the innermost to outermost)
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Raman spectra of the SiC coating of PO1 polished and etched coated particle. A isthe
innermost and F is the outermost spot along the SIC cross-section. There is no
polycrystalline silicon. There is peak splitting evident across the inner part of the SIC
and therefore 6H SIC. The SIC peaks progressively get smaller from analysis A to F.
This is thought to be as a result of a variation of crystallinity and absorption, with
point A having the most crystalline SiC crystals.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 1A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy PO1 - Polished only (A to F is the innermost to outermost)
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Raman spectra of the SiC coating of PO1 polished coated particle. A is the innermost
and F is the outermost spot aong the SIC cross-section. There is no polycrystalline
silicon. There is peak splitting evident for some of the SiC profiles, confirming the
presence of 6H SiC. There is evidence of free carbon from analysis B to F. The most
intense SiC peaks are towards the outer part of the SIC layer. Thisis thought to be as
aresult of avariation of crystallinity and absorption of the crystals.
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Raman spectra of the TO SIC peaks after deconvolution for analysis 1A (polished). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Sample PO2

Raman Spectroscopy POZ2 - Polished and etched (A to G is innermost to outermost)
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Raman spectra of the SIC layer of PO2 polished and etched coated particle. A is the
innermost and G is the outermost spot along the SIC cross-section. The
polycrystalline silicon peak is evident throughout the analyses, with the most intense
peaks found across the inner parts of the SIC layer (analysis A and B). There is
evidence of amorphous silicon throughout the analyses. Thereis peak splitting evident
across the inner part of the SiC and therefore 6H SiC across the profile. The presence
of graphiteisonly seen at analysis G.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 2A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy POZ2 - Polished only (A to L is the innermost to outermost)
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Raman spectra of the SiC coating of PO2 polished coated particle. A is the innermost
and L is the outermost spot along the SIC cross-section. The polycrystalline silicon
peak is evident throughout analyses A to F, with the most intense peaks found across
the inner part of the SIC layer (analysis A). Amorphous silicon seems more evident
closer to the OPyC layer. There is peak splitting evident across the inner part of the
SiC and therefore 6H SIC across the profile. This is clearly evident from peak
deconvolution. Thereis no evidence of graphite.
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Raman spectra of the TO SIC peaks after deconvolution for analysis 2A (polished). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Sample PO3
Raman Spectroscopy P03 - Polished and etched (A to H is innermost to outermost)
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Raman spectra of the SIC layer of PO3 etched and polished coated particle. A is the
innermost and H is the outermost spot along the SiC cross-section. There seems to be
a mixture of amorphous and crystalline silicon throughout the analyses. The most
intense crystalline silicon peaks occur in the middle of the SiC layer (analysis C to E)
Peak splitting is clearly evident, indicating that the 3C polytype is not the only one
that is stable.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 3A (etched). It
was assumed that there were three components making up the main peak. The peaks
indicate the presence of the 3C, 6H and 15R polytypes.
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Raman Spectroscopy P03 - Polished only (A to K is the innermost to outermost)
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Raman spectra of the SiC coating of PO3 polished coated particle. A is the innermost
and K is the outermost spot along the SIC cross-section. There seems to be
predominantly amorphous, with small silicon peaks evident for some analyses. Peak
splitting is clearly evident, indicating that the 3C polytype is not the only one that is
stable. There is no evidence of graphite.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 3A (polished). It

was assumed that there were three components making up the main peak. The peaks
indicate the presence of the 3C, 6H and 15R polytypes.
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Sample PO4
Raman Spectroscopy P04 - Polished and etched (A to H is innermost to outermost)
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Raman spectra of the SiC coating of PO4 etched and polished coated particle. A isthe
innermost and K is the outermost spot along the SiC cross-section. There seems to be
amixture of amorphous and crystalline silicon towards the inner part of the SiC layer
(analysis A-C). Analysis A has by far the most intense silicon peak. Peak splitting is
clearly evident and is confirmed by the peak deconvolution. There is no evidence of
graphite.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 4A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P04 - Polished only (A to | is the innermost to outermost)
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Raman spectra of the SiC coating of PO4 polished coated particle. A is the innermost
and | is the outermost spot along the SIC cross-section. There seems to be a mixture
of amorphous and crystalline silicon towards the inner part of the SIC layer (analysis
B-E). Analysis A has by far the most intense silicon peak. Peak splitting is not clearly
evident but is confirmed by the peak deconvolution. There is no evidence of graphite.
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Raman spectra of the TO SIC peaks after deconvolution for analysis 4A (polished). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Sample PO5
Raman Spectroscopy PO5 - Polished and etched (A to K is the innermost to outermost)
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Raman spectra of the SiC coating of PO5 etched and polished coated particle. A isthe
innermost and K is the outermost spot along the SIC cross-section. Neither the
amorphous nor crystalline silicon is seen throughout the SiC layer. The SIC peaks do
not split, however peak deconvolution indicates the presence of arelatively small 6H
peak.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 5A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy PO5 - Polished only (A to | is the innermost to outermost)
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Raman spectra of the SiC coating of PO5 polished coated particle. A is the innermost
and | is the outermost spot along the SIC cross-section. Neither the amorphous nor
crystalline silicon is seen throughout the SIC layer. The SIC peaks do not split,
however peak deconvolution indicates the presence of a relatively small 6H peak.
Graphiteisonly seen a analysis|.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 5A (polished). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Sample PO6
Raman Spectroscopy POE - Polished and etched (A to H is innermost to outermost)
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Raman spectra of the SiC coating of PO6 etched and polished coated particle. A isthe
innermost and H is the outermost spot along the SiC cross-section. The crystalline
silicon progressively increases from analysis A to C before declining again. The
silicon to SiC ratio of peaks is particularly high relative to that of other samples.
Consequently, there is very little that can be said about the SiC peaks. There is a hint
of graphite detected from the slight change of slope from analysis B.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 6A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P06 - Polished only (A to | is the innermost to outermost)
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Raman spectra of the SiC coating of PO6 polished coated particle. A is the innermost
and | is the outermost spot along the SIC cross-section. The crystaline silicon
increases from analysis A to B before progressively declining up to analysis I. The
silicon to SIC ratio of some peaks is particularly high relative to that of other samples.
There is no evidence of graphite.
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Raman spectra of the TO SIC peaks after deconvolution for analysis 6A (polished). It
was assumed that there were two components making up the main peak. The peaks

indicate the presence of the 3C and 6H polytypes.
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Sample PO8
Raman Spectroscopy POB - Polished and etched (A to G is innermost to outermost)
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Raman spectra of the SiC coating of PO8 etched and polished coated particle. A isthe
innermost and G is the outermost spot along the SiC cross-section. The crystalline
silicon increases from analysis A to C before progressively declining up to analysis G.
The silicon to SIC ratio of peaks is particularly high relative to that of other samples,
with the exception of sample POG6. Thereis little detail that can be extracted from the
SiC peaks. Thereis no evidence of graphite being present.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 8A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P08 - Polished only (A to J is the innermost to outermost)
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Raman spectra of the SiC coating of PO8 polished coated particle. A is the innermost
and J is the outermost spot along the SIC cross-section. The crystalline silicon
progressively increases from analysis A to G, before declining up to analysis J. As
with the etched sample, the silicon to SIC ratio of peaksis particularly high relative to
that of other samples, with the exception of sample PO6. There is little that can be
concluded regarding the SiC peaks. Thereis no evidence of graphite being present.
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Raman spectra of the TO SIC peaks after deconvolution for analysis 8A (polished). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Sample PO9
Raman Spectroscopy P09 - Polished and etched (A to K is the innermost to outermost)
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Raman spectra of the SiC coating of PO9 etched and polished coated particle. A isthe
innermost and K is the outermost spot along the SiC cross-section. Amorphous silicon
is generally found throughout the analyses. Small peaks of crystalline silicon are aso
found along the inner parts of the SiC layer. Peak splitting is clearly more evident
along the inner parts of the SIC layer. The SIC peak intensity also increases outwards
reaching the maximum at analysis K. This is thought to be as a result of crystallinity
and absorption. Thereis no evidence of graphite.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 9A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P09 - Polished only (A to K is the innermost to outermost)
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Raman spectra of the SiC coating of PO9 polished coated particle. A is the innermost
and K is the outermost spot along the SIC cross-section. Amorphous silicon is
generally found throughout the analyses. Small peaks of crystalline silicon are aso
found along the inner parts of the SIC layer. As with the etched sample, peak splitting
is more evident along the inner parts of the SIC layer. Unlike with the etched sample,
the SIC peak intensity remains rather consistent throughout the analyses. Graphite is
only seen from analysis A.
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Raman spectra of the TO SIC peaks after deconvolution for analysis 9A (polished). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Sample PO10
Raman Spectroscopy PO10 - Polished and etched (A to H is the innermost to outermost)
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Raman spectra of the SiC coating of PO10 etched and polished coated particle. A is
the innermost and H is the outermost spot aong the SiC cross-section. Crystalline
silicon peaks are evident throughout the analyses. Peak splitting is not evident but is
confirmed by the deconvolution. The middle of the SiC layer has the most intense SiIC
peak as a result of improved crystallinity and absorption. There is no evidence of

graphite.
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Raman spectra of the TO SiC peaks after deconvolution for analysis 10A (etched). It
was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H polytypes.
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Raman Spectroscopy P010 - Polished only (A to H is the innermost to outermost)
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Raman spectra of the SIC coating of PO10 polished coated particle. A is the
innermost and H is the outermost spot along the SiC cross-section. Crystalline silicon
peaks are evident throughout the analyses. Unlike with the etched sample the silicon
peaks vary significantly, with a maximum at analysis B. Peak splitting is not evident
but is confirmed by the deconvolution. Also in contrast to the etched sample, the SIC
intensities remain fairly consistent. There is no evidence of graphite.

e === == ===

1000 fi-- <=+ - =< m o oo e poronoed R o
: 6H (2/6) ' —— o ! : e
1 : : 3c —> T3
: o : : o
do_ oo NN B [ L S L.
R S ACE g : : : Ty

T T T T T T
700 750 800 850 900 950

Raman spectra of the TO SIC peaks after deconvolution for analysis 10A (polished).
It was assumed that there were two components making up the main peak. The peaks
indicate the presence of the 3C and 6H pol ytypes.
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XRD 3C NECSA sample & high temperature data
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3C NECSA sample

« XRD qguantitative analysis In
AUTOQUAN

| SiC2H_0.564 % |
| SiC15R_0.68 % |
[ SIC8H_10.93 % |
| Quartz_5.21 % |
| Graphite 2H_2.8 % |

| Silicon_0.869 % |

SIC3C_ 76.09 %

| SIC6H_2.85 % |
| SicaH_ 0% |
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High temperature data

e G102
— Lattice parameters (units In A)

EXPERIMENTAL VALUES

Ternp 8- 3dC-5iC a- AkD; c- AlkD; c©- graphite
25 4361 476456 12.99705 7.01469
100 436178 476635 13.00309 7. 02852
2000 436348 476969 13.01653 7.0491R
3000 4.3RE0A| 4772658 13.02489 708377
400 4.36RDE| 477593 13.03497 70744
a00)  4.36889) 477918 13.05006 7035931
GO0 4.37058 ) 473293 13.06044 71058
000 437241 478657 13.07039 711965
a00  4.37448) 4789587 13.03353 713734
900 437612 479342 13.0951 715452
1000 437801 4.79631 1310334 71728
1100 4 3796 479934 1311777 718832
1126 43080050 4800582 1312004 719605
1150 438054 480143 1312284 719713
1175 438123 4.80195 1312613 720159
1200 438165 4.80285 1312948 7.18639
1226 438206 4804 13124936 720292
1250 438260 480502 13.13498 719772
1275 43083380 4.80652 13.13356 719627
1300 438363 4.80623 1314206 7.21384
1326 4384390 480691 13.1445 7233
1350 438461 4.80741 1314245 7970
1375 438533 4.80837 1314965 7.227RE
1400 438569 481056 1315212 7 2051
1400 438569 481056 1315212 72051
1350 4385140 4.80845 1315067 716657
1300 4358392 480744 1314543 717392
1260 438303 480602 1313871 715632
1200 4382130 480438 13.1334 714617
1140 4381 480233 1312732 7136745
1100 438007 4.80044 13,11 714869
26 436032 476259 13.00679 G 95403
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High temperature data

e PO4
— Lattice parameters (units In A)

EXPERIMENTAL VALUES

T a- A0 o-ALRDy [a-SIC c-graphite
25 476112 12991 435961 F.90744
100 476367 13.00056 0 4.36174 59205
2000 476539 13.00855 436243 B.93873
3000 47E993) 13.01769 436444 B.O9R4R2
400 477309 13.02669 43661 F.93457
a00 477574 13.03619 436763 B.99705
GO0 477874 1304537 436929 701692
F000 478245 1305822 437153 7.0401
o0 478576 13.06B87 437335 7.05911
900 478873 13.07805 437494 707995
1000 4791195 13.08348 4 37637 7.095
100 479474 1309292 437308 711209
M25 4795839 13.09653 43786 F.11849
1150 479543 13.09542 437853 712101
M7e 479729 1309027 437895 7125
1200 4793838 1310301 437977 712931
1226 479914 1310583 4.33014  7.13532
126500 479975 1310927 438056 7.13856
1275 480077 1311273 438072 7.14048
1300 480125 1311557 43583122 7.14847
1326 480226 13.11711 43815 715292
13500 480324 131162 433193 715384
1375 4.80443 1312518 438286 71618
1400 4.80577 1312877 438352 716708
1400 480577 1312877 438362 7.1R708
1350 4.80471 1312379 4383293 71608
1300 480318 1311856 433199 714987
126500 480125 1311328 438111 714228
1200 479971 1310852 438046 7.13038
1150 479836 13.10514 4 377 7226
100 479701 131003 43537936 7.11683
26 476213 12993832 4356053 F.913099
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APPENDIX C
TEM images and diffraction patterns
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PO 5 Image 1

3C [100]

3C [211]
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3C [122]
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PO 5 image 2

3C t111]
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PO5 Image 4
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PO5 Image 7
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PO5 Image 8




3C [111] & [100]
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PO6 Image 2

3c [111]
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PO6 Image 3

6H [001]
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PO6 Image 4

3C [111]
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PO6 Image 5
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PO6 Image 6
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PO6 Image 7
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PO9 Image 2

3C [111]
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PO9 Image 4

3C [111]
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PO Image 5

3C [111]
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PO9 Image 6

- 6H 001
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PO9 Image 7

__ 3C[111]&[110]




3C [211]
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PO9 Image 9

3C [110]
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PO9 Image 10
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PO9 Image 12

6H. [001]
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High temperature data

e PO9
— Lattice parameters (units In A)

EXPERIMENTAL VALUES
T a-AkO; c-AlkOy c-graphite a-Sic

25 47B182 1299268 RB95261  4.35972
100 475399 1299332 (95335 436038
200 476692 1300831 693054 435192
oo 477019 13.02118 70149 43641
400 477309 13.030x1 0 702579 436526
s00 477B57 130417 7.04581 436726
GO0 4.7796R 13.05079 7.05891 436894
F00 478277 13.06108 7077 437054
ao0 478542 1307075 7.08706 437223
00 4 7882 13.07963 71011 4.37363
10000 479099 13.08833 7119720 4.37491
M00 479435 13.098280 7136280 4.37706
M25 479477 1310019 713666 4.37705
11500 479531 1310262 7.14042 0 437755
1175 4 7952 1310427 714197 437794
12000 479714 13105360 7.14978 0 4.373804
1225 479779 1310757 7151860 4.37843
126500 479824 13111460 7158060 437917
1275 479949 1311442 716239 437974
13000 480077 1311851 7.16351 0  4.38054
1325 480114 131201 716618 4.338048
13500 480272 13123330 716964 438105
1375 480361 1312732 77442 438174
14000 480394 1312673 719272 4.38132
14000 480394 1312673 719272 438132
13500 480256 1312303 716977 4.38083
13000 480099 1311813 716192 4.37993
12500 479963 1311412 716058 4.37949
12000 479803 1310907 7.145E2 0 4.37843
11500 479553 1310388 714152 4.37732
100 479532 13.09954 ) 7.13344 437539
26 476203 1299573 G.9547 | 4 .35965




