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RÉSUMÉ
Les céramiques poreuses en carbure de silicium (SiC) ont un avenir prometteur au sein d'une
large variété d'applications, que ce soit en tant que produits finaux, ou encore au sein de
nombreux procédés à haute température où elles peuvent servir de support de combustion
gazeuse, de membranes ou de supports catalytiques, de filtres à haute température et autres. Cette
large gamme d'applications potentielles est due à leur excellente et unique combinaison de
propriétés mécaniques et physiques, telles qu'une haute conductivité thermique, un faible
coefficient d'expansion thermique (CET) et une forte stabilité mécanique. En fonction de
l'application à laquelle se destine la céramique de SiC, différents procédés de fabrication ont été
développés et proposés. Parmi ceux-ci on retrouve la technique de liaison par réaction. Cette
technique nécessite le mélange des particules de SiC avec un additif de frittage, tel que des
poudres de Al2O3 ou de Y2O3, ainsi qu'avec un agent formateur de pores, tel que des particules de
graphite ou des billes de polymère. Ce mélange est ensuite pressé et chauffé en présence d'air,
contrairement à d'autres techniques qui utilisent une atmosphère inerte. Cette technique a prouvé
être efficace pour la production de céramiques poreuses de SiC avec des propriétés satisfaisantes
et ce à faible température de frittage (1500 °C). Néanmoins, les propriétés des céramiques
poreuses de SiC, quelles soient mécaniques ou physiques, ainsi que le contrôle précis de la
porosité et de la distribution de taille des pores peuvent encore être améliorés, nécessitant dès lors
la révision de ce procédé ainsi que le développement d'une nouvelle voie de fabrication des
céramiques poreuses de SiC. Afin d'atteindre une amélioration significative des performances de
fabrication, une bonne dispersion de l'additif de frittage et de l'agent formateur de pores dans le
matériel initial est requis.
Dans ce travail, des céramiques poreuses de SiC liées par de la mullite sont préparées via la
technique de liaison par réaction, assistée d'une part par la technique dite sol-gel, et d'autre part
par la technique de polymérisation in-situ. La procédure typique de formation de ces céramiques
consiste premièrement à enduire les particules de SiC par de l'alumine. Ceci est fait via la
technique sol-gel avec comme réactifs des poudres calcinées et un sol d'alumine. Cette première
étape est suivie par le séchage et le tamisage des poudres produites. Ensuite, ces dernières sont
enduites de la quantité désirée de polyéthylène par la technique de polymérisation in-situ au sein
d'un réacteur en suspension avec un catalyseur de type Ziegler-Natta. Après la polymérisation in-

vi
situ, les poudres enrobées sont à nouveau séchées et tamisées avant d'être pressées au sein d'un
moule rectangulaire afin de former un corps vert, qui est ensuite chauffé. Durant le procédé de
chauffage, à une température d'environ 500 °C, le polyéthylène est dégradé, et les pores sont
formés au sein du matériel. L'augmentation de la température au dessus de 800°C mène à
l'oxydation partielle de particules de SiC en silice. A plus haute température encore, supérieure à
1400°C, la silice nouvellement formée réagit avec l'alumine pour former de la mullite, qui joue
alors le rôle de liant entre les particules restantes de SiC. Les spécimens de SiC poreux ainsi
formés sont alors caractérisés à l'aide des essais de flexion en trois points, d'un porosimètre au
mercure, de la technique de diffraction aux rayons X et d'un microscope électronique à balayage.
Étant donné que l'oxydation des particules de SiC est une étape critique du procédé de fabrication
des céramiques poreuses de SiC, la première partie de ce projet est consacrée à son étude à l'aide
d'un appareil d'analyse thermogravimétrique (TGA). Les paramètres étudiés sont l'effet de la
taille des particules (micro- et nanoparticules), de la température d'oxydation (910 °C – 1010 °C),
ainsi que la masse initiale de particules de SiC sur l'oxydation des poudres de SiC. Les analyses
TGA ont révélé que pour les échantillons avec une plus grande surface spécifique (et donc une
plus petite taille de particules), l'oxydation débute à plus basse température. Dans le système
étudié, la vitesse d'oxydation est contrôlée par la cinétique de réaction à la surface ainsi que la
diffusion intra-particulaire. En plus de ces facteurs, il semblerait qu'une diffusion inter particules
ait également lieu, qui doit alors être prise en compte au sein de la description de la vitesse
globale de réaction. Afin d'évaluer la vitesse globale d'oxydation de SiC au sein d'un lit fixe de
particules, un modèle réactionnel inédit a été développé. Il prend en compte toutes les étapes de
diffusion (jusqu'à la surface du lit de particules, entre les particules au sein du lit, et au sein des
particules elles-mêmes) ainsi que la cinétique d'oxydation. Finalement, l'état d'oxydation des
particules de SiC a été analysé par diffraction aux rayons X. Il a été trouvé qu'aux températures
supérieures à 1200°C, la structure amorphe de la silice se modifie pour former de la cristobalite.
L'effet des différentes sources d'alumine (Al2O3 calcinés, le sol d'alumine ou une combinaison
des deux) sur la structure mécanique, physique et cristalline de céramique SiC poreuse liée par
mullite est étudié dans la deuxième partie du projet. Un sol d'alumine est synthétisé par hydrolyse
de isoproxide d'aluminium selon la méthode Yoldas. L’observation par microscopie électronique
en transmission (MET) montre que le sol d'alumine était homogène et avait une forme d'aiguille
avec une épaisseur de 2-3 nm. Les changements cristallins au cours du processus de chauffage de

vii
sol d'alumine sont étudiés par diffractométrie de rayons X (DRX). En outre, spectroscopie
infrarouge à transformée de Fourier (IRTF) est réalisée afin d'identifier les groupes fonctionnels
sur la surface d'alumine sol en fonction de la température. Dans cette phase, il a été constaté que
l'augmentation de l'alumine calcinée nano poudre de 0 % en masse à 40% en masse permet
d'améliorer la résistance mécanique et de diminuer la porosité des échantillons. Cependant,
l'addition de l'alumine sous forme de sol conduit à augmenter la porosité et diminuer la
résistance. L’analyse DRX et et la microscopie électronique à balayage (MEB) montrent que, à
une faible quantité d'alumine (10 % en masse) sous forme de sol, toute l'alumine réagit avec la
silice pour former la mullite ; tandis que, lorsque l'alumine est ajoutée sous forme calcinée, une
fraction d’alumine reste dans le système. Les analyses de caractérisation montrent que lorsqu’une
partir d'alumine calcinée (20% en masse) est remplacée par de l'alumine sol, les forces
mécaniques et physiques sont améliorées (30%) par rapport à quand 100 % d'alumine calcinée est
utilisée comme source d'alumine.
Dans la troisième partie du projet, la faisabilité de la technique de polymérisation in situ est
étudiée pour fabriquer des céramiques SiC poreuses. Dans cette partie, le mélange de SiC et de
poudres d'alumine calcinés ont été recouverts par du polyéthylène par polymérisation in situ
appelée la polymérisation processus cumulatif dans une phase de suspension. La polymérisation a
été effectuée dans des conditions d'opération très modérées (T = 65 ° C, P = 48 kPa) en utilisant
le système de catalyseur Ziegler-Natta (TiCl4 comme catalyseur et trois éthyl-aluminium en tant
que

co-catalyseur).

La

calorimétrie

différentielle

à

balayage

(DSC)

et

l'analyse

thermogravimétrique (TGA) et des études morphologiques (SEM et MET) révèlent la présence
d'une forte densité de polyéthylène sur la surface de SiC et de poudres d'alumine. La quantité de
polymère est commandée par la durée de la réaction de polymérisation. Les analyses MET et
spectroscopie de photoélectrons X (XPS) ont démontré que la plupart des parties de particules
sont recouvertes d'une fine couche de polyéthylène et de polymère. Les céramiques SiC poreuses
fabriqués par ces particules traitées–possèdent des propriétés mécaniques et physiques
supérieures par rapport aux échantillons réalisés sans aucun traitement. La caractérisation DRX
du produit montre que l'intensité relative de mullite est plus élevée par rapport aux échantillons
préparés par le procédé traditionnel. Les effets sur les propriétés physiques et mécaniques du
produit final de la température de frittage (1500 °C et 1550 °C), la pression de formage (25 MPa,
50 MPa, 100 MPa) et la teneur en polymère (0% -19 % en masse) sont également étudiés.
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Dans la dernière phase de ce travail de recherche, l'objectif est de combiner le traitement sol-gel
et le procédé de polymérisation in situ pour développer un nouveau procédé de fabrication de
céramique SiC poreuses liés par mullite aux propriétés mécaniques et physiques améliorées. Par
conséquent, les premières particules de SiC et les poudres d'alumine nano sont mélangées dans
un sol d'alumine pour ajuster le poids d'alumine à 35 % en masse. Ensuite, la quantité désirée de
catalyseur, qui dépend de la superficie totale de la surface des particules, est greffé sur la surface
des poudres sous atmosphère inerte. En conséquence, la polymérisation commence à partir de la
surface du substrat. Les poudres traitées ont été caractérisés par MEB, XPS et TGA. En outre, la
quantité de photogène est déterminée par l’analyse TGA. L'analyse DRX confirme que, dans les
échantillons produits par le nouveau procédé, les quantités de mullite et de cristobalite sont
beaucoup plus élevées par rapport à celui préparé par la méthode conventionnelle. Selon les
analyses DRX, céramiques SiC poreuses fabriqués par le procédé novateur, sont constitués de
mullite, SiC, cristobalite et une petite quantité de l'alumine et de TiO2. L’analyse de la
distribution des tailles des pores illustre que les céramiques fabriqués en utilisant le nouveau
procédé conduit à une distribution de taille des pores étroite avec une taille de pores moyenne
supérieure et une porosité élevée par rapport à la méthode traditionnelle. En outre, une résistance
mécanique améliorée de plus de 35 % . L'analyse SEM confirme que la plupart des particules de
SiC sont bien reliées entre elles et la croissance du cou entre les particules est bien développé. De
plus, l'effet de la température de frittage (1500 °C, 1550 °C et 1600 °C) sur la structure cristalline
des échantillons poreux est étudiée. Il est constaté que, dans les échantillons préparés à 1600 ° C
pendant 3 heures dans l'air, les principales phases ont été la mullite et le carbure de silicium. En
outre, il est suggéré que la conversion de TiCl4 à TiO2, introduit auparavant comme étant le
catalyseur pour la formation du polymère, agit comme additif de frittage pour former de la
mullite à une température de frittage inférieure. On conclut que l'application de la technique solgel et la polymérisation in situ est un moyen efficace pour améliorer la dispersion des poudres
d'additifs de frittage et des pores anciens avec les matières premières, ce qui entraîne la formation
de céramiques poreuses avec des propriétés améliorées à basse température de frittage .
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ABSTRACT
Porous silicon carbide (SiC) ceramics have been regarded as promising candidates in a wide
variety of applications as end products and in several high temperature processes, such as gas
burner media, catalyst membrane reactors, catalyst supports, hot-gas particulate filter and molten
metal filter due to the unique excellent combination of mechanical and physical properties, such
as high thermal conductivity, a low coefficient of thermal expansion (CTE) and high mechanical
stability. Depending on the application of porous SiC ceramics various fabrication processes have
been developed and proposed. One of them is the reaction bonding technique, which involves the
addition of a sintering additive, such as Al2O3 and Y2O3 powders, and a pore former, such as
graphite particles or polymer beads, to the SiC particles and heating the pressed powders under
air instead of an inert atmosphere. This has been shown as an effective way to produce porous
SiC ceramics at a lower sintering temperature (1500 °C) with enhanced properties. However,
there still is a need to improve the process and develop a new manufacturing route to fabricate
porous SiC ceramics, precisely control the porosity and pore size distribution and improve both
mechanical and physical properties of the final product. To achieve significant performance
enhancements, good dispersion of the sintering additive as well as pore former into the starting
materials is required.
In this work, mullite-bonded porous SiC ceramics were prepared via a reaction bonding
technique with the assistance of a sol-gel technique or in-situ polymerization as well as a
combination of these techniques. In a typical procedure, SiC particles were first coated by
alumina using calcined powder and alumina sol via a sol-gel technique followed by drying and
passing through a screen. Subsequently, they were coated with the desired amount of
polyethylene via an in-situ polymerization technique in a slurry phase reactor using a ZieglerNatta catalyst. Afterward, the coated powders were dried again and passed through a screen
before being pressed into a rectangular mold to make a green body. During the heating process,
the polyethylene was burnt out to form pores at a temperature of about 500 °C. Increasing the
temperature above 800 °C led to the partial oxidation of SiC particles to silica. At higher
temperatures (above 1400 °C) derived silica reacted with alumina to form mullite, which bonds
SiC particles together. The porous SiC specimens were characterized with various techniques,
such as a three point bending test, mercury porosimetry, XRD and SEM.
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As the oxidation process is an important step during the fabrication of porous SiC ceramics, the
first part of the project was devoted to investigating the oxidation of SiC particles using a
Thermogravimetric analysis (TGA) apparatus. The effects of particle size (micro and nano) and
oxidation temperature (910 °C-1010 °C) as well as the initial mass of SiC particles in TGA on the
oxidation behaviour of SiC powders were evaluated. TGA analysis revealed that in the samples
that have a higher surface area (lower particle size) the oxidation started at a lower temperature.
In the studied system, it was found that both surface kinetic and intra particle diffusion control
the oxidation rate. Beside these factors, it was revealed that inter particle diffusion must also be
taken into account to describe the overall kinetic rate. To illustrate the oxidation rate of SiC in the
packed bed state, a new kinetic model, which takes into account all of the diffusion steps (bulk,
inter and intra particle diffusion) and surface oxidation rate, was proposed. Furthermore, the
oxidation of SiC particles was analyzed by the X-ray Diffraction (XRD) technique. It was found
that at temperatures above 1200 °C, the amorphous structure of silica was transferred to
cristobalite.
The effect of different alumina sources (calcined Al2O3, alumina sol or a combination of the two)
on the mechanical, physical, and crystalline structure of mullite-bonded porous SiC ceramics was
studied in the second part of the project. Alumina sol was synthesized by the hydrolysis of
Aluminum isopropoxide using the Yoldas method. Transmission electron microscopy (TEM)
observation showed that alumina sol was homogenous and had a needle-like shape with a
thickness of 2-3 nm. Crystalline changes during the heating process of alumina sol were studied
using XRD. In addition, Fourier transform infrared (FTIR) spectroscopy was performed to
identify the functional groups on the alumina sol surface as a function of temperature. In this
phase, it was found that increasing the calcined alumina nano powder (0 wt% to 40 wt %)
improved the mechanical strength and decreased the porosity of the specimens. However, the
addition of alumina in the sol form resulted in increasing porosity and decreasing strength. XRD
analysis and scanning electron microscope (SEM) characterization revealed that at a low amount
of alumina (10 wt%) in the sol form, all of the alumina reacted with silica to form mullite while
when alumina was added in the calcined form, some of the alumina remained in the system.
Characterization analysis showed that when some sources of calcined alumina (20 wt %) were
replaced by alumina sol, both mechanical and physical strengths were enhanced (30%) compared
to when 100% calcined alumina was used as the source of alumina.
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In the third part of the project, the feasibility of the in-situ polymerization technique was
investigated to fabricate porous SiC ceramics. In this part, the mixture of SiC and calcined
alumina powders were coated by polyethylene via in-situ polymerizing referred to as the
polymerization compounding process in a slurry phase. The polymerization was conducted under
very moderate operational conditions (T= 65 °C, P= 48 kPa) using the Ziegler-Natta catalyst
system (TiCl4 as catalyst and three ethyl aluminum as co-catalyst). Differential scanning
calorimetry (DSC) and TGA analysis and morphological studies (SEM and TEM) revealed the
presence of a high density of polyethylene on the surface of SiC and alumina powders. The
amount of polymer was controlled by the polymerization reaction time. TEM and X-ray
photoelectron spectroscopy (XPS) analysis demonstrated that most parts of particles were coated
by a thin layer of polyethylene and polymer. The porous SiC ceramics, which were fabricated by
these treated particles showed higher mechanical and physical properties compared to the
samples made without any treatment. The XRD characterization of the product showed that the
relative intensity of mullite was higher compared to the samples prepared by the traditional
process. The effects of the sintering temperature (1500 °C and 1550 °C), forming pressure (25
MPa, 50 MPa, 100 MPa) and polymer content (0%-19 wt%) were also studied on the physical
and mechanical properties of the final product.
In the last phase of this research work, the focus of the investigation was to take advantage of
both the sol-gel processing and in-situ polymerization method to develop a new process to
manufacture mullite-bonded porous SiC ceramic with enhanced mechanical and physical
properties. Therefore, first the SiC particles and alumina nano powders were mixed in alumina
sol to adjust the alumina weight to 35 wt%. Then, the desired amount of catalyst, which depends
on the total surface area of the particles, was grafted onto the surface of the powders under an
inert atmosphere. Consequently, the polymerization started from the surface of the substrate. The
treated powders were characterized by SEM, XPS and TGA. In addition, the amount of poreformer was determined by TGA analysis. The XRD analysis demonstrated that in the samples
produced via the novel process the amount the mullite and cristobalite were much higher
compared to the one prepared by the conventional method. According to the XRD analysis,
porous SiC ceramics, which were fabricated by the novel process, consist of mullite, SiC,
cristobalite and a small amount of alumina and TiO2 as a result of reaction of TiCl4 with air. Pore
size distribution analysis illustrated that ceramics manufactured using the novel process resulted
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in a narrow pore size distribution with a larger average pore size and higher porosity compared to
the traditional method. In addition, mechanical strength improved more than 35 %. The SEM
investigation confirmed that most of the SiC particles were well connected together and the neck
growth between particles was well developed. Furthermore, the effect of the sintering
temperatures (1500 °C, 1550 °C and 1600 °C) on the crystalline structure of the porous samples
was investigated. It was found that for the samples prepared at 1600 °C for 3h in air the main
phases were mullite and silicon carbide. Furthermore, it was proposed that converting TiCl 4 to
TiO2, which was initially introduced as the catalyst during the polymer formation, acted as the
sintering additive to form mullite at a lower sintering temperature. It was concluded that
implementation of the sol-gel technique and in-situ polymerization was an effective way to
enhance dispersion of sintering additive powders and pore-former with the starting materials,
which results in the formation of porous ceramics with enhanced properties at a low sintering
temperature.
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INTRODUCTION
Porous silicon carbide (SiC) ceramics have been attracting a great deal of research attention as
they are found in a wide variety of high-temperature processes in the metallurgical and chemical
fields. Due to their unique combination of physical and mechanical properties, such as excellent
mechanical strength, good chemical resistance, high thermal conductivity and low thermal
expansion number, these materials are known as the best material candidates in filters, catalytic
supports, separation membranes, high-temperature structural materials, kiln furniture,
thermoelectric energy conversion, and the reinforcement of composites [1]. Depending on the
special application of the porous ceramic, several processing routes have been proposed and
developed for the manufacture of porous SiC ceramics, which can be grouped into 5 categories
[1]: (i) partial sintering, (ii) replica, (iii) sacrificial template, (iv) direct foaming, and (v) reaction
bonding techniques. To self-bond porous SiC ceramics a very high sintering temperature (above
2000 °C) is required due to the high covalent nature of the Si-C bond [2] and low self diffusion
coefficient of SiC. In addition, during the operation of self-bonded porous SiC ceramics at high
temperature in a humid environment and an oxidizing atmosphere, these materials are partially
oxidized and elongated and eventually fail.
To fabricate porous SiC ceramics at lower sintering temperatures with a higher oxidation
resistance, a reaction bonding technique was developed, which involves a mixture of a submicron sintering additive, such as alumina, and a pore former, such as graphite, with the SiC
particles followed by pressing the powders to make a green body and heating the compact
powders under air [3]. However, the main drawback of this process is the agglomeration of the
sintering additive and poor dispersion of pore former in the starting materials, which degrades the
mechanical and physical properties of the porous ceramics. Therefore, developing a new process
at a low sintering temperature to improve control in pore size distribution and increase the
mechanical properties and porosity simultaneously would be an interesting subject.
The main objective of this study is to develop mullite-bonded porous SiC ceramics with a
combination of sol-gel and in-situ polymerization techniques with a reaction bonding process.
Sol-gel processing is a well-known method to fabricate ceramic composite due to the low cost
and high homogenous mixing. In addition, in-situ polymerization is a promising technique to
synthesize organic-inorganic composites with enhanced mechanical properties. It is believed that
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the addition of a sintering additive via the sol-gel route and a pore former by in situ
polymerization is an appropriate choice to overcome the inhomogeneity of the starting particles
and enhance and control the properties of the final ceramics. This method can fabricate a porous
ceramic, which is strongly resistant to oxidation and with the desired filtration properties. It will
make it possible to create a multifunctional, responsive and adaptive filter for various operating
conditions, such as for advanced coal and biomass-based gas turbine power generation
applications. In this method, SiC particles are coated by alumina via alumina sol and calcined
alumina powders. Subsequently, polyethylene is layered on particles using in situ polymerization.
By heating the green body, polyethylene is removed as a result of the reaction of the polymer
with oxygen and consequently pores are created. Mullite is formed by the reaction between
alumina and silica derived from SiC during the sintering process to bond SiC particles together.
To help follow the results presented in this dissertation, a literature review concerning the
important properties of the starting materials (SiC, alumina and mullite), sol-gel processing, insitu polymerization technique, oxidation of SiC and previous works carried out on the porous SiC
ceramics fabrication is given in Chapter 1. The materials used and our methodology to achieve
the objectives are presented in Chapter 2. Chapter 3 briefly describes the organization of the
papers. In Chapter 4, the passive oxidation of SiC powders is discussed from experimental results
with high-temperature thermogravimetry analysis. The effects of oxidation temperature and
particle size on the oxidation rate of SiC powders are investigated. In addition, the effect of the
diffusion resistance on the oxidation rate of SiC powders is discussed in depth. Chapter 5
presents the results on the fabrication of porous SiC ceramics via reaction bonding with different
amounts of alumina contents and sources (alumina in sol or calcined powders or a combination of
them). The results showed that the alumina content and form played a crucial role on the
mechanical and physical properties and morphology of the pore structure of the porous samples.
In chapter 6, porous SiC ceramics were fabricated with the cooperation of the in-situ
polymerization method and reaction bonding technique. It will be demonstrated that controlling
the processing parameters, such as polymer content, and forming pressure make it possible to
adjust the porosity and mechanical properties of the porous SiC ceramics. In Chapter 7, the
application of sol-gel and in situ polymerization methods is investigated in detail to fabricate
mullite bonded porous SiC ceramics via in-situ reaction bonding. The effect of the sintering
temperature on the crystalline structure and morphology of the manufactured porous ceramics are
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discussed. In Chapter 8 (general discussion), a full review regarding the most important factors
affecting the mullite-bonded porous SiC ceramics and the effects of the implementation of sol-gel
and in-situ polymerization are presented. Finally, Chapter 9 summarizes the most important
conclusion of this thesis and lists some recommendations for future work in this area.
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CHAPTER 1

LITERATURE REVIEW

1.1 Hot gas filtration
Since the 1990s ceramic filters, with fine pore size distribution, have been reported being used in
a number of dust removal and gas treatments, especially when hot gases are present [4]. Typical
industrial applications of hot gas filters include the following: biomass pyrolysis, biomass
gasification [5], metal refining, incineration [6], metal recycling, coal gasification [7] radioactive
waste, integrated gasification combined cycle (IGCC) [8] and pressurized fluidized bed
combustion (PFBC) [5, 9]. The goals of hot gas filtration are to protect the downstream
equipment, such as the gas turbine, to save energy and meet environmental regulations. The
efficiency of ceramic filter test results versus particle size is compared to other particulate filters
in Figure1-1 [16]. It has been reported that implementing the ceramic filters instead of the wet
scrubber method results in increasing the efficiency of a coal gasification process by about 3%.
Moreover, in a wide variety of processes, such as biomass gasification, in order to avoid
undesirable condensation or desublimation reactions, the effluent gas must be cleaned at high
temperature via ceramic filters.
Hot gas filters should operate reliably for more than 10,000 hours, with a high particulate
removal efficiency, a high flow capacity and a low pressure drop. In addition, they should have
high durability and reliability against mechanical and thermal stresses [4]. In ceramic filters,
phase and matrix composition have been critical to the impact of the long-term thermal and
chemical stability of the component during operation in porous ceramic candle filters.
Ceramic filters can be divided into high and low densities in terms of media. High density porous
ceramics consist of sintered grains, preferably of silicon carbide, alumina or cordierite, with a
porosity in the range of about 40% and have a stable mechanical strength (O-ring pressure
strength of above 20 MPa). While in low density ceramics, the main component is typically
alumosilicate fibers and the porosity can reach up to 90%. The low density ceramic filters have
high porosity, they suffer from a low mechanical structure due to the loose structure of fibers and,
consequently, break easily. Also, during the cleaning process of the low density ceramic filter,
the intensity of the back pulse should be controlled to protect the fiber structure [10].
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Figure 1-1Efficiency of various separation processes

Figure 1-2 presents a typical structure of low and high densities of porous ceramics. In the high
density porous ceramics a thin membrane layer with smaller pores covers the support material.
The efficiency of this kind of filter is very high (in the order of 99.99%).

Figure 1-2 The structure of a low density (left) and high density (right) of porous ceramics[10]
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1.2 Ceramic materials and their properties
With respect to filter materials, strength, thermal shock resistance, thermal expansion, thermal
conductivity, fracture toughness, hardness and chemical reactivity are important parameters in the
selection of a reliable, durable, filter material. Generally, porous ceramic filter material can be
divided into non-oxide and oxide materials. Among these materials, SiC, alumina and mullite are
the most common [11].

1.2.1 Silicon carbide
Silicon carbide (SiC) known as carborundum offers without a doubt one of the most important
structural ceramics in various industrial products, such as abrasive materials, refractories and
heating elements [12]. It is produced worldwide in tonnage quantities using the Acheson process
by reaction in a batch consisting principally of high-purity sand and low-sulfur coke at 22002500 °C in an electric arc furnace according to the following reaction:
SiO2 + 3C → SiC +2CO

1-1

After crushing the crystalline product, it is washed in acid and alkali. Then the iron is removed by
magnetic techniques and, finally, the product is dried. SiC can resist the attack of any acids,
alkalis or molten salts up to 800 °C. Also, SiC has excellent mechanical and physical properties,
such as high thermal conductivity coupled with low thermal expansion and high strength.
Therefore, silicon carbide is an outstanding ceramic for severe environments. The properties of
silicon carbide are shown in Table 1.1 [12].

1.2.2 Alumina
Aluminum oxide (Al2O3) is mostly produced on a commercial scale using the Bayer process. The
Bayer process includes the physical beneficiation of bauxite, digestion, clarification, precipitation
and calcination, followed by crushing, milling and sizing. The temperature of calcination of
washed aluminum hydroxide is between 1100-1200 °C. The most common crystalline form of
alumina is known as corundum [13, 14]. It has Al3+ in octahedral coordination, which occupies
two-thirds of the available sites [15]. Table1.2 presents the property of alumina.
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Table 1.1 Mechanical and physical properties of SiC
Property

Metric

Density (gm/cc)

3.1

Flexural strength (MPa)

550

Poisson modulus

0.14

Thermal conductivity ( W/m.K)

120

Coefficient of thermal expansion (/ C)

4 ×10-6

Specific heat (J/Kg.K)

750

Table 1.2 Mechanical and physical properties of alumina
Property

Metric

Density ( gm/cc)

3.97

Flexural strength (MPa)

379

Poisson modulus

0.22

Thermal conductivity ( W/m.K)

35

Coefficient of thermal expansion (/ C)

8 ×10-6

Specific heat (J/Kg.K)

880

1.2.3 Mullite
In contrast to the Al-Si-oxides, like sillimanite (Al2O3.SiO2, 62.92 wt% Al2O3), andalusite, and
cyanite, mullite (2SiO2.3Al2O3) has been recognized as the only stable crystalline compound
under normal atmospheric pressure in the binary system of SiO2-Al2O3 [16]. The structure of
mullite crystal consists of edge-sharing AlO6 octahedra chains parallel to the c-axis bounded by
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aluminum and/or silicon tetrahedral. In the X-ray diffraction of mullite at 26° (2Ө-CuKα), a
double peak can be observed due to the orthorhombic structure or a single pick can be detected at
26° related to the tetragonal structure, which is a metastable phase [17]. The mullite material has
two stoichiometric crystalline (2SiO2.3Al2O3 or SiO2.2Al2O3).
The properties of mullite, such as the high temperature melting point (>1800°C), low thermal
expansion (4.5–5.6×10-6 K-1 in a range of 20 °C and 1000 °C), good thermal shock resistance,
low density (3.16-3.22 g.cm-3), high creep resistance and good chemical stability, are similar to
the properties of SiC. As a result, it has found widespread applications in high temperature
structural materials where the environment temperature changes rapidly [18].
During the past few decades, various preparation methods, such as the reaction sintering of
mechanically mixed powder [19], hydrothermal treatment of mixtures of sols [20, 21], and
chemical vapor deposition [22], were applied to synthesize mullite. In general, mullite formation
can be classified into three different routes as follows: sinter-mullite, fused-mullite and chemical
mullite. Sinter-mullite is a conventional process, i.e., the mixing of alumina and silica powders
[23]. In this method, mullitization occurs by the interdiffusion of the solid-solid or transient
liquid phase reactions of aluminium, silicon and the oxygen atom [24]. Thus, the particle size of
the starting powders is an important factor, which affects the mullitization temperature [19]. The
drawback of this method is that the size of the particles is not enough to accomplish the complete
mullitization at a relatively low sintering temperature. Nurishi et al. [25] investigated the effect of
the crystallization of cristobalite by X-ray diffraction studies on the reaction sintering of Al2O3
and amorphous SiO2 compacts at temperatures of 1300-1500 °C. In the system consisting of
amorphous silica and α-Al2O3, mullitization involves two steps. Prior to mullitization in the
temperature range of 1300-1500 oC liquid formation was observed. In this system first the
transformation of quartz to cristobalite occurred. Moreover, mullitization during the reaction
sintering of quartz and α-Al2O3 powders was studied by means of TEM. It was suggested that the
reaction sequence begins with the formation of a transient glass phase on the surface of quartz
grains. This viscous silica melt penetrates into α-Al2O3 particles and concurrently incorporates Al
by the dissolution of α-Al2O3 [26]. Nucleation of mullite was observed mainly at the αAl2O3/silica melt contact [27, 28]. Saruhan et al. [24] observed two different mullite mechanisms
depending on the use of quartz or cristobalite. They prepared two different green samples
consisting of SiO2 glass plus α-Al2O3 and cristobalite-α-Al2O3. They proposed that mullite
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formation is a multiple-step process: mullite nucleation, high mullitization, a temperature range
of low mullitization and the area of high mullite formation rates. In the quartz-alumina system
they suggested that before the beginning of mullite formation, densification occurs in the SiO2Al2O3 sample through the viscous flow sintering and in the other sample it was characterized by
solid-state sintering. They reported that at high temperatures the content of mullite in the
crisoblite-α-Al2O3 system is higher than in SiO2-α-Al2O3 (Figure 1-3) [24].

Figure 1-3 Mechanism of mullite formation using silica/ cristobalite with alumina [24]

Also, Amar P.S. Rana and his coworkers[29] investigated the mullite formation from cristobalite
and quartz in mixtures with α-Al2O3 at 1415 °C. Similarly, they reported in quartz, a liquid first
forms on the surfaces of quartz that result in the occurrence of an intermediate liquid phase on the
transformation of quartz to cristobalite. The liquid acts as the precursor to the formation of
mullite by reacting with α-Al2O3. They observed that mullite was detected earlier in the
cristobalite containing mixtures under a similar sintering process to quartz [29].
In 1924, Bowen and Greig [30] reported the first phase equilibrium diagram at standard
conditions and showed that mullite crystallized from a stoichiometric 2SiO2.3α-Al2O3 contained
71.8% Al2O3. It was reported that this is the only composition that melted incongruently at 1828
°C with no solid solution range determined (Figure 1-4) [30].
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In 1962, Aramaki and Roy [31] observed mullite with a solid solution of alumina in the range of
71.8-74.3 wt% Al2O3. They reported that mullite melts congruently at 1850 °C. In another study,
it was shown that at temperatures above 1828 °C, mullite does not form, and α-Al2O3 is dissolved
in the SiO2 liquid to form aluminosilicate liquids. In summary, the source of species, their
chemical purity and particle size distribution are the most important factors in the rates and
temperature of mullite formation [24].

Figure 1-4 Phase diagram of alumina and silica[30]

The physical and mechanical properties of mullite are shown in Table 1.3. Regarding more recent
developments in processing technologies, sol-gel, precipitation, hydrolysis, spray pyrolysis and
chemical vapour deposition are other possible techniques for the synthesis of mullite [32].

1.2.3.1 Synthesis of mullite using the sol-gel method
In this method mullite is produced by adding sols or mixing sols and salts as starting materials.
The main difference of this method from the conventional method is the particle size. In the solgel method, usually the particle size of sols is very small (nano sized), about ten to several tens
nano-meters. Alumina sol and silica sol are major starting materials.
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Silica sol can be obtained from fumed silica, colloidal silica as well as the hydrolysis of silicon
alkoxides. Alumina sol can be obtained by various sources, such as isopropylate, aluminium
chloride, aluminium sulphate, aluminium acetate, the dispersion of ultra-fine particles of γ-Al2O3
and the dispersion of pseudo-boehmite γ-Al(OH). Boehmite is the most common starting
precursor of alumina sol [33]. Sacks et al. [34] fabricated mullite by coating silica on α-Al2O3
particles. First, α-alumina with an average particle size of 0.2 µm was suspended in ethanol. The
suspension was mixed with the TEOS/ethanol solution to form a composite powder. The
hydrolysis of TEOS was carried out by adding ammonia solution. The pH was kept in the 9-10
range to make a surface charge for electrostatic stabilization. After precipitation, the composite
particles were filtrated and washed followed by the preparation of green compacts by slip casting
and drying at 80 °C. Finally, the green compacts were fired in air. It was observed that powder
compacts converted to mullite at temperatures  1400 °C.

Table 1.3 Physical and mechanical properties of mullite [35]
Density

3.2 (g/cm3)

Young’ Modlus

130 (GPa)

Fracture of Rupture

2-4(MPa.m-1/2)

Modulus of Rupture

160(MPa)

Thermal Expansion Co- Efficient

4.5-5.6 (× 10-6/°C)

Thermal conductivity

4-6 ( 100 -1400 °C ) (W/m.K)

Maximum operating temperature

1725°C in air

Flexural strength

180(MPa)

Similarly, Bartsch et al. [36] successfully produced mullite at sintering temperatures below 1300
°C via ɣ-Al2O3 nano particles with silica by the sol-gel method. They proposed that the viscosity
of amorphous silica-coated ɣ-Al2O3 is lower than amorphous silica-coated α-Al2O3, which

12
enhanced the densification process. We can conclude from the literature review that in the
reaction sintering of SiO2 and alumina compound, the sintering behaviour and properties of
mullite strongly depend on the sources of SiO2 and alumina.

1.3 Sol-gel processing and coating of particles
As stated in the previous section, sol-gel is one technique, which can be applied to the synthesis
of ceramic and also to coat the ceramic substrate. Thus, a brief discussion of the fundamentals of
the sol-gel process is required. The definition of the sol-gel (solution-gelation) process is “a
preparation process of precursors using liquid colloidal solutions of metal salts to obtain a gel by
a subsequent heat treatment.” In other words, this method is a wet chemical route to synthesize
materials starting from either a colloidal suspension of solid particles or clusters in a liquid (sol)
and later to produce an integrated solid skeleton filled with a solvent (wet gel). A sol consists of a
dispersion of solid particles (colloids), which are very small (1nm~1µm), such that gravitational
force is negligible in a liquid. The dominant interactions in sol are Vander Walls, columbic and
steric forces. In order to stabilize a sol, an electric double layer or steric repulsion, or their
combination must be established [37]. When solvent from the gel is removed, depending on the
type of drying either through ambient pressure or under supercritical conditions a xerogel or
aerogel will be formed. Changing the temperature, evaporation and some chemical reactions
affect the sol gel process.
In the aqueous-based process, there are two distinct reactions: hydrolysis and condensation or
polymerization. Hydrolysis of the metal cations is often given by the following general
mechanism:
M n  nH 2O  M (OH )n  nH 

1-2

Ceramic powder can be synthesized mostly from cation metal ions (M Z+) sol. The hydrolysis of
this sol is given by the following:

M ( H 2O)bZ    M ( H 2O)b1 OH 

( z 1) 

H

1-3

Moreover, adding dilute acid breaks up aggregates of hydrous metal oxide or hydroxides. Size
distribution of the sol is controlled by temperature and reactant concentrations. In alkoxide
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various factors, such as pH, solid content, temperature, organic and inorganic additive addition
and starting materials, influence the hydrolysis and condensation rate of the sol-gel process [37].
For instance, in acidic solutions, the hydrolysis reaction is faster than condensation, which
increases the development of larger and linear molecules and under basic conditions; the rate of
condensation reaction is more than hydrolysis [38]. Colloidal and polymeric methods are two
techniques used to obtain a homogeneous sol. In the colloidal method, a large quantity of water is
added to hydrolyze the alkoxide followed by the addition of acid in order to peptize the
agglomerates. Acid breaks the agglomerates by electric charge repulsion. Yoldas developed clear
bohemite sol (aluminium hydroxide) with the colloidal method. He applied aluminum
isopropoxide (AIP) and the molar ratio of distillated water to AIP was 100:1. Peptization was
observed with nitric acid or HCL at 90 °C with 0.07 moles of acid per mole of precursor [39].
The crystal structure of boehmite is composed of double AlO6 octahedral chains as shown in
Figure 1-5 giving rise to a dimer, which is interconnected by hydrogen bonds between the
hydroxyl groups. The specific density of boehmite is 3.01 g/cm3 [15].The morphology cell of
boehmite is cubic orthorhombic [40].

Figure 1-5 The crystal structure of boehimite[41]
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Among metal alkoxides, aluminum, titanium, and zirconium alkoxides are the most common
starting materials for the sol-gel process because of their relatively high reactivity, especially to
water.
In addition to the synthesis of ceramic, the coating of the substrate with sol-gel processing is
especially suitable for corrosive protection and a thermal barrier for various materials. Besides
the sol-gel method, various technologies have been applied for coating ceramic on a substrate.
These include chemical vapour deposition (CVD), physical vapor deposition (PVD), sputtering
and plasma spray. The sol-gel coating has several advantages over the mentioned methods. It is
simple, relatively low cost, has high homogeneity and potential for use in the coating of complex
geometries.
Prior to gelation, a sol can be applied for the formation of thin, uniform films by either dip
coating, spinning or spraying a film onto an appropriate substrate. Dip coating is more common
than the spinning method and was first commercially used for preparing thin films in 1939 using
sol–gel technology [42]. A simple approach for depositing a thin film of solution onto various
shaped objects, dip coating involves five stages: immersion of a substrate into a reservoir of
solution, start up, deposition, drainage and evaporation. This method does not require any special
apparatus. The liquid film formation is attained by gravity draining the liquid solution and
solvent evaporation. A thick film can be applied through multiple coating. During drying, by
removing the water or alcohol between the colloidal units, the sol is transformed to a gel. The
final step is firing at temperatures above 150 °C, which leads to the gel becoming consolidated.
In the drying step, the formation of cracks may occur due to the significant stress [38]. It is well
known that the thickness of the deposited liquid film (position c in Figure 1-6) strongly depends
on the selected withdrawal speed and is directly proportional to the withdrawal speed as well as
the soaking time.
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Figure 1-6 Step processing in dip coating technique: a) immersion, (b) wetting, and (c)
withdrawal [38, 42]

Furthermore, the sol concentration has to be carefully selected. A high concentration sol may lead
to crack formation during the drying and firing process. Landau et al. [43] estimated the thickness
of the liquid film with the help of following equation:
h  0.944

( LU )
1
6
LV

2
3

 (L g )

1
2

1-4

where h is the deposited film thickness,  L ,  L are the viscosity and density of the liquid, U is the
substrate speed of the liquid, g, the gravitational acceleration constant and  LV is the liquid-vapor
surface tension. M. Guglielmi et al. investigated the effect of withdrawal speed on the thickness
of the SiO2 and TiO2 coating. They reported that the relation between thickness and speed is U1/2
instead of U2/3 [44]. Shih et al. [45] applied the sol-gel method to distribute the additives onto the
surface of silicon nitride. They observed that with the sol-gel technique boehimite was distributed
uniformly on the surface of silicon nitride.
Therefore, the sol-gel method can be applied as a way to create the secondary phase and improve
the homogeneity of the microstructure. The creation of the secondary phase helps to meet two
goals: sintering aid to lower the sintering temperature, or application of grain growth inhibitor to
improve the thermal stability of the core particles. Chia-Yi Yang et al. [46] extended the work of
Shih et al [45]. They investigated the coating of aluminium oxide on SiC particles. They used
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coated α-SiC powder with the mean size of 0.6 µm and 3 wt% boehmite. They studied the effect
of pH on coating SiC particles from 0.5 to 11 at 90 °C. Results showed that adding acid to
deagglomerate alumina sol in the SiC suspension is critical for achieving a homogeneous
boehmite coating on SiC at pH 4. Adding HCl causes the gel network of aluminum hydroxide to
break up or dissolve. Besides, the addition of acid may result in charging the network, which
helps in the dispersion of the suspension. It should be noted that the solubility of aluminum
hydroxide increases with decreasing pH [47]. Also, the effect of the ceramic coating thickness on
the rheological and consolidation properties of a coated ceramic suspension has been
investigated. The coating thickness of the second phase is varied by changing the boehmite
concentration in the suspension. TEM results revealed that increasing the concentration of
boehmite from 1% to 10 wt% increases the thickness of boehmite. Increasing it by more than 10
wt%, however, results in the formation of individual boehmite particles. It was observed that the
concentration of sol reaches a maximum amount and beyond this amount the coating thickness
begins to saturate. The reason for this phenomena was studied by measuring the zeta potential of
the coated particles [48].
As mentioned earlier, sol-gel can be used in the formation of ceramic composites. Generally,
when mixing ceramic particles in a wet source, various competitive interaction forces, such as
electrostatic repulsion forces, van der Waals attractive forces, and steric repulsion forces, affect
the dispersion of ceramic particles in liquids [49]. Zhang et al. [50] investigated the dispersion of
kaolin powders in silica sol via electro-kinetic, viscosity and rheological analysis. It was shown
that silica sol is an efficient dispersant for kaolinite particles in comparison with the dispersions
of powders in deionized water. Prabhakaran et al. [51] modified the surface of SiC powders with
alumina sol to behave like alumina. The pH range of the suspension was reported to be 3-4.5.
They suggested that their method can be applied in the preparation of concentrated SiC and SiC–
Al2O3 composites. Similarly, the surface properties of sub micro and nano sized SiC powders
were coated by a thin layer of ALOOH, which may act as a homogeneously distributed source of
sintering additive in the fabrication the SiC-based composites for fusion application [52]. Yang et
al. [53] applied the sol-gel method for making SiC-Al2O3 composites. They used alumina sol and
alumina grains as a source of alumina. They compared two SiC-Al2O3 composites with and
without alumina sol. The research results indicated that adding alumina sol decreased the
sintering temperature. It was found that the sol–gel phase acts as a sintering additive through the
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formation of a continuous inter-granular film around both alumina and silicon carbide particles.
This active inter-granular phase acts as a fast diffusion path during the sintering of the composite.
They found that the dispersion of alumina and SiC particles was substantially improved in
alumina sol compared to water at the same pH. This result can be interpreted as the alumina sol
formed a thin layer of SiC particles and these sols had a positive charge [53]. The inherent SiO2
on the surface of SiC in a wet environment is hydrolyzed to form a negatively charged species,
Si(OH)−. Putting these particles in contact with alumina sol leads to the absorption of the
7
positively charged sol clusters ( AlO4 Al12 (OH )24 ( H 2O)12
as in the following reaction (Figure 1-

7):

7
6
Si(OH )  AlO4 Al12 (OH )24 ( H 2O)12
 Si  O  Al  AlO4 Al11 (OH )23 (H 2O)12
 H 2O

1-5

Figure 1-7 Interaction of inherent hydrated silica film on SiC surface with the alumina gel[53].

1.4 Sintering
Sintering is the heat treatment process in which a powder compact known as the green body
bonds together resulting in a dense final body. It is considered as a key step in controlling the
ceramics microstructure. Among various types of sintering processes, solid state and liquid phase
mechanisms are the most important. In these processes particle size, particle packing of the green
body, temperature, sintering atmosphere, additives, pressure during sintering, time and ramp rate
used during heating are the most effective parameters. The solid state process can be divided into
three stages according to the sequence in physical changes. During the initial stage of sintering, at
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the contact point between each particle, the neck growth occurs and particles are bonded resulting
in atomic movement at high temperature. During this stage the neck size can grow to about 20%
of the particle size. The initial step occurs at a reasonably low temperature and no shrinkage
happens during this stage as well as no changes in the grain size. During the intermediate stage,
the mechanism of transport shifts from surface to bulk and grain boundary transport. It involves
neck growth, grain growth, and considerable shrinkage and the pore phase continues. Most of the
shrinkage results in this stage. At the end of this stage, pores start to close. In the final stage,
which is the slow elimination of the porosity by vacancy, diffusion to the grain boundaries is
observed. Individual isolated pores will be closed through the bulk diffusion mechanism.
Generally, the driving force for solid-state sintering is in the reduction of total free energy, which
consists of energy in volume, boundaries and surfaces of the particles. It is obtained by the
diffusional transport of material from the centers of grains to the particle–particle necks [54-56].
Due to the very low sinterability of the covalent nature of SiC itself, particularly to the low
surface energy and self-diffusion coefficient, it is very difficult to achieve full densification of
SiC without using additives. Since sintering SiC in solid state requires very high temperatures,
abnormal grain growth occurs, causing problems to control the microstructure and the related
mechanical properties. The use of boron [57] and carbon [58, 59] for the solid sintering of SiC
are reported. In the system of B and C additions, sintering is controlled by the grain boundary
diffusion phenomenon. The role of these additives is the reduction of the grain boundary energy
through the segregation of additives to the grain boundaries and the increase of surface energy.
While solid state sintering is successful, the sintering temperature of such systems is generally
very high, above or around 2100 °C. Due to the extremely high temperature needed in the solid
state sintering of SiC, expensive sintering equipment is required and also easily results in
abnormal grain growth. Therefore, significant work is focused on developing an alternative
method to the sintering of silicon carbide [55].
In contrast to the solid state sintering process, liquid phase sintering can be carried out at lower
temperatures. In this method, the liquid phase is formed by the selection of the proper powder
composition and temperature. The liquid phase reduces inter-particle friction and increases the
diffusion rate. During sintering, the liquid phase is formed as a result of a eutectic reaction among
the different sintering aids. Similar to solid-solid sintering, liquid phase sintering also involves
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three steps: the primary densification mechanism changes due to rearrangement, to solution
reprecipitation, to the final pore removal stage (Figure 1-8). During the rearrangement step, the
open pore space between the powders in the green body is filled by the wetting liquid, which
increases the packing density. In the second step, finer grains transferred into the solution due to
the presence of liquid in the system. The effect of the addition of sintering aids for liquid
sintering has been studied on various ceramics.
Generally, the combination of rare-earth oxides with Al2O3 and/or boron compounds, the most
common additives, is used to generate the conditions for liquid phase sintering in the SiC system
[60-64]. These sintering additives react with SiC and the surface oxide silica on the surface of
grains to provide the liquid phase in order to densify the ceramics. During densification, the
liquid phase provides a medium for mass transport. The dense α-SiC powder was obtained at a
temperature of about 1800-2000 °C by the addition of Al2O3 and Y2O3 [62, 65, 66].

Figure 1-8 A schematic drawing of liquid phase sintering [67]
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1.5 Oxidation behavior of silicon carbide
As silicon carbide is applied in an oxidized environment, numerous studies have been conducted
on the oxidation of SiC materials. It has been demonstrated that the oxidation of SiC materials
can be divided into two regimes: active and passive oxidation [68]. In active oxidation, which
causes corrosion in SiC based materials, SiO is produced by the reaction of SiC and O2.
SiC + O2→ SiO + CO

1-6

Vaporization of the oxides SiO and CO results in sample weight loss. For most applications, the
oxidation of SiC should be limited within the passive oxidation regime. The following equations
represent the passive oxidation weight gain due to conversion to silica:
SiC + 1.5 O2→ SiO2 + CO

1-7

The active to passive transition is determined by the oxidation conditions, such as impurity in the
system, oxidation temperature, and partial pressure of oxygen[69]
In the literature there is a general agreement that the reaction product was amorphous at the
beginning of the oxidation and at low temperatures, but with the increase in temperature and for
longer durations it tended to crystallize.
Most researchers describe the oxidation of SiC by the diffusion-reaction model developed by
Deal and Grove[70]. According to this model, the thickness of the oxide layer,

, can be

predicated by the following equation:
1-8
Where

and

represent the linear and parabolic rate constants, respectively.

is a

correction constant used to adjust the time coordinate to the presence of an initial oxide layer.
Typically, at temperatures above 800 °C in air, SiC reacts with air to form silica on the surface
layer. Results show that the oxidation of SiC above 1200 °C follows a parabolic rate law, which
can be attributed to the oxidation rate and is controlled by oxygen diffusion through the oxide
product [71].
Chou [72] developed a new kinetics model, which can be applied to calculate the oxidation rate
of SiC in powder form. This model assumes that the powders are spherical in shape with a
constant density. The main advantage of the Chou model is that it gives a clear physical meaning
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to the kinetics parameters it contains, and it can better describe the oxidation process compared to
the parabolic models [72]. However, it is worth mentioning that the basic assumption of the Chou
model is the same as the shrinking core model, which is very famous for describing the reaction
where the solid particles are consumed [73]. The difference between the Chou and shrinking core
models is based on the assumption of the flux calculation. The former applied Cartesian
coordinates to obtain a concentration profile of oxygen inside the oxide layer (thin film
approximation) while the latter used spherical coordinates, which are more accurate as the
conversion increases [72-74].
Xinmei Hou et al. [75] proposed a model for the oxidation of micro particles with time as
follows:
3
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Where T is the absolute temperature, time in seconds and m is the mass of samples. During the
passive oxidation, both bulk volume and bulk mass of the original SiC body will increase because
silica is less dense than silicon carbide. The equation reaction in the passive process shows that
the number of produced SiC moles is the same as moles of SiO2 produced. The thickness of SiO2
can be estimated by assuming that the density of SiC and silica are 3.21g.cm-3 and 2.2 g.cm-3,
respectively, and all the particles are spherical and the same size (Figure 1-9).

Figure 1-9 A schematic diagram of the SiC particle size change after oxidation
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The following equation assumes that the mass of the sample before and after oxidation is MS and
M S , respectively.

M S  M S
 CM where CM is the factor of relative mass change after oxidation, and the oxidation
MS

fraction of SiC is as follows: f 

X
 2CM . The mass balance equation between SiC and SiO2 is
MS

solved and the thickness of SiO2 is calculated using the following equations:

r3  r1 3 1  1.186 f
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r  r3  r2  r1  3 1  1.186 f  3 1  f 
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In the literature, it was reported that during the oxidation of SiC, the volume rate of SiO2 changes
greatly only in the initial 5 hours of holding time [76]. Shi et al. [77] probed the oxidation
behavior of SiC particles in the passive state using XRD characterization. They showed that with
the increase in temperature, the amorphous SiO2 is transferred to the cristobalite phase. The XRD
analysis demonstrates that for the oxidized powder a new peak at 2  =22.15 is formed, which is
attributed to the cristobilite, whereas the SiC diffraction peak (2θ = 35.65°) decreased [77].
In fact, SiC oxidation is influenced by various parameters, such as moisture in the environment,
particle size, and metal impurities in the powders. Opila [78] investigated the oxidation of
chemical vapor deposited (CVD) SiC in the oxygen via thermogravimetry (TGA) using high
purity alumina and fused quartz reaction tubes. She observed the difference in the oxidation rate,
which was attributed to the impurities in the alumina tubes. It was shown that in the oxidation
environment containing water vapor, oxidation derived silica reacts with water to volatize silica
by forming Si(OH)4.[79] Ramberg [80] investigated the oxidation of the high purity CVD SiC
thick films and single crystal SiC between 800- 1100 °C. Results revealed that the activation
energy oxidation depends on the crystal orientation of the SiC face.
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1.6 In situ polymerization
Like the coating of particles with ceramic, polymers can also be used for the preparation of a
layer on the surface of particles at low temperatures. Typically, inorganic particles, especially
nano particles, can be incorporated into polymers to produce composites to enhance the various
properties, such as thermal, mechanical, rheological, and electrical [81-83].
In-situ polymerization is one of the methods, which can lead to the coating of fibers or particles
with a desired thickness. In situ polymerization or polymerization compounding is the wellknown technique for solving the problems encountered when making a new composite material
in polymer science. The usual problems encountered in coating a substrate are poor wetting of the
particle and insufficient dispersion into the substrate. As shown in Figure 1-10 in the traditional
polymer composite, such as melt polymerization, the nano particles are agglomerated, but in the
grafting polymerization, monomer typically penetrates inside the agglomeration and supports the
existing active sites on the particles. Therefore, polymerization starts from the surface of
particles. As a result of macromolecular chain growth, the nanoparticle aggregation will break
and the dispersion of particles inside the polymer will be improved.
The basic principle of graft polymerization referred to as the polymerization compounding
approach is strongly dependent on the existing active sites, such as the hydroxyl group on the
surface of particles. Ait-Kadi et al. [84] developed this technique for coating particles with
polyethylene using Ziegler Natta catalyst.
In this method the catalyst is chemically anchored on the surface of the filler and the monomer is
polymerized from the surface of the samples. In fact, OH groups on the surface of the fillers play
the role of the reactive sites for the bonding of the catalyst. It should be noted that during the
polymerization with the Ziegler-Natta catalyst, the size of the monomer strongly controls the
reactivity of polymerization. For example, ethylene is five times more reactive than propylene
because of ethylene’s smaller size. In polymerization compounding, polymer chains grow from
the active surface sites by a sequential monomer polymerization.
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Figure 1-10 Preparation of nano-composite without: (a) without grafting polymer and (b)
separation with grafting polymer.[82]

Dubois et al. [85] coated fumed silica particles with polyurethane at concentrations of about 25
wt%. Roy et al [86] performed the in-situ synthesis of high density polyethylene (H.D.P.E) on the
surface of aluminium nanoparticles using the Ziegler-Natta catalyst in the solvent extraction with
hexane. Similarly, Esmaili et al. [87] successfully coated a nano particle of zirconia with
polyethylene. Contents of the polymer can be controlled by temperature, pressure, concentration
of monomer and time. A comparison of the results of the coated-zirconia with coated-aluminium
particles showed that the surface properties of fillers affect the characterization of product. Rong
et al. [88] prepared a nanocomposite of polyethylene/clay via the simplest coordinated catalyst,
TiCl4/AlR3. They first activated the surface of the silicate nanowhiskers by the reaction of a TiCl4
catalyst with magnesium vacancies present in the clay structure. Similarly, Zhongjie Du et al.
[89]

produced

a

polyethylene-palygorskite

nanocomposite

using

in-situ

coordination

polymerization. They used TiCl4-MgCl2-AlR3 as a catalyst system. Ramazani et al [90] prepared
polyethylene/clay nanocomposites by in situ Ziegler-Natta catalyst polymerization. In their work,
they first activated the substrate with a co-catalyst. They found that the optimum temperature and
pressure for polymerization were 60 °C and 7 bars. Wei L. et al. [91] successfully prepared
polyethylene on clay-silica nanocomposites to improve the mechanical properties of
nanocomposites. In their work, they fixed a zirconocene catalyst [bis(cyclopentadienyl)zirconium
dichloride/methylaluminoxane]

on

the

montmorillonite/silica

hybrid

before

ethylene
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polymerization. The catalyst was supported on the particles by mixing methylaluminoxane
(MAO) solution under an inert atmosphere followed by adding Cp2ZrCl2 solution to the system.
Yang F. [92] prepared polyethylene/montmorillonite (MMT) nanocomposites via graft
polymerization using a MMT/MgCl2/TiCl4 catalyst and co-catalyst of Al(Et)3. The molar ratio of
(Al/Ti) was fixed to be 20 at a polymerization reaction of 50 °C. Alexandre et al. synthesized
polyethylene-layered silicate nanocomposites via in situ polymerization of ethylene by attaching
the methylaluminoxane to the filler [93]. Takamura M. et al. [94] grafted poly(L-1actide)(PLLA)
from the surface of a silica nanoparticle via ring-opening polymerization. Before the
polymerization, they initially treated the surface of the silica with amino groups to fix an amidine
base catalyst. They showed that the dispersibility of silica was significantly enhanced after the
graft polymerization and the coated particles were stable in polar solvents.
All of the previously mentioned research works have proven that graft polymerization is an
effective technique to enhance the dispersion of nano particles in the polymer matrix.

1.7 Fabrication of porous SiC ceramics
As mentioned in the Introduction, various methods for the manufacture of porous SiC ceramics
have been proposed and can be grouped into the five following categories [95]: (i) partial
sintering, (ii) replica, (iii) sacrificial template, (iv) direct foaming, and (v) bonding techniques, as
schematically presented in Figure 1-11.
Among the above mentioned methods, partial sintering is the simplest process, which includes
pressing the powder compact and heating the compact powders. During the partial sintering
powders were bonded as a result of the surface diffusion, evaporation–condensation, or recrystallization process [96-98]. In this method, pore size, porosity, and mechanical properties are
dependent on the size of the starting powders and the degree of partial sintering [95, 99, 100].
Typically, the final pore sizes are between two to five times smaller than the starting particle
sizes [95]. In this method, the sintering temperature is reported between 1500 °C to 2300 °C [97,
100-102].
In the replica method, porous ceramics are fabricated from either the impregnation of polymer
foams with a SiC suspension or precursor solution, chemical vapor deposition (CVD) of SiC on
polymeric foams, or the infiltration of natural wood-derived or artificial carbon foams with Si
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sources [103-105]. The products have a very high porosity (up to 95 %) with a large pore size
(more than 10 um to 5 mm), which is useful to form open-cell SiC ceramics[106].
In the sacrificial template technique, porous SiC ceramics are fabricated by mixing of sacrificial
template, which acts as a pore former, with SiC powders or SiC precursors. During the heating
process the template is removed, creating pores [107]. The porosity and pore size depend on the
amount of pore former content and the structure of the pore former. The porosity can reach up to
95% but the final products have the wide pore size distribution [95].
The carbothermal reduction technique involves the carbothermal reduction of silica by carbon.
Kim et al. [108] developed microcellular silicon carbide ceramics by carbothermal reduction.
They used polysiloxane, phenol resin, polymer beads, alumina and Y2O3 as sintering additives.
They heated the compact powders under an inert atmosphere at 1650 °C for the carbothermal
reduction of SiOC ceramics to produce SiC. Pyrolysis of polysiloxane and phenol resin generates
SiOC and carbon, respectively. Eom et al. [109] fabricated porous silicon carbide ceramics by the
carbothermal reduction of polysiloxane at sintering temperatures between 1800 °C to 1900 °C.
They showed that pore size distribution is a tri-model in the range of 0.003 to 30 µm with
porosity in the range of 40 % with high mechanical strength, 100 MPa. Youngseok [98] and his
co-workers fabricated porous SiC ceramics at a sintering temperature of 2100 °C via the
recrystallization process. They fabricated porous SiC ceramics with a pore size of 6-7 µm,
porosity of 47% and strength of 45 MPa.
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Figure 1-11Schematic of different processing routs of porous SiC ceramics
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In the above mentioned methods to fabricate porous ceramic grains, usually a higher sintering
temperature is needed to bond SiC particles together due to the strong covalent nature between
the Si-C bonds and the sintering process is carried out under inert gas. However, changing the
sintering atmosphere may lead to an increase in mechanical stability at lower temperatures. In
2002, She et al. [3] developed a low temperature fabrication technique of porous SiC-based
ceramics with good resistance to oxidation. The most important feature of the process was in the
sintering process where they applied air instead of an inert atmosphere. In the other work, they
used alumina as the sintering additives. As a result of the increase in temperature, a layer of silica
was formed on the outer surface of the SiC grains and with an increase in temperature silica
reacted with alumina to form mullite, which subsequently bonded silicon carbide together. This
method, which is well-known as the reaction bonding technique, has been applied by numerous
researchers to fabricate porous ceramics. For controlling the porosity and pore size distribution
organic or inorganic materials, such as graphite, can be used. During heat-treatment, these
particulates burn out and produce stable voids [3]. Dey [110] and his coworkers fabricated porous
SiC ceramics by the infiltration technique. They first infiltrated the SiC powder compact with
tetraethylorthosilicate (TEOS) sol. During sintering, SIC particles were bonded by silica. They
reported flexural strength of 48 MPa with a porosity of 28%. The sintering temperature was 1300
°C under air. Ding S. [111] and his coworkers studied the effect of Y2O3 addition on the phase
composition and mechanical and physical properties of the products, which was produced by the
reaction-bonded technique. They concluded that the addition of 1.5 wt% Y2O3 causes the
formation of mullite at lower temperatures and increases the mechanical strength of the product.
Liu S. et al. [112] extended their work by investigating the CeO2 addition to the cordierite–
bonded porous SiC ceramics. They reported that the addition of 2 wt % CeO2 promotes cordierite
formation and crystallization. Flexural strength of 26 MPa with a porosity of 44 % was reported
when 10 µm SiC and graphite as the pore former were used at the temperature of 1350 °C.
Kumar et al. fabricated mullite bonded SiC ceramics using aluminum hydroxide (Al(OH)3)
powders as the source of alumina. They studied the effect of aluminum hydroxide from 14 to 47
wt% at the sintering temperatures of 1450 °C to 1550 °C for 2 hours. It was demonstrated that
flexural strength was enhanced with the increase in aluminum hydroxide content [113]. Jin et al.
prepared SiC/mullite porous ceramics by heating the mixture of calcined kaolin, aluminum
hydroxide, silicon carbide, and graphite under air [114]. In the another work, the effect of
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different alkaline earth metal oxidation additions, such as MGO, CaO and SrO, on the physical
and mechanical properties of mullite-bonded porous SiC ceramics was investigated [115].
Dey [116] fabricated SiO2- bonded porous SiC ceramics with a porosity in the range of 36 to 56
% and a pore size from 3 to 15 µm and they evaluated the air permeation. More recently they
investigated the flirtation efficiency of mullite-bonded porous SiC ceramics at room temperature
with different ranges of porosity and it was demonstrated that the perforce of the filtration was
more than 99%.

1.8 Problem identification
To manufacture self-bonded SiC ceramics a very high sintering temperature (2100 °C) is required
due to the covalent nature and low self diffusion coefficient of SiC. In order to decrease the
sintering temperature, some sintering additives are added to the starting powder. For example,
non-oxide-based clay-bonded SiC is used in various plants throughout the world [117].
Schumacher and Pall manufactured SiC particle candle filters with a different binder and it has
been tested worldwide for various particulate removal processes. The filter matrix of Schumacher
Dia Schumalith consists of silicon carbide grains that are held together by a clay binder
containing alkali and aluminosilicates. Research has demonstrated that the behavior of the candle
filters is controlled by the ceramic binder. Based on engineering reports, a major disadvantage of
SiC is its oxidation to silica at high temperature, particularly in humid environments. During the
process, the micro-structure of these types of filters has been changed. Silicon carbide particles
have been oxidized due to the diffusion of the process gas through the binder coating. Initially,
the coalescence and crystallization of the binder increased the strength of the clay bonded filter
matrix and the thickness of the crystalline silica-enriched layer increased as well, encapsulating
the silicon carbide grains. As shown in Figure 1-12, two distinguished parts were formed. The
outer surface layer was formed with silica while an underlying crystalline aluminosilicate was
observed. With extended service operation, thermal fatigue at the junction of the crystallized
silica-enriched encapsulating layer occurred and led to a reduction in the bulk strength of the
filter matrix exposing the underlying silicon particles to further oxidation (Figure 1-12) [118]. In
the presence of Na2O, K2O and Fe2O3, the softening temperature of siliceous glassy phases
dropped significantly low and, therefore, clay-bonded SiC filters could be irreversibly damaged
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during long-term operation at higher temperatures. Moreover, during the pulse cycle (for cleaning
a filter) the crystallized binder and oxide-enriched is removed. The edge abrasion of particles has
been found to cause a degradation of material strength in service.
In summary, although SiC filters are one of the most attractive candidates in hot gas cleaning,
due to harsh conditions they are faced with problems, such as the oxidation of the silicon carbide
grains, volume expansion of the component, loss of permeability of flow gas due to the formation
of the amorphous glassy phase and cracks because of thermal shock during the long-term pulse
cycling of the elements [119, 120].

Figure 1-12 Crystallization of the Schumacher Dia Schumalith F40 filter matrix during operation
(right) and the silica-enriched layer on the surface of the silicon carbide grains within the Pall
filter matrix (left)[118]

As in the reaction bonding technique, SiC particles are already partially oxidized during the
manufacturing process. The porous ceramics are resistant to oxidation and thus suitable to be
applied in oxidizing atmospheres. In the case of mullite bonded SiC particles, since the thermal
expansion number of SiC and mullite is similar they are expected to show more thermal shock
resistances as well.
Ding et al. [121] fabricated porous SiC with different fractions and particle sizes of graphite to
produce ceramic porous on the basis of the reaction bonding method. They reported that graphite
content had a significant effect on the open porosity of porous SiC ceramics and open porosity
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increased with the graphite content, however, mercury porosimetry showed that the pore size
distribution of SiC ceramic by this method was bi-model, where one of them contributed to the
stacking of SiC grains while the other was due to graphite burning out (Figure 1-13). Similarly,
Liu S. et al. [112] exhibited a similar bi-model pore size distribution in the fabricated porous
ceramics even when they started with a similar size pore former and starting particle.
Theses researchers contributed to this effect because of the wide particle size distribution of
graphite particles, which were partly dispersed into the voids among SiC grains. The uniformity
of pore structure in porous ceramic depends significantly on how uniformly the pore former is
dispersed in the slurry as well as the size and particle size distribution of the pore former.
Porosity and pore size distribution strongly depend on the shape, size, and amount of pore
former.
Another shortcoming of this method is the weak dispersion of sintering additives in the starting
materials and strong agglomeration of nano particles due to the nature of nano materials. For
example, SEM analysis showed (Figure 1-13, right) that in some parts of the ceramic porous,
Al2O3 agglomerates together [121]. This agglomeration significantly decreases the constitutive
properties of the product. Due to the in-homogeneity of the starting material during the
preparation of the green body, mullite formation cannot bond all of the SiC particles and,
consequently, some parts of the final product do not possess enough mechanical strength [81].

Figure 1-13 Pore size distribution of porous SiC ceramic (addition of the20µm graphite) (left)
and agglomeration of α-Al2O3 particles in porous SiC ceramics [81].
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Therefore, developing a new method to obtain a porous ceramic, which can better control pore
size distribution and increase the mechanical properties and porosity simultaneously would be an
interesting subject.

1.9 Objectives
The literature review showed quite a few studies to increase the dispersion of sintering additives
onto the starting materials. In addition, there is the need to develop porous SiC ceramics with a
narrow pore size distribution. Furthermore, based on the literature study the optimum conditions
of alumina nano particles as the sintering additive on the starting powders are not systematically
studied.
The broad goal of this research is to develop a method to control the microstructure of porous
silicon carbide to improve the mechanical and physical properties. Accordingly, the main
objective of this research is as follows:
‘Fabrication of mullite-bonded porous silicon carbide ceramics using combination sol-gel
andpolymerizationcompoundingmethods’
Inherent to the main goal are more specific objectives, which are as follows:

-

To experimentally and theoretically study the oxidation of SiC powders and porous SiC
with different particle sizes

-

To fabricate porous SiC ceramics using the Sol-gel method

-

To fabricate porous SiC ceramics prepared by in situ polymerization and a reaction
bonding technique

-

To develop mullite bonded porous SiC ceramics using sol-gel and polymerization
compounding methods.
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CHAPTER 2

METHODOLOGY

2.1 Materials
For the kinetic studies of SiC particles and the effect of particle size on the oxidation rate of SiC,
two different particle sizes were selected (1.5 µm and 0.12 µm). For the fabrication porous SiC
samples via various processing techniques, the larger particle size of SiC was chosen (11.1 µm).
In this work, the ceramic materials (SiC and Al2O3) were supplied by LABMAT, Inc, Canada.
Some of their physical properties are listed in Table 2.1.

Table 2.1 Powder compositions and characterization of materials used in this study
Material

Particle size

µm

Surface area m2/gr

Crystalline phase

g/cm3

Density

SiC

1.5

15.27

β

3.2

SiC

0.12

34.73

β

3.2

SiC

11.1

0.87

α

3.2

Al2O3

0.27

8.5

α

3.95

2.2 Synthesis of alumina sol
Alumina sol was prepared by the hydrolysis of Aluminum isopropoxide (AIP, Aldrich, 98%),
which was used as the alkoxide source of alumina according to the method developed by Yoldas
[122]. In a typical experiment, 350 grams of distilled water were heated up to 85 °C in a four
neck reactor equipped with a heater and magnetic stirrer, followed by adding 40 grams of AIP in
the form of powder to the medium. The molar ratio of water to AIP was fixed at 100:1. After
vigorously stirring for about 1 hr, the resultant white precipitate was peptized by adding a small
amount (9 cc) of 10% HCL (Merck, 37%) in order to set the pH of the solution to 3.5–4. This
mixture was kept under the reflux condition and temperature of (85-90 °C) for another 24 hrs to
form a clear solution. After cooling it down to ambient temperature, the resultant sol was kept for
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the fabrication of porous ceramics and characterization. A schematic of the set up is illustrated in
Figure 2-1.

Figure 2-1 Processing set-up for the synthesis of alumina sol

2.3 In-situ polymerization processing
Ethylene polymerization was performed in the solvent by means of a Ziegler–Natta catalyst.
Titanium tetrachloride (TiCl4, Fluka) was used as the catalyst and triethylaluminum 1M in
hexane (AlEt3, Sigma-Aldrich) was used as the co-catalyst. As the catalyst and co-catalyst are
highly sensitive to moisture and oxygen, they were stored and handled in a glove box under
argon in an inert atmosphere. Ethylene gas with a purity of 99.5% was obtained from Canadian
liquid air and used as a monomer for the polymerization reaction. Hexane was supplied by Sigma
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and used as the reaction solvent. In order to adsorb the water, it was dried and stored for at least
24 hours on a molecular sieve.
The polymerization experiments were carried out in slurry phases using a two liter pressurized
BUCHI reactor. The heating of the reaction system was provided through an external fluid bath
circulator and mixing was performed by a magnetic drive impeller, which was located on top of
the reactor. The pressure in the system was monitored by a pressure gauge, which was located on
top of the reactor (Figure 2-2).

Figure 2-2 A BUCHI reactor system for polymerization

In a typical reaction, a mixture of powders, which was previously dried in an oven at temperature
of 150 °C, was added to 1.5 liter of dried hexane. The powders were dispersed in hexane at a
temperature of 65 °C for about 1 hour by mechanical agitation (400 rpm) and the system was
purged with N2, which was further dried by passage through a molecular column sieve to
eliminate oxygen in the medium. At this step, the desired amount of catalyst, TiCl4, was added to
the system using a syringe through a septum feeding port in the reactor. In order to be sure that
the catalyst had sufficient time to adhere onto the powders, the system was mixed for another 15
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min. Subsequently, the pre-determined amount of co-catalyst, AlEt3, was also injected through
the same position and the mixture was agitated for another five minutes to allow the system to
form a catalyst-co-catalyst complex. The reaction started by shifting nitrogen to the ethylene
monomer. The relative pressure of the system was kept to 48 kPa. After the desired reaction time,
the reaction was terminated by an injection of ethanol in the medium to hydrolyze the catalyst
complex.

2.3.1 Calculation of catalyst and co-catalyst
The amount of catalyst was calculated based on the ideal assumption where all the surface of the
powders can be covered by the catalyst. Therefore, it depends on the total surface area of
powders in the system that can be coated by TiCl4. In all of the experiments, the molar ratio of
co-catalyst to catalyst was kept constant at two.
It was thought that the TiCl4 molecule had a spherical shape with a radius equal to the size of the
Ti-Cl bond. When the catalyst was adhering onto the surface of the substrate, it was assumed that
each molecule of the catalyst occupied the surface of the substrate according to the surface of a
disk with the ratios of the Ti-Cl length (1.18 A°) and surface area of 1.493×10-19. For example, in
a case where 25g of powders with the specific surface area of 21.3 m2/g were used for
polymerization, 3.56 × 1021 molecules of catalyst are needed to cover all surfaces of the powders
(25× 21.3/1.493×10-19). This amount of molecule is equal to the 5.9×10-3 mole or 1.12 gr of
catalyst (TiCl4 molar mass =189.9 g and ρ= 1.72 g/cm3). Consequently, for this system, 650
micro liters of catalyst and 11.85 cc of co-catalyst must be used.

2.4 Fabrication of porous SiC ceramics
In this part, different approaches were used to assess the effect of various parameters, such as the
effect of alumina sources and contents, sintering temperature, forming pressure and pore-former
content on the properties of porous SiC ceramics.
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2.4.1 Mixing of powders in calined form
In the first approach a conventional method was applied to fabricate porous ceramic. Initially, a
given mass of silicon carbide and sub-micron alumina powders at certain weight ratios were
placed in a plastic vial. Subsequently, 2.5 wt. % of polyvinyl butyral (PVB) binder, which was
dissolved in ethanol, was added to the powders followed by mixing the powders in a high-energy
ball mill (Spex 8000 M) for 30 minutes. The volume percentage of the amount of polyvinyl
butyral was equal to 7 Vol.%. Two plastic balls were used during the mixing. The resulting
slurries were transferred into a baker, dried under stirring using a magnetic stirrer and, finally,
crushed by a mortar and pestle. Then, they were passed through an 80-mesh size screen.

2.4.2 Mixing of powders in alumina sol
In the samples fabricated by the sol-gel technique, SiC particles were added to different amounts
of alumina sol and calcined alumina powders and the slurry was stirred-dried at room
temperature. The amount of alumina sol was determined to yield the desired alumina content in
the final product with respect to the SiC powders. For example, when 40 g of AIP were dissolved
in 350 cc of water, according to the mole balance it results in 10 g of Al2O3 in the final product.
The resulting powders were then further dried in an oven at 100 °C, before being crushed and
passed through an 80-mesh sieve. The weight ratio of SiC to alumina was calculated from the
quantity of sol that was finally converted to calcinated α-Al2O3.

2.4.3 Preparing coated powders with polyethylene
The calcined alumina powders and SiC particles with a weight ratio of 35 wt% were first dried at
150 °C and then coated by the desired amount of polymer according to the procedure explained
in section 2.3. Then, the coated powders were dried at 80 °C to evaporate the hexane under
vacuum conditions. The resultant powders were screened through an 80-mesh sieve.
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2.4.4 Preparing the samples by a combination of sol-gel and in-situ
polymerization
In this step, first the SiC and alumina powders were placed in a baker and mixed in the alumina
sol until the solvent evaporated. In other words, a fraction of alumina was formed from alumina
sol to yield the total mass ratio of 35 wt% alumina. After being crushed and passed through a
screen, they were placed in a vacuum oven to be further dried. The resultant sample was coated
by polyethylene similar to the procedure as described above followed by drying and passing
through a screen for a second time.

2.4.5 Preparation of green body and sintering processing
At this point, the powders were uniaxially pressed into rectangular bars of 4.5 mm × 10.0 mm ×
50.0 mm under a typical 50 MPa pressure in a stainless steel die. At least three samples were
prepared, carefully handled, and placed in a box furnace (CM furnace 1700 °C). At the beginning
of the heating, the temperature was increased with the slow heating rate of 2 °C/min to 900 °C to
avoid failure of the samples, especially during the burning out of the pore-former. In the second
step of heating, the samples were heated at a heating rate of 5 °C/min and ramped up to the
desired sintering temperature, at which they were sintered for 3 hours in air. It should be noted
that before and after the firing step the weight of the sampled was measured.

2.5 Characterization techniques
During the fabrication of porous SiC ceramics, the oxidation of SiC particles, the synthesis of
alumina sol and in-situ polymerization of polyethylene on the surface of particles, and different
characterization techniques have been used to analyze the synthesis of the materials and measure
the physical and mechanical properties of the specimens.
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2.5.1 Thermal analysis TGA and DSC
During the oxidation kinetic studies of SiC particles, for thermal analysis of alumina sol and
polyethylene and to determine the quantity of polymer or degradable components on the
particles, thermogravimetric analysis (TGA) was applied using a TGA Q 5000 apparatus (TA
Instruments, USA) or a Mettler Toledo thermogravimetric analyzer. The flow rate of gas was 20
ml/min and the typical heating rate was 10 °C/min. The thermal properties of the synthesized
polymer were further investigated using differential scanning calorimetry (DSC Q 2000, TA
Instruments, USA) to measure the melting temperature and crystallization behavior of the
polymer, which grafted on the particles. The samples were heated up to 200 °C with heating and
cooling rates of 10 °C/min. The crystallinity of polyethylene was calculated as follows:
2-1
Where

is the weight fraction of ceramic powders,

is the enthalpy of melting and

represents the heat of fusion of 100% crystalline high density of polyetheylene.

2.5.2 Surface characterization: FTIR and XPS analysis
BIO-RAD Excalibur series FT-IR 3000 was used for fourier transform infrared (FTIR)
spectroscopy measurements to detect the functional groups on the surface of dried and calcined
alumina sol. In this technique the intensity of a beam from FTIR is determined before and after
the interaction with the specimen according to the light frequency. FTIR tests were carried out
using the pellet technique in a wide range of frequencies, 400-4000 cm−1. Sixty-four scans at a
resolution of 4 cm−1 were taken per spectrum. The specimens for the FT-IR analysis were
prepared by mixing the samples with dried KBr at a ratio of 1:100 followed by compressing them
to form a transparent disc.
Furthermore, the surface analysis of the coated samples by polymer and alumina sol as well as
the original samples was analyzed by X-ray photoelectron spectroscopy (XPS) in a VG Scientific
ESCALAB Mk II with Mg Kα radiation (1253.6 eV) operated at 300 W without a
monochromator. During the analysis, the pressure of the chamber was about 8× 10-9 Pa. In this
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technique, the substrate is bombarded by monoenergetic soft X rays to leave electrons of
elements, which will be recognized by the kinetic energies of these photoelectrons.

2.5.3 Crystalline examination: XRD
X-ray diffraction (XRD) measurements were performed using a Philips X'Pert diffractometer
(The Netherlands) with Cu-Kα radiation in which a collimated beam of X rays with a wavelength
of 1.542 A° was radiated on the samples followed by diffraction in the crystalline phase. The
generator was set up at a voltage of 50kV and a current of 40 mA. The scanning rate was 1.2
°/min at an interval of 0.02°. This technique was performed to investigate the crystalline structure
of dried alumina sol at different calcined temperatures, the crystalline changes of SiC during
oxidation as well as the crystalline structure of porous SiC ceramics prepared by different
approaches.

2.5.4 Morphological characterization: SEM and TEM
The morphology of the porous ceramics, starting materials and coated particles was observed by
scanning electron microscopy (SEM, Model JSM-7600 TFE, JEOL, Japan) operated at 2 kV with
an LEI imaging mode and a working distance of 8.5 mm. During the analysis with SEM beams
interact with the specimen and form various signals, such as secondary electron and ternal
currents, which are highly localized to the place directly under the beam to produce an image. It
should be mentioned that before the characterization of the porous samples, they were coated
with a very thin layer of gold.
Transmission electron micrographs (TEM, JEOL JEM-2100F) were utilized at a 200 kV
acceleration voltage to bombard the synthesized alumina sol and coated particles with a polymer
under vacuum for morphology studies. During the analysis, the beam was passed through the
specimens. Before characterization of the coated particles by polyethylene, they were
ultrasonically dispersed in water or ethanol for a few seconds and dried at room temperature.
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2.5.5 Physical properties: BET, PSD, and pycnometer
The surface area of ceramic powders before and after modification was measured by gas
adsorption using a Quantachrome Autosorb-1 apparatus. Before analysis, samples were degassed
at 150 °C for 3 hours to drive off any adsorbed water on the sample. In summary, the total
volume of nitrogen gas adsorbed on the surface of particles was measured at different pressures.
By plotting of P/[V(P0-P)] versus P/P0, the monolayer capacity, Vm, and the constant c were
determined where P is the experimental pressure, P0 is the saturation pressure at the temperature
of adsorption and Vm is the monolayer capacity. By knowing these parameters the specific
surface area of the powders can be calculated as explained by Brunauer, Emmett and Teller, BET
[123].
The particle size distribution of ceramic samples was measured by a Horiba LA-950 laser
diffraction particle size analyzer. The calculation was based on the volume calculation. The true
densities of porous samples were measured by the gas volume displacement method using a gas
pycnometer (Accupyc II 1330 helium pycnometer). In this method the predetermined weight of
the samples was placed in a vessel filled with helium. Knowing the volume of the empty
calibrated vessel, mass of the samples and volume of the fluid filling the void space in the vessel
gives the true density of the samples.
Mercury porosimetry (Micromeritics Autopore IV) was utilized to show the pore size distribution
of porous samples. Open porosity was ascertained from the total mercury intrusion volume and
the skeletal density of the sample. During the operation the pressure and temperature of the
ambient were monitored to determine the density of mercury and measure the pore size
distribution. This analysis was performed by increasing the imposed pressure in small increments
and measuring the volume of mercury entering the sample during each pressure increment. The
imposed pressure is generally related to the pore size via the Washburn equation [124].

2.5.6 Mechanical Property
The flexural strength of porous samples was determined by a three-point bending test with a
support distance of 30 mm at a constant crosshead velocity of 0.5 mm/min using an Instron
Universal Testing machine (Model 1123, Instron, Canton, MA, USA) with a 500 N load cell. The
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deflection measurement was taken using LVDT with a resolution of 0.05% and Young’s modulus
was calculated via standard software (Instron Bluehill-2, UK). Typically beams were machined
and polished to 3.0 (±0.1 mm) × 4.0 (±0.1 mm) × 36.0 mm and at least three specimens were
tested to obtain the average strength. The strength of the beam in a three point flexure is
calculated as follows:
S=3PL/(2bd2)

2-2

Where P is the break force, L is the outer span, b is the width of the bar, and d is the sample
thickness.
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CHAPTER 3

ORGANIZATION OF THE ARTICLES

The following four chapters contain the articles representing the results of this study.
The first paper of this work is presented in Chapter 4, “Diffusional effects for the oxidation of SiC
powders in thermo-gravimetric analysis experiment”. This work investigates the oxidation
behavior of two different particle sizes of SiC powders in the temperature range of 910 °C to
1010 °C by means of thermogravimetric analysis (TGA). TGA results revealed that the oxidation
of SiC particles began at lower temperatures for the samples, which had a smaller particle size.
The effect of the height of the samples into the crucible on the oxidation of particles was also
investigated. It was found that for the same particles, the oxidation rate depends on the initial
mass of sample placed in the crucible. Furthermore, in the studied system, the analysis of the
results showed that both inter-particle and intra-particle diffusion as well as surface kinetics
control the overall oxidation rate. As the previous models cannot describe the oxidation rate of
SiC particles, especially in the pack state, it was necessary to develop a new one. A new kinetic
model was proposed which can be applied for describing non-catalytic gas-solid reactions, which
include all diffusion steps (bulk, inter- and intra-diffusion) and the chemical reaction. The
developed model was found to describe the oxidation behaviors of SiC powders well, especially
for the compact case. This article has been published in the Journal of Materials Science,
2013, Vol. 48 (12), pp 4396-4407.
The second article presented in Chapter 5 is entitled “Fabrication of Mullite-bonded Porous
SiC Ceramics via a Sol-gel Assisted In-situ Reaction Bonding”. In this work the influence of
different sources of alumina (alumina in powder and sol form) and the contents of the physical
and mechanical properties of porous SiC ceramics produced via in-situ reaction bonding have
been investigated. The resulting porous ceramics are characterized using XRD, SEM, and
mercury porosimetry and three point bending. It was found that the implementation of the sol–gel
technique improved the porosity and flexural strength of the samples compared to the traditional
method. This article has been published in the Journal of the European Ceramic Society (2014,
Vol. 34(2), pp 237-247).
The third article presented in chapter 7 is entitled “A Novel Fabrication Route for Porous
SiC Ceramics by Combining In-situ Polymerization and Reaction Bonding Techniques”. In this
article SiC and alumina particles were coated by polyethylene via in situ polymerization using a

44
Ziegler-Natta catalyst. The aim of this section is to investigate the application of in-situ
polymerization, known as the graft polymerization technique, as a means of improving the
dispersion of the polymer (pore former) and sintering additive to fabricate porous SiC ceramics.
The effects of the polymer content on the mechanical and physical properties of fabricated porous
SiC have been studied and discussed. The pore size distribution, porosity and flexural strength of
the products, which were fabricated with the assistance of in situ polymerization techniques, have
been compared to the traditional methods. This article has been submitted to the Journal of
Applied Polymer Science in 2013 and received minor correction.
The fourth article presented in chapter 8 is entitled “Manufacturing Process for In situ Reactionbonded Porous SiC Ceramics using a Combination of graft Polymerization and Sol-Gel
Technique”. In this article for the first time a new method, which includes the combination of insitu polymerization and sol-gel techniques, has been proposed to fabricate in situ reaction bonded
porous SiC ceramics. The resulting products have been characterized by means of flexural
strength, mercury porosimetry and morphological studies. In addition, the effect of sintering
temperatures from 1500 °C to 1600 °C was investigated on the properties of the resulting porous
ceramics and the crystalline structure of the specimens. This article will be submitted to the
Journal of Industrial & Engineering Chemistry Research.
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CHAPTER 4

ARTTICLE 1: DIFFUSIONAL EFFECTS FOR THE

OXIDATION OF SIC POWDERS IN THERMOGRAVIMETRIC
ANALYSIS EXPERIMENTS
Omid Ebrahimpour, Charles Dubois and Jamal Chaouki1

Journal of Materials Science, 2013, Vol. 48 (12), pp 4396-4407.
Department of Chemical Engineering, École Polytechnique de Montréal, P.O. Box 6079, Station
Centre-Ville, Montréal, Canada

Parts of this work have been presented 33rd International Conference & Exposition on Advanced
Ceramics & Composites, USA
Abstract
The oxidation behavior of SiC powders was studied using a thermogravimetric analysis (TGA).
The effects of temperature (910-1010°C), particle size (120 nm, 1.5 µm) and the initial reactant
mass on the oxidation behavior of SiC were investigated. Kinetics analysis showed that intraparticle diffusion and chemical reaction controls the oxidation rate. Moreover, a new kinetics
model was proposed to describe the oxidation rate of where all diffusion steps (bulk, inter- and
intra-diffusion) and the chemical reaction may affect the overall reaction rate. The model was
validated through a comparison with the experimental results obtained from the oxidation of SiC
powders in TGA experiments. It was found that during the experiments, inter diffusion must also
be taken account to describe adequately the oxidation rate. Numerical analysis indicated that
inter-particle diffusion has significant effect on the oxidation rate especially for larger system.
Keywords: SiC powder, Passive oxidation, Particle size, Diffusional effects, Kinetics model
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4.1 Introduction
Silicon carbide has been recognized as a promising member of the high temperature structural
materials due to its excellent combination of physical and mechanical properties. Because of
wide use of silicon-based material in a high temperature, it is important to study its oxidation [1].
It is well-known that the oxidation behavior of SiC is categorized into passive and active regimes.
During passive oxidation [2], a layer of SiO2 is formed on the SiC surface causing a net weight
gain according to Eq. (1):
4-1
On the other hand, the active state [2] results in gaseous species of SiO and CO, which leads to a
net mass loss, where:
4-2
At a well defined temperature (typically more than 800°C), when the level of partial pressure of
oxygen in the bulk gas is higher than the critical pressure of oxygen, passive oxidation takes
place [2]. Jacobson N.S. [3] listed the previous works which have been studied on the
determination of active-to-passive or passive-to-active transition in the oxidation of SiC.
Several factors affects on the oxidation rate of SiC based materials. Opola [4] investigated the
effect of impurity on the oxidation rate of chemically vapor deposited SiC. He performed the
experiments in alumina (99.8%) and fused quartz (99.995%) reaction tube. It was observed that
the impurities in alumina tubes increased the oxidation rate. Zheng et al. [5] investigated the
effect of sodium contamination on the oxidation rate of CVD SiC at the temperature range of
1100-1300 °C. Ramberg et al. [6] showed that oxidation rate of SiC is depended on the crystal
orientation of SiC faces. Quanli et al. [7] studied the effect of particle size on the oxidation rate of
SiC powders over the temperature range 1100 to 1200°C. Tortorelli P.F. [8] showed that the
presence of water vapor enhanced both oxidation and crystallization rate.
Most investigators describe the growth of the oxide layer using the diffusion-reaction model
developed by Deal and Grove [9]. According to this model, the thickness of the oxide layer,

,

can be predicated by the following equation:
4-3
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Where

and

show the linear and parabolic rate constants, respectively.

is a correction

factor used to adjust the time coordinate to the presence of an initial oxide layer. For a long
reaction time, the equation reduces to the popular parabolic oxidation model. Lately, Chou [10]
proposed a new kinetics model to calculate the oxidation rate of Si-Al-O-N materials in powder
form when the intra-diffusion is the rate control of the reaction. It was shown that it describes
better the oxidation process as compared to the parabolic model [11]. Typically, at higher
oxidation temperature, intra-particle diffusion is the rate step controlling of the reaction. Some of
the previous works for the oxidation of silicon carbide including the experimental conditions and
the rate-controlling steps are summarized in Table 4.1.

Table 4.1 Summary of previous studies on the oxidation of SiC

Recently, there has been increasing interest in the investigation of oxidation behavior of SiC in
the powders state due to its wide application for the fabrication of porous and composite SiC
ceramics in oxidation environment [12]. Typically, thermogravimetric analysis (TGA) is used as
one of the most widely characterization techniques for kinetics determination of gas-solid
reactions. Although it is a simple and accurate technique, but in order to determine the reliable
kinetics parameters in laboratory studies, the diffusion effects (bulk or internal diffusion) should
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be considered. For example, Ollero P. et al. [13] and Gomez B. et al. [14] reported that internal
diffusion resistance significantly affects the observed gasification reaction rate where the reaction
intrinsically controlled by chemical reaction. Likewise, N. Zouaoui[15] studied the combustion of
the carbon black in a TGA which is mainly kinetic control. They found that reaction rate is
depended on initial sample mass in the crucible which is attributed to the mass diffusion
limitation in the TGA. He et al. [12] investigated the influence of the flow rate on the oxidation
rate of SiC powder which were laid in the crucible. It was observed that, under the same time and
reaction temperature, the oxidation rate in flowing air is higher than the one in static air. This can
be attributed to the difference of partial pressure of the oxygen due to the existence of bulk
diffusion in the system.
To the best of the author’s knowledge, none of the previous researchers considered the effects of
bulk or internal diffusion of oxygen during the kinetics parameters determination of the SiC
powders. Therefore, it seems to be necessary to do further studies on the oxidation of SiC
powders in order to determine the significant affecting the physical diffusion limitations on their
oxidation kinetic in TGA.

In this work, the oxidation behavior of SiC micro-sized and nano-sized powders was studied at
different temperatures (910°C-1010°C). For the oxidation kinetic of SiC powders, it was assumed
that both intra-particle diffusion and chemical reaction controls the growth rate. The objective of
the present work was to investigate the importance of the diffusion limitations for the SiC
oxidation in TGA. Furthermore, a new model was developed that considers all mass transfer
steps (external, inter- and intra-particle) and interface reaction for any non-catalytic gas-solid
reaction. The model was validated and applied to describe the oxidation behavior of SiC powders
in TGA experiments.

4.2 Model Development
In many gas solid systems, the gas reactant must first diffuse from the bulk to the surface of the
fixed bed, followed by diffusion through the pore space between particles in the bed. Afterward,
gaseous reactant diffuses into the reactant to reach the surface of the solid where finally reacts.
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Reversely, gaseous products must diffuse backward, first through the reacted layer then the bed
and finally in the gas film into the bulk atmosphere over of the system. In some cases, such as the
oxidation of SiC powders, the control step of the reaction is thought to be the surface interfacereaction and intra-diffusion of the gaseous reactant through the product layer but other
phenomena may also limit the overall reaction rate.
Depending on the experimental conditions taking place during TGA tests, four types of regimes
can occur as shown in Figure 4-1. The effective diffusion coefficient in the oxide layer can be
measured by filling a monolayer of the powders on top of the crucible (type I). In type II, as there
is a stagnant gas on top of the powders, external mass transfer and intra-particle diffusion must
then be considered. When the crucible is fully filled by the powders, both inter- and intra-particle
diffusion effects are found (Type III). Finally, when the crucible is partly filled, all three steps of
diffusion effects must be considered (Type IV). As it will be shown in more details later, if only
intra-particle and interface reaction diffusion is considered to describe the oxidation of SiC for all
four types of regimes, it may cause a significant error to estimate the kinetic parameters
especially during the scale up the system.

4.2.1 Model description and main assumptions
The following assumptions are considered in developing the model for the oxidation of SiC
powders in TGA cylindrical crucibles:
1- The geometry and physical properties of the sample do not change during the reaction. In
other words, the height of the samples in the crucible (Z=L), and the density of the SiC
powders remain constant.
2- All SiC particles in the crucible are assumed to be one porous particle and each SiC
particle is called a grain (grain-particle model).
3- During the reaction, each SiC is composed of an unreacted core of SiC, which shrinks as
the reaction progresses, and a shell of silica. Consequently, a shrinking core system is
applied to describe this phenomenon.
4- From a macroscopic view, it is assumed that oxygen diffuses only in the vertical direction
(one dimensional) from the mouth of the crucible to the bed surface and through the pores
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in the crucible. While from the microscopic standpoint, oxygen diffuses in the radial
direction (r) within of the surrounding each SiC particle.

Figure 4-1 Schematic representation of oxidation of SiC in the TGA

5- Although, we are faced with the flux of multiple gases (O2, N2, CO2), but since the
gaseous reactant is diluted in an inert nitrogen stream and diffusion occurred through the
powders in the bed, to simplify the model, we neglect the effect of the convection term of
the flux above the bed.
6- A pseudo-steady sate is assumed.
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7- Ideal gas behavior is considered and the total gas pressure and temperature are constant.
As the Biot number for SiC powder is less than 0.1, the temperature gradient inside the
powders can therefore be neglected.
8- Surface chemical reaction of SiC and oxygen is expressed by the first order law [9].

4.2.2 Model Formulation
4.2.2.1 Types I
In case (I), it is assumed that the oxidation rate is controlled by oxygen diffusion through the
silica layer and the surface chemical reaction which act in series. Shrinking core model is very
famous to describe the reaction where the solid particles are consumed. This model assumes that
the powders are spherical in shape with a constant density. The difference between the Deal and
Grove [9] model and shrinking-core model [16] is based on the assumption of flux calculation.
The former applied Cartesian coordinates to obtain a concentration profile of oxygen inside the
oxide layer (thin film approximation) while the later used spherical coordinates, which are more
accurate as the conversion increases in the powder form.
For this system, the fractional conversion (

in terms of reaction time is as follows:
4-4

is the time for a complete reaction of the solid when only diffusion resistance through the
product layer controls reaction of the particle.

is the required time for a complete consumption

of all the reactant when chemical reaction controls throughout reaction of the particle alone.
is the molar density of SiC,
reactant at the bulk system.
the oxide layer [16].

is the radius of the powder and

,

is the concentration of gas

denotes the effective diffusivity of the gaseous reactant, A, within

is the first-order rate constant for the surface reaction. b is the

stoichiometric coefficient which for passive oxidation of SiC according to Eq. (1), is 0.5. Details
for the deriving the Eq. (1) is explained in the Appendix (A).
The relation between the fractional conversion (

and the experimental data is given by:
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4-5
Where

is the initial sample weight,

to silica and (

is defined as all of the SiC being completely reacted

is the increase in the sample weight with time as measured by TGA [10].

4.2.2.2 Type II
As depicted in Figure 4-1, for type II, the system is divided into two parts: In part (a) air is
diffuses through a stagnant gas. In part (b), the interface reaction and inter-particle diffusion
phenomena are dominant similar to the type (I).
As there is no reaction in part (a), mole balance of the gaseous reactant is written as follows:
4-6
Where, boundary conditions are:
z=L0

t

z=0

t

is the height of the crucible.
and

the

surface

of

the

4-7

and
particles,

are the mole fraction of reactant gaseous at the bulk
respectively.

Substituting

(as the gaseous reactant is diluted in the inert gas for the simplicity of the model, the convection
term of the flux is not considered) yields:
4-8
Where,

is the diffusion coefficient of the reactant in the bulk.

is the total mole

concentration of the gaseous reactant.
Under pseudo-steady state conditions, the rate of mass diffusion of the gaseous reactant to the
bed is related to the overall gaseous consumption in the bed, based on the stoichiometric equation
(Eq. (1)) as follows:
4-9
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Where, Ab is the cross section of the crucible and
particles.

is the total surface area of the

is the molar flux of gaseous reactant at the surface of the SiC particles within

the crucible.
For this system similar to the type (I), it can be shown that the fractional conversion (

in terms

of reaction time is determined as:
4-10

is the time to complete oxidation of the particle when only external diffusion is taken into
account. In this case, all three steps (bulk diffusion, intra particle diffusion and the reaction
surface) occur in series. In fact, depending on the reaction mechanism and the physical condition
of the experiment, one or mixing of these phenomena can control the overall reaction rate.

4.2.2.3 Type III
Molar balance on the gaseous reactant (A), in the bed is given by:
4-11
Where,

is the total surface area of the powder per unit volume of the crucible. The molar flux

of component (A) in the bed can be expressed as:
4-12
Where

and

are the tortuosity and the porosity, respectively. In the literature, the value of the

tortuosity can be found in a range of 1.25 to 4 for the packed bed depending on various
parameters such as the packing arrangement or the uniformity of the particles [17]. In practice,
the value of

is changed as reaction proceed [18].

Substituting the Eq. (12) into Eq. (11) gives:
4-13
Boundary conditions are written as follows:
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z=L0

t

4-14

and
z=0

t

The local rate of the reaction in the SiC particle is determined as the following:
reaction rate of SiC particle

4-15

where, rc is the radius of the unreacted SiC particle.
Based on Eq. (1) (stoichiometry)

, therefore at r=rc, it gives
4-16

According to the molar balance of gaseous (A), at r = r0 and r = rc we have the following relation:
4-17
Substitution of Eqs (16) and (17) into Eq. (13) results
4-18
The relation between the local rate of the reaction in the SiC (
gaseous reactant in the bed,

), in term of the mole fraction of

, can be expressed as follows (Appendix A):
4-19

With the initial condition
t=0,

4-20

The relationship between the total fractional conversion in the bed,
conversion,

, and local fractional

is determined by:
4-21

Where

is the local fractional conversion, which is expressed as follows [16]:
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4-22

4.2.2.4 Type IV
The formulation for this type, is similar to the type III, excepting for the mole fraction at the top
of the bed,

, which changes with the reaction time.

is determined from the mole balance

between the empty space in the crucible and the overall gaseous consumption in the bed
according to the stoichiometric relationship (Eq. (1)) as follows:
4-23

4.2.3 Method of Solution
To calculate the mole fraction in the mentioned systems, all the physical parameters must be
known. Since the values of the effective diffusivity inside the powders, the kinetic rate constant
and

are unknown, these parameters were determined using the Levenberg-Marquardt method

for nonlinear regression.
For the type III, in order to determine the mole fraction profile of gaseous reactant inside the bed,
Eqs. (18) and (19) must be solved simultaneously with boundary conditions, which were
described in Eq. (14) and one initial condition Eq. (20). The procedure to solve these equations is
similar to the works that have been done by Batarseh [19] and Crank [20]. In summary,
introducing the Leibnz rule results in reducing the partial differential equations system to the
nonlinear ordinary differential equation with the moving boundary layer. Then, the shooting
algorithm was applied to convert the boundary-value problem to an initial value equation.
Finally, to calculate the total fractional conversion in the bed, Simpson’s rule was employed. The
computer code has been written in MATLAB.
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4.3 Experimental procedure
Two different size of SiC powders used for this work were provided by LABMAT, Inc. Canada.
The oxidation of specimens was carried out in a Mettler Toledo thermogravimetric analyser,
where the weight gain of a sample is measured during the oxidation at atmospheric pressure
under controlled gas flow and temperature. Following procedures were employed during the
TGA experiments: samples were placed at 25 °C for 5 munities in the crucible. Then, they were
heated in an inert atmosphere of N2 at a constant rate of 10 °C/min to the preset temperatures
followed by maintaining them for 20 min at that temperature to ensure that the temperature in the
system was reached to the predetermined condition. Subsequently, the gas was shifted to the dry
air with a purity of 99.99 air at a constant temperature for another 150 min. All the TGA
experiments were corrected by blank tests under the same oxidation conditions and repeated at
least two times. The entire TGA tests were carried out in the high purity alumina crucible. The
oxidation process were performed at 910-1010 C to minimize the effect of crystalline and
sintering of particles during the oxidation.
To investigate the diffisional effects on the oxidation rate, three sets of the experiments were
performed in TGA. In the first set of experiment, to find the kinetic parameters a very thin layer
of SiC powders were uniformly laid in a crucible which has the inside diameter of 5 mm (type I).
In the second set of the experiment to investigate the effect of bulk diffusion, the same amount of
sample was laid in the crucible which has 4.5 mm height and 5 mm diameter (type II). In the last
set of experiment (type III), to verify the inter particle diffusion, all the crucible was
approximately filled by the sample.
The BET technique was performed to determine the surface area of as-received particles using
Autosorb-1 (Quantachrome instrument). Before the measurements, samples were degassed at
300°C for at least 3h. The particle size distribution of the samples was measured by a particle size
analyser (Coolter rfz LS 200). Morphological analysis of original powders was conducted by
SEM (Model JSM-840A, JEOL Co. Ltd., Japan). Phase composition of the starting samples were
conducted by X-ray diffraction using a computer-controlled diffractometer (Model X’pert,
PHILIPS) with Cu Kα radiation (wavelength of 1.5418 Å) at 50 kV, 40 mA, and a step size of
0.02° between 10° and 80°. Impurity of the specimens was determined by XRF analysis (Philips,
PW2440, XRF Spectrometer).
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4.4 Results and discussion
4.4.1 Characterization of the starting materials and TGA results
Table 4.2 gives the measured properties of the specimens. XRD results shows that the main
crystalline phase of both particles is β. Results from scanning electron microscopy (SEM) as
presented in Figure 4-2, show that micro particles are irregular shapes and some fine powders
exist on the surface of the large particles, which cause an increase in the surface area of powders.

Figure 4-2 SEM images of raw SiC powders: β-SiC-120nm (up) and β-SiC-1.5µm (down)
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Figure 4-3 compares the TGA curves of β-SiC powders 1.5 µm and β-SiC 120 nm, plotted as the
relative weight gain against temperature. The oxidation of smaller powders starts at a much lower
temperature (500 °C) compared to the larger powders (870 °C). Therefore, the smaller powders
are more reactive.

Table 4.2 Characteristic of starting materials

Figure 4-3 TGA curves of β-SiC powders 1.5 µm and 120nm
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4.4.2 Oxidation kinetics – Type I
The oxidation data is described in terms of the relative mass changes versus time in Figure 4-4
for different samples during 150 minutes of oxidation. The mass changes are directly linked to
the oxidation temperature while it has a reverse relation with the particle size. The explanation is
that in finer particles, the total surface area is higher than larger particles which would provide
more surfaces for diffusion of O2 and thus accelerate the oxidation reaction.

Figure 4-4 A comparison of the oxidation behaviour between experimental and calculated for βSiC 1.5µm (up) and β-SiC 120 nm (down) at various temperature; type (I)

The relation between the effective molecular diffusivity inside the oxide layer and the reaction
rate constant with the temperature are:
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/RT)

4-24
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Where E is the activation energy (kJ/mol), R is the universal gas constant (8.314 J/K.mol). D0 and
k0 are the pre-exponential factors.
Analysis of the data shows that the oxidation rate followed by the reaction-diffusion control for
both particles. The kinetics parameters for different temperatures are presented in Table 4.3 using
Eq. (4). Activation energies and the pre-exponential factors were determined using onetime
multivariate regression method. The calculation error based on the average relative error [21] is
less than 8% which shows a quite satisfactory agreement between experiments and model.

Table 4.3 Kinetics parameters values for the system I and III using the Eq. 4 for the temperature
range of 910-1010 °C

As shown in Table 4.1, due to the wide variety of experimental conditions and SiC types used in
their kinetics determination, the apparent activation energies of oxidation have been reported to
be in a wide range from 85 to 500 kJ/mol [1, 22, 23]. Comparing the oxidation kinetics with
previous works for the single SiC phase, the obtained values for the activation energy are
between the fast oxidation-face (99 kJ/mol) and slow oxidation-face (292 kJ/mole) [24, 25]. It
should be noted that as the phase and the impurities of both particles are the same, the value of
the activation energy must not depend to the particle size. The difference in the obtained prefactors for the studied particles (nano-sized and micro-sized) is attributed to the tortusitivity and
the porosity inside the powders and also being non-spherical of the particles.
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4.4.3 Bulk and inter-particle diffusions in the oxidation (types II and III)
Oxidation rate results for the second series of the experiments are very similar with the first type
of the experiment for both powders (results were not reported). Therefore, the external diffusion
effects were almost negligible for the studied system. The result is consistent with theory as
follows: the calculated values for the Tr and Ts from the Eq. (4) is much larger than the one for
the Tb according to the Eq. 10. Therefore, the bulk diffusion effects can be disregarded for this
type of system and the concentration of gaseous reactant on the top of the bed is equal to the one
at the mouth of the crucible.
The results for the oxidation behavior of the particles when the crucible is completely filled by
particles (type III) are shown in Figure 4-5.

Figure 4-5 A comparison of the oxidation behaviour between experimental and calculated for βSiC 1.5µm (upper) and β-SiC 120 nm (lower) at various temperature; type (III)
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Details of the physical properties of the experiment are given in Table 4.4. Comparing the results
from the type I and type III, indicates that for the same experimental conditions, the oxidation
rate depends on the initial mass of sample in the crucible. As an example, for the micro-sized
particles in type I, at 1100 °C and 150 minutes of the oxidation, the relative mass changes is 31%
higher than for the same experimental condition in type III. If the Eq. 4 was applied for type III,
the obtained kinetic parameters is different from the same experiments in type I which leads to
misleading especially in the scale up of the system, for example in evaluating the predicted time
for a complete reaction. Consequently, the diffusion effects of the gaseous reactant between the
powders in the crucible must be taken into account to interpret TGA experiments. Although the
developed method is more complicated, but the results in type III can not be explained by simpler
models.

Table 4.4 Physical properties used in the model

As shown in Figure 4-5 the curves obtained by numerical solution of Eqs (18) and (19) align
very well with the oxidation data in the third experiment series for both particles. In this model,
the obtained kinetic values from the first series of the experiment were applied.
Results of the local fractional conversion versus the dimensionless height of the bed (Z/L) at
different reaction temperature are plotted in Figure 4-6 for the studied powders. As shown, at
higher temperature the difference of the local conversion along the bed increases. In the other
words, the effect of the inter-particle diffusion becomes dominant by increasing the temperature.
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Figure 4-6 Local conversion vs. axial position in the bed for β-SiC 1.5µm (up) and β-SiC 120 nm
(down) at different temperature reaction, reaction time 60 min; type (III)

These results can be explained by the sensitivity of the inter-particle (Eq. 26) via reaction rate
constant and intra-particle diffusion (Eqs. 24 and 25) to the temperature.
The relation between the bulk diffusion with the temperature is given as
4-26
Due to the exponential term, the effective coefficient diffusion in the oxide layer and reaction rate
constant is much more temperature-sensitive than bulk diffusion (T1.75). For example, increasing
the temperature from 910°C to 1010°C increases 4.7 times the value of the effective diffusion
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inside the particle, while it only raises the inter-particle diffusion 1.15 times. Therefore, the
resistance of the inter-particle diffusion prevails at high temperature.
To show the importance of inter-particle diffusion on the overall rate especially in the larger
scale, oxidation rate of the powders is investigated when length of the crucible increases five
times. Figure 4-7 shows the local conversion in the bed at the temperature of 1010 °C for a
different reaction time.

Figure 4-7 Local conversion vs. axial position in the bed for β-SiC 1.5µm (up) and β-SiC 120 nm
(down) at 1010 °C for different reaction time; type (III).

Because of the inter particle resistance, in a few times after starting the reaction (1 hr for nanosized and 5hr. for micro-sized), the powders which are laid on the bottom of the bed did not react
with oxygen. At the times of 12 hr and 90 hr for the smaller and larger particles, respectively, all
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the powders which are located on the surface of the bed are completely reacted. These times are
obtained from the shrinking core model (

). After this time, the powders in the crucible

are distinguished from the completely reacted particles which are located at the top of the bed and
the particles which are reacting.
The total time needed to complete the reaction is calculated from Eq. (27):
4-27

)

Details for deriving of the equation are explained in Appendix (B). In this case, 313 hr and 55 hr
are needed for the complete reaction of all particles in the bed for micro particles and nano-sized
powders, respectively. This results show that inter-particle diffusion has significant effect on the
oxidation rate, and the model is quite useful especially for the larger system.
According to Eq. 27, if the value of

is much smaller than other terms, then the inter-particle

diffusion does not affect to the reaction and the reaction is controlled by reaction-intra particle
diffusion. Physical parameters such as porosity of the bed, the length of the bed and the total
surface area of the powder per unit volume affect on the value of . For a case when the rate of
the reaction is very fast, then both inter and intra particle diffusion controls the growth rate of the
oxide layer.

4.5 Conclusion
In this work the passive oxidation behavior of two different particle size of SiC powders has been
investigated using thermogravimetry analysis. TGA results showed that particle size has a
marked influence on the oxidation rate. Non-isothermal results indicated that for nano sized
particles, oxidation reaction started at temperatures much lower than micro sized particles.
Furthermore, a new kinetic model was developed for a non-catalytic gas-solid reaction where all
diffusion steps and the interface reaction were considered as the overall reaction control rate. The
model took into account the influence of particle size, initial mass of particle, porosity and
physical characterization of the bed. The model was applied successfully to describe the
oxidation of SiC powders taking place in TGA. Based on the analysis of the TGA results, it was
found that the oxidation rate was controlled by surface reaction and intra-particle diffusion at the
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studied range of oxidation temperature. Although, the bulk diffusion does not influence on the
oxidation rate on the studied system, but inter-particle diffusion affects significantly on the
oxidation rate Numerical simulation confirms the importance of the inter-particle diffusion
.

especially for the larger system. Therefore, to determine the kinetics parameters, this
phenomenon must be considered.

4.6 Appendix
4.6.1 Appendix A: Calculation of oxidation time in type I
Mole balance of gas reactant inside the oxide layer of powder is described as follows:
(A1)
The boundary conditions are:
r=r0

t

(A2)

and
r=rc

t

Two times integrating with the above boundary conditions yields the concentration profile inside
the powder as follows:
(A3)
Where
The concentration of gas reactant at the fresh SiC /oxide layer interface of particle,

, is

calculated according to the flux balance between inside of powder and the reaction rate (
at the interface as follows:
(A4)
The mole balance on the SiC particles results:
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(A5)
In other words:
(A6)
Integration the above equation and using the Eq. (22) reach us to the Eq. (4)

4.6.2 Appendix B: Deriving the final equations for the type III
To solve the differential equations system (Eqs. 18 and 19), Leibnitz’s rule is applied as follows:
Function of

is defined as:
(B1)

According to Leibnitz’s rule:
(B2)
Therefore, introducing this rule on Eq. 18 results:
(B3)
(B4)
and on Eq.19 it gives:
(B5)
The boundary conditions (Eq. 14) are changed to:
(B6)
By
substituting of

obtained from Eq. B5 and using the following non-dimension parameters,

the previous PDE system is changed to the one non linear second order differential equation with
the following boundary conditions:
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(B7)

(B8)
Z
At the

all the powders at the top surface of the bed are completely

reacted. When the time is more than , the system is divided into two parts: a part that all of the
particles are completely reacted (Z*<Z<1) and a part where the gas solid reaction is occurred.
For the part that all of the SiC particles are completely reacted (Y=0

=0) then Eq. B7 is

simplified to:
(B9)
(B10)
(B11)
This equation can be analytically solved easily.
For the second part of the bed where Z* < Z< 1 Eq. B7 is valid with the boundary condition of
(B9) and (B11).
According to the mass balance of reactant gas at Z= Z* we have:
(B12)
This equation results:
(B13)
At

=0, all of the solid in the bed are completely reacted and it results Eq. 27.
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4.7 Nomenclature
A

Gas reactant
Bed surface area
Stoichiometric coefficient
Concentration of gas reactant
Concentration of gas reactant at the surface of the bed
Molar density of SiC
Total molar density of gas
Pre-exponential factor in Arrhenius equation in Eq. 24
Diffusion coefficient of the reactant in gas in the bulk system
Effective diffusivity of the reactant gaseous in solid
Pre-exponential factor in Arrhenius equation in Eq. 25
Bed height
Crucible height
Initial sample weight
Molar flux of gaseous reactant inside the powder
Molar balance of the gaseous reactant in the crucible
Radius of the crucible
Radius of un-reacted shell of powder
Initial powder radius
Total surface area of the powder per unit volume
Time
Temperature

70

Time for a complete reaction of the particles as defined in Eq. 4
Time to complete oxidation of the particles as defined in Eq. 4
Time to complete oxidation of the particles as defined in Eq. 10
Time to complete oxidation of the particles as defined in Eq. 27
Fractional conversion as defined in Eq. 5
Thickness of the oxide layer
Mole fraction of gas A in crucible
Mole fraction of gas A at bulk
Mole fraction of gas A at the surface of the bed
Local fractional conversion defined by Eq. 22
Z

Dimensionless of bed height in the crucible (z/L)

Z*

Dimensionless of moving boundary in the bed
Function defined by Eq. 19
Function defined by Eq. 18
Function defined by Eq. 27
Function defined by Eq. B1
Porosity
Tortuosity
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Abstract
In the present work, mullite-bonded porous SiC ceramics were fabricated using reaction bonding
techniques. The morphologies, phase composition, open porosity, pore size distribution and
mechanical strength of porous ceramics were examined as a function of alumina sources
(calcined nano-sized alumina powder and alumina sol prepared from hydrolysis of aluminium
isopropoxide) and contents. It was found that the addition of alumina in powder form effectively
enhanced the strength and decreased the porosity. In contrast, when alumina was added in sol
form, a reverse effect was observed. Moreover, it was revealed that when a portion of calcined
alumina was replaced by alumina sol, the mechanical properties improved significantly (more
than 30%) as well as porosity compared to the traditional method. Pore size distribution analysis
showed that the dispersion of nanosize alumina powder and SiC micro-particles in alumina sol is
strongly improved compared to mixing in ethanol.
Keywords: porous SiC ceramics, mullite, alumina sol, reaction bonding technique, sol-gel rout

5.1 Introduction
The excellent combination of physical, chemical and mechanical properties of porous SiC
ceramics makes them one of the most attractive candidates in a wide variety of high temperature
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structural applications, such as hot-gas or molten-metal ﬁlters, a catalyst support, a thermal
insulator and refractory materials [1]. However, to self-bond SiC together, a temperature higher
than 2000 °C is required due to the strong covalent nature of the Si–C bond [2]. In order to
produce porous SiC ceramics at a lower sintering temperature, changing the sintering
environment or adding sintering aids has been proposed. She et al. [3] developed an oxidation
bonding technique which involves heating the SiC powder compact in air instead of an inert
atmosphere. As a result of the oxidation, the SiC particles were bonded by silica or cristobalite,
which exhibited good oxidation resistance [4].
The mechanical and physical properties of oxidation-bonded porous SiC ceramics can be
enhanced by the addition of Al2O3 to the starting materials. In this method, SiC particles and
alumina powders, used as a sintering aid, are mixed in a suitable liquid, such as alcohol or water,
followed by drying and pressing and, finally, are heated in air. During the heating stage
(over 1400 °C), the SiC particles are bonded by both silica and mullite (3Al2O3.2SiO2) by an insitu reaction-bonding technique [5]. Considering the good oxidation resistance, the high
temperature stability, and the slight difference in the thermal expansion coefficient between
mullite (5.3×10−6/K at 0–1000 °C) and SiC (4.7×10−6/K at 0–1000 °C) compared to cristobalite
(17.5×10−6/K at 0–700 °C), mullite-bonded porous SiC ceramics are expected to exhibit better
mechanical properties [5-7].
Recently, the fabrication of porous SiC ceramics via the reaction bonding technique has been
studied from different viewpoints. The effects of other additives, such as Y2O3, MgO, and CeO2,
on the mechanical properties of porous SiC ceramics have been investigated [8-11]. Li et al. [12]
examined the effect of molding pressures, bonding phase contents, and SiC particle sizes on the
ﬂexural strength of porous SiC-based ceramics. It was observed that by increasing the molding
pressure on the green body, the porosity decreased while the flexural strength increased. In
addition, it was also reported that decreasing the particle size of the starting materials increased
both porosity and mechanical strength. Kumar et al. [6] studied the role of aluminum sources on
microstructure and the strength of mullite-bonded porous silicon carbide. They used four
different aluminum sources (Al, AlN, Al2O3 and Al(OH)3) to produce porous ceramic and
reported that materials based on alumina powders show the highest strength and lowest porosity.
To increase the porosity of the final product, some pore seeding additives, such as graphite, yeast
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or polymer beads, are incorporated with the starting materials [5, 13, 14]. During the heating of
the compact powders, these pore-formers burn out and pores are produced.
Although many studies have been done on forming porous SiC bodies via reaction bonding
techniques, more investigation is still required to improve the process. In particular, the effect of
sintering aid contents on the final structural properties of the product is yet to be fully
understood. For example, Chi et al. [13] reported that the optimal content of Al2O3 was about 510 wt. % and any increase drastically decreases the flexural strength of the product. They used
SiC with an average particle size of 21 µm and 15 m Al2O3 as the starting materials. In contrast,
She et al. [3] observed that increasing alumina from 5.5 wt. % to 26.5 wt. % significantly
improved the flexural strength. They mixed micro-sized SiC particles with submicron alumina
powders. Moreover, Li et al. [12] reported that the maximum flexural strength for their system
was governed by the addition of 20 wt% bonding phase content. This method suffers, however,
from the strong agglomeration of powders and the difficulty in dispersing particles, especially
fine particles (sintering aids), homogeneously into the micro-sized particles (SiC), which
substantially degrades the mechanical properties of the final ceramics. Ding et al. [5] showed that
alumina submicron-particles were agglomerated and did not make contact with the SiC parts of
the porous products.
The dispersion of particles can be improved by using the sol-gel technique [15, 16]. This
technique has been applied successfully to fabricate ceramic composites [17-19]. The potential
advantages of sol–gel processing for ceramic composites include a better fine-scale mixing and a
relatively low densification temperature. Therefore, sol-gel processing is also an attractive
approach for the production of porous ceramics. More recently, Kayal et al. [20] fabricated
mullite-bonded porous SiC ceramics using the infiltration technique. They first heated the
compacted mixture of SiC and petroleum coke powders in air to 1100 °C to have sufficient
mechanical strength for holding it. Subsequently, samples were infiltrated with a liquid precursor
of mullite sol followed by heating at a temperature between 1300-1500 °C. However, the method
required twice the heat (over 1000 °C), which consumed a lot of energy.
The purpose of the present work is to study the effect of alumina content from different sources
on characteristic properties of porous SiC ceramics. In addition, implementation of the sol-gel
technique as a means of increasing the dispersion of sintering aids into the starting material and
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enhancing the mechanical and physical properties of the porous sample is also investigated. In
this study, SiC particles were bonded by mullite formed by oxidation-derived SiC and different
forms of alumina (powder, alumina sol or a combination of them). A comparison of phase
composition, microstructure, flexural strength, open porosity and pore size distribution of the
resulting porous SiC ceramics has also been made.

5.2 Experimental procedure
5.2.1 Materials and characterization
The starting material was α-SiC powder (99.7% purity, LabMAT, Canada) and the submicron
size sintering additive was α-Al2O3 calcined powder (99.95% purity, LabMAT, Canada). The
volume averaged mean particle size and the specific surface area of the powders were measured
by a Malvern Mastersizer S, UK and a Quantasorb Analyzer, USA, respectively. Physical
properties of the materials are listed in Table 5.1. The mean particle size of SiC was found to be
11.5 µm (d10=6.6 and d90=16.2) and for alumina was 270 nm (d10=188 nm and d90=354 nm). As
illustrated in Figure 5-1, silicon carbide particles are irregular in shape as compared to alumina
powders.

Table 5.1 Powder compositions and characterization of materials used in this study
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Figure 5-1 SEM micrographs and particle size distribution of starting materials

5.2.2 Synthesis and characterization of alumina sol
Alumina sol was synthesized with the method developed by Yoldas [21]. Aluminum
isopropoxide (AIP, Aldrich, 98%) was used as the alkoxide source of alumina. In a typical
experiment, distilled water was heated up to 85 °C followed by adding AIP in the form of
powder. After stirring for about one hour, the resultant white precipitate was peptized by adding a
small amount of 10% HCL (Merck, 37%) in order to set the pH of the solution to 3.5-4. The
transparent solution was formed after 24 hours of mixing. The resultant sol was cooled to room
temperature. The reaction was performed in the four necks reactor equipped with the heater and
magnetic stirrer under reflux. The molar ratio of water to AIP was 100:1.
The morphology of sol was determined by transmission electron microscopy (TEM, Philips CM
30). The crystalline studies were performed via X-ray diffraction XRD analysis. Fourier
transform infrared (FTIR) spectroscopy was performed to identify the functional groups on the
sample surface. FTIR tests were carried out using the pellet technique in the 400 to 4000 cm−1
range, with 64 scans and a resolution of 4 cm−1. The specimens for the IR analysis were obtained
by mixing the samples with KBr at a ratio of 1:100 followed by compressing them to form a
transparent disc.
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5.2.3 Preparation and characterization of SiC porous ceramics
Different approaches were used to assess the effect of alumina sources and contents on the
properties of porous SiC ceramics. In the first approach, silicon carbide and sub-micron alumina
powders at certain weight ratios were mixed with 2.5 wt. % of polyvinyl butyral (PVB) binder
and ethanol in a high-energy ball mill for 30 minutes. The resulting slurries were first dried under
stirring and hand-milled in a mortar and pestle. Then, they were sieved through an 80-mesh
screen, and, finally, uniaxially pressed into rectangular bars of 4.5 mm × 10.0 mm × 50.0 mm
under a 50 MPa pressure in a stainless steel die. The specimens were heated in a box furnace at a
heating rate of 2 °C/min to 900 °C followed by a second 5 °C/min ramp to 1500 °C, and then
sintered at that temperature for 3 hours in air. It should be noted that in the starting materials,
besides a low amount of polyvinyl butyral (7 vol. %), no pore formers, such as graphite, were
used and, consequently, most of the porosity results from the stacking of particles.
In the second approach, SiC particles were added to the different amounts of alumina sol and the
slurry was stirred-dry at room temperature. The amount of alumina sol was adjusted to yield the
desired alumina content in the final product with respect to the SiC powders. The resulting
powders were then further dried in an oven at 100 °C, before being crushed and passed through a
80-mesh sieve. The weight ratio of SiC to alumina was calculated from the quantity of sol that
was finally converted to calcinated α-Al2O3. A similar process has been carried out to fabricate
porous SiC ceramics.
In the last process, SiC powders and alumina sub-micron powders were directly mixed in the
alumina sol. In other words, a fraction of alumina was formed from alumina sol. From these
mixtures, the porous ceramic samples were produced using the procedure already described in the
second approach.
Weights of all samples were measured before and after sintering to assess the oxidation degree of
SiC particles. Skeletal densities of porous samples were determined by a gas pycnometer
(Accupyc II 1330 helium pycnometer). Pore size distribution was obtained using mercury
porosimetry (Micromeritics AutoporeIV). The open porosity of the final product was determined
from the total mercury intrusion volume and the skeletal density of the sample. Moreover, the
porosity of green porous samples was determined by measuring their weights and dimensions.
Flexural strength tests were performed using a three-point bending test with a support distance of
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30 mm and a cross-head speed of 0.5 mm/min using an Instron Universal Testing machine
(Model 1123, Instron, Canton, MA, USA). The procedure was inspired from ASTM C1161-2c.
The deflection measurement was based on LVDT with a resolution of 0.05% and Young’s
modulus was determined using standard software (Instron Bluehill-2, UK). Specimens were
machined and polished to 3.0 mm × 4.0 mm × 36.0 mm and at least five specimens were tested to
obtain the average strength. The microstructure and morphology of porous SiC ceramics were
observed by scanning electron microscopy (SEM, Model JSM-5600LV, JEOL, Japan).

5.3 Results and Discussion
5.3.1 Characterization of alumina sol
The TEM micrographs of boehmite, dried at room temperature and calcined at 550 °C for
2 hours, show the highly homogeneous microstructure in alumina (Figure 5-2-a and b) with a
needle-like shape and grain size from 15 to 25 nm that interconnect into nano rods. The thickness
of the particles increased from 2.-3 nm to 4.-6 nm as the temperature increased.
Figure 5-3 contains the X-ray diffraction patterns for dried alumina sol after being heat-treated at
various temperatures. The XRD pattern of dried alumina is well matched with the reference data
of AlOOH (JCPDS 49-0133), which confirms the formation of boehmite [22]. After heating the
boehmite powder at 550 °C for 2 hours, two new peaks appeared at 46.2 °C and 67.3 °C, which
are the characteristic peaks for γ-Al2O3, according to JCPDS 29-0063. Further heating at 1350 °C
resulted in a phase transformation to alpha phase as determined by JCPDS 42-1468.
Figure 5-4 presents the FTIR spectra obtained for the dried and heat-treated boehmite samples at
different temperatures (150 °C, 350 °C, 550 °C and 1350 °C) for 2 hours. In the dried sol at room
temperature, seven major peaks can be identified whereas if the temperature is increased the
number of peaks decreases. The broad band in the spectral range of 3300-3500 indicates the
presence of the –OH stretching of hydrogen bonded aluminum oxy-hydroxide (AlO(OH)). The
next band was observed at 1635 cm-1, which is mainly due to the bending vibration of the
residual water molecule [23]. The subsequent absorption peak observed at 1074 cm-1 is assigned
to the Al-OH bending mode of boehmite [24, 25].
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Figure 5-2 TEM images of alumina sol (a) dried and (b) calcined at 550 °C.

It should be noted that when the sample is progressively heated, the intensity of the above peaks
decreases. This indicates that the number of -OH sites on the surface of the alumina is reduced
during the calcination procedure. The band observed at 738 cm-1 corresponds to the bending
vibration of the ALO4 groups and the band at 613 cm-1 is assigned to the ALO6 octahedra [2527]. The peaks at 889 cm-1 and 470 cm-1 are both associated with the existence of pseudo
boehmite in the sample [26, 28]. As the temperature was increased up to 550 °C, the mentioned
peaks disappeared and broad peaks formed in the lower frequency range (500–900 cm-1) due to
the coordination of Al atoms and the transition of the alumina phase to γ-Al2O3 [24, 29, 30].
Further heating of the boehmite sample at 1350 °C formed three bands at 640, 605 and
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Figure 5-3 X-ray diffraction patterns for dried alumina sol and after heat treated

453 cm-1, which confirms the presence of α-alumina [23, 31]. It should be pointed out that during
the heating of the alumina sol at 350 °C, the resulting sample appeared brown in color due to the
carbon residue during decomposition. At temperatures higher than 550 °C a white powder was
obtained. The FTIR results strongly support the results of the XRD characterization.
Consequently, heating the obtained alumina sol resulted in the phase transformation from
boehmite to γ as one of the meta-stable phases of alumina and to the stable α-alumina (corundum)
phase. Similar results for the transition phases of alumina during heat treatment were reported
earlier [32, 33].
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Figure 5-4 FTIR spectra obtained for the dried and heat treated boehmite samples

5.3.2 Fabrication of porous ceramic: the effect of alumina contents and
sources
The skeletal density, flexural strength, open porosity and pore size of the porous SiC ceramic
with different Al2O3 content and sources are summarized in Table 5.2 and Table 5.3. The results
indicate (Table 5.2) that the addition of nanopowder to the starting powder resulted in a decrease
of porosity and an increase of flexural strength. In contrast, it was observed that introducing
alumina in the sol form brought a decrease in flexural strength and increased the porosity. The
relation between the strength of porous material and its porosity can be expressed as follows [34]:
5-1
Where

and

are the strength of a non-porous structure and the strength of a porous structure

at a P porosity, respectively, and b is an empirical constant, which depends on the pore structure
and material composition.
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Table 5.2 Effect of Al2O3 additions in calcined form on the flexural strength, open porosity and
pore size

Table 5.3 Effect of Al2O3 additions in sol form on the flexural strength, open porosity and pore
size

The evolution of the XRD patterns of the specimens with both Al2O3 sources and different
alumina contents is illustrated in Figure 5-5. When there is no alumina introduced in the
specimen, only SiC and cristobalite phases exist (Figure 5-6). At the studied sintering
temperature, SiC particles are bonded by silica (Figure 5-6-a) via a passive oxidation reaction:
5-2
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The exiting of CO2 from the silica can produce small pores as illustrated in Figure 5-6. It was
shown by our research group that the oxidation rate of SiC strongly depends on the reaction
temperature and SiC particle size [35]. Increasing the temperature (over 1200 °C) causes the
oxidation rate to increase and changes the crystalline structure to the cristobalite phase (Figure 56):
5-3
The addition of alumina caused a new phase of mullite to be present according to the following
reaction during the sintering:
5-4

Figure 5-5 XRD patterns of porous SiC ceramics with different content of alumina and sources;
a) calcined and b) alumina sol; sintered at the 1500 °C for 3 h (Al: alumina, C: cristobalite, M:
mullite and S: silicon carbide).
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When more Al2O3 was added, the amount of mullite and alumina increased, as demonstrated in
Figure 5-5 by the increase in the intensity of their peaks for the two alumina sources. On the
other hand, the decrease in the cristobalite peaks in the XRD patterns indicates the consumption
of cristobalite by alumina.

Figure 5-6 SEM micrograph of porous SiC which was prepared by oxidation (0 wt. % alumina)
in air at 1500 °C for 3h (up); XRD patterns of raw SiC powder oxidized at indicated temperature
in air (down) (C: cristobalite; S: silicon carbide).
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When there are no alumina particles added to the starting material, the average pore size is about
4 µm (Table 5.2). This narrow pore size is a result of SiC particles stacking together. When
calcined sub-micron alumina particles are mixed with the SiC powders, some of them come in
contact with SiC and react with cristobalite to form mullite. The rest filled the pores between SiC
particles and caused the average pore size to shift toward lower values as observed from mercury
porosimetry results in Figure 5-7.

Figure 5-7 Pore size distribution in porous SiC ceramics at different alumina powder contents,
sintered at 1500 °C in air for 3 hr
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As reported in Table 5.2, the density of the green samples is decreased with an increase in the
weight ratio of alumina nano powders to SiC micro particles. For a binary system, the packing
density depended strongly on the ratio size of particles and their shape [36, 37]. In the present
system, according to a model proposed by Kyrylyuk et al.[36], assuming that both types of
particles are spherical, the maximum packing density is 86% when about 33 wt. % of alumina
was added to the SiC particles. Adding more fine particles to the system decreases the packing
density [36]. For the current system, it was observed that even the addition of the 40 wt. %
nanosize alumina powders increased the packing density, which resulted in better mechanical
properties and a lower porosity. This higher value (over 33 wt. %) can be attributed to the
irregularly-shaped particles, especially SiC. The enhancement of a mechanical property with an
increase in alumina nano powder content is in line with the results reported by She et al.[3].
Actually, if the ratio size of SiC to alumina is small, the maximum packing density will be
decreased drastically [36]. Therefore, the size ratio of the starting particles is a key factor in
determining the optimal contents of sintering aids.
In order to better understand the effect of alumina source and content, the morphology, pore size
distribution and crystalline structure (in high magnification) of the porous SiC prepared by
alumina sol and calcined alumina powders, where 10 wt. % and 40 wt. % of alumina were added
to SiC, are presented in Figure 5-8 and 9, respectively. In the case of 10 wt. % in alumina, pore
size distributions for both samples are very similar. As clearly seen from SEM images, when
alumina was added in powder form, some of the alumina particles, which were not reacted by
cristobalite, can be observed, but when alumina was in the sol form, most of it was probably
consumed to produce mullite, which readily bonds SiC together. XRD results (Figure 5-8) reveal
that the relative intensity of mullite to alumina peaks increased significantly for the samples
prepared with alumina sol in comparison to those where calcined powder was employed. During
the mixing of SiC in alumina sol, most SiC surfaces, which are in direct contact with silica, are
coated homogenously by a nano layer of alumina. A direct interface between silica and alumina
in the sol-state (core-shell structure) decreases the diffusion resistance between them and,
consequently, enhances the mullitization rate [38].
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Figure 5-8 SEM micrographs, XRD and pore size distribution of porous SiC ceramics sintered at
1500 °C for 3 hr in air, Where 10%wt. Alumina (in the calcined powder or sol form) was added
into SiC particles
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For 40 wt. % alumina, SEM micrographs and pore size distribution show (Figure 5-9) that the
morphology and structure of the porous samples are notably changed by varying the alumina
source. However, XRD results show that the relative intensity of mullite to alumina was not
significantly different for both samples. SEM micrographs demonstrate that SiC particles are in
less contact when they are prepared by alumina sol compared to adding alumina in powder form.
In the samples with calcined powder, most alumina powders are accumulated inside the pores
(formed by stacking SiC particles) and between the SiC particles. Strong agglomeration of
alumina particles creates small pores as inferred from a bump in the pore size distribution curves
(Figure 5-7)

Figure 5-9 SEM micrographs, XRD and pore size distribution of porous SiC ceramics sintered at
1500 °C for 3 hr in air, Where 40%Wt. Alumina (in the calcined powder or sol form) was added
into SiC particles
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In the case of the addition of 40 wt. % pure sol-gel derived alumina, the green porosity of the
samples is lower than the one using alumina powders (about 27%) due to the nature of alumina
sol. However, during the heating of the green compact, organic groups in the dried boehmite burn
out, which results in the porosity of the sample being increased and causing the SiC particles to
have less contact with their neighboring SiC particles. Therefore, the neck bonds which are the
result of the mullitization and oxidation between particles are weak. Moreover, when a high
amount of alumina in the sol state is employed, the phase changes of alumina and shrinkage as
explained previously in the characterization of the alumina sol section may cause stress and in
turn lead to the formation of micro cracks in the green body, thus degrading the mechanical
properties [39]. Hence, it is reasonable to have modest strength. However, when calcined alumina
was used, since the mullite reaction occurs between SiC and alumina particles, which are
between the SiC, it consequently bonds SiC together and enhances the mechanical strength.

5.3.3 Fabrication of porous ceramic: the addition of alumina in a combination
of the sol and powder form
As shown previously, when the weight ratio of calcined alumina was more than 30 wt. %, the
porous samples have sufficient strength for their practical application. However, if alumina in the
sol form was added, the flexural strength cannot be reached at that level. In order to take
advantage of the sol, it is interesting to investigate the properties of porous SiC ceramic, when
prepared with a fraction of the alumina powder being replaced by an alumina sol. Table 5.4
summarizes the mechanical and physical properties of the porous SiC with different mass
fractions of alumina sol.
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Table 5.4 Effects of Al2O3 additions in sol form on the flexural strength, open porosity and pore
size where the total alumina was 35 wt. %

It was observed that the joint use of alumina sol and alumina powder, where 20 wt. % of alumina
powder was replaced by alumina sol, resulted in an increase in porosity and, more notably, the
mechanical strength was enhanced significantly (over 30%). It is enlightening to compare the
pore size distribution and SEM micrographs when species were prepared with and without
alumina sol for the sample with 35 wt. % of total alumina. As shown in Figure5-10, from the
pore size distribution curve, the bumps resulting from the agglomeration of nano-particles are
much smaller when SiC and alumina nano particles are mixed in alumina sol compared to the one
dispersed in ethanol. Typical SEM images depict a good dispersion of alumina nano particles
between SiC particles, which decreases the agglomeration of alumina powders for the samples
mixed in sol state. In addition, the SEM observations demonstrate that the dispersion of the SiC
and alumina nanopowders is considerably superior compared to when they are mixed in ethanol
(Figure 5-11). It has been observed that, when they are prepared in the alumina sol, most of the
SiC particles are covered by the mixture of alumina sol and sub-micron alumina powders.
It is proposed that the improved dispersion of alumina and SiC particles in alumina sol originates
from the electrostatic and steric repulsion effects of the colloidal particle absorption. It is well
accepted that the silicon carbide powder surface consists of a nano layer of silica on the surface
of SiC particles, which hydrolyzes in alumina sol to form a silanol group,

.
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Figure 5-10 SEM micrographs and pore size distribution of porous SiC ceramics sintered at 1500
°C for 3 hr in air, where 35%wt. pure calcined alumina was added into SiC particles and where
20 wt% of calcined alumina was replaced by alumina sol
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This reaction causes at least a mono layer of alumina to form on the surface of SiC and change
the surface characteristic to be similar to alumina [15]. Zeta potential experiments (results are not
reported here) indicated that, at a pH of about 4, SiC particles have positive charges in the
alumina sol while they have negative charges in water for that same pH, which supports the
proposed mechanism and is in a good agreement with previous observations by other researchers
[16,40]. In addition, it was shown that a continuous layer of alumina sol entails covering the
alumina surface powders by the reaction between the sol clusters with hydrolyzed Al 2O3 nano
particles, which increases the electrostatic repulsion force [41].

Figure 5-11 SEM micrographs SiC and alumina (35 wt. %) which was mixed in ethanol and
alumina sol

Consequently, improving the mechanical properties results from the enhanced dispersion of SiC
and alumina powders in alumina sol. The homogenous dispersion of SiC and alumina particles in
alumina sol is attributed to the surface changes in the properties of SiC (as it acts like alumina),
as well as the electrostatic and steric repulsion effects. In addition, coating SiC and alumina

95
particles with a thin layer of alumina sol avoids direct contact along the boundaries, which acts as
a fast diffusion path and enhances the sintering process. These phenomena are not attainable
when particles are mixed in ethanol.
Based on the experimental evidence presented in this study, it was confirmed that introducing a
low amount of sintering additives by sol-gel routes to the starting materials enable the fabrication
of porous ceramics with higher strength and porosity as compared to the traditional method. It is
also worth mentioning that the thickness of the sol on the particles depends on the synthesis
conditions (pH and concentration of the sol). Moreover, the total amount of sol strongly depends
on the surface area of the starting particles. Application of this technique may be extended to
homogenously coat starting materials with other sintering additives, such as Y2O3 and MgO, in
sol form, when a lower amount of them is needed in the final product.

5.4 Conclusion
In this work, porous SiC ceramics were successfully produced at 1500 °C for 3 hours in air by a
reaction bonding method using different sources and contents of alumina as the sintering aid. It
was found that the addition of nano-sized alumina as a calcined powder increased the mechanical
strength and reduced the porosity. Pore size distribution analysis also showed that the volume
average pore size of the porous body shifted to smaller values as alumina nano particles were
added to the starting materials. On the other hand, when alumina sol is used as the source of
alumina, the mechanical strength decreased and porosity increased significantly. XRD results
revealed that since there is a thin layer of alumina on SiC particles, for low amounts of alumina,
the rate of mullite formation is higher due to the low mass diffusion rate between alumina and
silica compared to using calcined alumina powder. Moreover, XRD and SEM analysis confirmed
that, regardless of the alumina source, porous SiC substrates consist of the expected phases of
mullite, cristobalite, alumina and SiC at the studied sintering temperature and mullite and
cristobalite bonded SiC particles together.
Furthermore, it was found that if alumina is introduced to the system as a combination of sol and
nano powder forms, the mechanical strength increased significantly compared to the specimens
that were made using alumina powders alone. In this study, a flexural strength of 40.6 MPa with
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a porosity of 35% was obtained when 20 wt. % of the alumina powders was replaced by an
alumina sol. The improved mixing of alumina and silicon carbide in alumina sol as well as the
decrease in the mass transfer resistance between alumina and silica led to improved mechanical
properties of the final porous body.
Finally, it is proposed that the optimum amount of alumina as the sinter additive depends on the
particle size ratio between the SiC and alumina particles. Likewise, the optimum amount of
derived alumina from the alumina sol depends on the total surface area of the particles and the
properties of alumina sol.
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CHAPTER 6

ARTICLE 3: A NOVEL FABRICATION ROUTE FOR

POROUS SIC CERAMICS BY COMBINING IN-SITU
POLYMERIZATION AND REACTION BONDING TECHNIQUES

Omid Ebrahimpour, Babak Esmaeili, Lucie Griffon, Jamal Chaouki and Charles Dubois
Department of Chemical Engineering, École Polytechnique de Montréal, P.O. Box 6079, Station
Centre-Ville, Montréal, Canada
Abstract
For the first time, in-situ polymerization technique was applied to produce mullite-bonded porous
SiC ceramics via reaction bonding technique. In this work, SiC microsized particles and alumina
nanopowders were successfully coated by polyethylene which was synthesised from the particles
surface in a slurry phase reactor using Ziegler-Natta catalyst system. The thermal studies of the
resulting samples were performed with differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA). The morphology analysis obtained by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) confirmed that polyethylene was
successfully grafted on the particles surface. Furthermore, the obtained porous ceramics were
characterized in terms of their morphologies, phase composition, open porosity, pore size
distribution and mechanical strength. SEM observations and mercury porosimtery analysis
revealed that the quality of dispersion of nanosized alumina powder into microsized SiC particles
was strongly enhanced when particles were coated by polymers using in-situ polymerization
which resulted in higher strength as well as porosity of formed ceramic porous materials with
respect to the traditional process. In addition, XRD results revealed that the amount of mullite as
the binder is increased significantly for the samples fabricated by this novel method. The effects
of sintering temperature, forming pressure and polymer content on the physical and mechanical
properties of the final porous ceramic were also evaluated in this work.
Keywords:
Porous SiC ceramics, mullite, In-situ polymerization, Polyethylene, Ziegler-Natta catalyst.
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6.1 INTRODUCTION
Porous silicon carbide ceramics have attracted great interest in a broad range of high temperature
structural applications because of their superior physical properties such as low thermal
expansion coefficient and good thermal shock resistance, as well as excellent chemical and
mechanical stability. They have been considered as potential candidate materials in high
temperature application such as hot-gas filter, membrane support, refractory plates and gas burner
media [1,2]. However, because of the strong covalent nature of the Si–C bond owing to its
inherent structure, it is difficult to sinter SiC ceramics at moderate temperature, and high
sintering temperature (over 2000 °C) is needed to self-bond SiC together [3].
It has been reported that changing the sintering environment or adding the secondary phase
bonded materials such as alumina enables the fabrication of porous SiC ceramics at lower
sintering temperature [4]. This process consists of mixing SiC particles with sintering aid and
pore former in a suitable medium followed by drying, pressing and, finally sintering in air instead
of under an inert atmosphere. Accordingly, fugitive agents burn out and form pore structures
during the heating step. At higher temperature, SiC particles partially oxidize to silica, then, they
react with alumina (at more than 1400 °C) to form mullite. Consequently, SiC particles are
bonded by silica (SiO2) and mullite (3Al2O3.2SiO2) by means of an in-situ reaction bonding [5].
The fabricated mullite-bonded porous SiC ceramics are expected to have better physical and
mechanical properties due to good oxidation resistance of mullite and similar thermal expansion
coefficient between mullite and SiC [6].
Being an attractive approach, this process has been investigated by various researchers to
improve the final properties of the product. For example, using other additives such as Y2O3,
CeO2 and MgO to enhance the mechanical properties of porous SiC ceramics has been proposed
[6-9]. Very recently, we have studied the effect of alumina content and sources (calcined
alumina, alumina sol) on the mechanical and physical properties of porous ceramics. Results
demonstrated that addition of alumina nano powder increased significantly the mechanical
strength and decreased dramatically the porosity [10]. To control the porosity of the final product,
some pore-formers such as graphite, yeast or polymer beads, have been employed into the
starting materials [5, 11, 12].
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Although considerable efforts have been devoted to improve the process, one of the main
drawbacks of this method is the agglomeration of fine particles (sintering aids) due to the strong
interactions between nanoparticles which results in an insufficient dispersion of the starting
particles during the preparationn of the green body. For instance, it was reported that when
alumina submicron-particles were added to SiC microsized particles, most of them were
agglomerated. As a result of the agglomeration, the alumina particles had only a limited contact
with SiC micro powders and therefore could not fully participate in the mullite reaction.5
Furthermore, this problem can severely impairs the mechanical properties of final ceramics [5].
The dispersion of particle will be more problematic when different types of powders are used in
the starting materials. For example, Ding et al. [5] used different particle sizes of graphite as the
pore former in the starting materials. They observed a bimodal pore size distribution which was
attributed to the weak dispersion between pore former and starting materials. This agglomeration
significantly decreases the constitutive properties of the product. Therefore, it is essential to
develop an effective way to mitigate this problem and improve the materials dispersion which is
the key aspect in preparation of porous ceramics with excellent mechanical and physical
properties.
To tackle this challenge, it is proposed in our work to modify the surface of initial materials by
growing a polymer phase which can subsequently act as a pore former. This approach relies on an
in-situ polymerization process known as “grafting from” rather than physical mixing of starting
materials with the pore former. It is a well-known method to prepare inorganic or organic
polymeric composites with enhanced properties [13,14]. Typically, in this technique, the
monomer is polymerized from the active compounds (initiators) which covalently anchored on
the surface of inorganic particles [15, 16]. Monomers can penetrate easily through the aggregated
nanoscale particles due to their inherent small sizes. As a result, synthesized polymer chains
partially filled the free volume inside the nanoparticle aggregates, and therefore the aggregated
nanoparticles break out [16]. Hence, in-situ polymerization is an attractive approach to be
employed for the fabrication of the porous ceramics process with desired improved mechanical
and physical properties.
This method have been applied successfully to synthesize composites materials for a board range
of inorganic particles such as carbon nanotubes [17], alumina [18,19], SiO2 [20-24], clay [25-27],
aluminum [28], ZnO [29], silver [30] and silicon nitride [31] with different polymerization
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routes. Similarly, our research group encapsulated zirconia nano particles with polyethylene via
various techniques using Ziegler-Natta catalyst [32, 33].
The main objective of this work is to investigate the implementation of in-situ polymerization as
a means of enhancing the dispersion of sintering additives into the starting materials to fabricate
porous SiC ceramics with improved properties. The research also aims at adjusting the porosity
of the porous SiC ceramics by controlling the polymerization condition as well as materials and
to manufacture porous SiC ceramics with improved mechanical and physical properties via a
combination of in situ polymerization and reaction bonding method. To the best of our
knowledge, this original work is being accomplished by our group for the first time. A
comparison between the traditional process and our developed method has been made by
investigating the flexural strength, open porosity and pore size distribution of final products. In
addition, the effects of polymer content, sintering temperature and forming pressure on the phase
composition, mechanical and physical properties of the final products were studied.
In the present study, SiC microsize particles and alumina nanoparticles are primarily coated by
polyethylene via in-situ polymerization in a benchtop batch reactor using a Ziegler-Natta catalyst
system. After pressing of materials to form green body, they are placed in the furnace under air.
During the heating cycle, polymer is first removed by calcination, thus creating the desired
porous morphology and then at higher temperature, mullite is formed by reaction between the
oxidation-derived SiO2 and alumina.

6.2 EXPERIMENTAL
6.2.1 Materials
Micro-sized α-SiC powder (99.7% purity, ρ= 3.2 g/cm3, SBET= 0.87 m2/g) as the starting material
and nanopartile α-Al2O3 powder (99.95% purity, ρ= 3.95 g/cm3, SBET= 8.5 m2/g) as the sintering
additive were purchased from LABMAT, Canada. As shown in Figure 6-1, SiC particles are
irregular in shape and sharp at their edges as compared to alumina powders, which are more
uniform. According to the particle size analysis, the volume averaged mean particle size of SiC
was determined to be 11.5 µm (d10=6.6 µm and d90=16.2 µm) and that of alumina was 270 nm
(d10=188 nm and d90=354 nm). Ethylene gas (99.5% purity, Canadian liquid air) was used as
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monomer for the polymerization reaction. The Ziegler–Natta catalyst system was constituted of
titanium tetrachloride (TiCl4, Fluka) as the catalyst with triethylaluminum 1M in hexane (AlEt3,
Sigma-Aldrich) as co-catalyst. They were stored and handled in a glove box under argon as they
are highly sensitive to moisture and oxygen. Hexanes supplied by Sigma were dried and stored
for at least 24 hours on molecular sieve and used as the reaction solvent.

Figure 6-1 SEM micrographs and particle size distribution of starting materials.

6.2.2 In-situ Polymerization
The slurry polymerization experiments were performed in a two liter pressurized BUCHI reactor
heated with an external fluid bath circulator and equipped with a magnetic drive impeller. In a
typical reaction, a mixture of SiC and alumina particles (18 gr. SiC and 9.72 alumina, 35 wt % of
alumina) which was previously dried in an oven at the temperature of 150 °C was added to 1.5
liter of dried hexane. The mixture was heated at desired reaction temperature for about 1 hour and
continuously stirred in hexane by mechanical agitation (400 rpm). The system, then, was purged
with N2 which was dried further by passage through a molecular column sieve in order to
eliminate oxygen in the medium. Subsequently, the pre-determined amount of catalyst, TiCl4,
was added using a syringe through a septum feeding port in the reactor. With a delay of 15
minutes after the first injection, the desired amount of co-catalyst AlEt3 was also injected and the
mixture was agitated for another five minutes to ensure the formation of a catalyst-co-catalyst
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complex. The reaction started by initiating a flow of ethylene monomer. For all of the
experiments, the reaction temperature and the pressure were maintained constant at 65 °C and a
relative pressure of 48 kPa, respectively. The amount of injected catalyst was determined based
on the total particle surface area of powders in the system which can be ideally coated by TiCl4
(7mg cat/g powder). The molar ratio of co-catalyst to catalyst was fixed at two. After the desired
reaction time, the polymerization was terminated by an injection of ethanol in the medium to
hydrolyze the catalyst complex.

6.2.3 Fabrication of porous SiC ceramics
In order to manufacture the porous SiC ceramics, the polymer grafted particles were dried and
passed through a 80-mesh screen. Afterward, they were pressed (25, 50 or 100 MPa) uniaxially
into a rectangular bars of 4.5 mm ×10.0 mm ×50.0 mm using a stainless steel die. Subsequently,
the compact compounds were placed in a box furnace and heated up to 400 °C at a heating rate of
2 °C/min for two hours to achieve polymer degradation. Subsequently, the temperature was
increased up to 900 °C with a heating rate of 2 °C/min followed by a steeper ramp of 5 °C/min to
reach the desired sintering temperature (1500 °C or 1550 °C). The samples were hold at the
sintering temperature for three hours in air and finally the specimens were cooled down to room
temperature with the cooling rate of 5 °C/min.
Alternatively, in order to compare this developed process with the more traditional method,
silicon carbide and sub-micron alumina powders with a weight ratio of 35 wt % were mixed with
2.5 wt % polyvinyl butyral (PVB) as a binder in ethanol using a high energy ball mill. After
drying and passing through a screen, powders were pressed and heated under air to produce
porous samples. Further details about this part of the process have been reported by our group
elsewhere.[125]
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6.3 CHARACTERIZATION
The mean particle size and the surface area of the starting powders were measured by a Horiba
LA-950 laser diffraction particle size analyzer and a Quantachrome Autosorb-1 apparatus,
respectively. Before BET analysis, samples were degassed at 150 °C for 3 hours.
The quantity of polymer grafted from the particles was assessed by means of thermogravimetric
analysis (TGA) using a TGA Q 5000 apparatus (TA Instruments, USA) in a temperature range
from 25 °C to 600 °C at a heating rate of 10 °C/min under nitrogen atmosphere with a flow rate
of 20 ml/min. The melting temperature and crystallization behaviour of the synthesized polymer
on the particles were studied by differential scanning calorimetry (DSC Q 2000, TA Instruments,
USA) at cooling and heating rates of 10 °C/min. The morphology observation of samples was
conducted with scanning electron microscopy (SEM, Model JSM-7600 TFE, JEOL, Japan) and
by transmission electron micrographs (TEM, JEOL JEM-2100F) at a 200 kV acceleration
voltage. The SEM was operated at 2 kV with LEI imaging mode and a working distance of 8,5
mm. X-ray diffractions (XRD) were recorded using a Philips X'Pert diffractometer (The
Netherlands) with Cu-Kα radiation (0.154 nm) at a generator voltage of 50kV and a current of 40
mA. The scanning rate was 1.2 °/min at an interval of 0.02 °. Furthermore, for the surface
analysis, the coated samples and non-coated samples were analyzed by X-ray photoelectron
spectroscopy (XPS) in a VG Scientific ESCALAB Mk II with Mg Kα radiation (1253.6 eV)
operated at 300 W without monochromator.
The true densities of porous samples were measured by the gas volume displacement method
using gas pycnometer (Accupyc II 1330 helium pycnometer). Mercury porosimetry
(Micromeritics Autopore IV) was utilized to show the pore size distribution of porous samples.
Open porosity was ascertained from the total mercury intrusion volume and the skeletal density
of sample. Flexural strength of porous samples was measured by a three-point bending test with a
support distance of 30 mm and at a constant crosshead velocity of 0.5 mm/min using an Instron
Universal Testing machine (Model 1123, Instron, Canton, MA, USA) with 500 N load cell. The
deflection measurement was taken using LVDT with a resolution of 0.05% and Young’s modulus
was calculated via standard software (Instron Bluehill-2, UK). Beams were machined and
polished to 3.0 (±0.1 mm) × 4.0 (±0.1 mm) × 36.0 mm and at least three specimens were tested to
obtain the average strength.
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6.4 RESULTS AND DISCUSSION
6.4.1 Characterization of PE grafted SiC and Al2O3 particles
The amount of polymer (pore formers) in the starting materials was determined by TGA tests.
The TGA curves of coated particles under inert atmosphere at different polymerization reaction
time (4 min, 7 min and 15 min) are presented in Figure 6-2. As observed in the TGA curves, the
weight loss occurs in two degradations steps. The first one between 150 °C and 350 °C is
associated with the pyrolysis of small oligomers chain. The major weight loss took place in the
temperature range of 425-485 °C. It corresponds to the decomposition of high molecular weight
polyethylene to the olefinic and paraffinic components under nitrogen [34-36].

Figure 6-2 TGA of three PE coated samples

It should be noted that by increasing the polymerization time, degradation appears at higher
temperature which indicates that longer polymer chains were produced. Thermal behavior of
coated samples was further investigated by measuring the melting temperature and crystallinity
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of the synthesized polymers via DSC. For estimating the crystallinity of HDPE component on the
coated samples a value of 293 J/g was used as the reference for the heat of fusion of 100%
crystalline polyethylene at the perfect crystal melting point [37]. DSC scans (Figure 6-2) showed
a single melting endotherm peak corresponding to the melting temperature of the polyethylene.
Typical melting temperature and degree of the crystallinity for the coating polymer (11.7 wt%)
were 135.69 °C and 61%, respectively, which are in agreement with the literature reports for the
characteristic properties of high density polyethylene [38].
The SEM observations for morphology study of the coated particles with different amount of
polymers are presented in Figure 6-3. One can clearly see that SiC and alumina particles are
coated by polymer. In addition, the presence of very thin filaments of polymer between the
alumina nano powders and SiC micro powders are revealed. As SiC particles were too thick for
the TEM beam to go through them, TEM analysis was only conducted on the alumina
nanoparticles. Figure 6-4 shows the typical TEM–EDX micrographs obtained for coated particles
with 11.7 wt % of polymer. According to the EDX analysis, the dark particles are assigned to the
alumina nanoparticles and the grayish white areas represent the coating polymer. The carbon
peak for the alumina particles (EDX analysis) shows the presence of the polymer on the surface
of particles. It is clearly visible from TEM analysis that alumina particles are surrounded and
coated by polymer and a good interfacial adhesion between polyethylene and particles are
existed. High resolution TEM image presented in Figure 6-4 indicates that HDPE forms a close
interface with alumina, which implies a proper wetting between matrix and particles. These
observations by SEM and TEM provide strong evidence that polyethylene is successfully grafted
from the surface of particles.
According to the literature, it is well established that there is a nano layer of silica on the surface
of silicon carbide. Siokou and his coworkers [39] investigated the interaction between SiO2 and
TiCl4 using X-ray photoelectron spectroscopy (XPS) analysis and they showed that catalyst
anchors on the substrates surface through a covalent bonding between Ti and hydroxyl group on
the particles.
As the surface of alumina and silica contain hydroxyl groups [40, 41] it is proposed that TiCl 4
reacts with the surface hydroxyl groups on the substrate as the following reaction [42, 43]:
6-1
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Where x=1 for mono-functional and x=2 for bi-functional compounds. As a result, monomers are
polymerized from samples surface and polymer chains builds up during the polymerization
reaction [44].
Table 6.1 compares the surface elemental analysis of non coated particles with 19.3 wt% coated
particles as measured by XPS. The results show that the peak intensity and therefore, the
contribution of Si, Al and O elements decreased in the coated particles. On the other hand, the
relative amount of carbon element increased about 4 times for coated particles. It should be noted
that even at high amount of polymer, a few trace of Si and Al elements were detected by XPS
analysis. One explanation is that the polymer thickness is less than 10 nm (which is in order of
elemental surface composition for the used XPS) in some parts of particles as found by TEM
characterization (Figure 6-5). Also, this might be due to the fact that the concentration of reactive
sites on particles surface was not enough or uniform. It is worthwhile to point out that several
parameters such as polymerization time, reaction temperature, pressure, and the molar ratio Al/Ti
can influence the polymerization rate [45]. In addition, the reactivity of monomer strongly
depends on its size. For example ethylene is five times more reactive than propylene because of
the lower size of ethylene in the polymerization with the Ziegler-Natta heterogeneous catalyst.
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Figure 6-3 SEM images of coated SiC and Al2O3 particles at different amount of polymer
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Figure 6-4 TEM images of coated particles (11.7 wt.% polymer)
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Table 6.1 XPS data for original and coated particles with 19.3 wt.% polymer

6.4.2 Characterization

of

porous

SiC

ceramic

prepared

by

in-situ

polymerization
The skeletal density, flexural strength, open porosity, and average pore size of porous SiC
ceramic with different polymer content are summarized in Table 6.2. Samples were sintered at
1500 °C for 3 h in air with molding press of 50 MPa, where 35%wt calcined alumina was added
to SiC particles. According to the results, it can be speculated that introducing polymer via in situ
polymerization on particles surface could be responsible for an increase in flexural strength
compared to the conventional method where particles are simply mixed without any
polymerization.
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Table 6.2 Influence of polymer content on the flexural strength, open porosity and pore size

Figure 6-5 A TEM micrograph of the coated particles with 11.7 wt% of HDPE

A typical pore size distribution and SEM morphology of the samples coated with 11.7 wt%
polymer are compared with the one prepared without polymerization treatment in Figure 6-6. In
samples prepared with the conventional method, the pores are formed due to stacking SiC
particles. As it is clear in the SEM picture, some alumina particles are agglomerated and have no
contact with SiC. The agglomeration produces some small pores which causes another bump as
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found in the pore size distribution results while this agglomeration has been decreased
remarkably in the case of samples which are treated by in situ polymerization.

Figure 6-6 Pore size distribution and SEM of porous SiC ceramics sintered at 1500 °C for 3 h in
air, where 35%wt calcined alumina was added into SiC particles and where starting particles
were not coated (a) and where were coated with 11.7 wt% of polyethylene (b)
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Figure 6-7 presents the XRD spectrum of samples prepared with traditional method and with the
novel process at sintering temperature of 1500 °C for 3h. For both methods, the phases consist of
mainly alumina, cristobalite, mullite and silicon carbide.
Typically, at temperature above 800 °C, SiC particles oxidize to silica via a passive oxidation
reaction:
6-2
Previously, we have reported that the oxidation rate of SiC strongly depends on the reaction
temperature and SiC particle size [46]. Crystalline structure of silica converts to the cristobalite
phase when the temperature reaches 1200 °C:
6-3
At temperature above 1400 °C, alumina reacts with cristobalite to form mullite according to the
following reaction:
6-4

According to the XRD pattern (Figure 6-6-a), it can be concluded that when in-situ
polymerization is applied for the fabrication of porous ceramic, the relative intensity of mullite to
alumina increased as compared to the samples prepared by the conventional method.
The enhancement of physical and mechanical properties of the porous samples via the developed
method can be explained as follows: when SiC and alumina nanosize powders were physically
mixed in ethanol, a lot of alumina powders were agglomerated in the bulk system (Figure 6-8-a),
while for the samples which were introduced in polymerization most of nano alumina powders
were attached on the surface of SiC powders (Figure 6-8-b) leading to homogenous dispersion of
alumina particles. In fact, as a result of deposition of the Ziegler-Natta catalyst on the SiC and
alumina particles, polymer chains grow from particles surface and they so generate strong
repulsion between nanoparticles, eventually breaking agglomerates by their propagation between
the aggregated alumina nano powders.
On the other hand, during the polymerization, polymer filaments causes to attach and bond
alumina nano particles to the surface of SiC particles which provides a linkage between alumina
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and SiC particles as it can be seen in Figure 6-9. In addition, since both particles (SiC and Al2O3)
are coated by polymer, their surface properties are similar which facilitates the dispersion of
powders in the solvent. Thus during the formation of the green body, more alumina particles
connect to SiC particles and they have more chance to react with the derived SiO2 to form mullite
as compared to the traditional method. SEM image (Figure 6-6-b) clearly demonstrates better
neck growth during the sintering of the samples as a result of more mullitization. Therefore, the
increase in strength was ascribed to the better dispersion of alumina particles in SiC particles and
more mullite formation via in situ polymerization.
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Figure 6-7 XRD patterns of porous SiC ceramics; a) effect of polymerization and b) effect of
sintering temperature; (Al: alumina, C: cristobalite, M: mullite and S: silicon carbide).

Figure 6-7-b shows the effect of sintering temperature on the evolution of crystalline structure of
samples which were prepared with 11.7 wt% polymer and sintered at 1500°C and 1550°C for 3 h.
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Figure 6-8 SEM micrographs SiC and alumina (35wt.%) which were mixed in ethanol (a) and
coated by polymer via in situ polymerization (b)

The intensity of cristobalite and alumina decreased abruptly as a result of extensive formation of
mullite with an increase in temperature. Another explanation for decreasing the intensity of
cristobalite is the formation of SiO gaseous. At lower sintering temperature, oxidation occurs
from diffusion of oxygen into the surface of SiC which forms a layer of silica film [46]. As
temperature increases, surface of SiC particles is covered by more mullite and silica which act as
an oxidation barrier. Consequently, the partial pressure of oxygen decreases which results in
changing the mechanism of the oxidation from passive to active state which produces gaseous
SiO.
According to the literature, mullitization is controlled by the solution-precipitation mechanism
[47]. At a temperature of 1400 °C, the nucleation of mullite is occurred as a result of penetration
of fine α-Al2O3 particles into SiO2, which acts like viscous softening. By increasing the sintering
temperature to 1450 °C, the viscosity of SiO2 glass decreases which enhances the rate of
diffusion of Al3+ ions into the viscous SiO2 glass. When the sintering temperature is raised above
1500 °C, viscous-flow promotes the rate of mullitization significantly by shortening the diffusion
distances between SiO2 and alumina.
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Figure 6-9 SEM micrographs of coated samples which polymer filaments attach alumina
nanopowders on the SiC particles

SEM morphology (Figure 6-10) demonstrates the strong neck growth between the SiC particles
as well as the formation of the needle-like mullite at sintering temperature of 1550 °C which
supports strongly the XRD results. After enough formation of mullite, SiO2 and α-Al2O3 must
diffuse through the interfaces of SiO2-mullite and Al2O3-mullite in order to conduct further
reaction [48]. Therefore, the mechanism of mullitization is diffusion-controlled. Increasing the
sintering temperature also leads to filling some small pores by liquid phase, and consequently,
decreasing the sample porosity from 37.3 to 34.5%. For the present case, the strength of 51 MPa
was obtained when the sintering temperature was increased from 1500 °C to 1550 °C.
The results in Table 6.2 indicate that the sample porosity increases substantially when the
polymer content changes from 31% to 43%, whereas flexural strength decreases. The highest
value of mechanical strength is found to be about 50 MPa when the particles were coated with
low amount of polymer. Effect of polymer content on the morphologies and pore size distribution
of porous SiC ceramics are presented in Figure 6-11. Accordingly, it can be found that by
increasing the polymer content, larger pores are created in the final product. The SEM images in
Figure 6-11 show the microstructure of fracture surfaces in the specimens with different amount
of polymer (3.6 wt% and 19.3 wt %). One can see that in the sample with lower amount of
polymer, more SiC particles were connected and larger growth necks between SiC particles are
observed which enhances the mechanical strength of the produced samples.
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Figure 6-10 SEM of porous SiC ceramics sintered at 1550 °C for 3 h in air where 35%wt.
calcined alumina was added into SiC particles and they were coated with 11.7 wt% of
polyethylene

The relationship between strength of porous material and the porosity can be expressed by the
following equation proposed by Rice [49]:
6-5
Where

and

are the strength of a non-porous structure and the strength of a porous material at

a porosity P, respectively, and b is an empirical constant which depends on the pore structure and
material composition. The parameters of

and b were obtained to be 235.1 MPa and 4.9,

respectively by fitting of the resulted samples with different polymer content using linearregression (R2 = 0.977). It should be noticed that the

and b parameters depends strongly on the

processing conditions. For example, She et al[4] reported the values of

190 MPa and b=4.36

for mullite-boned porous SiC ceramics while Chun et al. [50] reported b =7.95 for the silicabonded porous SiC ceramics.
Table 6.3 contains the physical and mechanical properties of porous samples as a function of
forming pressure where 3.6 wt % of polymer was initially used and the specimens were later
sintered at 1500 °C for 3h. The results show that in contrast to the polymer content, the
compaction pressure has a direct effect on the strength. With increasing the forming pressure
from 25 MPa to 100 MPa, the mechanical strength increases by about 100%, while the porosity
and the median pore diameter were shifted to smaller values. XRD patterns analysis (results are
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not shown) reveals that at higher forming pressure, the relative intensity of mullite to alumina
increased slightly. Increasing the forming pressure reduces the space between particles as well as
the porosity as it can be observed in Figure 6-12. Therefore, the diffusion of α-Al2O3 through
silica particle speeds up and mullitization rate increased. Consequently, the flexural strength of
porous SiC ceramics is improved as a result of well-developed necks between SiC particles.

Table 6.3 Effect of forming pressure on the flexural strength, open porosity and pore size
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Figure 6-11 Pore size distribution and SEM of porous SiC ceramics sintered at 1500 °C for 3 h in
air, where 35%wt. calcined alumina was added into SiC particles and where starting particle were
coated with different amount of polyethylene

Figure 6-12 SEM morphologies of porous SiC ceramics sintered at 1500 °C for 3 hrs in air with
the forming pressure of green bodies of 25 MPa and 100 MPa, where 35wt.% alumina was added
into SiC particles and the starting particles were coated with 3.6 wt.% of polymer

According to the experimental results presented in this study, it is confirmed that introducing a
polymer layer on the starting materials by in situ polymerization is a versatile method to produce
porous ceramics with higher strength and porosity compared to the traditional method. It was
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noticed that the green product formed by this technique exhibits higher strength stability which
make them much safer for the handling and machining in comparison with those resulted by
traditional method. This enhancement can be attributed to the strong filler/matrix interfacial
adhesion during the green body formation because the polymer provides better bonding between
SiC and alumina. The polymerization efficiency can be improved if the particles surface is pretreated in order to increase the hydroxyl groups on the materials surface on which catalyst can
react. For example, the modification of SiC particles and alumina nanosize powders with alumina
sol before performing the polymerization may be an efficient way to increase the adhesion
between matrix and the particles. This hypothesis will soon be evaluated in a future and more
thorough investigation.

6.5 CONCULUSIONS
In this work, a new process was developed to produce porous SiC ceramics using a combination
of in-situ polymerization and in-situ reaction bonding techniques. SiC particles as the starting
materials and alumina nanoparticles as the sintering additives were successfully coated by
polyethylene through an in-situ polymerization process, in which the TiCl4 catalyst was initially
anchored covalently on the particles surface to subsequently initiate the polymerization of
ethylene from the surface of particles. TGA analysis showed that high density polyethylene was
synthesized at different reaction times and SEM and TEM observations provided direct evidence
for the formation of macromolecular chains on the particles.
Comparing the produced porous ceramics via novel route with the ones obtained from the more
traditional method revealed that both mechanical and physical properties of the resulting products
were significantly improved. In addition, it was noticed that the green product formed by this
technique exhibits higher strength stability which make them much safer for the handling and
machining in comparison with those resulted by traditional method. XRD and SEM analysis
confirmed that SiC particles were bonded by both mullite and cristobilite. Pore size distribution
analysis of the samples showed that coating of the particles with polymer via in situ
polymerization induced appropriate dispersion of nano powders into micro SiC particles leading
to better homogeneity of final product. As a result of better dispersion and connecting of alumina
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to SiC particles by polymer chains, more mullite was produced due to the reaction between
alumina and SiO2, as observed by XRD examination.
Moreover, it was found that increasing the sintering temperature and the forming pressure has
significant effects on the strength and the porosity of the porous materials. In contrast, increasing
the polymer content causes less contact between SiC particles, which leads to a week neck
growth and increase in porosity and decrease in mechanical strength of ceramics porous
materials. In the current study, a flexural strength between 28 to 64 MPa was measured in
conjunction with samples ranging from 43% to 27 % in porosity by controlling the process
conditions such as forming pressure and polymer content.
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CHAPTER 7

ARTICLE 4: MANUFACTURING PROCESS FOR IN-

SITU REACTION-BONDED POROUS SIC CERAMICS USING A
COMBINATION OF GRAFT POLYMERIZATION AND SOL-GEL
APPROACHES

Omid Ebrahimpour, Charles Dubois and Jamal Chaouki2

Department of Chemical Engineering, École Polytechnique de Montréal, P.O. Box 6079, Station
Centre-Ville, Montréal, Canada

Abstract
A new process was successfully developed to manufacture mullite-bonded porous SiC ceramics.
In this technique, SiC particles as the starting materials were coated with a sintering additive
(alumina) and pore-former (high density polyethylene) in a two-step processing route composed
of sol-gel and in-situ polymerization techniques, respectively. After the formation of a green
body, the porous samples were produced by pressureless sintering under air. The microstructures,
phase components, and physical and mechanical properties of the developed porous ceramics
were examined and compared with the traditional process, which involved heating the green body
(made from compacting a SiC and alumina powder mixture) under air. Comparing the results
revealed that the flexural strength (35%) and porosity (8 %) as well as the pore size of the
samples fabricated by the novel process significantly increased compared to the traditional
method. The XRD, SEM, and mercury porosimetry analysis indicated that the enhanced
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properties of the porous ceramics were attributed to the good dispersion of the sintering additive
and pore former into the SiC particles and the higher mullite formation as a result of the direct
contact between the oxidation-derived SiO2 and alumina and the presence of TiO2 derived from
the Ziegler-Natta catalyst during polymerization.

Keywords: porous SiC ceramics, mullite, TiO2, sol-gel, in-situ polymerization, reaction bonding

7.1 INTRODUCTION
Porous silicon carbide ceramics have been recognized as promising candidates for hot gas
particulate systems in different industrial processes, such as the integrated gasification combined
cycle (IGCC) and coal combustion due to their unique properties, such as outstanding chemical
stability, low thermal expansion number, superior thermal shock resistance and excellent
mechanical strength [1-5]. However, a very high sintering temperature must be applied in the
manufacturing of self-bonded porous SiC ceramics because of the strong covalent bonding in SiC
and its low self-diffusion coefficient [6,7]. In addition, during the operation of this type of filter
at high temperatures, especially in the presence of water vapor, SiC is oxidized to silica, which
causes the failure of products, particularly during the pulse cleaning process [8].To overcome
these problems, She et al. [9] first developed a promising alternative process (known as in-situ
reaction bonding), which entails changing the sintering environment to air, instead of an inert
atmosphere and introducing alumina powders as the sintering aids to the starting materials.
During the sintering stage, SiC particles are bonded by both oxidation-derived silica and mullite
formed by the reaction between alumina and silica. This process results in the formation of
porous SiC ceramics at a relatively moderate sintering temperature (1500 °C) with superior
oxidation resistance in the final products. In addition, due to the slight difference in the thermal
expansion coefficient between mullite (5.3×10−6/K at 0–1000 °C) and SiC (4.7×10−6/K at 0–
1000 °C) the products are durable against thermal shock [9].
As an interesting technique to fabricate porous SiC ceramics at a low sintering temperature, the
reaction bonding method has been the focus of much research from various viewpoints, such as
the effects of sintering additives [10-14] and starting particle sizes [3] on the characteristic
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properties of porous samples as well as the evaluation of gas permeation on the manufactured
samples [15]. Dey and his coworkers investigated the implementation of the infiltration technique
to fabricate porous mullite-bonded SiC [16]. Kumar et al. [17] processed porous mullite-bonded
SiC via different aluminum sources (Al, AlN, Al2O3 and Al(OH)3). They reported that using
alumina powders results in the highest strength and the lowest porosity.
Typically, to increase the porosity of the final product, some sacrificial fugitives, such as
graphite, yeast or polymer beads, are incorporated with the raw materials [18]. During the heating
process of the green body, these pore-formers burn out and pores are produced.
Although the reaction bonding technique has numerous advantages as mentioned earlier, the main
disadvantage of this process is the insufficient dispersion and, particularly, the formation of
nanoparticle agglomerates of sintering additives in the starting particles (SiC), which
substantially initiates premature mechanical failure of the final ceramics. For instance, Ding et al.
[14] reported that during the mixing of alumina nano powders with micro sized SiC, alumina
were agglomerated and did not have contact with SiC particles. Therefore, the full advantages of
alumina addition were not exploited as they did not react with silica to form mullite. Apart from
the agglomeration of sintering additives, it was reported that because of differences between the
particle size of pore formers and the starting materials and the in-homogenous dispersion of the
pore former between the starting materials, the pore size distribution of the specimens exhibited
the bio model [10,14]. One of the peaks derived from the burning out of pore former and another
formed as a result of SiC particles being stacked due to the in-homogenous mixing between the
particles. She et al. reported that even when homogenous graphite particles were used as the pore
former, the pore size distribution of the porous samples was very broad [9].
Recently, our research group demonstrated that if some parts of calcined alumina were replaced
by alumina sol by mixing the starting powders (SiC and alumina powders) in alumina sol, the
mechanical properties were enhanced compared to the samples prepared by pure calcined
alumina [19]. It was shown that sol-gel processing is an attractive approach to fabricate ceramic
composites owing to its advantages, such as fine-scale mixing between alumina and SiC and
lowering the processing temperature [20].
More recently, our group thought of a new idea where the starting powders (SiC and calcined
alumina powders) are coated with the polymer, which acts as the pore former to improve the
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dispersion of the pore former in the starting materials by means of in situ polymerization
techniques. The in situ polymerization technique, known as the graft polymerization, is
commonly used to fabricate in-organic-organic nanocomposites [21]. The mixture of SiC
powders and calcined alumina nano powders was coated by polyethylene via the synthesis of the
polymer from the surface of the particles instead of physically mixing the powders with the
polymer. The obtained porous ceramics have higher mechanical properties and porosity
compared to the traditional method. It was proposed that during the synthesis of the polymer
from the surface of particles, the agglomeration of alumina powders was broken, which results in
enhancing the mechanical properties.
The present study addresses an alternative way to fabricate porous SiC ceramics based upon our
previous works, which make it possible to improve the uniform dispersion of sintering additives
and pore-former onto the starting materials and have a narrow pore size distribution of the
specimens as well as increasing the mechanical strength and the porosity simultaneously
compared to the conventional method. The approach is schematically presented in Figure 7-1.
Instead of physically mixing the starting powder, sintering additive and pore former (Figure 7-1right), the starting powders are chemically coated by the sintering additive (using the sol-gel
process) and pore former (via in-situ polymerization) as shown in Figure 7-1, left. The properties
of coated particles were investigated with different techniques, such as XPS, SEM and TGA. In
addition, the developed porous SiC ceramics were characterized by analyzing their phase
composition, microstructure, mechanical strength, open porosity and pore size distribution and
the results were compared with the specimens prepared by the conventional method. Finally, the
effect of the sintering temperature in the range of 1500 °C to 1600 °C on the crystalline changes
as well as the physical and mechanical properties of porous SiC ceramics has been investigated in
detail.
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Figure 7-1 Scheme of the starting materials used for the fabrication of porous SiC ceramics:
traditional process (right) developed method (left).

7.2 EXPERIMENTAL SECTION
7.2.1 MULTILAYER COATING ON SIC PARTICLES
Figure 7-2 illustrates the schematic of the fabrication procedure. In a typical experiment, 18 g αSiC (99.7% purity, ρ= 3.2 g/cm3, SBET= 0.87 m2/g, LabMAT, Canada) and 7.77 g α-alumina
(99.95% purity, ρ= 3.95 g/cm3, SBET= 8.5 m2/g, LabMAT, Canada) were dispersed in the alumina
sol using a magnetic stirrer. The amount of alumina sol yielded 1.94 grams of alumina during the
calcination process. Hence, the weight proportion of alumina in the system was kept constant to
35 wt.%

, in which 20 wt. % of it was produced from alumina sol.
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Figure 7-2 Schematic diagram of the novel fabrication route used for the preparation of porous
SiC ceramics

Alumina sol was synthesized via hydrolysis and condensation of aluminum isopropoxide (AIP,
Aldrich, 98%) as a precursor to the Yoldas method. The details of the synthesis and
characterization of alumina sol have been described elsewhere [22]. The molar weight ratio of
water to aluminum isoproxide was 100:1 and the pH of the resultant alumina sol was adjusted to
about 4 leading to a stable sol. According to the TEM observation, the formed alumina sol has a
needle-like shape with a thickness of 2-3 nm and a length of 15 to 25 nm [22].
After drying the powders at 150 °C for 24 hrs and passing them through an 80 mesh sieve, they
were loaded into the BUCHI reactor, which was previously filled with the dried hexane (Sigma)
for the polymerization of polyethylene from the surface of powders using the Ziegler Natta
catalyst. Since the catalyst system was very reactive in water and oxygen, it was handled and
stored in the glove-box under Argon atmosphere. The polymerization procedure can be found in
detail in the previous work. In summary, in this step, the desired amount of catalyst TiCl 4 (Acros)
was added to the system followed by an injection of the co-catalyst, triethylaluminum 1M, in
hexane (AlEt3, Sigma-Aldrich). The amount of injected catalyst was calculated based on the
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theoretical assumption which the catalyst can cover the entire particles surface (45 mg cat/g
powder) The amount of catalyst was determined on the ass7mg cat/g powder The mole ratio of
co-catalyst to catalyst was kept at 2. Before the polymerization reaction, the powders were mixed
by a magnetic drive impeller under nitrogen (99.5% purity, Canadian liquid air). The reaction
began by introducing the ethylene monomer in the medium instead of nitrogen gas at a
temperature of 65 °C and pressure of 50 kPa. The polymerization reaction was terminated by
adding ethanol in the system to hydrolyze the catalyst complex. In this step, the amount of
synthesized polymer on the powders was a function of reaction time.

7.2.2 Preparation of porous SiC samples
The resulted composites were dried, sieved again through an 80 mesh screen and, subsequently,
compacted under a pressure of 50 MPa to form a rectangular bar 4.5 mm × 10.0 mm × 50.0 mm
using a stainless steel die. Then, the green compacts were heated under air at a heating rate of 2
°C/min up to 900 °C and 5 °C / min up to the desired sintering temperatures (1500 °C, 1550 °C
and 1600 °C) and held for 3 hrs at that firing temperature. To compare the physical and
mechanical properties of the ceramic porous manufactured via the developed method with the
conventional process, the powder mixture of SiC and alumina (35 wt. %) was ball milled in
ethanol with 2.5 wt.% of polyvenyly butrilal (PVB) as the organic binder using high energy
milling. The suspension was dried under circulation and subsequently sieved through an 80-mesh
screen to avoid hard agglomerates. Similar steps as described above were conducted to produce
porous samples.

7.2.3 Characterization of the powders
The surface area of the starting powders and after being coated with polymer was determined by
a Horiba Quantachrome Autosorb-1 apparatus. Before BET analysis, samples were degassed at
150 °C for 3 hours. Particle size distribution of the powders was characterized using an LA-950
laser diffraction particle size analyzer. The morphology of untreated and coated mixed powders
was observed by field emission scanning electron microscopy (SEM, Model JSM-7600 TFE,
JEOL, Japan) working at 2 kV. Thermal analyses were performed using thermogravimetric
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analysis (TGA Q 5000 apparatus) to determine the degradation behaviour of dried alumina sol
and the quantity of polymer and alumina sol coated on the SiC particles. Typically, about 10 mg
of powders were heated under nitrogen atmosphere with a heating rate of 10 °C/min and a gas
flow of 20 ml/min using a palatine pan.
The surface composition of starting powders and after coating was investigated by X-ray
photoelectron spectroscopy (XPS), using a VG Scientific ESCALAB Mk II with Mg Kα
radiation (1253.6 eV) operated at 300 W (survey scan). The analyzer mode was held at constant
pass energy (100 eV, 1 eV energy step size) with the depth up to 10 nm. The C1s line (285.0 eV)
was used as a reference to correct any electrostatic charging. During the operation, the residual
pressure in the chamber was below 8 × 10−9 mbar and the detection angle was perpendicular to
the sample’s surface.

7.2.4 Characterization of porous SiC ceramics
The crystalline phases of the porous specimens were detected by X-ray diffraction analysis using
Philips X'Pert diffractometer (The Netherlands) with Cu-Kα radiation (0.154 nm) at a generator
voltage of 50 kV and a current of 40 mA in the range of diffraction angles 2ϴ of 10-80°. The
microstructural examination of the porous samples fabricated by different routes was performed
by SEM after first being coated by a thin layer of gold.
The bending strength of products was evaluated by the three point bending fixture using an
Instron Universal Testing machine (Model 1123, Instron, Canton, MA, USA) with a 500 N load
cell with a support distance of 30 mm at a constant crosshead velocity of 0.5 mm/min. The results
were reported as the mean values of three measurements. The deflection measurement was taken
using LVDT with a resolution of 0.05% and Young’s modulus was calculated via standard
software (Instron Bluehill-2, UK). After machining and polishing, the thickness and width of the
samples obtained at a sintering temperature of 1500 °C was 3.0 (±0.1 mm) × 4.0 (±0.1 mm) and
for the beams prepared at 1600 °C was 3.0 (±0.1 mm) × 7.0 (±0.1 mm), respectively, as it was
difficult to be polished.
The pore size distribution of the porous samples was determined by mercury porosimetry
(AutoPore IV 9500 V1.06, Micromeritics, USA), operated at up to maximum pressures of
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125 MPa. The porosity of the porous samples after firing was determined from the intrusion
mercury volume obtained from mercury porosimetry and the true density of the porous ceramic
was obtained by the gas volume displacement method using a gas pycnometer (Accupyc II 1330
helium pycnometer) through the following equation:
Porosity (%) =

7-1

7.3 Results and discussion
7.3.1 Characterization of SiC and Al2O3 powders after treating with alumina
sol and polyethylene
Figure 7-3 (a)-(d) represents the typical TGA results of the as-dried synthesized alumina sol and
the resulted samples after treating SiC and alumina powders under different processes. During
heating the dried alumina sol, the main weight loss (33 wt %) is observed at temperatures below
500 °C while the total loss was determined to be about 35 wt%. The weight loss is associated
with the elimination of water and decomposition of organic components in the alumina sol. It was
reported that with an increase in temperature, the phase of alumina sol is transferred from metastable phases to the stable α phase as follows [22,23]:
Boehmite → ɣ → δ →θ →α

7-2
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Figure 7-3 Thermal Characterization of alumina sol and coated SiC and Al2O3 powders by
different routs

For the case where the mixture powders (SiC and calcined alumina (35 wt%)) were treated with
polyethylene via in-situ polymerization, a sharp weight loss occurred at temperatures in the range
of 425 °C-485 °C due to the degradation of high density polyethylene and olefinic and paraffinic
components under nitrogen (Figure 7-3-b). It should be noted that the amount of polymer
depends on the polymerization reaction time and conditions, such as pressure, temperature and
mole ratio of co-catalyst to catalyst. Thermal behavior of the dried powders (SiC and calcined
alumina (25 wt %)) mixed in alumina sol (Figure 7-3-c) exhibits a similar weight loss trend as
observed for pure alumina sol (Figure 7-3-a) except that the total loss was much lower (5% wt).
Figure 7-3-d presents the thermal analysis of the SiC and Al2O3 powders, which were primarily
mixed in alumina sol followed by further coating with polyethylene using in-situ polymerization.
The curve shows two main stages of weight loss. Compared to the results of Figure 7-3-b and
Figure 7-3-c, the thermal behavior of samples obtained after sol-gel and polymerization processes
behaves like the combination of individual processes (sol-gel and in-situ polymerization).
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Figure 7-4 indicates the morphologies of the SiC and Al2O3 powder mixture before and after
modification processes.

Figure 7-4 SEM images of original SiC and Al2O3 powders (a); after coating with alumina sol
(b); after polymerization
When the powders were physically mixed in ethanol, most of the alumina nano powders were
agglomerated and not homogenously dispersed between SiC particles. Before any treatment
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process, the surface of SiC particles was sharp (Figure 7-4 (a) and some fine SiC powders were
presented on the particles. When some parts of alumina nano particles (20 wt %) were replaced
by alumina sol, the mixing of the particles was enhanced as observed by SEM characterization.
Figure 7-4 -b reveals that more alumina particles attached to the surface of SiC powders. BET
analysis revealed that the specific surface area of the coated powders was also notably increased
to 21.38 m2/g. This increase is attributed to the small particle size of alumina sol. Comparing the
surface morphologies of powders before and after in-situ polymerization confirms the presence of
the polymer chain on the surface of the particles. Implementing the surface coating leads to the
blunting of the surface of SiC particles as well.
To further investigate the surface analysis of SiC and alumina powders after each treatment
process, XPS measurements were conducted as shown in Figure 7-5 and element quantification
from survey scans is reported in Table 7.1.

Table 7.1 XPS data for original and after coating with alumina sol and polyethylene
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Before any treatment on the samples, Al, Si, O, C, Cl and F elements were detected. Compared
with samples after coating them with alumina sol, the weight percentage of the Si element
decreased from 7.7 wt% to 2.9 wt%. In the samples that were also coated by polymer, the Si
element was not detected on the surface of the substrate by the instrument. Consequently, XPS
analysis revealed that the surface of SiC is completely covered by polymer and alumina sol. It
should be noted that the weight percentage of the carbon element decreased slightly from 20.3
wt% to 15.2 wt% after coating the powders with alumina sol whereas after the polymerization
process it increased significantly to 67.7 wt%. In the reverse trend, the weight percentage of the
Al element was at first slightly increased from 48.4 wt% to 57.1 wt% after coating the powders
with alumina sol due to the coating of the SiC surface by alumina sol followed by a drastic
decrease to 21.1 wt% after the graft polymerization process. The first decrease corresponded to
the coating of SiC particles with alumina sol and the latter increase was the result of the carbon
element in polyethylene, which covers the surface of particles. Similar to the Si element, the
intensity of Al is abruptly decreased from 21.4 wt% to 6.4 wt% after coating the particles with
polymer. The appearance of Ti in the samples coated with polymer corresponded to the ZieglerNatta catalyst (TiCl4). It is worth mentioning that increasing the intensity of Cl is associated with
the addition of HCl during the preparation of alumina sol and TiCl4 during polymerization.
Yang et al. [24] proposed that when mixing SiC in alumina sol, the negatively charged silanol
group (formed by the hydrolysis of the existing silica layer on the surface of SiC powders in
alumina sol) reacts with AlO4Al12(OH)24(H2O)12, well-known as Al13, which is positively
charged in the pH range of 3.5-4. While Prabhakaran et al. [25] suggested a multi-step reaction
may have occurred through the adsorption of [Al(OH)(H2O)]2+ and [Al2(OH)(H2O)8]4+ species on
SiC particles at the studied pH range.
It is well established that the presence of the hydroxyl groups on the surface of the substrate is a
key factor in the graft polymerization of polyethylene from the surface of particles [26]. It is
proposed that TiCl4 adheres to the substrate as follows [27]:
7-3
Where x=1 is for mono-functional and x=2 is for bi-functional compounds. Therefore, monomers
are forced to be polymerized from the surface of the substrate.
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Figure 7-5 XPS spectra of original powders and after coating by alumina sol and polyethylene
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According to the structure of boehmite (AlOOH), it has more hydroxyl groups compared to the
SiC and calcined alumina powders. Consequently, coating the particles with alumina sol
improves the interfacial adhesion between the polymer and substrate, particularly SiC powders. It
is worth mentioning that XPS analysis for the particles (SiC and Al2O3) coated by polyethylene
without any treatment detected the substrate elements (both Si and Al) even at high polymer
content (18 wt%). It should be pointed out to better improve the dispersion of particles before
polymerization that the surface of boehmite can be rendered by other modifications, such as
stearic acid [28]. Therefore, a combination of the sol-gel process and in-situ polymerization
results in the formation of the double layer of sintering additive and pore-former on the surface of
SiC particles, Figure 7-6, and consequently during the pressing of these particles, the green body
is formed by the uniform particles.

Figure 7-6 Morphology of the coated particles by sol-gel and In-situ polymerization routs
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7.3.2 Characterization of porous SiC ceramics
Table 7.2 lists flexural strength, open porosity, average pore size and skeletal density of porous
SiC ceramics sintered at 1500 °C for 3 hours under air (forming pressure of 50 MPa) via the
developed process and the traditional method. It is clear that the incorporation of the sol-gel
technique and in-situ polymerization increases significantly porosity and flexural strength
compared to the conventional method.

Table 7.2 Mechanical and physical properties of the ceramics prepared by the developed method
and traditional method, sintering at 1500 °C for 3hrs and forming pressure of 50 MPa

Figure 7-7 Pore size distribution of the porous SiC samples prepared by two different process,
sintering temperature 1500 °C and forming pressure was 50 MPa

145
A typical pore size distribution of the samples via the novel process is compared with the one
prepared where particles are simply mixed without any treatment in a ball mill in Figure 7-7.
When no pore former was added to the system, the stacking of particles (SiC and Al 2O3) derives
pores.
As is clear in the SEM pictures (Figure 7-8), some alumina nano-particles did not make contact
with SiC as a result of in-homogenous dispersion and a tendency toward agglomeration.

Figure 7-8 The morphology of porous SiC ceramics fabricated by the traditional method at 1500
°C under air with the 35% wt Al2O3
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Consequently, the stacking of un-reacted alumina forms some small pores, which produce
another bump as found in the pore size distribution. When particles are initially coated by both
alumina sol and the polymer, the pores originate by burning out the polymer and the organic
components in alumina sol as well as the stacking of SiC particles, which mostly occurs at the
same position. Therefore, these phenomena results in a larger pore size than those prepared by
mixing SiC and alumina powders without any pore former. In addition, the pore size distribution
is much narrower compared to the samples derived by traditional methods and the agglomeration
of alumina nano powders has been eliminated in the case of samples treated by sol-gel and in-situ
polymerization.

Figure 7-9 Morphology of porous SiC ceramics fabricated by the novel method at 1500 °C under
air with the 35% wt Al2O3
Figure 7-9 shows the typical microstructure of a representative specimen fabricated by the novel
method. It can be seen that the morphology of the structure completely changed compared to
Figure 7-8 and most of the alumina nano powders reacted to mullite. Compared to Figure 7-8, it
is evident that a greater number of SiC particles were connected together and larger growth necks
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between SiC particles were developed by the novel process. This can explain the increasing
mechanical strength of the produced samples obtained by a combination of sol-gel and in-situ
polymerization.
To further analyze the structural changes of porous SiC ceramics with changing the process
procedure, the crystalline structure was compared at the sintering temperature of 1500 °C (Figure
7-10). For both methods, the phases consist of mainly alumina, cristobalite, mullite and silicon
carbide. However, in the samples fabricated with the novel route, rutile-type TiO2 is also detected
by XRD patterns as the minor phase (Figure 7-10). According to the XRD pattern, at the sintering
temperature of 1500 °C, in the samples derived by the novel method, the relative intensity of
mullite to alumina and cristobalite to SiC is much higher with respect to the traditional method.

Figure 7-10 A comparison between crystalline phases of the porous SiC ceramics manufactured
by the conventional method and the new process

148
During the passive oxidation of SiC, a coherent silica layer forms on the particle surface,
resulting in the weight gain and volume expansion of particles as follows:
7-4
As the sintering temperature is increasing, the amorphous phase of silica is transferred to the
cristobalite.
7-5

Previously, our research group studied the oxidation rate of SiC powders in the packed bed state.
It was stated that the oxidation rate strongly depends on the reaction temperature, SiC particle
size and the physical structure of the system, such as pore size and porosity in the packed bed
[29]. Depending on the oxidation temperature, oxygen molecules or oxygen ions must first
diffuse from the pores between SiC powders followed by diffusion through the oxide layer to
reach the fresh SiC. Consequently, the oxidation rate is controlled by both inter-particle and intraparticle diffusion [29, 30].
On the other hand, it has been reported in the literature that the impurities have a favorable effect
on the oxidation rate [31]. In fact, as a result of the deposition of the Ziegler-Natta catalyst on the
surface of SiC and alumina particles during polymerization, TiCl4 is oxidized under air as
follows:
TiCl4 + O2 →TiO2 (s) + 2Cl2 (g)

7-6

Consequently, besides the effect of the larger pore size and porosity in the porous samples, the
formation of TiO2 could be also responsible for enhancing the oxidation rate of SiC powders in
the specimen prepared by the developed method.
Typically, at a sintering temperature above 1400 °C cristobalite and silica react together to form
mullite as follows:
7-7
According to Davis and Pask [32] for the system of SiO2-Al2O3, mullitization is controlled by the
solution-precipitation mechanism. It was reported that the reaction rate at the interface of alumina
and SiO2 are faster than the diffusion rates and after enough formation of mullite, SiO2 and α-
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Al2O3 must diffuse through the interfaces of SiO2-mullite and Al2O3-mullite in order to conduct
further reactions [33]. Hence, the mechanism of mullitization is diffusion-controlled. Increasing
the sintering temperature enhances the viscosity of SiO2, which promotes the rate of diffusion of
Al3+ ions into the viscous SiO2 glass.
Another critical point to note is the effect of TiO2 in the system of SiO2-Al2O3. According to the
stochiometric equation (6), the weight ratio of TiO2 in the system is about 2.5 wt%. In the
literature, it was reported that the incorporation of a small amount TiO2 induces the mullitization
rate by decreasing the viscosity of the liquid siliceous phase, which favors mass transport
between alumina dissolution and silica, accordingly. The reaction temperature of the mullite
formation can be reduced with the presence of titanium dioxide under its solubility limit whereas
an amount in excess of that prevents the combination of silica and alumina, producing mullite
[34]. It should be noted that effect of TiO2 on mullitization is a complex phenomena and different
observations have been reported [35, 36].
According to the SEM, pore size, and XRD results, the enhancement of porosity and mechanical
properties of the porous samples via the developed method can be explained as follows: mixing
alumina and SiC powders in alumina sol forms at least a nano layer of alumina on both the
surface of SiC and calcined Al2O3 powders. It was shown that the dispersion of SiC and alumina
powders is enhanced due to the steric and electrostatic effects. On the other hand, during
polymerization the ethylene monomer, which has a small size, can easily penetrate into the
agglomeration of alumina nano powders and start the reaction through the catalyst, which was
anchored on the surface of the particles. During the propagation of the polymer, the
agglomeration of alumina nano powders breaks out. Furthermore, it was demonstrated by our
group that polymer filaments bond alumina nano particles to the SiC powders.
Thus, during the formation of the green body, more alumina particles contacted SiC particles
creating more chances to react with the derived SiO2 to form mullite compared to the traditional
method. In addition, the presence of TiO2, which homogenously attached on the surface of SiC
and alumina powders, acts as the sintering additive to promote the mullitization rate. During the
heating process, this polymer was burnt out producing larger pores with narrow pore size
distribution as well as higher porosity. These phenomena did not occur when SiC and alumina
nanosize powders were physically mixed in ethanol. In summary, the increase in strength and
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porosity were ascribed to the better dispersion of alumina and pore former in SiC particles and
more mullite formation.
Figure 7-11 depicts the effect of sintering temperature on the evolution of the crystalline structure
of samples prepared with traditional and developed methods sintered at 1500 °C, 1550°C and
1600 °C for 3 hrs. For both samples, increasing the temperature leads to enhancing the mullite
rate formation and decreasing the intensity of alumina as expected. As the temperature increases,
cristobalite participates in several reactions which occur simultaneously. On the one hand,
increasing the temperature results in the formation of more silica which transform to cristobalite
(Equations 4 and 5).
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Figure 7-11 Crystalline evoulotion of porous samples as the sintering temperature increases
On the other hand, it causes more cristobalite to be consumed to form mullite (Equation 6). The
formation of mullite on the surface of SiC particles can act as an oxidation barrier for further
oxidation of SiC and may decrease the partial pressure of oxygen in the system resulting in
changing the passive oxidation mechanism to active oxidation [37] at higher sintering
temperatures (above 1550 °C) as follows:
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SiC + O2 → SiO (g) + CO (g)

7-8

Consequently, instead of forming SiO2, SiO is produced. When this gas leaves the specimen, it
reacts with the oxygen in the bulk system and produces SiO2 on the surface of the product
(Figure 7-12). The XRD analysis confirmed that the white powders are silica.

Figure 7-12 Bubble formation during sintering of the porous SiC ceramics at 1600 °C under air
for 3h
Therefore, according to the XRD results, the main crystalline structures of samples prepared by
the novel method at 1600 °C are only mullite and SiC. As the thermal expansion number of
mullite is much more similar to the thermal expansion of silica compared to cristobalite, it would
be expected that these products have a higher thermal shock resistance compared to the lower
temperature. For the present case, the strength of 68.8 ± 9.0 MPa was obtained when the sintering
temperature was increased from 1500 °C to 1600 °C. This significant improvement in mechanical
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property of the porous samples at higher 1600 °C is attributed to the very well neck growth
between SiC particles due to the formation of mullite (Figure 7-13).

Figure 7-13 Morphology of porous SiC ceramics fabricated by the novel method at 1600 °C
under air with the 35 wt% Al2O3

According to the experimental results presented in this study, it is confirmed that introducing the
sintering additive and pore former to the starting particles via the combination of the sol-gel
technique and in-situ polymerization method is a promising process to produce porous ceramics
with higher strength (more than 35%) and porosity (8%) compared to the traditional method. The
process was found to be flexible enough to control the amount of pore former (polymer) by
adjusting the polymerization conditions which allows the production of a wide range of porosity
in the final porous samples. In addition, as most parts of the starting materials are grafted by
polymer, strong filler/matrix interfacial adhesion is observed during the green body formation.
Therefore, the green body has more mechanical strength for the holding, transferring and even
machining of the ceramic porous before firing. In the future, other physical and mechanical
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properties, such as thermal shock behavior, air permeation, and the filtration efficiency of the
developed porous ceramics will be evaluated.

7.4 Conclusion
Mullite bonded porous SiC ceramics with high mechanical strength and porosity have been
successfully fabricated using the combination of sol-gel processing and in-situ polymerization
with a reaction bonding technique. In this work, SiC particles used as the starting materials were
coated by alumina nanoparticles as the sintering additives with the assistant of alumina sol
followed by a coating of polyethylene through an in-situ polymerization process, in which the
TiCl4 catalyst was initially anchored covalently on the particle surface to subsequently initiate the
polymerization of ethylene from the surface of particles. The TGA, SEM, and XPS analysis
confirmed that the high density polyethylene formed on the surface of the powders. Comparing
the pore size analysis obtained from the produced porous ceramics via the novel route with the
ones obtained from the more traditional method revealed that coating SiC with alumina sol and
polyethylene by in-situ polymerization successfully surpassed the in-homogenous dispersion
problem between starting materials, sintering additives, and pore-forming.
In addition, it was noticed by XRD examination that the presence of TiO2 as a result of the
oxidation of TiCl4 acted like the sintering additives, which increased the formation of mullite at a
lower sintering temperature. Better dispersion of materials and a higher formation of mullite as
well as the presence of polyethylene as the pore former on the SiC particles significantly induced
flexural strength and porosity as well as pore size compared to the traditional method.
Moreover, it was found that increasing the sintering temperature had considerable effects on the
strength and porosity of the porous materials and crystalline structure. Increasing the sintering
temperature to 1600 °C resulted in the formation of porous ceramics, which consisted of mullite
and SiC as the major phases with a flexural strength of 70 MPa. In summary, by controlling the
process conditions, such as selecting the particle size of the starting materials, forming pressure,
polymer content and sintering temperature, this novel technique can manufacture porous SiC
ceramics with enhanced mechanical and physical properties at a low sintering temperature.

155

7.5 References
1.

Studart, A.R., et al., Processing routes to macroporous ceramics: A review. Journal of the
American Ceramic Society, 2006. 89(6): p. 1771-1789.

2.

Eom, J.-H., Y.-W. Kim, and S. Raju, Processing and properties of macroporous silicon
carbide ceramics: A review. Journal of Asian Ceramic Societies, (0).

3.

Li, J., H. Lin, and J. Li, Factors that influence the flexural strength of SiC-based porous
ceramics used for hot gas filter support. Journal of the European Ceramic Society, 2011.
31(5): p. 825-831.

4.

Alvin, M.A., Advanced Ceramic Materials for Use in High-Temperature Particulate
Removal Systems. Industrial & Engineering Chemistry Research, 1996. 35(10): p. 33843398.

5.

Wang, W., et al., Kinetics of Ammonia Decomposition in Hot Gas Cleaning. Industrial &
Engineering Chemistry Research, 1999. 38(11): p. 4175-4182.

6.

Sigl, L.S. and H.-J. Kleebe, Core/Rim Structure of Liquid-Phase-Sintered Silicon
Carbide. Journal of the American Ceramic Society, 1993. 76(3): p. 773-776.

7.

Kovalčíková, A., J. Dusza, and P. Šajgalík, Thermal shock resistance and fracture
toughness of liquid-phase-sintered SiC-based ceramics. Journal of the European Ceramic
Society, 2009. 29(11): p. 2387-2394.

8.

Pastila, P., et al., Environmental effects on microstructure and strength of SiC-based hot
gas filters. Journal of the European Ceramic Society, 2001. 21(9): p. 1261-1268.

9.

She, J.H., et al., Oxidation bonding of porous silicon carbide ceramics. Journal of
Materials Science, 2002. 37(17): p. 3615-3622.

10.

Liu, S., Y.-P. Zeng, and D. Jiang, Fabrication and characterization of cordierite-bonded
porous SiC ceramics. Ceramics International, 2009. 35(2): p. 597-602.

11.

Kayal, N., A. Dey, and O. Chakrabarti, Synthesis of mullite bonded porous SiC ceramics
by a liquid precursor infiltration method: Effect of sintering temperature on material and
mechanical properties. Materials Science and Engineering: A, 2012. 556(0): p. 789-795.

156
12.

Liu, S., Y.-p. Zeng, and D. Jiang, Effects of CeO2 addition on the properties of cordieritebonded porous SiC ceramics. Journal of the European Ceramic Society, 2009. 29(9): p.
1795-1802.

13.

Choi, Y.-H., et al., Effect of alkaline earth metal oxide addition on flexural strength of
porous mullite-bonded silicon carbide ceramics. Journal of Materials Science, 2010.
45(24): p. 6841-6844.

14.

Ding, S., et al., Effect of Y2O3 addition on the properties of reaction-bonded porous SiC
ceramics. Ceramics International, 2006. 32(4): p. 461-466.

15.

Dey, A., et al., Investigations on Material and Mechanical Properties, Air-Permeation
Behavior and Filtration Performance of Mullite-Bonded Porous SiC Ceramics.
International Journal of Applied Ceramic Technology, 2013: p. n/a-n/a.

16.

Dey, A., N. Kayal, and O. Chakrabarti, Preparation of mullite bonded porous SiC
ceramics by an infiltration method. Journal of Materials Science, 2011. 46(16): p. 54325438.

17.

Kumar, B.V.M., et al., Effect of aluminum source on flexural strength of mullite-bonded
porous silicon carbide ceramics. Journal of the Ceramic Society of Japan, 2010.
118(1373): p. 13-18.

18.

Ohji, T. and M. Fukushima, Macro-porous ceramics: processing and properties.
International Materials Reviews, 2012. 57(2): p. 115-131.

19.

Ebrahimpour, O., C. Dubois, and J. Chaouki, Fabrication of mullite-bonded porous SiC
ceramics via a sol–gel assisted in situ reaction bonding. Journal of the European Ceramic
Society, (0).

20.

Hlavacek, V. and J.A. Puszynski, Chemical Engineering Aspects of Advanced Ceramic
Materials. Industrial & Engineering Chemistry Research, 1996. 35(2): p. 349-377.

21.

Rajabian, M. and C. Dubois, Polymerization compounding of HDPE/Kevlar composites.
I. Morphology and mechanical properties. Polymer Composites, 2006. 27(2): p. 129-137.

157
22.

Ebrahimpour, O., C. Dubois, and J. Chaouki, Fabrication of mullite-bonded porous SiC
ceramics via a sol–gel assisted in situ reaction bonding. Journal of the European Ceramic
Society, 2014. 34(2): p. 237-247.

23.

Derakhshan, A.A. and L. Rajabi, Review on applications of carboxylate–alumoxane
nanostructures. Powder Technology, 2012. 226(0): p. 117-129.

24.

Yang, Q. and T. Troczynski, Dispersion of Alumina and Silicon Carbide Powders in
Alumina Sol. Journal of the American Ceramic Society, 1999. 82(7): p. 1928-1930.

25.

Prabhakaran, K., J. James, and C. Pavithran, Surface modification of SiC powders by
hydrolysed aluminium coating. Journal of the European Ceramic Society, 2003. 23(2): p.
379-385.

26.

Amoli, B.M., S.A.A. Ramazani, and H. Izadi, Preparation of ultrahigh-molecular-weight
polyethylene/carbon nanotube nanocomposites with a Ziegler–Natta catalytic system and
investigation of their thermal and mechanical properties. Journal of Applied Polymer
Science, 2012. 125(S1): p. E453-E461.

27.

Siokou, A. and S. Ntais, Towards the preparation of realistic model Ziegler-Natta
catalysts:

XPS

study

of

the

MgCl2/TiCl4

interaction

with

flat

SiO2/Si(1&#xa0;0&#xa0;0). Surface Science, 2003. 540(2–3): p. 379-388.
28.

Halbach, T.S. and R. Mülhaupt, Boehmite-based polyethylene nanocomposites prepared
by in-situ polymerization. Polymer, 2008. 49(4): p. 867-876.

29.

Ebrahimpour, O., J. Chaouki, and C. Dubois, Diffusional effects for the oxidation of SiC
powders in thermogravimetric analysis experiments. Journal of Materials Science, 2013.
48(12): p. 4396-4407.

30.

Zheng, Z., R.E. Tressler, and K.E. Spear, The Effects of Cl-2 on the Oxidation of SingleCrystal Silicon-Carbide. Corrosion Science, 1992. 33(4): p. 557-567.

31.

Opila, E., Influence of Alumina Reaction Tube Impurities on the Oxidation of ChemicallyVapor-Deposited Silicon Carbide. Journal of the American Ceramic Society, 1995. 78(4):
p. 1107-1110.

158
32.

Davis, R.F. and J.A. Pask, Diffusion and Reaction Studies in the System Al2O3-SiO2.
Journal of the American Ceramic Society, 1972. 55(10): p. 525-531.

33.

Saruhan, B., et al., Reaction and sintering mechanisms of mullite in the systems
cristobalite/α-Al2O3 and amorphous SiO2/α-Al2O3. Journal of the European Ceramic
Society, 1996. 16(10): p. 1075-1081.

34.

Baudin, C. and J.S. Moya, Influence of Titanium Dioxide on the Sintering and
Microstructural Evolution of Mullite. Journal of the American Ceramic Society, 1984.
67(7): p. C-134-C-136.

35.

Zhang, T.S., et al., Tailoring the microstructure of mechanoactivated Al2O3 and SiO2
mixtures with TiO2 addition. Journal of Alloys and Compounds, 2010. 506(2): p. 777783.

36.

Ruiz de Sola, E., et al., Solubility and microstructural development of TiO2-containing
3Al2O3·2SiO2 and 2Al2O3·SiO2 mullites obtained from single-phase gels. Journal of the
European Ceramic Society, 2007. 27(7): p. 2647-2654.

37.

Narushima, T., et al., High-temperature oxidation of silicon carbide and silicon nitride.

Materials Transactions Jim, 1997. 38(10): p. 821-835

159

CHAPTER 8

GENERAL DISSCUSSION

In this study different strategies (implementation of sol-gel processing, graft polymerization or a
combination of them) have been used to fabricate porous SiC in order to improve the physical
and mechanical properties of the product compared to the traditional method, which involved
mixing the starting materials in powder form. In all of the processing methods the compact SiC
powders were heated under air to partially oxidize SiC to SiO2. Therefore, since the oxidation
process is an essential step in the fabrication process, the first part of this study was devoted to
investigating the oxidation behavior of SiC particles using thermogravity analysis. The oxidation
rate of different particle sizes of SiC powder was also investigated. Results demonstrated that at
the studied temperature, besides the surface reaction and intra-particle diffusion, inter-particle
diffusion should also be considered, especially when SiC particles are in compact form. To
describe these limitation steps a new model was developed, which can be applied in other noncatalytic gas solid reactions where one or some of these limitation steps control the overall
reaction rate of the gas-solid reaction.
In addition, the crystalline and morphology changes of the compact SiC powders during
oxidation at higher temperatures have been investigated. It was found that at temperatures above
1200 °C the amorphous structure of silica transferred to cristobalite and at higher temperatures
(above 1400 °C) the sintering phenomena cause the morphology of the powders to change
(Figure 8-1). Although the developed model was constructed to consider all of the diffusional
effects and the surface reaction as well as the physical parameters, such as porosity between the
powders at the height of the samples, it assumed these physical parameters (porosity and the pore
structure) were constants and would not change during oxidation. Therefore, to apply this model
at higher temperatures, it should be modified to take into account the structural changes of
powders compacted at higher temperatures and should be investigated in more detail.
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Figure 8-1 Morphology of compact α-SiC powders after the oxidation at 1500 °C/3 h

In the second phase of this research due to the controversial reports in the literature about the
effect of sintering additive content during the fabrication of mullite-bonded porous SiC ceramics,
it was essential to study the effect of alumina contents in powder form on the flexural strength
and porosity of the produced porous ceramics. The XRD characterization identified the presence
of alumina, SiC, cristobalite, and mullite in the specimen. The SEM analysis showed that porous
SiC ceramics were successfully bonded by both mullite and cristobalite using the reaction
bonding technique. Although the analysis showed that the addition of alumina nano powders
increased the flexural strength and decreased the porosity of the samples, SEM observation
confirmed that during the physical mixing of alumina nano powders with SiC powders, some of
the alumina nano powders were agglomerated and did not contact the SiC particles. These
agglomerations produced small pores, which were detected in the pore size analysis from the
mercury results. In fact, the weight ratio of alumina nano powders to the SiC particles should be
optimized to maximize the mechanical properties and porosity. Particle size ratio between SiC
and alumina nano particles and their initial sizes are strongly affected by the packing density of
the green body of porous ceramics. For the current study, it was proposed that the optimal
condition for alumina is about 35 wt. %.
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It was also found that when a small portion of alumina in the sol form was added to the SiC
particles, the mullitization rate was enhanced compared with the one prepared by the addition of
alumina in the calcined state. However, at a higher amount of alumina sol, the flexural strength is
drastically degraded due to the large amount of shrinkage and stress during the calcination
process. It was found that the addition of alumina sol beyond a certain value causes the alumina
sol in the medium to saturate resulting in the formation of agglomerations of alumina nano sol in
the system. Therefore, it did not coat the SiC particles. Interestingly, it was revealed that if a
portion of alumina nano powders were replaced by the alumina sol, the properties of the final
product would be enhanced significantly. The reason was attributed to the fine mixing and good
dispersion of alumina and SiC particles in alumina sol and steric forces. Another explanation is
that as the amount of alumina nano powders decreased by 20% wt%, the chance of agglomeration
formation decreased. When coating alumina nano powders with alumina sol, the thickness of the
alumina nano powder from the alumina sol is on the order of the size of alumina sol. Therefore,
in order to coat the SiC particles with the desired amount of alumina, both alumina sol and
calcined alumina should be applied. The thickness of coated alumina on the powders from the
alumina sol depends on the concentration of alumina sol and the number of times the coating
process is repeated. It would be interesting to study these factors to find the optimal conditions
for coating alumina sol on SiC powders. As well, in this thesis, the SiC particles were coated by
mixing the alumina sol using magnetic stirrers. It would be necessary to further investigate the
coating performance with other methods, such as dip coating, to verify the thickness of coated
alumina sol on the particles.
In the third part of the project, the feasibility of the application of in situ polymerization to
fabricate porous SiC ceramics was investigated. The TGA/ DSC analysis confirmed the presence
of high density polyethylene in the system and SEM and TEM analysis demonstrated that SiC
and alumina particles were successfully grafted by polymer. It was found that coating the
particles with polyethylene via in situ reaction was an effective way to improve the dispersion of
the alumina powders in the SiC particles. Although the results confirmed that the particles were
coated by polymer and most of the alumina nano powders were bonded to the surface of alumina
via polymer chain, XPS analysis and SEM observation showed that the whole surface of some
particles was not completely coated by polymer probably due to the low hydroxyl concentration
on the surface of particles or in-homogenous mixing of the particles in the slurry phase. To obtain
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a uniform polymer coating on the surface of particles, pretreatment of the particle surface would
have been required. In this section, the amount of polymer was controlled by adjusting the
reaction time. It was assumed that the whole surface of the particles could be covered by the
catalyst and that the catalyst reacts with the hydroxyl groups on the particles. The amount of
hydroxyl density of the particles has not been measured and further investigation is required to
examine the chemical bonding between the TiCl4 catalyst and the functional groups on the
surface of particles. The high resolution of analysis with XPS is an interesting way to verify the
suggested mechanisms in the literature. In this study we first grafted a catalyst to the substrate,
however, some researchers originally grafted a co-catalyst on the particle before adding a
catalyst. It is, therefore, interesting to compare polymerization efficiency by investigating both
methods during polymerization. Furthermore, the other reaction parameters, such as the ratio of
co-catalyst to catalyst or the use of other types of catalyst, would be interesting subjects to be
studied to optimize the performance of polymerization.
It was found that processing parameters, such as forming pressure and polymer contents strongly
affect the final properties of the porous ceramics. Morphology analysis showed that increasing
the forming pressure or decreasing the polymer contents caused more SiC particles to be in
contact and the neck growth to be increased. In addition, the pore size and porosity was decreased
and flexural strength increased. Therefore, to produce porous SiC ceramics with the desired
properties these parameters should be optimized.
The last part of this research aimed at implementing both approaches (sol-gel and in situ
polymerization) to fabricate porous SiC ceramics via the reaction bonding technique. It was
found that implanting these methods to fabricate porous SiC ceramics results in significantly
increasing both mechanical and physical properties compared to the traditional methods. Mercury
porosimtery analysis showed that the pore size distribution was narrower and the average pore
size was much larger than the one produced by the conventional methods. It was expected that
when the surface of alumina powders and SiC micro particles was coated by alumina sol, the
amount of hydroxyl groups would increase significantly, which would help more catalysts to
anchor on the surface of particles and, consequently, the thickness of the polymer would be more
uniform on the particle surface compared to the samples that were polymerized without any
modification.

163
As a result of the pre-treatment of the SiC and alumina with alumina sol the surface area of the
powders increased remarkably, which was as an important factor for injecting the polymerization
of the catalyst. Although the physical and mechanical properties of the porous ceramics were
enhanced, in this case, it was found that the SiC particles were more oxidized compared to the
traditional methods. This was attributed to the larger pore size and porosity, which helped more
oxygen diffuse to the surface of SiC and react to form silica. It was also found that TiO2 derived
from the catalyst could be responsible for increasing oxidation.
Since the ideal goal was to react all of silica to mullite, the results showed that at the sintering
temperature of 1500 °C both cristobalite and alumina were presented in the structure of porous
ceramics. In order to speed up the mullitization rate, it was found that when the sintering
temperature was increased to 1600 °C most alumina nano particles reacted with silica and formed
mullite. Moreover, XRD demonstrated that the intensity of silica decreased significantly. It is
believed that as the surface of SiC particles was coated by mullite, the partial pressure of oxygen
decreased causing the oxidation mechanism to change and form active oxidation. Therefore, SiO
gas was produced and left the porous body. When this gas reached the surface of the porous
samples, some of them reacted with oxygen to produce SiO2 and SiO amorphous powders. As a
result, increasing the sintering temperature is an effective way to bond SiC particles with mullite
and decrease the intensity of silica. More investigation is required to find the oxidation
mechanism of the porous samples, especially the effect of alumina, TiO2, and mullite.
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CHAPTER 9

CONCLUSION AND RECOMMENDATIONS

9.1 Conclusion
In this dissertation, mullite-bonded porous SiC ceramics were fabricated via reaction bonding
techniques at sintering temperature between 1500 °C to 1600 °C were fabricated. Different
approaches were conducted to improve the physical and mechanical properties of the resulted
specimens. Following conclusions is summarized from the work:
1- Oxidation of SiC particles depends on their initial sizes and temperature. At the studied
temperature (910 °C -1010 °C), the passive oxidation rate of the powder compacts, are
controlled by the surface reaction and intra and inter particle diffusion of the oxygen
through the oxide layer and between particles.
2- By increasing the temperature the crystalline structure of the silica changed to the
cristobalite and sintering process causes to surface structure.
3- During the heating of green samples which prepared by mixing of alumina and SiC,
mullite is formed by reaction between oxidized silica and alumina and it caused to bond
SiC particle together.
4- Addition of calcined alumina increased the mechanical strength and decreased the
porosity while if alumina were added in the sol form, the reverse trends was observed by
increasing the amount of alumina
5- It was found that when some portion of alumina nano powders were replaced by alumina
sol, the dispersion of alumina nano powders between the SiC powders were improved
significantly and it resulted in increase on the flexural strength and porosity.
6- For the first time, in situ polymerization was applied to fabricate porous SiC ceramics
with enhanced physical and mechanical properties.
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7- SEM, TGA, and TEM analysis confirmed that SiC and alumina nano powders
successfully grafted by the polyethylene in the slurry phase following the anchoring of
Ziegler Natta catalyst on the surface substrate.
8- The green body formed by the coated particles by polymer has adequate strength to
handle and shaped in the desired form.
9- SEM analysis showed that during the polymerization, alumina particle was connected to
the SiC micro particles via polymer chains.
10- The porosity and the pore size of produced porous ceramics can be controlled by the
polymer contents during the polymerization via adjusting the operation conditions of the
polymerization such as temperature.
11- It was confirmed that combination of sol-gel process and in-situ polymerization is an
effective method to fabricate porous SiC ceramics with narrow pore size distribution, high
porosity and flexural strength.
12- Forming pressure, sintering temperature and polymer contents affects notably on the
resulted properties of porous samples.
13- Increasing the sintering temperature to 1600 °C caused the converting most of alumina
and silica to mullite and consequently the main crystalline structure are mullite and SiC.

9.2 Recommendations
To further modify the fabrication process and investigate the potential application of the
product the following recommendations are suggested:
1-

It was observed that coating of the particles with polyethylene were not completely

uniform during the polymerization process. It is proposed to investigate in more detail
about the polymerization part to better understand the surface characterization of the
particles during the polymerization and operation conditions during the polymerization to
enhance the properties of coated particles.
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2-

Low amount of other sintering additive such as Y2O3 can be added to increase the

mullitization rate and decrease the sintering temperature. It is proposed to investigate the
addition of these sintering additives in the sol form to the starting materials.
3-

It is recommended to investigate other important properties such as oxidation

resistance and thermal shock properties of the resulted porous ceramics via the developed
method.
4-

It is proposed to design a lab scale set up to measure the pressure drop and

filtration efficiency of the produced porous ceramics at high temperature.
5-

It is interesting to coat the porous ceramic by some additives which can acts as the

catalyst and investigate the performance of this product to adsorb some effluent gaseous.
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ANNEXE 1 – POROUS SIC CERAMIC AND METHOD FOR THE FABRICATION
THEREOF

