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ABSTRACT

High-temperature reactors make use of tri-structural coated fuel particles as basic fuel
components. These TRISO particles consist of fissionable uranium dioxide fuel kernels,
about 0.5 mm in diameter, with each kernel individually encased in four distinct coating
layers, starting with a porous carbon buffer, then an inner pyrolytic carbon (IPyC) layer,
followed by a layer of ceramic silicon carbide (SiC) and finally an outer pyrolytic carbon
layer (OPyC). Collectively, the coating layers provide the primary barrier that prevents
release of fission products generated during burn up in the UO, fuel kernel. It is crucial
to understand how the fission products contained within the fuel interact with the coating
layers and how they are distributed within the fuel. The first step commonly performed

to obtain the information on distribution is removal of the coating layers.

The purpose of this study was to investigate the possible use of wet chemical etching
techniques with the aim of removing the coating layers of ZrO, coated fuel particles in a
controlled way and to establish experimental parameters for controlled dissolution of
irradiated fuel particles.

Stepwise dissolution of coated fuel particle coating layers, containing zirconia kernels
has been investigated by chemical etching experiments with acidic solutions of different
mixtures. The heating methods used include heating by conventional methods, hot
plates and a muffle furnace, a reflux-heating system and microwave-assisted digestion.
The etching mixtures were prepared from a number of oxidizing acids and other
dehydrating agents. The capability of each reagent to etch the layer completely and in a

controlled manner was examined.

On etching the first layer, the OPyC, the reflux heating method gave the best results in
removing the layer, its advantage being that the reaction can be carried out at
temperatures of about 130 °C for a long time without the loss of the acid. The
experimental results demonstrated that a mixture composed of equal amounts of
concentrated nitric and sulfuric acid mixed with chromium trioxide dissolves the OPyC
layer completely. The most favourable experimental conditions for removal of OPyC
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from a single coated fuel particle were identified and found to depend on the etching

solution composition and etching temperature.

Light microscopy yielded first-hand information on the surface features of the samples.
It allowed fast comparison of etched and untreated sample features. The outer surface
of particles prior to chemical etching of the outer pyrolytic carbon layer appeared black
in colour with an even surface compared to the etched surfaces which appeared to have
an uneven metallic grey, shiny texture. The scanning electron microscope (SEM)
examination of the chemically treated outer carbon layer samples gave information on
the microstructure and it demonstrated that the outer pyrolytic carbon layer could be
readily removed using a solution of HNO3/H,SO,/CrO3, leaving the exposed SiC layer.
Complete removal of the layer was confirmed by energy dispersive X-ray spectroscopic
(EDS) analysis of the particle surface.

For etching the second layer, the silicon carbide layer, microwave-assisted chemical
etching was the only heating technique found to be useful. However, experimental
results demonstrated that this method has limited ability to digest the sample
completely. Also common chemical etchants were found to be ineffective for dissolving
this layer. Only fluoride containing substances showed the potential to etch the layer.
The results show that a mixture consisting of equal amounts of concentrated
hydrofluoric and nitric acid under microwave heating at 200 °C yielded partial removal of
the coating and localized attack of the underlying coating layers.

The SEM analyses at different intervals of etching showed: partial removal of the layer,
attack of the underlying layers and, in some instances, that attack started at grain
boundaries and progressed to the intra-granular features. The SEM results provide
evidence that etching of the silicon carbide layer is strongly influenced by its
microstructure. From these findings, it is concluded that etching of the silicon carbide
under the investigated experimental conditions yields undesirable results and that it
does not provide complete removal of the layer. This method has the potential to etch

the layer to some extent but has limitations.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1HIGH-TEMPERATURE REACTORS

High-Temperature Nuclear Reactors (HTRs) are graphite moderated and helium cooled.
They represent a version of the original High-Temperature Gas-Cooled Reactors
(HTGR) which successfully operated in Germany till the 1970s. For the last few years
there has been internationally renewed interest in HTRs as potential technology for
production of electricity and hydrogen. The revival of this technology is due to unique
features of HTRs such as high fuel burn up, modular design, safety characteristics and
the potential to provide electricity cost effectively without increasing the impact on the
environment. A benefit of HTRs also includes the potential use of direct heat from the
reactor outlet with helium temperatures in the range of 850 to 900 °C (Kendall & Bullock,

2004), which can be applied for a variety of industrial processes, such as oil extraction.

HTRs can be classified into two fuel design types namely fuel in the form of hexagonal
prismatic blocks and fuel in the form of spherical fuel spheres. Both designs make use
of spherical tri-structural isotropic (TRISO) coated fuel particles, with a diameter of
approximately 1 mm as basic fuel components. The spherical TRISO coated particles
are mechanically strong and resistant to irradiation (Nabielek et al., 2009). Ideally they
can be used to temperatures up to 1600 °C while maintaining their mechanical integrity.
They also provide complete retention of radioactive fission products under normal and

accidental conditions.

The innermost unit of the coated particle is the fuel kernel, the material consists
normally of uranium dioxide (UO;), with the uranium enriched up to 9.6% Uranium-235.
Other fuel kernels containing oxides or carbides and their mixtures with plutonium, or
thorium, are also used (Verfondern et al., 2007). The kernels are individually enclosed

with multiple coating layers, starting with a porous carbon buffer, then an inner pyrolytic
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carbon (IPyC) layer, followed by a layer of ceramic silicon carbide (SiC) and finally an

outer pyrolytic carbon layer (OPyC).

In a pebble bed type HTR design approximately 15 000 TRISO particles are dispersed
evenly in a spherical graphite matrix forming a 50 mm diameter core with a 5 mm outer

region of graphite without particles. This fuel configuration is portrayed in Figure 1.

5mm Graphite layer

Coated particles imbedded
in Graphite Matrix

&

Dia. 60mm
Fuel Sphere

Pyrolytic Carbon 40 microns

Silicon Carbide Barrier Coating 35 micron
Inner Pyrolytic Carbon 40 microns
Porous Carbon Buffer 95 microns

Section

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

Coated Particle  uranium Dioxide
Fuel Kernel

Figure 1: Schematic representation of PBMR fuel design

1.2 NUCLEAR FISSION PROCESS

During fission of uranium dioxide fuel, energy and a large number of fission products
such as krypton, xenon, caesium, etc., are generated in the fuel kernel. The nuclear
fission process is shown schematically in Figure 2. Oxygen atoms are also liberated in
the kernel during the fission reaction (Markgraaff, 2009). Most of the fission products

emit beta and gamma radiation, which makes the fuel highly radioactive. They are
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considered a radiological hazard and therefore it is important to confine these products
within the patrticle (Xu et al., 1995).

J neutron
fission
product
neutron ) — = J neutron
target ﬁ fission
nucleus : product

J neutron

Figure 2: Schematic representation of a nuclear fission process

The kernel constitutes the first barrier to the release of the fission products. The
released oxygen in the kernel binds with rare earth fission products (such as cerium,
lanthanum, etc.) to form immobile oxides, thereby controlling their migration potential to
the coating layers (IAEA, 1997). Products that fail to form stable oxides are released
from the kernel through a diffusion process and are contained to a very high extent by
the SiC layer (Nabielek et al., 1989).

The main function of the PyC and SiC coating layers is to ensure that fission products
from the fission reaction are kept locked inside the particle preventing release of fission
products generated during fission in the UO, fuel kernel (Minato et al., 2000). Among
the coating layers, silicon carbide is the most essential of the barrier coatings
(Kim et al., 2009). It acts as the main fission product barrier and provides structural

strength and mechanical support for the coated particle.
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Some of the fission products can escape through the PyC and SiC coating layers
through diffusion or failed particle coatings (Inamati et al., 1985). Failed particles refer to
(Inamati et al., 1985) particles with exposed kernels; or particles in which the silicon
carbide coating has failed due to thermal decomposition or chemical attack by the

fission products.

1.3 POSSIBLE FUEL FAILURE MECHANISMS

At high temperature and/or irradiation dose a coated particle is subjected to various
forces, some of which are unfavourable to the chemical and mechanical stability of the
coated particles (Markgraaff, 2009). Given that a coated particle is a retention barrier for
the fission products, the chemical changes induced by irradiation could lead to particle
failure and ultimately to the release of fission products. In the section below several
performance-limiting mechanisms that lead to particle failure are described (Petti, 2006;
Verfondern et al., 1990).

» Impact of irradiation on pyrocarbon layers: An irradiation effect on the pyrolytic
carbon layers is reported to be chiefly responsible for the failure of the coated
particles. Under irradiation both IPyC and OPyC layers shrink because of fast
neutron exposure depending on neutron dose and irradiation temperature (Gulol et
al., 2008; Rand, 2009). This shrinkage is observed in both radial and tangential
directions. The shrinking behaviour of the OPyC causes it to push inward on the SiC
layer while shrinkage of the IPyC results in pulling away from the SiC layer. The
dimensional changes of the PyC layers will result in reduced tensile stress inside the
SiC layer (Shenoy & Ellis, 2009; Miller et al., 2004). Figure 3 schematically shows
the dimensional changes on a graphite crystal due to irradiation damage (Burchell &
Snead, 2007).
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Figure 3: Crystal dimensional changes in graphite due to neutron irradiation
(Burchell & Snead, 2007)

» Fission product chemical interaction with SiC: Chemical interactions of certain
fission products liberated from the fuel kernel, such as palladium and some rare
earth carbides, can potentially corrode and thin the silicon carbide coating
(Verfondern et al., 1990).

» Pressure-induced failure: The fission gases and volatile products generated during
irradiation are released from the kernel and build up inside the particle coatings. The
built-up pressure inside the particle results in a tensile stress in the silicon carbide
layer of the particle (Verfondern et al., 1990). This pressure vessel failure of a
particle depends on multiple phenomena as illustrated in Figure 4 (Petti & Homan,
2006; Miller et al., 2004).
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Figure 4: Behaviour of coating layers under irradiation (Miller et al., 2004)

Given that the SiC layer is the main load barrier (Ruggirello & Toscano, 2006), it is
assumed (Verfondern et al., 1990; Petti & Homan, 2006) that if the stress in this
layer is greater than its ultimate tensile strength, the event could result in
simultaneous failure of all coating layers (IAEA, 1997). Figure 5 represents an image

of a particle that failed due to overpressure.
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Figure 5: Microscopic view of section through a completely disintegrated TRISO coated
particle (IAEA, 1997)

» Kernel migration: This effect, known as the “amoeba effect,” is postulated to occur
when the fuel kernel relocates towards the direction of the coated particle layers
(Verfondern et al., 1990). This movement occurs because of carbon monoxide
transport within the particle in the presence of a temperature gradient. Since SiC is a
brittle material, the movement of the kernel towards this layer could damage it
completely, resulting in release of the fission products. This amoeba effect is more
likely to occur in prismatic fuel elements than in pebble bed reactor fuel elements
due to the presence of a higher temperature gradient (Gulol et al., 2008).

» Diffusion through coatings: Certain fission products within a fuel particle may

escape either through diffusion or failed particle coatings.

These studies indicate that it is crucial to understand the behaviour of fission products in

coating layers and their distribution as well as the failure of coating layers by interaction
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with fission products. The particular interest in examining the behaviour of irradiated fuel
is to check the manner in which fission products migrate and distribute in the coating
layers (Fukuda & lwamoto, 1975). The information obtained from the distribution can
provide insight into the underlying physical and chemical mechanisms responsible for

the coated particle failure.

One way to ascertain the distribution and migration of fission products in coating layers
of the coated particles is by separating the layers in sequence. If a reliable technique is
employed to obtain uniform removal of each layer, the concentration of fission products

associated with each layer can be determined and analysed.

The removal of the coating layers has been studied by several researchers. Examples
of techniques are the use of ion sputtering (Betz et al., 1971), chemical removal with
chromium oxide dissolved in sulfuric acid and hydrofluoric acid at 140 °C (Chunhe et al.,
2004), and thermal oxidation of carbon layers at 600 °C and 800 °C followed by
crushing of the silicon carbide layer (Grambow et al., 2006; Fukuda & Ilwamoto 1975;
Delcul et al., 2002). The removal of the silicon carbide layer by molten salts has also
been studied by Fukuda & lwamoto (1975). The ion sputtering method does not provide
sufficiently uniform removal of the material and moreover is not effective at low

concentrations of fission products and fission materials (Betz et al., 1971).

The carbon layers can be readily removed by thermal oxidation (Grambow et al., 2006;
Delcul et al., 2002). However, EDS studies by Grambow et al.(2006) showed that the
removal of the carbon layers at 600 °C causes partial oxidation of the SiC layer. The
focus in these studies was the determination of fission products in the removed contents

of irradiated fuel particle coatings.

Layer-by-layer removal of the coatings of the particle is considered difficult regardless of
the method employed. This is due to the chemical properties and strength of the
coatings, in particular the silicon carbide layer, which is known to react poorly with acids
and bases and is rigid (van Dorp et al., 2007). The size of the coated patrticle also has

an impact on the method chosen. The particle has a nominal diameter of about 1 mm
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with layer thickness ranging from 35 to 95 microns. This size makes separation by
mechanical methods such as cracking difficult. Also for irradiated fuel, removal of the
layers by cracking could require the use of expensive tools and extensive automation to

avoid human contact.

1.4 AIM OF THE STUDY

The aim of this research was to investigate the possible use of wet chemical etching
methods for removing the coatings of the coated particle layer by layer. The approach
and objectives of the project was be based on the fundamentals of the chemical etching
process, and its capability to remove the individual layers of the coated particles in

sequence.
The objectives of this investigation were:

% To investigate step-by-step chemical etching of coated particle coatings
% To establish in detail optimum parameters for controlled dissolution of irradiated
fuel

Experimental work was carried out on coated particles containing tetragonally stabilized
zirconia kernels (also inaccurately known as zirconium kernels). The result of this study
was used to evaluate whether the chemical etching technique is capable of removing
the coating layers of irradiated particles for determination of fission products distribution

and migration in irradiated fuel.

Characterization of the material microstructure and morphology during and after the
etching process have been investigated by the following techniques: optical microscopy,
scanning electron microscopy equipped with an energy-dispersive X-ray system and

X-ray diffraction.
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CHAPTER 2
PBMR FUEL

2.1 PBMR FUEL STRUCTURE

The spherical fuel elements for modular pebble bed reactors are manufactured from
A3-3 graphite matrix material. The graphite matrix consists of natural graphite powder,
electro-graphite powder and a phenolic resin. In this matrix, about 15 000 of the TRISO
coated fuel particles are dispersed evenly forming a 50 mm diameter inner core with a
5 mm thick outer particle-free graphite layer. The 5 mm outer fuel-free region protects
the inner core from damage against external forces during fuel fabrication. The matrix
material functions as a moderator for fission neutrons, provides good thermal properties
and stabilizes the coated patrticles in the sphere. The fuel-free matrix also protects the
coated patrticles against damage from outside mechanical effects during loading of the
fuel (Nabielek et al., 2009).

A TRISO patrticle consists of a fissionable uranium dioxide (UO,) fuel kernel, typically in
the order of 500 um and is encased in various layers. These layers consist of a porous
carbon buffer layer and two dense layers of pyrolytic carbon. Sandwiched between the
dense pyrocarbon layers is silicon carbide, a ceramic layer.

2.2 TRISO COATED FUEL PARTICLES

2.2.1 Overview of HTR Coated Fuel Particles

TRISO coated fuel particles are fundamental fuel unit components for high temperature
reactors. They are designed to ensure mechanical stability and retain metallic and

gaseous fission products under normal and accident conditions.

The coating layers that make up the TRISO coated particle are manufactured by a

chemical vapour deposition process carried out in fluidized bed coaters. Deposited on
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top of the fuel kernel sequentially, the layers are a porous pyrolytic carbon buffer, inner
pyrolytic carbon (IPyC), a silicon carbide (SiC) layer and an outer pyrolytic carbon layer
(OPyC). A scanning electron micrograph (SEM) of a cracked open coated particle with
the entire layer system is shown in Figure 6.

OPyC
Sic
IPyC

Carbon buffer

Kernel

Figure 6: SEM micrograph of a TRISO coated particle (Languille, 2002)

The total system of coating layers is termed a tri-structural isotropic (TRISO) coating.
The term refers to a coating system that makes use of three types of layers namely; low

density pyrolytic carbon, high density and pyrolytic carbon for the inner and outer layers
and silicon carbide (Shenoy and Ellis, 2009).
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2.2.2 Fabrication of Coating Layers

The TRISO coating results from decomposition of different gas phase molecules in a
heated furnace, a process commonly known as chemical vapour deposition (CVD). The
CVD process for deposition of the four coating layers is as follows: The porous buffer
layer is deposited from acetylene gas (C,H,) and argon at around 1250 °C. A mixture of
acetylene and propylene (C,H;+ C3Hg) in the presence of argon gas is used for the
deposition of the IPyC and OPyC layers at around 1300 °C and the SiC layer is
deposited by decomposition of methyltrichlorosilane in the presence of hydrogen
(CHsSICl3 + Hy) at around 1500 °C (Barry, 2008). The chemical deposition sequence

during fabrication of the TRISO coated particles is shown in Figure 7.

Uranium Dioxide Kernel

C2H2 + Ar A
Porous Buffer Carbon layer

v

C2H2 + C3H5+Ar A
> Inner Pyrolytic Carbon
CH 3SiCl; +H 4

v

Silicon Carbide layer

C2H2+ C3H5+ Ar y
Outer Pyrolytic Carbon

|

TRISO Coated Particle

v

Figure 7: Input gases during fabrication of TRISO coated particles (Ablitzer et al., 2007)
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2.2.3 Basic Functions of Coated Particle Components

Pyrolytic carbon layers provide retention of noble gas fission products while silicon
carbide is regarded as the most important layer of the coating system since it acts as
the major barrier to metallic fission products and gaseous fission products
(Verfondern et al., 2007).

The fuel kernel contains the fissile material and it produces energy from the fission
process. During neutron irradiation, the kernel produces internal pressure in the coated

particles and migration of some generated fission products into the coating layers.

The pyrolytic carbon buffer is a low-density porous material, around 95 um thick. The
purpose of this layer is to provide voids to accommodate released fission gases and to

distort to accommodate swelling of the fuel kernel during irradiation.

The IPyC layer is a dense form of pyrolytic carbon deposited on the surface of the buffer
layer, 40 to 45 um in thickness. The IPyC layer protects the fuel kernel from reacting
with chlorine, in the form of hydrogen chloride, produced during deposition of the SiC
layer (Snead et al., 2007). It also provides a good surface for depositioning of the SiC
layer and provides retention of noble gases. This layer also plays a role in the

mechanical stress distribution within the coated patrticle.

Deposited on the surface of the IPyC is a high strength, cubic crystalline form of silicon
carbide, approximately 35 to 40 um thick. This layer is considered the most critical layer
in the performance of the fuel particle, as it serves as the main barrier to retain fission
products. The SiC layer also is the main load-bearing component of the coating layers
(Ruggirello & Toscano, 2006). The SiC layer also provides structural support required to
withstand the internal gas pressure in the particle developed during irradiation (Nabielek
et al., 2009). The OPyC layer acts as the final barrier to the release of gaseous fission
products. It consists of the same material as the IPyC with a thickness of 40 to 45 um.
This layer is directly deposited on top of the brittle SiC material and thus protects it

during fuel fabrication and fuel handling prior to fuel element fabrication.

28



CHAPTER 3

AN OVERVIEW OF THE PROPERTIES OF THE COATING LAYERS OF THE TRISO
COATED PARTICLE

The carbon and silicon carbide used in TRISO coating systems are employed due to
their excellent characteristics. These include: good irradiation stability, high thermal
stability, good mechanical stability up to high temperatures, and resistance to chemical
attack. The good chemical resistance in these materials, however, may cause potential
problems when spherical layers have to be removed by means of chemicals. In order to
make informed decisions in this regard, a good knowledge of their chemical properties

is essential.
3.1 CARBON AND ITS ALLOTROPIC FORMS

Carbon is the lightest chemical element in group 6 with a ground state configuration of
1s2s2p?. Therefore, carbon has four electrons in the outer shell to form several types
of covalent chemical bonds. Carbon is very different from most other elements because
it has the ability to form stable bonds with itself in different ways, leading to large series

of compounds. Its electron configuration allows the formation of several allotropic forms.

The two well-defined allotropic forms of carbon are diamond and graphite, other forms
include fullerenes, nanotubes and synthetic forms of carbon. Carbon allotropes differ in
the way in which the atoms are bonded and this has a profound effect on their chemical
and physical properties (Pierson, 1999). For example, diamond is highly transparent
and extremely hard, due to single carbon-carbon bonds in its crystal structure. Graphite
on the other hand is a soft material with lubricating properties. The carbon atoms in
graphite are held by weak forces; as a result the layers slide over one another easily,

thus creating a lubricant effect.
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3.2CARBON GRAPHITE MATERIALS IMPORTANT TO NUCLEAR REACTORS

Carbon graphite materials vital to nuclear reactors, particularly high temperature

reactors, include nuclear graphite and pyrolytic carbon.

3.21 NUCLEAR GRAPHITE

The graphite material used in nuclear reactors is referred to as nuclear graphite ((Carter
and Eggleston, 1955; Baker, 1971 and Sharma, 1995). Graphite is used because of its
good moderating properties; it slows down fast moving neutrons to sustain the nuclear
fission reaction (Marsdenetal., 2005). It is amongst a list of potentially good
moderators such as beryllium, water and deuterium (Burchell, 2001). Ideally a
moderator should have the following characteristics: (i) preferably it must be
inexpensive; (ii) it must not react with neutrons and only absorb them to a small extent;
(i) the fast neutrons should be slowed very quickly with a few collisions in the
moderator; and (iv) have a low atomic weight. In graphite, most of these requirements
are fulfilled. Graphite also act as a structural component, providing thermal and neutron
reflection as well as shielding.

3.21.1 Atomic Structure of Graphite

Graphite is a layered compound as shown schematically in Figure 8. The carbon atoms
in a layer are arranged hexagonally, sp? hybridized and are strongly covalently bonded
to 3 other carbon atoms. The bond between carbon layers is weak van der Waals
bonding, which permits easy sliding of the planes over another (Chung, 1994). The
interlayer spacing between basal planes is 0.335 nm, more than twice the spacing

between atoms 0.142 nm (Pierson, 1993).
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Figure 8: Schematic crystal structure of graphite (Rand, 2009)

3.21.2 Physical and Mechanical Properties of Graphite

It is vital to mention that the graphite material (nuclear graphite) used in nuclear reactors
has different properties compared to those of natural graphite. The difference in
properties is brought about by the bonding condition of the carbon atoms within the
lattice as well as the manufacturing process used. Nuclear graphite is manufactured
from petroleum or natural pitch cokes. The stages of the nuclear graphite manufacturing

process are highlighted in Figure 9.
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Figure 9: Manufacturing process of nuclear graphite (Jones & Marsden, 2010)

The nuclear graphite material manufactured by the process shown in Figure 9 has the
following properties (Pierson, 1999; Jones & Marsden, 2010; Marsden et al., 2005,
Rand, 2009; Wickham & Haag, 2004):

¢ A poly-granular and poly-crystalline microstructure.

e In oxidising atmosphere the material starts to be oxidised at 500 to 600 °C.
Non-graphitised carbon graphite materials are only stable up to 350 °C.

e The density will be in the range of 1.6 - 1.8 g/lcm?, the density is less compared to
the theoretical density of 2.265 g/cm?® for natural graphite. The manufactured
graphite material is more porous compared to the natural graphite.

e The material has high mechanical strength and stability at high temperatures
(Strength need to be in the range of 20 MPa)

The strength is maintained at temperatures approaching 2000 °C. Generally, when
materials are heated, they tend to soften and the strength falls with an increase in
temperature, but with nuclear graphite it is the opposite. The strength increases with an

increase in temperature, until a maximum is reached at about 2500 °C, after which the
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strength decreases (Rand, 2009). An example of such behaviour is shown in Figure 10,
for various graphites heated to about 3200 °C.

Relative strength

0 1600 3200 4800
Temperature, (°C)

Short-time relative tensile strengths
versus temperature for various graphites.

Figure 10: Tensile strength for various types of graphite vs. temperature (Rand, 2009)

3.2.2 PYROLYTIC CARBON

3.2.2.1 Synthesis of Pyrolytic Carbon

Pyrolytic carbon (PyC) is also a synthetic form of carbon graphite material. In nuclear
reactors it is used as a coating layer material of high temperature reactor fuel particles
to support retention of fission products inside the fuel particle.

Pyrolytic carbon in fuel particles is produced by a chemical vapour deposition (CVD)
process, as mentioned, where a mixture of hydrocarbons such as acetylene and
propylene is decomposed at temperatures above 1000 °C. A commonly used CVD
reaction for production of PyC layers includes decomposition of acetylene for producing

the porous carbon buffer layer and a mixture of acetylene and propylene in the
presence of argon gas for the dense pyrocarbon layers.
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The structure and properties of the carbon products formed from the CVD process can
vary significantly as function of the deposition conditions (Lopez-Honorato et al, 2009).
The influential parameters identified by Bokros (1969) are variations in deposition
temperature, hydrocarbon type used and concentration of the hydrocarbon. Of these the

deposition temperature is the most important parameter.

3.2.1.3 The Structure of Pyrolytic Carbon

Pyrolytic carbon (PyC) has a poorly defined crystalline structure with disordered carbon
atoms (Dauskardt, 1993); hence this carbon material is classified as turbostratic carbon.
Its structure is related to that of graphite (Figure 8). Similar to graphite the carbon atoms
are hexagonally arranged, i.e. they are predominantly sp? hybridized, but in pyrolytic

carbon the layers are not perfectly arranged (Figure 11).

Figure 11: Turbostratic carbon, layers arranged without order (More et al., 2004)

3.2.1.4 Properties of Pyrolytic Carbon

PyC has excellent properties such as good mechanical strength, high corrosion
resistance, good chemical inertness and stable to irradiation, and high density
(>2 g/cm® depending on the production technique used). Pyrolytic carbon is

mechanically harder than graphite. In graphite, the planes can easily slide over one
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another while in pyrolytic carbon the ability of planes to slip is inhibited due to distortion.
In the study by Bhat (2002), the mechanical strength of pyrolytic carbon, Table 1, is
shown to be higher compared to other forms of carbon; glassy carbon and graphite.

Table 1: Mechanical properties of carbon materials (Bhat, 2002)

Property Glassy Pyrolytic
Graphite Carbon Carbon
Density (g/cm?®) 15-19 15 15-2.0
Elastic Modulus (GPA) 24 24 28
Compressive Strength (MPA) 138 172 517

Figure 12 displays a variation of strengths for carbon/graphite materials. The
polynuclear graphites are shown to have relatively low modulus and strength
(Rand, 2009). This is due to the porosity nature of the poly-granular graphites.

Nanotubes

Tensile
Strength
/ Pa

composites

10"

Young's Modulus / Pa

Figure 12: Range of moduli and strengths of carbon/graphite materials (Rand, 2009)
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3.2.2 CHEMICAL PROPERTIES OF GRAPHITE AND PYROLYTIC CARBON

Chemically, carbon-based materials are of low reactivity, they are sufficiently resistant
to most chemical environments especially at low temperatures. They are insoluble in
dilute acids and bases, and do not react with corrosive gases (Pierson, 1993). Their
chemical activity increases in the presence of strong oxidising agents such as sulfuric
acid, nitric acid and perchloric acid, and in an oxygen environment at temperatures
above 500 °C they can be oxidized (Buzelli & Mosen, 1977).

A mixture of nitric acid mixed with potassium dichromate (Fukuda & Iwamoto, 1977) can
dissolve pyrolytic carbon material obtained by the CVD process. Hunter et al. (1990)
used a chemically heated mixture of fuming nitric acid and fuming sulfuric acid to

dissolve PyC layers.

Strong oxidising acids such as nitric acid, perchloric acid, and sulfuric acid (Buzelli &
Mosen, 1977; Pierson, 1993) easily attack graphite. The reaction with hot sulfuric acid

proceeds as follows (Pierson, 1993):
Cs) + 2H2S04 gy — CO; (g) + 2H20(g) + 2SO0y (g) (3.2)
In nitric acid media graphite also decomposes to form carbon dioxide (Pierson, 1993):
C(s) + 4HNOg3 (3q) — CO; () + 4NO; () + 2H20) (3.2)

In the case of perchloric acid, chlorine is the oxidant. From its high oxidation state (+7)
in the perchlorate ion, it can be reduced to several lower states, acting as oxidant, i.e.

an electron acceptor (Cotton and Wilkinson, 1980).

A study by Choi & Leu (1998), showed that the nitric acid molecules are able to
penetrate between the 0.335 nm layers in graphite and the reaction takes place both on

the outer surface plane and between the graphite layers.

Other atoms such as potassium, lithium, oxygen, bromine, etc., are also known to

penetrate between graphite planes in a layered pattern. The compounds formed by this
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reaction are called graphite intercalation compounds (Boehm et al. 1994;

Yan et al., 2004). Figure 13 illustrates how lithium ions are intercalated in a graphene
layer.
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Figure 13: Lithium ions intercalating between graphene layer (Rand, 2009)

The literature shows that carbon materials such as graphite and pyrolytic carbon have
different crystalline structures resulting in different chemical and physical properties.
The fact that only very strong oxidising agents (nitric acid, sulphuric, and perchloric
acid) were used in published methods dealing with dissolution (Fukuda & Iwamoto,

1977; Buzelli & Mosen, 1977; Pierson, 1993) point to the chemical stability of the PyC.
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3.3 INTRODUCTION TO SILICON CARBIDE

Silicon carbide (SiC) is a ceramic compound, widely known as a capable semiconductor
material with good electrical and mechanical properties. Also it has excellent potential
for use in harsh environmental conditions such as high temperature and high level of
radiation (Brink et al., 2009). Furthermore, this material is extremely important in
structural applications. For example in TRISO coating it is utilized to provide structural

strength and dimensional stability to the HTR coated particles.

3.4Silicon Carbide Production

SiC rarely occurs naturally. In 1891 it was first produced by the Acheson process in
which a mixture of silica sand and carbon (coke form) was electrically heated and
reacted in an electric furnace at 2700 °C (Somiya & Inomata, 1988). The Acheson

reaction proceeds as follows (Snead et al., 2007):
SiO» ) T 3C(5) — SiC(s) + ZCO(g) (3.3)

Silicon carbide can also be produced through direct sintering, gas phase reaction,
chemical vapour deposition and other techniques. Among these techniques chemical
vapour deposition (CVD) is the preferred coating method for preparing the SiC coating
of the HTR particles (Helary et al., 2008; Kim et al., 2007; Sone et al., 2000). The
advantage of using this process is that it results in cubic crystalline SiC (8 -SiC) with
high purity, a material known to be compatible with nuclear reactors and highly suitable
for use in high temperatures. However, the characteristics of the silicon carbide coating
or material obtained by the CVD process depend strongly on deposition conditions such
as gas flow rate, concentration of coating gas, as well as coating temperature
(Kim et al., 2009). CVD-SIC for use in coated particles is usually deposited by the
decomposition of methyltrichlorosilane (CH3SiCl3) combined with hydrogen as carrier
gas at a temperature range of 1500 °C to 1650 °C (Ablitzer et al., 2007;
Lopez Honorato et al., 2009). The reaction proceeds as follows:

38



CH3SiCl3 ot H-> 1) R SiC(s) + 3HC|(g) + H, () (3.4)

Other coating techniques result in crystalline silicon carbide with low purity. For example
the Acheson process produces a material that contains impurities such as aluminium

and iron.
3.5 Structure and Properties Of Silicon Carbide

3.6 Silicon Carbide Crystal Structure

The crystal structure of silicon carbide consists of a covalently bonded tetrahedral
structure, where each silicon atom is tetrahedrally bonded to four carbon atoms or vice-
versa, Figure 14 (Saddow & Argawal, 2004). The bonding distance between carbon-
carbon atoms is large (0.308 nm) compared to a chemical bond between a carbon atom
and a silicon atom (0.189 nm).

Figure 14: Schematic structure of SiC crystal (Saddow & Argawal, 2004)
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Silicon carbide is known to exist in numerous polytypes, with the same chemical
composition but differing from one another in the stacking arrangements of the silicon
and carbon atoms (Kimoto & Matsunami, 2004). Only few polytypes are considered to
be of technological importance (Saddow & Argawal, 2004) namely the 3C, 4H, 6H, and
15R-SiC. In these notations (Zappe, 2006), the number stands for the number of silicon
and carbon double layers that it takes to build a unit cell of the crystal while the letters
denotes the crystal structure. The letters C, H, and R represent cubic, hexagonal, and
rhombohedral crystals respectively. The hexagonal and rhombohedral forms are
collectively referred to as alpha (a) polytypes denoted by a-SiC; the cubic polytype are
denoted as beta (B). These crystal structures are schematically illustrated in Figure 15.
The cubic polytype is the type of material commonly used for silicon carbide coating of

the HTR coated particles.
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Figure 15: Crystal structure of SiC polytypes: 3C, 4H, 6H and 15R-SiC
(Snead et al., 2007)
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3.7Properties of Silicon Carbide

Silicon carbide has outstanding properties such as excellent mechanical strength (mho
hardness >9), resistance to oxidation, corrosion and chemical attack, high temperature
stability (unstable only above ~2 000 °C) as well good irradiation stability (Kim et al.,
2007).

Silicon carbide consists of low atomic number elements and hence has low density
(3.21 g cm™) and is a good thermal conductor. In comparison to other ceramics, silicon
carbide has a wide band-gap that ranges from 2.3 eV to 3.3 eV. This property makes it
a suitable material for high temperature, high power and high frequency applications
(Saddow & Argawal, 2004).

Silicon carbide is chemically extremely resistant. It is not easily attacked when reacting
with chemicals such as hydrochloric and sulfuric acid, including a boiling acid aqua
regia at normal pressures (van Dorp et al., 2007; Pearton, 2006; Zinovev et al., 2006).
Silicon carbide can be chemically etched with a mixture of HF/Na,O, at 80 °C (Gabouze
et al., 2009). In the presence of oxygen at 850 °C, it is oxidized to SiO, (Yamada
& Mohri, 1998). Its chemical reactivity is strongly dependent on factors such as
microstructure, the presence of impurities and the fabrication route used to produce the
SiC material (Batchelor et al., 2002).
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CHAPTER 4
REMOVAL METHODS FOR COATED PARTICLE LAYERS
4.1INTRODUCTION

The function of particle coatings as stated in Chapter 2 is to contain the fission products
(FPs) generated in the fuel kernel. The migration behaviour of these products requires
analysis of their distributions in the particle coatings. Several methods exist for the
removal of layers to obtain the distribution of the FPs. Previously reported removal
methods include: mechanical separation, ion sputtering (Betz et al., 1971), chemical
etching (Fukuda & Ilwamoto, 1977), molten salt etching, removal by laser evaporation

and oxidation of carbon layers followed by crushing the silicon carbide layer.

After irradiation, the particles embedded in the graphite matrix must be separated from
the graphite fuel spheres. This can be achieved by destruction of the graphite, without
harming the particles. Selective destruction of graphite may be obtained using: (i)
chemical reactions of bromine, bromide-iodine, caesium, iodine-chlorine, alkaline metals
and metal halides, etc.; (i) methods based on the differential attack rates by a mixture
of oxidising substances with strong acid; and (iii) electrochemical methods. A detailed
description of these methods is given by (Reitsamer et al., sa).

Several techniques to remove layers from coated particles have been investigated for

their capability to determine distribution of FPs.

4.2 PREVIOUSLY INVESTIGATED REMOVAL METHODS

4.2.1 Chemical Methods
In the study by Hunter et al. (1990), methods used to remove layers involved a
combination of cracking and chemical dissolution. The particles retrieved from graphite

fuel elements were cracked mechanically to separate the coatings from the fuel kernels.

The kernel was then dissolved in hot concentrated nitric acid and the resulting solution
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was analyzed for the presence of fission products. A mixture of fuming nitric and sulfuric
acid, 1 ml each, was used simultaneously to dissolve and separate the fragmented PyC

layers (porous PyC, IPyC and OPyC) from the silicon carbide layer.

According to their study, the PyC layers disintegrated in the acid, forming a black
solution. After dissolution of the PyC layers, the remaining SIiC layer fragments were
washed and then analyzed by direct gamma spectrometry. No data on the removal

rates or other experimental variables were given.

The removal method applied in the study is not complicated. The drawbacks of the
method include simultaneous dissolution of the various PyC layers and the fact that FPs
from the SiC layer can be released into the solution. This type of removal does not

provide precise information on FP distribution associated with each layer.

The pyrolytic carbon layers of a single coated particle can also be dissolved in a
potassium dichromate-nitric acid (K.Cr,O;-HNO3) solution at 140 °C (lwamoto &
Fukuda, 1977). When this solution is used the removal of the layers is shown to be a
time dependent function of layer thickness. Figure 16 shows the dissolution process of
the particle layers in K,Cr,O,-HNO3 solution for the PyC layers, and the SiC layer in
KOH-Na,COj3 solution.
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Figure 16: Dissolution process of coated particles in K,Cr,O7,-HNO3 solution
(lwamoto & Fukuda, 1977)

The removal of silicon carbide layer was also studied using molten mixtures of
potassium hydroxide (KOH) and sodium carbonate (Na,CO3) in the ratio 4:1 at 800 °C
(Fukuda & lwamoto, 1976).

4.2.2 Removal by Sputtering

In the study by Betz et al. (1978), the ion sputtering process was used to remove the

surface material of a coated particle to determine the distribution of fission products.

Sputtering is a process whereby ions from, for an example a focused ion beam, hit the
surface of the material and knock atoms from their lattice positions. These sputtered
atoms may leave the target surface as either atoms or ions. A schematic of the

sputtering process is shown in Figure 17.
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Figure 17: Schematic principle of the sputtering process (Betz et al., 1978)

The sputtering process makes use of the fact that fission products will be sputtered
simultaneously with the lattice atoms of the coating layers. Sputtered material and
species are then condensed onto a collecting material or container followed by analysis
of FPs using detectors. The main limitation of this technique is the complexity and

expense of the equipment required.
4.2.3 Removal by High Temperature Oxidation

The oxidation of carbon in air or oxygen at temperatures of 800 to 1100 °C is the
method that has been used extensively to destroy or deconsolidate carbon. This
separation of irradiated carbon from particle coatings produces carbon dioxide as a by-
product that needs to be treated by expensive and complicated off gas treatment

systems (Delcul et al., 2002).

The removal of outer carbon layer from the particle has, for example, been performed
by heat treatment in a thermo-gravimetric analysis (TGA) apparatus (Grambow et al.,
2006). Oxidation of the layer under this treatment was completed by four cycles of
heating to 600 °C over 24 hours. Complete removal of the outer carbon layer was

45



confirmed by scanning electron microscope investigations. However, energy dispersive
X-ray analysis of the sample showed that the SiC layer was partially affected by the

oxidation as it indicated the presence of silicon dioxide (Grambow et al., 2006).

The experiments on removal of carbon by high temperature oxidation were researched
for reprocessing of irradiated fuel. It is not clear if the distribution of FPs can be

determined by this method.
4.2.4 Other Etching Techniques for SiC

Information regarding etching or dissolution of SiC is mainly available for surface
treatment of semiconductor devices to reveal and investigate defects such as
dislocations, stacking faults and surface abnormalities (Harris, 1995). Semiconductor
material usually consists of thin layers of single crystals or polycrystalline material
(Landolt et al., 1984). The study by Landolt et al., (1984) indicated that SiC generally
reacts poorly with acid and alkaline solutions at room temperatures and also that its

chemical behaviour strongly depends on type of the semiconductor material used.

Cubic SiC whiskers produced by carbothermal synthesis were etched electrolytically in
a solution of 47-52 % hydrofluoric acid and 70 % nitric acid at 100 °C for 3 hours
(Cambaz et al., 2005). The experimental results of this study revealed that the (3-sic

crystal is preferentially etched while the a-SiC is stable against the etchants.

In another study (Gabouze et al., 2009), polycrystalline p-type 6H-SIC was etched in a
mixture of 22.5 molar hydrofluoric acid and sodium dioxide (Na;O,) for 60 minutes at
80 °C. The etch rate was found to be 230nm/min at 25 °C at O rotation per minute
(RPM), the etch depth increases linearly with time. The etching results at this
temperature are reported to give a non-uniform etch. At 80 °C the etch rate increases
with temperature then decreases slightly. Also etching at 80 °C is reported give a

uniform and a smooth etched surface.
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The Gaseous etching of SiC can be performed using a gas mixture of chlorine trifluoride
and nitrogen in the concentration range of 10 —100 % at 800 — 1100 °C (Habuka et al.,
2006). Molten salts mixture such as potassium hydroxide and sodium hydroxide (KOH-
NaOH) in the temperature range 400 to 900 °C is widely used for revealing defects in

silicon carbide materials (Landolt et al., 1984).

(Helary et al., 2008) studied the chemical etching of SiC coating layer of coated
particles using a Murakami etching solution. The purpose of this study was to
investigate the microstructure of the SiC layer in coated particles prior to irradiation.
Murakami etchant consists of potassium ferricyanide (KsFeCNg) and potassium
hydroxide (KOH) at different concentrations with water as the solvent. The use of this
etchant showed that the SiC layer etched was chemically treated for 60 minutes. Other

experimental parameters were not discussed in detail.

4.3 Conclusion

The chemical and mechanical properties of the particle coatings are an advantage for
irradiation purposes. However, when they need to be removed they present major

problems. In chapter 3 the chemical properties of coating layers were discussed.

The individual removal of these layers is considered difficult regardless of the method
employed. Silicon carbide has been identified as a ceramic that can be attacked
chemically with fluorine-based chemicals and gases. It has been shown that this
material responds very differently to chemical attack by acids.

The available information on carbon dissolution mostly deals with graphite. The
literature shows that the PyC material used for particle coatings can be etched with
nitric acid and sulphuric acid. Oxidation of carbon layers at 600 °C has been found to be
effective. However, it is not certain if FPs can be determined from the residue or off

gases.
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CHAPTER 5

ANALYTICAL TECHNIQUES

Micro-structural and surface features of the coated particle materials and any other
changes occurring because of chemical etching were investigated with the following

basic experimental characterization techniques.
e Optical Microscopy
e Scanning Electron Microscopy
e SEM equipped with Energy-Dispersive X-ray

¢ X-Ray Diffraction

5.1 OPTICAL LIGHT MICROSCOPY

Optical microscopy, using a NIKON SMZ800, was the first technique used for simple
and fast surface analysis of the samples. The technique uses visible light and a system
of lenses to form a magnified real image of the object under investigation. The
microscope helps to reveal micro-structural surface features such as grain size, shape

and orientation at low magnifications and much lower resolution.

The microscope is equipped with an analysis software package which is used for the
digital image acquisition and image processing; the program also offers the option to

perform dimensional measurements of the sample.
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5.2 SCANNING ELECTRON MICROSCOPE (SEM)

Scanning electron microscopy consists of a versatile non-destructive technique that
reveals detailed information about the microstructure, size, shape and other properties
of the solid materials investigated. The technique relies upon a beam of high-energy
electrons scanned across the surface of the sample to generate a signal. The signal(s)
generated from interaction of electrons with the sample contain detailed information

about the sample.
Examination of the sample can yield the following information:

¢ Morphology: the shape, size and arrangement of the particles

e Topography: the texture of the materials

Characteristics of a SEM are high resolution, high magnification and greater depth of
field. Magnification that can be obtained with a Zeiss Gemini Ultra Plus Field Emission
Gun (FEG) SEM at the university of Pretoria is between 10 and 100 000 X with a

resolution of 1 nanometres (Botha, 2009).

When a high-energy electron beam strikes the sample surface, a large number of
signals are produced. These signals include secondary electrons (SE), backscattered

electrons (BSE) and characteristic X-rays etc., (Figure 18).
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Figure 18: Schematic diagram of signals produced by electron sample interactions
during SEM operation (Klopper et al., 2010).

Secondary electrons (SE) and backscattered electron signals are commonly used for
imaging samples. SE signals arise from interactions of the electron beam with atoms
near the surface of the sample and they have low energy usually 50 eV (Reimer, 1998).
These secondary electrons give high-resolution images of surface topography

morphology and reveals details about 1 to 5 nm in size.

BSE signals are of high energy, produced by the elastic collisions between the nucleus
of the target atom (sample) and the incident electron beam. A BSE signal is a function
of atomic weight. The higher the atomic number of the sample the more back scattered

electrons are emitted.
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5.3 ENERGY DISPERSIVE X-RAY (EDS) ANALYSIS

An energy dispersive X-ray spectrometer is a non-destructive analytical technique used
for chemical characterization of materials. It is used in conjunction with a scanning
electron microscope to allow chemical information to be collected about the sample

under investigation.

When a high-energy beam of electrons from a SEM bombards the sample under
investigation, electrons are excited and then ejected from surface atoms of the sample
creating an electron vacancy. The resulting vacancies are filled by an electron from a
higher energy outer orbital. This event is accompanied by the release of an X-rays

photon, characteristic of the element in question.

The EDS detector works by measuring and collecting the number of emitted X-rays and
then processing them through a detector system. The information is passed on to a
computer system and displayed as a spectrum of energy peaks corresponding to the

various elements in the material.

The EDS has a detection limit: Low atomic number elements such as hydrogen and
helium etc., cannot be detected due to absorption of low energy X-rays by the detector
vacuum window (Klopper et al., 2010).

5.4 X-RAY DIFFRACTION

X-rays, like light, are electromagnetic photons occupying the high-energy upper region
of the electromagnetic spectrum between ultraviolet and gamma rays. Compared to
light, their wavelength A is much shorter, ranging from 0.05 to 0.25 nm, thereby allowing
for deeper penetration into a material. Being of the same nature as light, they carry an
energy equivalent to hv, where h is Planck’s constant and v is the frequency. Upon
interaction with matter, the beam is also reflected or scattered (Cullity, 1977). The
amount by which it is absorbed is dependent on the linear absorption coefficient of the

material and its penetration depth, amongst others.
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XRD is a materials characterization technique based on the coherent scattering of
X-rays by crystalline material. Diffraction of X-rays by a crystal is a natural
phenomenon occurring when the wavelength of the incident wave motion is of the same
order of magnitude as the repeating distance between scattering centres. When a
monochromatic beam of X-rays impinges on a crystalline material, it gets scattered in all
directions by the atoms/molecules, constituting scattering centres, of the material. The
scattered rays may interfere with one another either constructively or destructively
depending on their relative phase difference. Constructive interference of such
scattered rays results in diffracted beams being produced at specific angles given by

Bragg’s law, mathematically expressed as:
nA = 2dsiné (5.1)

Here A is the wavelength of the incident radiation, d the spacing between diffracting
atomic planes and 0 the incidence angle. Constructive interference happens when
Bragg’s equation (1) is satisfied, that is, when the path difference between interfering
X-rays is equal to an integral number n times wavelength of the radiation. On the
contrary, there will be no diffraction in cases where destructive interference occurs.
Peaks at specific positions therefore characterize a typical diffraction pattern with a
corresponding intensity. The intensity of the scattered beam depends on its direction

whilst the peak positions depend on the crystal lattice.

Being non-destructive, the technique can be employed as a tool for identification of
phase and crystallographic structure of the material(s). In X-ray diffraction, the material
investigated is irradiated with a beam of X-rays to probe spatial and structural
arrangements of atoms and molecules to give information about their crystallographic
nature. The d spacing is directly related to peak position produced in an X-ray diffraction
pattern. The diffraction patterns of single crystal samples orientated at different angles

is used to solve the crystal structure of an unknown material.
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CHAPTER 6

EXPERIMENTAL METHODS

6.1 INTRODUCTION

This chapter describes the experimental detail of the studies carried out on the
controlled removal of the coating layers from coated zirconia particles by means of
chemical etching with acidic solutions. The study focused on the outermost layers of the
particle namely the outer pyrolytic carbon and silicon carbide layers. A detailed

description of method and materials used in the study is provided in the sections below.

6.2 REAGENTS USED

Chemically pure grade 65% wt nitric acid, 98% wt sulfuric acid, 40% wt hydrofluoric
acid, ammonium fluoride and perchloric acid, all obtained from Merck and chromium
trioxide. Different mixtures were prepared using the above mentioned chemicals, details
obtained from Buzelli & Mosen (1977), Fukuda & Iwamoto (1977), Hunter et al. (1990)
and Pierson (1993).

6.3SAMPLES

The samples used in this study were coated simulated fuel particles, manufactured and
supplied by PBMR fuel development laboratories at Necsa, Pelindaba. Each particle
consists of a ZrO, kernel coated first with a porous carbon buffer, then an inner pyrolytic
carbon layer, then a silicon carbide layer and finally an outer pyrolytic carbon layer. The
coatings were produced by the same chemical vapour deposition process normally
used for the production of HTR particles. Exact preparation conditions were not the
same for the ZrO, kernels; these were altered so that the kernels experience the same
fluidizing conditions and temperatures of deposition as in the production of HTR
particles. The SEM observed structure and appearance seemed to be the same as for

UO, coated particles used for fuel Barry (2008).
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The diameter of the kernel is about 500 um and the overall diameter of the coated
particle about 1 mm. The thickness for each coating layer ranged from 35 to 95 um.

Other characteristics of the particle are displayed in Table 2 (Barry, 2008)

Table 2: Characteristics of a simulated coated patrticle

TRISO Coated Particle Characteristics and Nominal Layer
Thicknesses (um)

Kernel composition Zirconia dioxide (ZrOy)
Kernel diameter (um) + 500

Porous buffer layer 95+ 18

Inner pyrolytic carbon 40+ 10

Silicon carbide 35+4

Outer pyrolytic carbon 40+ 10

A typical scanning electron microscope image of transverse section of a zirconia TRISO

coated particle illustrating the various layers is shown in Figure 19.

EHT = 2.00 kV Signal A = InLens Date :18 Aug 2009
WD = 3.1 mm Photo No. = 8479 Time :11:18:01

Figure 19: SEM image of a simulated TRISO coated particle
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6.3.1 Determination of Particle Size

The diameter of approximately 150 particles were measured before etching, using a pair
of digital callipers as well as a NIKON optical stereo microscope equipped with digital
software. Each of these particles were measured 6 times to obtain a reliable average for
the diameter. The distribution of particle diameters is presented in Figure 20. The error
for each average is roughly £ 0.01 mm, thus there is a slight deviation from sphericity.
The exact reason for the distribution appearing to be the superposition of three normal
distributions, is not possible to determine without recourse to the production history of
the exact batches received form PBMR. This was not possible at the time of writing.
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Figure 20: Distribution of the diameter values for TRISO particles

From the distribution (Figure 20) 20 particles with diameters between 0.94 to 0.99 mm

diameters were selected for treatment, as discussed later in Section 7.1.3.
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6.4CHEMICAL ETCHING OF PYROLYTIC CARBON LAYER
6.4.1 Apparatus

A reflux condenser system and hot plate were employed to study the chemical
dissolution of carbon layers. The reflux technique is often used in chemistry to supply
heat for a chemical reaction in a closed system. Typical reflux apparatus includes a
vessel with liquid mixture which is placed in a heating mantle and is connected to a
condenser. The condenser is water cooled through circulating cold water which enters
from the bottom opening and escapes through the top opening. Water circulation was
maintained by a pump placed in a tub containing cold water. A schematic diagram of the

reflux system is shown in Figure 21.

Condenser

Flask

«—— Heating Mantle

Figure 21: Schematic of the reflux condenser system used.
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6.4.2 Experimental Procedure

Three etching reagents were prepared as follows: (i) H.SO,4 and HNO3 (3-5 ml of each
in a 1:1 ratio); (ii) a mixture of H,SO,4 (6 ml), HNO3 (6 ml) and HCIO4 (10 ml); and (iii) 10
ml HNO3 plus 15 ml H,SO4 to which 2 to 2.5 g of CrO3 was added. The composition,
volume and details of each prepared mixture are presented in Table 3. The information
on the mixtures used in the present work were obtained from literature (Buzelli & Mosen
(1977) and Pierson (1993)).

Table 3: Chemical etchants used for OPyC layer

Reagent Components Volume (ml)

2 HNO3 10
H,SO4 10

6.4.2.1 Etching using a Hot Plate

Experiments were carried out separately using the prepared solution described in
Table 3. In each experiment the pre-weighed sample, about 0.5 g of coated particles,
was added to the glass beaker. To this about 15 ml of the solution from the prepared
mixture (using either reagent 1 or 2 or 3) was added. After introduction of the particle
and reagent, the beaker was placed on a hot plate and heated at temperatures of
100 °C up to 145 °C for 10-60 minutes or until suitable results were attained.

After etching, the beaker is allowed to cool and the solution is diluted with 15 ml
deionised water. The samples were filtered carefully, transferred to an empty beaker
and rinsed thoroughly with deionised water and acetone. The retrieved samples were
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dried at 60 °C for about 1.5 hours. Upon the completion of etching and washing the
particle diameters were determine using the same procedure described in Section 6.3.1.
The optical examination of the particle’s surface was then performed with an optical
microscope and a SEM. In some cases the etching process was repeated with a fresh

etching solution until satisfactory results were obtained.

6.4.2.2 Etching Using a Reflux System

The same method described in Section 6.3.4.1 was followed, but the reaction was
carried out in the reflux system. In these experiments a condenser was attached to the
flask containing samples and placed on the heating mantle. The condenser is water
cooled through circulating cold water which enters from the bottom opening and
escapes through the top opening. Constant water circulation was maintained by means

of a pump placed in cold water.

6.5 CHEMICAL ETCHING OF SILICON CARBIDE LAYER
6.5.1 Samples

To investigate the chemical etching of the silicon carbide layer the samples used were
particles consisted of zirconia kernels which where only coated up to the silicon carbide
layer; that is without any application of the outer pyrolytic carbon layer. The other

particle characteristics were the same as in Section 6.3.

6.5.2 Apparatus

Chemical etching of the silicon carbide layer was carried out using two main techniques:
a MARS 5 programmable microwave digestion unit with a power setting of 500 W at a

frequency of 2450 MHz and heating in a muffle furnace.

6.5.3 Experimental procedure
6.5.3.1 Dissolution in a Muffle Furnace

Initial experiments were carried out to determine which conditions might produce

complete dissolution of the layer. In each case, a sample weighing between 0.5t0 1.0 g
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was introduced into a Teflon beaker and the prepared mixture or reagent ~ 6 ml was
added. Experimental conditions are presented in Table 4.The vessels were closed
tightly and inserted in the furnace. The temperature was set between 300 to 350 °C and
the reaction was carried for about 5 hours. Thereafter the beakers were allowed to cool
and the solution diluted with ~ 50 ml deionised water. Samples were dried at 60 °C and

observed under the microscope.

Table 4: Acid composition, concentration and volume used in etching of SiC layer

Reagent Components Volume (ml)

1 HF 8

3 HF 3
HNO3 3

6.5.3.2 Dissolution in a Microwave Digester

The same reagents and sample size described in Section 6.5.3.1 were used. Samples
were transferred to microwave reaction vessels. To each vessel 6-8 ml of the different
reagent was used. The vessels were then closed and capped tightly in accordance with
the manufacturer’s guidelines and placed in the microwave oven. The heating system
consisted of a three stage power setting with pre-set temperature and pressure. The
heating program starts with a 10 minute cycle where the temperature is ramped to
200 °C and held for 60 minutes. After elapse of the holding time a cooling step is

applied for 10 minutes until 60 °C is reached.

The vessels were then removed from the MARS and cooled for a further 15 minutes.
When cooled, they were uncapped and the solution diluted with distilled water (~20 ml),
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and the retrieved samples were washed extensively using de-ionised water (30 ml) and

then dried at 60 °C for approximately 1.5 hours.

A surface examination was conducted on these etched samples and when applicable
some were etched again using a fresh solution every 60 minutes for up to 3 hours.

6.6 INSTRUMENTS USED TO ANALYSE RESULTS
6.6.1 Optical Light Microscope

Imaging of the sample materials in the as-received condition as well as samples treated
with chemical etchants was carried out with the Nikon SMZ 800 optical stereo
microscope equipped with a computerised digital camera (Olympus image analysis
software). This system allows capturing of images and the option to measure the size of
the samples. The samples were examined using different magnifications up to 50 times.
Examination of sample surfaces with this technique was not very helpful compared to
SEM imaging, since this technique only shows morphological features such as size and

shape and very little detail concerning the microstructure of the samples.

6.6.2 Scanning Electron Microscope (SEM)

Imaging and detailed investigations of the samples at high magnifications were
accomplished using a ZEISS ULTRA PLUS Field Emission Scanning Electron
Microscope (at the University of Pretoria, Laboratory for Microscopy and Microanalysis).
The purpose of the SEM examination was to determine what morphological and
microstructural changes occur when the layers are chemically treated. Examination was
carried out on samples before and after chemical etching. SEM samples were prepared
by mounting the relevant samples on an aluminium holder using conductive carbon tape
which prevents the samples from moving during handling and eliminates the need for
sputter coating. The holder was then placed on the motorized stage, for quick and
simple sample navigation, located in the specimen chamber. The instrument was
operated under high vacuum at an accelerating voltage of 2 kV at all times (since this

was done by an independent party, there was not no room to improve or adjust this at
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the time) . The sample surface was mainly characterized using the secondary electron

detector.

6.6.3 Energy Dispersive X-ray

Chemical analysis of the samples was carried out using a SEM model FEI Quanta 200
3D, equipped with an energy dispersive spectroscopy (EDS) system at the Nuclear
Energy Corporation of South Africa (Necsa). EDS is an X-ray technique used to identify
the elemental composition of a sample. SEM sample preparation procedures are

applicable for EDS-analysis.

Samples to be investigated were placed inside the specimen chamber and the samples
were exposed to an electron beam. Digital imaging was used to identify areas of interest
on the sample and chemical analysis could be determined for more than one feature.

The resulting analysis provides element identification and concentration.

6.6.4 X-Ray Diffraction

X-ray diffraction (XRD) measurements were performed on silicon carbide layers for
chemical phase identification. The technique was employed in conjunction with 2007
PDF-2 database.

61



AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

CHAPTER 7
RESULTS AND DISCUSSIONS
7.1ETCHING OF OUTER PYROLYTIC CARBON LAYER

7.1.1 Etching Method

In these experiments the reactions carried out using a hot plate were found to have
some limitations. It was observed that after heating at 120 to 140 °C for more than 15
minutes the acid mixture evaporates and changes the concentration. The mixture
became lumpy making it difficult to extract the samples for further analysis. At this stage

it was decided to make use of the reflux system.

The method of heating using the reflux method as described in (Buzelli & Mosen, 1976)
was used alternatively to investigate etching of the OPyC layer. The reaction carried out
under the reflux system provided more favourable results compared to heating using the
hot plate. Using the reflux system, the reaction was performed for an extended period of
time without loss of etchant and change in concentration. Another advantage is that if
the system is used in hot cells it can minimize corrosion due to enclosed corrosive

gases. However, during the experiments, the released vapours were not analysed.

7.1.2 Dissolution of the OPyC Layer in Various Mixtures

e Dissolution in HNO3/H,S0O4-HCIO,4: The reactions carried out with the first reagent,
a mixture of concentrated HNO3:H,SO,4:HCIO,4, were performed up to temperatures
of 80 °C for 1 hour. Nitric acid and perchloric acid were both used because of their
strong oxidising properties. Dissolution of the layer was not observed at all using this
mixture at temperatures of about 80 °C. It was decided to stop this reaction after 1
hour of etching due to fumes that were released during heating. In addition
perchloric acid is a potential explosion hazard (Buzelli & Mosen, 1977). This solution

was therefore considered unsafe to use at temperatures above 100 °C.
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Dissolution in HNO3/H,SOq4: In the literature (Bokros, 1969), it was demonstrated
that a nitric and sulfuric acid mixture is a strongly oxidising medium in which carbon
and other organic materials are known to dissolve. This mixture was used under
various experimental conditions at low (60 °C) temperatures and high temperatures
(140 °C) with varying amounts of nitric and sulfuric acids. The study revealed that
the pyrolytic carbon was unchanged in this mixture. Microscopic examination of
sample surfaces treated with this etchant solution did not show any structural
changes or removal of the layer even when the solution was heated for a long time.

Dissolution in CrO3-HNO3/H,SO,4: Among the three dissolution mixtures used in
this study, the CrO3-HNO3/H,SO4 solution provided the best results. Particles etched
in this solution at 120 to 140 °C for 10 to 35 minutes were observed to have a grey
metallic surface. The chemical reaction with the solution CrO3-HNO3/H,SO,4 was
investigated in detail a single simulated coated patrticle to find out the best etching
conditions. Parameters tabulated in Table 5 were identified as the favourable

conditions for etching OPyC layer from single coated particle.

Table 5: Identified etching conditions of OPyC for a single coated particle

Experimental Conditions for OPyC dissolution

Nitric (HNO3) 14 Molar 3 ml
Sulfuric (H2SO0,) 18 Molar 3 ml
Chromic oxide (CrOg) 05g¢g
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In this reaction three oxidants are present. The reactions of nitric and sulfuric acids were
mentioned in paragraph 3.3.3.1. The chemistry of CrOg; is as follows (Cotton and
Wilkinson, 1980). It dissolves in water and equilibrates into the dichromate anion and

protons as follows:
2CrO3z ) + HOp — Cr2072‘(aq) + 2H+(aq) (7.1)

In the presence of additional protons, e.g. from the two mineral acids present, the

oxidation of carbon by the dichromate anion proceeds as follows:
2CI’2072'(aq) + 16H+(aq) +3C) — 4CI’3+(aq) + 8H20() + 3CO3 (g (7.2)

7.1.3 Determining the Thickness of the Layer Removed

The sample size for the removal of the OPyC layer consisted of 30 selected coated
particles, with diameters between 0.94 and 0.99 mm, where every particle was
measured 6 times to obtain a mean particle diameter. Appendix A, provides diameter
measurement for selected particles before etching. The data indicates that the individual
diameter measurement results obtained for each particle varies from 10 to 30 microns.
The possible factors that could have contributed to these variations include the particle
shapes, the coated particles are not perfectly spherical each measurement could result
from a different orientation of the particle. The accuracy of the measurements can be
improved by the use of automated devices such as automated optical microscopy and
particle size analyser (PSA) (Kercher et al., 2008). These devices allow a large sample
size and automated measurements instead of a handful of manual measurements. The

devices where not available to our department due to limited resources.

The data set measurements for each particle were averaged out; Figure 22 displays the
distribution attained. The distribution shows the data is spread out from 0.94 to 0.99 mm
with 60% of patrticles in the range of 0.97 mm and 0.98 mm. About 6 particles displayed
a diameter less than 0.97 mm and 5 particles were greater than 0.98 mm. The data set
for each particle was used to compute descriptive statistics mean diameter, which was

found to be 0.97 mm. The resulting distribution is not a good or normal distribution, it is
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vital to recall that the samples used for the study were selected only from the range 0.94
to 0.98 mm. The calculated standard deviation from the mean was found to be

0.010 mm, it indicates that the diameter values for the data are tightly close to mean.

0.96

0.97 0.98 0.99

Mean Diameter {mm)

>
o
c
Y
3
o
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—
[V

Figure 22: Distribution obtained through mean diameter measurements

After etching particles were chosen randomly to measure the final diameter, using the
same method described in Section 7.1.3. Appendix B, provides measurement for each
coated particle after etching. From the data, the distribution of mean particle diameter
for particle data set obtained (Figure 23), indicates that a large number of particles are
centred in the range 0.86 to 0.87 mm. The calculated mean diameter is 0.87 mm with a

standard deviation of 0.0141 mm.
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Figure 23: Distribution obtained through mean diameter measurements

The descriptive statistics of the data was computed using the following calculations

T==3N,y (Mean) (7.3)

2= ﬁx?_ (x,_x)? (Variance) (7.4)
S =+/at (Standard deviation) (7.5)
AR = Ryuiviar — Rrinen= (D—ﬂ (Layer thickness removed) (7.6)

Descriptions

e Equation 7.3: the mean is the sum of the values in a sample divided by the
number of values.

e Equation 7.4: the variance is calculated as the average squared deviation from
the mean.

e [Equation 7.5: the standard deviation is the square root measure of the variance;

it is a measure of how widely values are dispersed from average value.
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e Equation 7.6: The equation was used to calculate the thickness of the layer
removed (R), R represents the radius of the particle; D; and D; are the mean
values of coated particle diameters before and after etching. The formula

assumes that the particles are spherical in shape.

Table 6: Descriptive statistics for CP diameter values

Attribute N Min (mm) Max Mean Standard deviation for the data set
(mm) (mm)
(mm)
Value before etching | 30 0.94 0.99 0.96 0.009
Value after etching 30 0.84 0.90 0.87 0.014

4 &

D;-Df 0.96—0.87
Thickness removed: AR = Ryyjriqr — Rpinar = ( — f) = ( - ) = 0.05 mm

Using equation 7.6 the thickness of the layer removed is 0.05 mm (see Table 6).
Looking at the PBMR nominal value for the OPyC layer Table 7, the thickness falls in
the range of 40 + 10 um (0.04 + 0.01). The calculated value from our experimental work

is found to be within limits.

Table 7: PBMR nominal values (Barry, 2008)

Parameter Value (mm)

Average particle diameter 0.92

OPyC layer thickness 0.04 £0.01
7.1.4 Determining the Removal/Etch Rate

The kinetics of the etching rate was studied as a function of change in diameter over
change in time at constant temperature (130-140 °C). The data was taken from three

coated particles etched separately in 10 ml of CrO3-HNO3/H,SO4 solution in a 5 mi
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beaker, at temperature of 130 to 140 °C. In each case the particle was etched for
1 minute, cooled, washed and measured, followed by further etching. The heating
method used in this case was the hot plate; the heating temperature was measured
directly by the thermometer. Figure 24 shows the particle diameter as a function of time,
for the three particles. The reaction appears to start after an induction time of 6-10
minutes of heating.

0.98
I—I—I—I—\ — v CP1
096 —+—+—+—un—
—=—CP2
0.94 ——CP3
0.92

o
©

Diameter (mm)
o
o0
o0

0.86

0.84

0-82 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Etching time (min)

Figure 24: Etching of OPyC in the CrO3-HNO3/H,SO, solution

Coated Particle 1

A diameter 0.95-0.9 .
Ax = - = = 0.005 mm/min
Atime 18-8

Coated Particle 2

A diameter 0.97-0.9 .
Ax = - = = 0.007 mm/min
Atime 19-9
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Coated Particle 3

A diameter 0.94-0.9 .
Ax = , = = 0.006 mm/min
Atime 17-11

The removal rate defined by change in diameter over change in time change appears to

be linear once the reaction has started, after an induction period, and is 6 + 1 um/min.

The linearity can be explained in terms of a simple kinetic model. If it is assumed the
reaction rate is proportional to the available surface area, we can write the mass loss

rate as:

e (7.7)

dt

Here m is the mass, t is time, r is the particle radius, and k is the proportionality

constant. Since

m = ,.c;%ntr3 (7.8)
we have
dm = p4nridr (7.9)

Here p is the material density. After substitution of (7.9) into (7.7), appropriate

cancelation, and separation of variables, one arrives at:

¥ k ot
— [pdr =2, dt (7.10)

After integration this yields the linear rate equation:

r=R-— %1‘. (7.11)
R is the starting radius. Using a average density of 1.75 g cm™ the proportionality
constant for the etch rate is (1.05 + 0.02) X 10™ gum? min™. The density value used
was supplied by the PBMR group, and is slightly lower than typical literature values
found in the literature, e.g. the 2.05 g cm™ for carbon graphite Bokros (1969).
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7.1.5 Sample Surface Analysis
7.15.1 Optical Microscopy

The surface appearance of coated fuel particles prior and after etching in
CrO3-HNO3/H,SO4 media was examined by optical microscopy. This method enabled a
quick comparison of etched and untreated sample features. The outer surface (Figure
25) of particles prior to chemical etching appeared black in colour with an even surface.

1000 um |

Figure 25: Optical light microscopy of coated particles surface before etching

After chemical etching Figure 26 surfaces appeared later on with uneven metallic grey,
shiny texture. This phenomenon could be attributed to the fact that the OPyC layer is
completely removed by the chemical treatment to reveal the silicon carbide ceramic

layer underneath.

The optical microscope examination of the particle surfaces provided very limited
information about micro structural features of the material; hence it was decided to use

a scanning electron microscope for a detailed examination.
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Figure 26: Optical micrograph of particle surfaces after removal of outer carbon layer

7.1.5.2 Scanning Electron Microscope (SEM) Examination

For a more in-depth study of surface morphology and microstructure features of coated
particles prior and after chemical etching a ZEIS ULTRA PLUS Field Emission SEM
was used. Several samples were examined and representative regions of interest
photographed. The OPyC surface prior to chemical etching (Figure 27) shows a closely
packed material with globular features and interspatial voids.
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200 nm EHT = 2.00 kV Signal A = InLens Date :21 Jan 2010 ﬁ

| | WD = 1.7 mm Photo No. = 3753 Time :8:27:57

Figure 27: Surface of OPyC prior to chemical treatment.

To investigate how pyrolytic carbon decomposes under the chemical treatment by
CrO3 -HNO3/H,SO,4 solution a coated particle sample was partially etched for
10 minutes. SEM examination of the surface Figure 28 reveals a structure which is
dominated by better defined globular features and voids that are more prominent and
linked together. It is believed that the chemical etchant penetrates between the carbon
globules resulting in disintegration of the layer. The examination also implies that there
are two sub-structures within the pyrolytic carbon, one which is preferentially removed.
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200 nm EHT = 2.00 kv Signal A = InLens Date :21 Jan 2010
WD = 1.6 mm Photo No. = 3757 Time :8:40:12

Figure 28: SEM Micrographs of OPyC surface etched for 10 minutes

After completion of the chemical treatment to remove the OPyC layer SEM
examinations showed that the globular amorphous features that were visible on the
untreated (Figure 27) as well as the partially etched sample (Figure 28), are no longer
visible. The microstructure is now dominated by crystalline grains of varying sizes. The
presence of band markings in the grains are a feature of a re-crystallised structure and
are called twin bands which are regions of changed atomic orientation within the crystal
arising from faults in the stacking sequence of the atomic planes. To designate a
representative area of the sample, images were taken at a lower magnification than
compared to that of the particle surface prior to chemical treatment (Figure 29). The
results confirm that the OPyC layer has been completely removed with no indication of

physical damage caused by the etching solution to the silicon carbide surface.
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EHT = 2.00 kV Signal A = InLens Date :18 Aug 2009
WD= 26 mm Photo No. = 8470 Time :10:49:57

EHT = 2.00 kv Signal A = InLens Date :18 Aug 2009
WD = 2.6 mm Photo No. = 8471 Time :10:52:02

Figure 29: SEM micrographs of SiC surface after removal of OPyC at different
magnifications
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For comparison, the surface of the particle without application of the OPyC coating (with
virgin SiC surface) was examined at the same magnification as that of the particles
where the OPyC layer was removed chemically. SEM examination (Figure 30) shows

also a microstructure that contains grains.

3,“

EHT = 2.00 kV Signal A = InLens Date :5 Oct 2009
WD = 42mm Photo No. = 199 Time :14:56:43

Figure 30: SEM micrographs of virgin SiC

7.1.6 Energy Dispersive X-ray Spectroscopy (EDS) analysis

7.1.6.1 EDS Analysis of Unetched Surface

Energy dispersive X-ray spectroscopic analysis (EDS) was done on the outer surface of
the particles before and after chemical etching. The goal of this analysis was to
determine if there is any change in elemental surface composition of the samples after
etching. Chemical composition of the samples under investigation is one of the
parameters that would indicate if the samples have been successfully etched and if the

elemental composition of the underlying layer is affected by the acidic solution used.
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The EDS spectrum obtained from the untreated outer surface of a particle (Figure 31)
reveals that the surface composition consists completely of carbon and correlates with
the pyrolytic carbon that is used for the deposition of the outer layer. The quantitative
EDS composition in Table 8 verifies that the elemental composition identified in the

spectrum consists only of the element carbon.

Table 8: EDS analysis of the Coated Particle outer surface before removal of OPyC
layer

EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % K-Ratio 7 A F

C K 100.00 100.00 1.0000 1.0000 1.0000 1.0000
Total 100.00 100.00

Element Net Inte. Bkgd Inte. Inte. Error P/B
C K 907.96 1.34 0.47 677.58
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kVv:30.0 Tilt:0.0 Take-off:34.7 Det Type:SUTW+ Res:134 Amp.T:25.6
FS : 19423 Lsec : 50 17-Dec-2009 11:25:12
c
0.30 0.60 0.90 1.20 1.50 1.80 2.10 2.40 2.70 keV

Figure 31: EDS spectrum of CP surface before chemical treatment of the OPyC layer

7.1.6.2 EDS Analysis after Chemical Treatment of the OPyC Layer

Elemental analysis of the CP surface etched in CrO3; -HNO3/H,SO, solution indicates
the presence of both silicon and carbon (Figure 32). Whenever low atomic number
elements are detected in an acquired spectrum, peak heights cannot be compared
directly for quantitative information when a high accelerating voltage of 30kV is used.
Quantitative analysis is therefore recommended and this result (Table 9) corresponds to
the calculated weight percentage of the chemical compound with formula SiC (silicon

carbide).

77



EIT VAN PRETO
TY OF PRETO
ITHI YA PRETO

kV:30.0 Tilt:0.0 Take—-off:35.1 Det Type:SUTW+ Res:135 Amp.T:51.2

FS : 5913 Lsec : 50 25-Aug-2009 14:19:20

Si

3.00 6.00 9.00 12.00 15.00 18.00 21.00 24.00 keV

Figure 32: EDS spectrum of CP surface after removal of the OPyC layer

This confirms that the observed surface after chemical etching is silicon carbide. A
further conclusion is that the outer pyrolytic carbon layer, previously covering the SiC
layer, has been completely removed by the chemical treatment used. The analysis did
not reveal that the SiC compound was contaminated by the etchants used to remove

the outer carbon layer.
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Table 9: EDS Analysis of SiC surface after removal of OPyC layer

EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element WL 2% AL % F-RaLio Z ry F
C K 30.35 50.47 0.0278 1.034e6 0.0887 1.0001
S1K B9.65 49.53 0.6635 0.9843 0.9679 1.0000

Total 100.00 100.00

Element Net Inte. Bkgd Inte. Inte. Error P/B
C K 5.06 .50 6.88 10.12
S1iK 830.06 2.58 0.49 321.73

7.2 ETCHING RESULTS OF SILICON CARBIDE LAYER

7.2.1 Silicon Carbide Dissolution

In the literature (Harris, 1995), it was found that silicon carbide is a rigid material which
is relatively inert to attack by most agueous solutions. Dilute or concentrated HF acid is
the only acid best known for its ability to dissolve completely silicon carbide, glass
materials and other silica based compounds. However, there are biological hazards
associated with the use of HF. This is due to its physiochemical properties and its effect
on living tissues. Hydrofluoric acid at a concentration of 22 molar has the following
properties: it is a non-oxidising acid, with a boiling point of 108 °C and vapour pressure
of 25 bars (at 240 °C). HF is a clear, colourless liquid; it can be easily mistaken as
somewhat harmless. When HF is in contact with the skin, its fluoride ions have the
ability to penetrate the skin and damage the tissue and bones (Crouse, 2010). The use

of this acid requires significant precautionary measures and extra care.

In our experiments, concentrated nitric acid and sulphuric acid were used along with
HF. Nitric acid was used because of its strong oxidising properties and sulphuric acid it
also assists in the decomposing the sample because it has a boiling point of about
340 °C (Sneddon & Butcher, 2002).
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Dissolution of silicon carbide was also investigated using ammonium bifluoride

(NH4F.HF). This compound is also used to etch silica compounds or as a glass etchant.

7211 Dissolution in a Muffle Furnace

The results obtained when attempting to etch samples using a muffle furnace indicated
that no layer dissolution took place at all. The particles surface observed after etching
did not show any change in the surface. The diameter of the particles also remained the
same. As a result of these findings it was decided that no further etching using a muffle

furnace should be attempted.

7.2.1.2 Dissolution using a Microwave Heating System

The microwave-assisted reaction system was introduced because of its several
advantages; for example reaction time is faster than conventional heating (Coedo et al.,
1998). The rapid heating of this system at elevated pressures, assist reactions
originating from materials that are difficult to dissolve at low temperatures. This heating
technique has previously been used for dissolution of UO; fuel particles in a nitric acid
media (Zhao & Chen, 2008) and for decomposition of carbide compounds
(Coedo et al.,1998).

The microwave system used in the study allows for up to twelve vessels to be employed
simultaneously. Of this, one vessel (the control vessel) is used for monitoring
temperature and pressure. The control vessel is connected to a fibre optic temperature
sensor that penetrates into the vessel and a pressure sensor is attached to the lid. The
heating program is controlled and monitored by a microcomputer. It is assumed that the
temperature and pressure inside the control vessel is representative of all the samples
that are digested simultaneously. However, the volume of the solution that can be used

in each vessel is limited to 8 ml.

The closed reaction vessels are designed to reach a maximum temperature of 250 °C
during the heating cycle. The increase of the temperature and pressure in the closed
vessels could be a potential safety hazard. Several safety measures are adhered to
during the heating process. One is that the set parameters (temperature and pressure)
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are monitored using a control vessel. Typical data obtained are shown in Figure 32 and

Figure 33, no variation in parameter values is noticeable after heating.
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Figure 33:Etching temperature during microwave heating
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Figure 34 : Pressure generated during microwave heating
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7.2.2 Examination of NH4;F.HF and HF Chemically Treated SiC Surface

Treatment with ammonium bifluoride (8 ml at 200 °C ) and with 40 % hydrofluoric acid
alone under varying etching conditions (heating temperature 300-350 °C for about 5
hours) showed no dissolution of the layer. There was no evident decrease in particle

diameter during etching and after the etching process.

7.2.3 Examination of HF/HNO3/H,SO4 Chemically Treated SiC Surface
7.2.3.1 Optical Microscopy

As mentioned in section 6.6.5 the samples used for silicon carbide etching studies, were
particles with virgin SiC surface. The outer surface of these particles visually appeared
with similar appearance when compared to particles where the outer pyrolytic carbon
layer was removed by etching (optical microscopy image is not attached). The etched
surfaces were first investigated by optical microscopy and then with a high resolution
ZEISS ULTRA SEM.

Figure 35 displays the optical microscopy images of samples after chemical etching.
After 60 minutes of etching Figure 35 (a), the investigation shows the particle surfaces
which were observed to have a dull appearance. After etching for 2 hours with
HF/HNO3/H,SO4 solution under the same conditions, samples were randomly taken
from different vessels and examined (Figure 35 (b) and (c)). The results shows that the
surface appearing to be yellow coloured grainy structure. In some patrticles the silicon
carbide layer disintegrated into pieces due to the reaction with chemical etchants.
Figure 35 (b) shows a black particle, probably the inner pyrolytic carbon layer, where the
SIiC layer is completely removed, while the other particles do not show any signs of
attack. Etching of the layer apparently progresses in an irregular pattern as shown in
Figure 35 (c) and results in partial removal of the layer.
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Figure 35: Optical light microscopy images of samples at different stages of chemical
treatment (a), (b) and (c)
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The broken shells obtained after etching imply that the layer has separated from the rest
of the particle. However, the manner in which this layer has been removed is not fully
understood. The micro structural characteristics of the black particle (Figure 35 (b))
were investigated with a SEM. The surface consisted of closely packed, smooth
globular features (Figure 36). This structure is assumed to be that of the inner pyrolytic
carbon layer; however we were unable to compare it to the microstructure of outer
pyrolytic carbon layer presented in Figure 27 due to poor contrast. The assumption was

therefore made that the silicon carbide layer was completely removed.

EHT = 2.00 kV Signal A = InLens Date :18 Aug 2009
WD = 2.7 mm Photo No. = 8475 Time :11:04:01

Figure 36: SEM micrograph of the particle with black appearance.
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When etching under these experimental conditions, a number of technical problems
were encountered: incomplete dissolution of the layer, partial removal and in some
cases the layer disintegrated into small pieces. Some particles showed no reaction and

the results were not consistent.

7.2.3.2 SEM Examinations

The samples etched in HF/HNO3/H,SO,4 solution using microwave heating for 1 hour
were investigated further using a high resolution SEM. SEM micrographs (Figure 37
(a) and (b)) represent the same region of the sample under investigation but at different
magnifications. The etched surface now consists of coarse divided particles. The
smooth microstructure observed before etching is now attacked and separated by the

etchant.

Signal A = InLens Date :18 Aug 2009 EHT = 2.00kV Signal A = InLens Date :18 Aug 2009
Photo No. = 8456 Time :9:52:53 — WD = 2.7 mm Photo No. = 8457 Time :9:54:32

Figure 37: Silicon carbide surface etched for 1 hour in HF/HNO3-H,SO4

The conclusion at this point was that etching under these conditions produces
undesirable results. The etching studies using the HF/HNO3-H,SO, solution were
terminated for the reason that partial and non-uniform removal of the layer was

observed.
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7.2.4 Examination of HF/HNO3; Chemically Treated SiC Surface
7.24.1 Optical Microscopy

Chemical etching with solution number three, a mixture of hydrofluoric acid and nitric
acid, produced more or less similar results as the HF/HNO3-H,SO, solution. Figure 38
represents optical images of samples treated with HF/HNO3 for 3 hours using the MARS
equipment. Partial (Figure 38 (a)) and almost complete (Figure 38 (b)) removal of the
SiC layer is apparent in this examination. Furthermore the examination shows that in
some patrticles the silicon carbide layer separated from the rest of the particle leaving an
empty shell (Figure 38 (c)). Another sample, obtained from a different vessel (Figure
38 (d)), consist of an intact hollow cracked particle with a slightly orange appearance.
This indicates that the coating layers inside were severely attacked by the acid solution
and the heating method used. Translucent zirconia kernels were recovered from the

solution.

The optical microscopic observations clearly indicate that the etchant and method used
offer a possible solution for etching of the silicon carbide layer. A major disadvantage of
these experiments is that samples etched under the same conditions show different

results.
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(d)

Figure 38: Optical light microscopy images of samples etched in HF/HNO; for 3 hours
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7.2.4.2 SEM Analysis

SEM micrographs of the sample treated in the microwave system with HF/HNO; for 60
minutes at a temperature of 200 °C are shown Figure 39. The examination Figure 39 (c)
shows that the etchant attacks the grains along grain boundaries and to a lesser extent
the planar faults that are revealed by somewhat rounded dislocation etch pits. In Figure
39 (d) etching reveals massive degradation of the grain boundaries.

Signal A = InLen: Date :5 Oct 2009 EHT = 2,00 kV Date :5 Oct 2009
Photo No. = 182 Time :13:29:42 WD = 3.5 mm Time :13:14:54

=, T .

EHT = 2.00kV Signal A = InLens Date :5 Oct 2009 EHT = 2.00kV Signal A = InLens Date :5 Oct 2009
WD = 34 mm Photo No. =179 Time :13:23:30 WD = 35mm Photo No. = 184 Time :13:44.05
—— = > : L . T

Figure 39: SEM Micrographs of SiC surface etched for 60 minutes

Comparable features (planar faults) on the morphology of an etched SiC surface (Figure

39(c)) were observed by Helary et al. (2008). Their study involved characterization
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methods to investigate the microstructures of the coated particle layers prior to
irradiation. In their work, Murakami’'s etchant was used to reveal details of the SiC
microstructure. A mounted and polished SiC surface was etched for 60 minutes. Figure
40 adapted from Helary’s work, shows crystalline planes with faults at a characteristic
angle of about 70° to each other. In Figure 39 (C) the faults revealed by etching were

measured and found to be at an angle of about 63° to each other.

;.:.g-r } < KT
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Figure 40: SEM micrograph of polished and etched SiC section reproduced with the
permission of the author from Helary et al., (2008).

Figure 41 shows the etched surface of a sample treated under similar conditions as the
sample discussed in Figure 39 with the exception of the time that was extended to
2 hours. In this sample the etchant seems to severely attack the grain boundaries thus
separating individual grains. The planar faults revealed through etching are again
noticeable but a slightly lower magnification was used to clearly indicate the grain
separations. The reason for this phenomenon is not fully understood, but it is possible
that these effects are due to chemical attack on slip planes (i.e. the displacement planes

89



along which a crystal deforms under the action of shearing forces) in the silicon carbide

crystal.

EHT = 2.00 kV Signal A = InLens Date :9 Nov 2009
WD = 2.1 mm Photo No. = 1714 Time :9:49:22
Figure 41: SEM image of particle etched for 2 hours

Higher magnification Figure 42 shows severely etched slip planes consisting of jagged
contours.

EHT = 2.00 kV Signal A = InLens Date :5 Oct 2009
WD = 3.5 mm Photo No. =187 Time :13:50:29

Figure 42: SEM micrograph of SiC structure after 2 hours
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At prolonged time, 3 hours of etching at 200 °C (Figure 43); the etched sample
disintegrates into single crystals with needle like appearance and maximum size of

8 um.

Signal A = InLens Date :5 Oct 2009
Photo No. = 164 Time :11:14:26

EHT = 2.00 kv Signal A = InLens Date :5 Oct 2009
WD = 34 mm Photo No. = 167 Time :11:16:26

ERaE

Figure 43: SEM micrograph of SiC structure after 3 hours
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7.2.4.3 X-ray Diffraction (XRD) Analysis

The samples used for XRD analysis to determine phase composition were the original
(with outer layer silicon carbide) and the coated particles that were treated with
HF\HNO3; under microwave heating for 3 hours. The latter samples consisted of silicon
carbide shells obtained after treatment where inner carbon coatings were dissolved
(Figure 38 (C)). Experimental parameters measured with Cu ka radiation at wavelength

of 1.5406 angstrom are presented in Table 10.

Table 10: XRD-measured parameters

Measurement Parameter
Diffractometer D8 Advance
Goniometer 6-6

Recording range 20° to 130°
Frame width 0.04°

Counts/frame 0.4s

Figure 44, shows diffraction patterns of the original sample surface (black) and samples
after chemical treatment (red). The two patterns show similarity in terms of peak
position. The differences observed in peak intensity can be attributed to variations in
sample volume probed. The broad humps at low angles (from 20 to 36°) indicate that

the samples are not partly amorphous.
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Figure 44: X-ray-Diffraction pattern on etched (red) and unetched (black) SiC sample

Figure 45 demonstrates the superposed powder diffraction pattern of original samples
and etched ones overlaid with stick patterns of the proposed crystalline phases
(Moissanite; 3C-SiC). In this analysis the background and Ka2 are subtracted for
identification of the pattern, hence the broad humps seen in spectra of Figure 44 are not
visible in Figure 45.The pattern shows that the samples are predominantly silicon
carbide. However peaks observed at approximately 25, 30 and 50° in 260 in the etched

samples correspond to minor carbon phase.
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Figure 45: XRD pattern of unetched samples (black) and etched (red) ones overlaid with
stick patterns of the proposed crystalline phases.

The XRD analysis shows that both samples are mainly silicon carbide with a minority
carbon phase in the chemically treated sample. Comparing the two X-ray diffraction
patterns Figure 44 and Figure 45, there is no obvious difference in the peak position. It
is likely that the silicon carbide samples pieces obtained after etching have a similar
crystalline structure as unetched silicon carbide samples. This analysis was not

investigated in detail; the amount of the sample was not enough for analysis.
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CHAPTER 8

SUMMARY

This study was undertaken to investigate a simple reliable wet chemical etching
procedure for layer-by-layer etching of TRISO particle layers. The possibility of this
method to etch the particle layers in a controlled manner was evaluated to determine if
each layer can be dissolved separately and later on apply the method for irradiated fuel
to trace the release and distribution of fission products from the kernel and layers. Due
to chemical inertness of the particle layers dissolution experiments were conducted
using vigorous acids such as nitric acid, sulphuric acid, perchloric acid and hydrofluoric

acid.

The surface of the particles before and after etching was studied first by light
microscopy and then by scanning electron microscopy. Energy dispersive X-ray
analysis was used to identify elemental surface composition before and after chemical
etching of the outer pyrolytic carbon layer. X-ray diffraction was employed to study the
phase identification of the silicon carbide pieces resulting from etching samples and
unetched silicon carbide samples.

The etching investigations were limited to two outermost coatings: outer pyrolytic carbon
and silicon carbide. Due to difficulties experienced in etching the silicon carbide layer,
we were unable to proceed to the underlying carbon layers. Also due to the closure of
the PBMR project we were unable to proceed with further the investigations

8.1ETCHING OF OUTER PYROLYTIC CARBON LAYER

Two heating methods, heating using a hot plate and using a reflux system, were
explored to investigate dissolution of the OPyC layer. The use of reflux system for
heating seems to have a positive influence in the etching process. The system allowed

the reaction to be heated at temperatures of 130 °C for a long time without changing the
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acid solution. Etching using the hot plate was found to have some limitations, with the

solution evaporating when heated to temperatures between 120 to 130 °C.

The experimental results show that the outer pyrolytic carbon layer can be readily
removed with the use of strong oxidising acids composed of concentrated nitric acid,
sulphuric acid mixed with chromium trioxide acid. The temperature for effective removal
of this coating was found to be in range of 120 to 130 °C for etching of single coated
particle. The favourable experimental conditions for removal of OPyC from a single
coated fuel particle were identified and found to depend on etching solution, etching

time and etching temperature.

SEM analyses demonstrated that the outer carbon material was removed completely.
The surface revealed by SEM was identified to be of silicon carbide by EDS analysis. In
the EDS results it was shown that the removal of the layer was not affected by acid

solutions as the analysis did not show any chemical species from the etchants.

Based on these findings it can be concluded that chemical etching of the outer pyrolytic
carbon layer gives uniform and complete removal using a solution of HNO3/H,SO4/CrO3;
at temperatures of 130 to 140 °C leaving the exposed silicon carbide layer.

8.2 ETCHING OF SILICON CARBIDE LAYER

Etching of the silicon carbide with conventional heating was found to be ineffective.
Microwave assisted chemical etching was the only heating technique found to be useful.
The advantages of the microwave heating include, fast reaction times and small
amounts of acid solution required. The use of common chemical etchants has been
found to be ineffective for dissolving this layer. In the initial experiments only fluoride
containing substances showed the potential to etch the layer. The experimental results
show that a mixture consisting of equal amounts of concentrated hydrofluoric and nitric
acid under microwave heating at 200 °C yielded partial removal of the coating and

localized attack of the underlying coating layers
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The SEM analyses yield the morphology of the surface samples before and after

different stages of the etching step.

The manner in which the silicon carbide dissolved is not well understood at this point.
The etching results using etchants yielded partial removal of the coating in some
samples. The etching is observed to proceed predominantly along intergranular and

intragranular routes.

Etching of SiC has been found to have shortcomings such as undesired dissolution of
the inner carbon layers and cracking of the sample. Etching of the silicon carbide layer
in a HF media under microwave digestion results in a poorly selective etch, that does
not provide uniform and complete removal. The etchant behaviour for HF/HNO3; and
HF-HNO3-H,SO,4 seems vastly different comparing figure 34-42 yet the only difference
is the exclusion of sulphuric acid. It could be useful to study extensively the kinetics of
the dissolution with and without sulphuric acid using the same parameters described in
Chapter 7.

This study was terminated due to the collapse of the PBMR project. We were unable to
continue with the experimental studies. At the time of writing, it was not easy to evaluate
and conclude that the wet chemical etching methods can be applied to irradiated fuel.
Additional oxidation options to investigate would have been molten salts, e.g. peroxides
or carbonate/hydroxide/nitrate mixtures. However, the higher operation temperatures

would have made these less attractive.
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APPENDICES

Appendix A: Diameter measurements before etching of the OPyC layer

Mean per particle

Particle No | Particle diameter measurements (mm) (mm)
Particle #1 0.98 0.97 0.99 0.97 0.99 0.98 0.98
Particle # 2 0.96 0.97 0.96 0.95 0.96 0.95 0.96
Particle #3 0.99 0.98 0.99 0.98 0.99 0.99 0.99
Particle #4 0.98 0.99 0.96 0.98 0.99 0.97 0.98
Particle #5 0.95 0.96 0.96 0.95 0.96 0.96 0.96
Particle #6 0.96 0.97 0.97 0.97 0.97 0.97 0.97
Particle #7 0.98 0.97 0.97 0.97 0.98 0.99 0.98
Particle #8 0.99 0.98 0.97 0.98 0.96 0.96 0.97
Particle #9 0.99 0.98 0.99 0.98 0.97 0.99 0.98
Particle #10 0.95 0.95 0.96 0.94 0.95 0.96 0.95
Particle #11 0.98 0.98 0.99 0.98 0.98 0.97 0.98
Particle #12 0.97 0.96 0.95 0.97 0.95 0.97 0.96
Particle #13 0.94 0.94 0.96 0.94 0.97 0.96 0.95
Particle #14 0.96 0.95 0.95 0.97 0.97 0.97 0.96
Particle #15 0.98 0.97 0.97 0.98 0.97 0.96 0.97
Particle #16 0.97 0.98 0.98 0.97 0.96 0.98 0.97
Particle #17 0.99 0.98 0.99 0.99 0.97 0.99 0.99
Particle #18 0.98 0.99 0.99 0.97 0.99 0.98 0.98
Particle #19 0.97 0.96 0.95 0.96 0.95 0.96 0.96
Particle #20 0.96 0.97 0.97 0.96 0.96 0.97 0.97
Particle #21 0.97 0.99 0.99 0.97 0.98 0.96 0.98
Particle #22 0.94 0.96 0.96 0.94 0.96 0.95 0.95
Particle #23 0.98 0.99 0.97 0.96 0.98 0.97 0.98
Particle #24 0.96 0.96 0.95 0.97 0.96 0.97 0.96
Particle #25 0.96 0.95 0.96 0.95 0.98 0.96 0.96
Particle #26 0.98 0.96 0.98 0.98 0.96 0.97 0.97
Particle #27 0.97 0.97 0.96 0.97 0.96 0.95 0.96
Particle #28 0.95 0.97 0.97 0.98 0.98 0.98 0.97
Particle #29 0.95 0.97 0.95 0.97 0.98 0.97 0.97
Particle #30 0.98 0.95 0.98 0.96 0.99 0.97 0.97

Mean diameter (all measurements): 0.97

Standard deviation (all measurements): £ 0.01
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Appendix B: Diameter measurements after etching of the OPyC layer

Mean per
Particle No Particle diameter measurements (mm) particle (mm)

CP #1 0.86 0.86 0.87 0.87 0.87 0.87 0.87 0.87
CP #2 0.88 0.88 0.87 0.87 0.88 0.88 0.86 0.87
CP #3 0.87 0.88 0.88 0.86 0.87 0.86 0.87 0.87
CP #4 0.84 0.85 0.86 0.84 0.86 0.86 0.85 0.85
CP #5 0.87 0.86 0.87 0.86 0.88 0.86 0.86 0.87
CP #6 0.87 0.85 0.84 0.86 0.85 0.85 0.86 0.85
CP #7 0.86 0.86 0.85 0.85 0.84 0.85 0.85 0.85
CP #8 0.86 0.86 0.85 0.87 0.86 0.87 0.86 0.86
CP #9 0.84 0.84 0.85 0.84 0.86 0.85 0.85 0.85
CP #10 0.87 0.86 0.87 0.87 0.86 0.86 0.87 0.87
CP#11 0.89 0.89 0.88 0.89 0.87 0.87 0.87 0.88
CP #12 0.84 0.86 0.84 0.84 0.85 0.86 0.86 0.85
CP #13 0.85 0.86 0.87 0.86 0.87 0.87 0.87 0.86
CP #14 0.9 0.87 0.89 0.87 0.88 0.9 0.89 0.89
CP #15 0.86 0.87 0.88 0.87 0.86 0.86 0.87 0.87
CP #16 0.84 0.84 0.85 0.86 0.85 0.85 0.86 0.85
CP #17 0.89 0.88 0.9 0.88 0.9 0.88 0.89 0.89
CP #18 0.84 0.85 0.86 0.85 0.86 0.84 0.86 0.85
CP #19 0.87 0.87 0.85 0.86 0.85 0.86 0.85 0.86
CP #20 0.86 0.84 0.85 0.86 0.85 0.87 0.86 0.86
CP #21 0.84 0.85 0.84 0.86 0.85 0.85 0.85 0.85
CP #22 0.86 0.86 0.85 0.85 0.86 0.86 0.85 0.86
CP #23 0.87 0.88 0.87 0.86 0.86 0.87 0.88 0.87
CP #24 0.9 0.89 0.89 0.9 0.89 0.88 0.88 0.89
CP #25 0.86 0.86 0.87 0.88 0.87 0.88 0.89 0.87
CP #26 0.89 0.9 0.89 0.9 0.9 0.88 0.89 0.89
CP #27 0.87 0.88 0.87 0.86 0.88 0.87 0.87 0.87
CP #28 0.86 0.87 0.85 0.86 0.87 0.86 0.85 0.86
CP #29 0.89 0.88 0.9 0.9 0.9 0.88 0.89 0.89
CP #30 0.84 0.85 0.85 0.86 0.84 0.86 0.85 0.85

Mean diameter (all measurements) : 0.87

Standard deviation (all measurements): +0.02
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