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Abstract 
 
  Biomorphic ceramics are a new class of materials derived from natural 

biopolymers that can be fabricated by different ceramization routes in order to produce 

carbides, nitrides and oxides, depending on the processing conditions. A wide variety of 

non-oxide ceramics such as SiC, Si3N4 and SiC-Si3N4 in addition to oxide-based ceramics 

like TiO2  have been produced in this study from carbonized paper preforms using 

Chemical Vapor Infiltration and Reaction (CVI-R) technique. 

For production of non-oxide ceramics, different precursor systems such as SiCl4/H2 

and Metlytrichlorosilane (MTS)/H2 were used in order to deposit firstly  preceramic layers 

such as Si or Si/SiC into the carbon template, then by further  chemical reaction in He or 

N2 containing atmosphere at high temperature, SiC, Si3N4 and SiC-Si3N4 composite 

ceramics with different composition, phase structure and morphology were obtained 

successfully.  

As SiC-based ceramics are used commonly for high temperature structural 

applications, the influence of SiC microstructure and the SiC-Si3N4 composition on their 

oxidation resistance performance was investigated under isothermal and cyclic oxidation 

conditions.  

Additionally, processing of biomorphic TiO2 ceramics by CVI-R technique was 

carried out firstly by infiltration of the carbon biotemplate with TiCl4/H2/CH4 and 

TiCl4/H2/N2 precursors in order to obtained TiC and TiN, respectively. Subsequently, TiO2 

ceramics were obtained by exposing TiC or TiN to oxidation step in airflow at a wide 

range of temperatures. Their crystalline structure (anatase, rutile) as well as specific 

surface area (SSA) and mechanical properties was found to depend on the oxidation 

temperature.   

Generally, the SSA of biomorphic carbide ceramics obtained by CVI-R technique 

is low, not more than 1 m2/g, which is not suitable for applications as catalyst or catalyst 

support. The carbide derived carbon (CDC) approach was applied on the SiC and TiC 

ceramics as an additional step in the ceramization process in order to enhance their SSA. 

Nanoporous carbon with very high SSA was generated on the carbide surface which was 

subsequently converted into highly porous SiC or TiC by either CVI or CVI-R technique 

using appropriate precursor system. 

The photocatalytic activity of biomorphic TiO2 ceramics prepared by different 

techniques such as conventional CVI-R, CVI-R combined with CDC approach and SiC 
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supported TiO2 ceramics was evaluated by photodegradation of 4-Chlorophenol under 

ultraviolet radiation. The photocatalytic activity of TiO2 obtained by combined CVI-

R/CDC approach exhibited the highest photocatalytic activity due to its higher crystalline 

anatase structure with higher SSA compared to the other TiO2 samples.  

The biomorphic porous ceramics produced by CVI-R technique shows very good 

mechanical performance even after oxidation at high temperature. Possible applications as 

catalyst (TiO2) or catalyst support (SiC, SiC-Si3N4) even at high temperatures can be 

applied. 
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Kurzfassung 

Biomorphe Keramiken stellen eine neue Klasse von Materialien dar, die aus 

natürlichen Biopolymeren abgeleitet werden. Über verschiedene Keramisierungsverfahren 

können Karbide, Nitride und Oxide, mit unterschiedlichen Eigenschaften hergestellt 

werden. Ein breites Spektrum an nicht-oxidischen Keramiken, wie etwa SiC, Si3N4 und 

SiC-Si3N4 zusätzlich zu den oxid-basierten Keramiken, wie TiO2 wurden im Rahmen 

dieser Arbeit aus Papiervorformen mittels chemischer Gasphaseninfiltration und Reaktion 

(CVI-R) hergestellt. 

Für die Herstellung von nicht-oxidischen Keramiken wurden verschiedene 

Precursorsysteme, wie SiCl4/H2 und Methyltrichlorsilan (MTS)/H2 verwendet, um zuerst 

präkeramische Schichten, wie Si odor Si/SiC auf das Kohlenstofftemplat abzuscheiden. 

Anschließend wurden durch chemische Reaktion in He- oder N2-Atmosphäre bei hohen 

Temperaturen SiC, Si3N4 und SiC-Si3N4 Keramiken mit unterschiedlicher 

Zusammensetzung, Phasenstruktur und Morphologie erfolgreich erzeugt. 

Da SiC-basierte Keramiken allgemein Anwendung im Hochtemperaturbereich 

finden, wurde der Einfluss der SiC-Mikrostruktur und der SiC-Si3N4 Zusammensetzung 

auf ihre Oxidationsbeständigkeit unter isothermer sowie zyklischer Oxidation untersucht. 

Zusätzlich wurde die Herstellung von biomorphen TiO2-Keramiken mittels CVI-R 

Technik durch Infiltration des Kohlenstofftemplates mit den Precursorsystemen 

TiCl4/H2/CH4 oder TiCl4/H2/N2 zuerst TiC oder TiN erzeugt. In einem anschließenden 

Oxidationsschritt im Luftstrom in einem weiten Temperaturbereich wurden die TiC oder 

TiN-Keramiken zu TiO2-Keramiken umgesetzt. Ihre kristalline Struktur (Anatas, Rutil) 

sowie die spezifische Oberfläche und mechanischen Eigenschaften sind von der 

Oxidationstemperatur abhängig. 

Im Allgemeinen ist die spezifische Oberfläche von biomorphen Keramiken die 

durch den CVI-R Prozess hergestellt wurden, sehr gering, – kleiner 1 m2/g – was sie für die 

Anwendung als Katalysator oder Katalysatorträger nicht attraktiv macht. Die Carbide-

derived Carbon (CDC) Methode wurde an den SiC und TiC-Keramiken angewendet, um 

die spezifische Oberfläche zu erhöhen. Der nanoporöse Kohlenstoff mit sehr hoher 

spezifischer Oberfläche wurde auf der Karbidoberfläche erzeugt und im nächsten Schritt in 

hochporöses SiC oder TiC mittels CVI oder CVI-R mit geeigneten Precursorsystemen 

umgewandelt. 
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Die photokatalytische Aktivität der biomorphen TiO2-Keramiken, die durch 

unterschiedliche Route hergestellt wurde, hinsichtlich der Photozersetzung von 4-

Chlorphenol unter UV-Licht untersucht. Dabei zeigt die durch den CVI-R Prozess mit 

anschließender CDC-Methode modifizierte Keramik die höchste photokatalytische 

Aktivität aufgrund des hohen Anteils der kristallineren Anatasstruktur mit höherer 

spezifischer Oberfläche verglichen mit den anderen TiO2-Keramiken. 

Die biomorphen, porösen Keramiken die mittels CVI-R Technik hergestellt 

wurden, zeigen sehr gute mechanische Eigenschaften sogar nach 

Hochtemperaturoxidation. Anwendungen als Katalysator (TiO2) oder als 

hochtemperaturbeständiger Katalysatorträger (SiC, SiC-Si3N4) sind daher viel 

versprechend. 
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1 Introduction 

1.1 General Information 

Porous ceramics with various composition and tailored microstructure such as 

crystalline structures, porosity and pore size distribution have received particular interest in 

the last decade. The interest in porous ceramics with cellular structures, such as foams, 

reticulated and biomorphic materials has increased due to their specific properties such as 

low density  in combination with high strength, low thermal conductivity, thermal stability, 

high specific surface area and high permeability [1]. These properties make porous 

ceramics suitable for a wide range of technical applications, including catalyst supports, 

filters for molten metals or particulate from diesel engine exhaust, radiant burners, 

biomedical device, kiln furniture, reinforcement for metal or polymer matrix composites 

and high temperature thermal insulation  [2,3,4,5]. 

 The anatomical features of naturally grown materials are an attractive template for 

the design of porous cellular ceramics and ceramic composite, where the morphology of 

the native tissues is maintained in the ceramics product. The main innovation characteristic 

of this methodology is the possibility to design micro (cell) to macro scale (skeletons) 

which could not be produced by other conventional techniques [6]. These hierarchical 

structures offer a highly efficient system for transportation of biological matters.  

New classes of porous materials namely biomorphic ceramic materials have been 

successfully prepared [7,8,9,10,11,12,13] in the last years. Different biomorphic carbide, 

nitride and oxide ceramics such as SiC, TiC, Si3N4 and TiO2 or their combination have 

attracted a lot of attention [6]. Biomorphic ceramics are highly porous materials, derived 

from biological templates by a carbonization and subsequent ceramization step. In this 

way, the natural grown structures are used as bulk templates for fast high-temperature 

conversion into technical ceramics and composite materials. Bioorganic structures like 

wood, cellulose fibers, paper, cardboard structures, rattan and rice husk were converted to 

high strength or lightweight microcellular ceramic composites. These organic-to-ceramic 

conversion methods first require the pyrolysis of the organic materials in inert atmosphere 

at temperature above 700°C, to yield a porous amorphous carbon template. Which can then 

be converted into different ceramics by addition of the ceramic precursors to the template 

and its further reaction either in inert or reactive atmosphere. In comparison with artificial 

synthetic templates, natural materials exhibit a hierarchically built anatomy, developed and 

optimized in long-term evolution process. They are considered as cheap, abundant, 
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renewable and environmentally conscious, which cannot be obtained by means of 

conventional ceramic methods such as slip casting, dry pressing, or injection molding 

[14,6,15].   

Biomorphic porous SiC ceramics are studied firstly and extensively because of 

their superior properties, such as low coefficient of thermal expansion, high thermal 

conductivity, high oxidation resistance, suitable electrical resistivity, wide band gap to 

semiconductors and  high strength [16,17,18,19,20,21,22]. Previous methods converting 

wood into various SiC ceramic materials are the infiltration of the biocarbon template with 

gaseous or liquid silicon bearing precursors such as molten silicon, silicon and silicon 

monoxide vapors, organosilicon compounds at high temperatures, sol-gel and carbothermal 

reduction processing and chemical vapor infiltration and reaction (CVI-R) technique 

[23,24,25,26,12].  

Silicon nitride (Si3N4) is a very interesting structural ceramic due to its excellent 

properties, such as high fracture toughness, low thermal expansion coefficient, high 

strength at high temperatures, high elastic modulus, high oxidation and corrosion 

resistance [27,28]. These properties make Si3N4 ceramics potential candidates for structural 

applications at severe conditions [29]. Two well known crystal structures of silicon nitride 

are of technical interest: α-Si3N4 (trigonal) and β-Si3N4 (hexagonal), while cubic Si3N4 has 

more recently been synthesized [30]. The β-Si3N4 polymorph is the more stable phase, and 

is the commonly found phase in densified parts made of Si3N4. The α-Si3N4 form is known 

to convert into β-Si3N4 at high temperature, while the reverse process is energetically 

unfavourable. 

Beside the interesting properties and applications of Si-based ceramics, TiC and 

TiN ceramics are an important industrial materials due to their excellent refractory 

material, which usually hard with high strength, rigidity and outstanding wear resistance. 

However, the oxidation resistance of TiC and TiN is low compared to SiC and Si3N4 as 

titanium can oxidized at temperature higher than 400°C. So that, the application of TiC and 

TiN is restricted in oxygen containing atmosphere especially at high temperatures. On the 

other hand, the improved corrosion resistance of TiC and TiN in phosphoric acid, high 

electrical conductivity as well as very good wettability by metal melts made these 

materials interesting candidates for specific applications such as ceramic-metal composites 

[31] or catalyst support for chemical and biochemical reactions at moderate temperatures 

[32,33].  
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Recently, more attention is focused on the fabricating of oxide-based cellular 

ceramics like titanium oxide. TiO2 is a particularly versatile material with technological 

applications, such as photocatalysts, photovoltaic material, gas sensor, optical coating, dye-

sensitized cell, and structural ceramics [34]. Three polymorphs of TiO2 exist, rutile 

(tetragonal), anatase (tetragonal) and bookrite (rhombohedrical). However, only rutile and 

anatase play an important role in the application of TiO2. Most commercially available 

TiO2 powders are either one of these two phases or a mixture of both. Since the optical and 

electrical properties of anatase and rutile are different, it is desirable to be able to control 

the phase composition. 

According to the interesting properties for the different biomorphic ceramics 

mentioned above, this dissertation focuses on the processing of Si-based and Ti-based 

biomorphic ceramics by chemical vapor infiltration and reaction technique (CVI-R) for 

applications as a catalyst and/or catalyst support.   

Biomorphic porous Si-based ceramics with variable composition and 

microstructures as SiC, Si/SiC, α-Si3N4, β-Si3N4 and α-Si3N4-SiC or β-Si3N4-SiC 

composite ceramics were obtained in this work starting from paper preforms via CVI-R 

technique as shown in Figure 1.1. The oxidation resistance of the SiC-based ceramics such 

as, SiC having different crystalline structures (amorphous, crystalline) and different 

composition of SiC-Si3N4 composite ceramics was investigated by cyclic and isothermal 

oxidation under airflow at high temperature for long time. Kinetics and the activation 

energy of the oxidation process for the different structures of biomorphic porous SiC were 

investigated. 

 

paper
preform pyrolysis

Cb

template CVI-R
Porous 

ceramics
paper

preform pyrolysis
Cb

template CVI-R
Porous 

ceramics

 
 
               R: reaction 

 

Fig. 1.1: Processing scheme of biomorphic ceramics from paper preform by CVI-R technique 

 

On the other hand, Ti-based ceramics such as TiC and TiN ceramics was prepared 

in this work by CVI-R technique as an intermediate ceramics for further processing of 

biomorphic porous TiO2. The effect of the initial ceramics properties (TiC or TiN), 

oxidation temperature on the properties of the resulting TiO2 ceramics as anatase /rutile 
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ratio, specific surface area, mechanical stability and photo cataly tic activity was 

investigated.  

The biomorphic ceramics prepared by CVI-R technique generally show high 

surface area to volume ratio but low specific surface area which restrict several catalysis 

applications that need high pore volume, so that in this thesis, a new approach known as 

carbide derived carbon (CDC) as an intermediate step after the chemical vapor infiltration 

(CVI) was applied on the biomorphic carbide ceramics as shown in Figure 1.2  in order to 

enhance the specific surface area of the resulting carbide as well as the corresponding 

oxide ceramics. 

 

 

         

 

 

M: Ti or Si 

*: enhanced SSA 

Fig. 1.2: Processing of biomorphic carbide ceramics with enhanced SSA by CVI-R combined with 

CDC approach 

 

 1.2 State of the Art of the of Processing Biomorphic Ceramics 

Carbide-based biomorphic ceramics can be fabricated by reactive conversion of the 

porous (Cb) carbon biotemplate. To manufacture biomorphic SiC ceramics, different 

reactive processing routes were applied [17], such as infiltration with Si melts 

[35,36,37,38,39,40,26,41,42,43,44,45,46,47,48,49,50,51,52], Si vapor [6,53,54], SiO vapor 

[55,56,57] and CH3SiCl3 [58,9,59] vapors, or sol-gel method containing SiO2 precursors 

[60,61,62,63,7,64].  

SiSiC ceramic composites with microcellular morphology and excellent mechanical 

stability can be prepared by infiltration of liquid Si into the carbonized wood templates. 

Byrne and Nagle [68], Greil et al. [69], Martinez-Fernandez et al. [70,41], and Singh et 

al.[71] converted different kinds of wood structures by spontaneous infiltration with an Si 

melt to microcellular SiSiC composites. Similarly, Shin and Park [65] used charcoal for 

fabrication of biomorphous SiSiC composites. After reactive infiltration with liquid Si at 

1450–1600 °C, the carbon of the wood char is transformed into β-SiC at the carbon-silicon 

interface. The small pores in the Cb template, up to a pore diameter of approximately 50 

mm, are filled with residual Si, and an SiSiC ceramic composite is formed. The Si content 

Cb/MC CDC Cb/MC/C* CVI-R MC/MC*Cb/MC CDC Cb/MC/C* CVI-R MC/MC*
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of the final cellular SiSiC composite, as well as the total porosity and pore size distribution 

depends on infiltration parameters and the anatomy of the wood preforms. To fabricate 

more porous biomorphic SiSiC ceramics, the specimens can be subjected to stoichiometric 

or near-stoichiometric Si infiltration in which only the Si required for conversion of the 

biocarbon cell walls is supplied, or the unconsumed Si can be removed afterwards by heat 

treatment [65] or chemical etching [66]. 

In contrast to the Si-melt infiltration, highly-porous, single-phase biomorphous SiC 

ceramics with a cellular morphology on the micrometer scale can be manufactured by 

using Si-containing vapors as reactants - Si, SiO and CH3SiCl3 (methyltrichlorosilane, 

MTS). During processing, the Si-containing vapor penetrates the pores of the Cb template 

and reacts with the carbon to form β-SiCb with different mechanisms according to the 

following equations [3]: 

 

( ) ( ) ( )b s g b sC Si SiC              (1.1)          

( ) ( ) ( ) ( )2 b s g b s gC SiO SiC CO              (1.2)  

( ) ( ) ( ) 2( )3 2 2b s g b s gC SiO SiC CO             (1.3)  

( ) 3 3( ) 2( ) ( ) ( ) ( )(1 ) 2 3( 1)b s g g b s s gC x CH SiCl H SiC xSiC x HCl             (1.4)  

 

The porosity of the final SiC ceramics depends on the reaction products formed. 

For example, the reaction of the Cb template struts with Si vapor (Eq.1.1) results in 1:1 

conversion of porous carbon to β-SiC and thus in an increase in volume during SiC 

formation together with densification of the porous carbon strut, whereas CVI processing 

with gaseous organosilicon precursors (Eq. 1.4) yields a much denser SiC ceramic due to 

the deposition of additional SiC. In contrast, processing with SiO vapor results in more 

porous cellular materials due to the release of carbon by CO and CO2 evaporation during 

the reaction (Eq. 1.2) and (Eq. 1.3), respectively. 

 Additionally, sol-gel process is used to produce carbide as well as oxide ceramics. 

Biomorphic SiC was produced by infiltration under reduced pressure of low viscosity 

organo-metallic colloidal suspension into biologically derived carbon templates. After 

hydrolysis into Si(OH)4-gels, the Si(OH)4/Cb were submitted to a high temperature 

pyrolysis/reaction treatment at 1600°C to promote the poly condensation of Si(OH)4-gels 

into corresponding SiO2-phase and subsequently the carbothermal reaction of the SiO2 
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with the biocarbon template into highly porous biomorphic SiC/Cb [7]. Sol-gel process can 

be applied for different templates as charcoal [64], pine wood [63] and oak wood [66]. 

Infiltration with SiO2 precursor sols at ambient temperature is an easier and flexible 

processing route with only one high-temperature reaction step, but it often results in low 

mechanical stability of the obtained SiC material. 

Besides the synthesis of biomorphous SiC-based ceramics, a few reports also deal 

with the conversion of bioorganic materials to TiC-based ceramics. The reactive 

infiltration of carbonized wood structures with pure Ti vapor in vacuum at 1600°C yields a 

thin surface layer of TiC of few 100 mm in depth. Sun et al. prepared highly porous, 

biomorphous TiC/C ceramics by infiltration of pine wood with tetrabutyl titanate and high-

temperature reaction in inert atmosphere at 1400°C [73]. A more promising technique for 

synthesis of mechanically stable, porous, biomorphous TiC ceramics is chemical vapor 

infiltration-reaction (CVI-R) of carbonized wood specimens and paper preform with TiCl4 

and TiCl4/CH4 at about 1200°C [74,75]. Recently, porous C-TiC biomorphic ceramic was 

derived from see wool sponges by simple treatment methods. During annealing, the sponge 

was converted to Cb followed by the infiltrated Ti- containing metaloorganic solution to 

form C-TiC [76]. 

Several investigations have been also focused on the synthesis of biomorphic TiO2 

ceramics. Padhi [77] manufactured TiO2 fibers by infiltration of natural sisal, jute and 

hemp fibers with TiCl4. Ota et al. [78] produced biomorphic TiO2 ceramics using sol-gel 

process by vacuum infiltration of wood materials with titanium tetraisopropoxide (TTiP, 

Ti[OCH(CH3)2]4) then hydrolysis of TTiP in the cell structure to form a titania gel which 

followed by firing at a temperature of 600-1400°C in air. Similar procedure is applied by 

Sieber et al. [79,80] to prepared biomorphic TiO2 ceramics from pine wood, rattan plants, 

cellulose fiber felts and cardboard using titanium isopropoxide modified with acetic acid 

then pyrolysis in N2 atmosphere at 800°C and annealing in air at 1200-1550°C. Biomorphic 

TiO2 was also prepared via CVI-R technique using paper preform using TiCl4/H2/CH4/air 

system [81,75]. Additionally, hierarchical mesoporous titania oxide was prepared starting 

from the eggs shell membrane (ESM) using sol-gel technique by adding TiCl4 slowly to ice 

water to obtain TiCl4 colloid medium then the ESM was immersed in the collide obtaining 

Ti-EMS hybrid precursor which subsequently was calcined at 550°C under air to form 

white TiO2 sheets [82]. 

Many methods for the preparation of porous Si3N4 ceramics have been developed 

in recent years, such as hot pressing, hot isotatic pressing, pressure less sintering or direct 
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nitridation of Si-powder (reaction bonding) [83], replica of synthetic polyurethane sponge, 

and sacrificial template methods [84,85]. The direct nitridation of metallic Si was one of 

the first methods to produce Si3N4 powders as well as solid parts (reaction-bonded silicon 

nitride-(RBSN)) and it is still the most commonly used process to produce silicon nitride 

with low cost raw materials and low processing temperatures  and allows near-net shaping 

of complex structures [86,87,88]. However, only few studies on the processing of Si3N4-

based ceramics were performed by the replication technique from natural template.  

The first work considering the processing of biomorphic α- Si3N4, β-Si3N4 and α, β-

Si3N4-SiCb composite ceramics with different morphologies was investigated by Ghanem 

[89] via CVI-R technique using SiCl4/H2/N2 system at atmospheric pressure. Biomorphic 

α/β-Si3N4 composite were produced from natural sea sponge via impregnation sea sponge 

with a Si-containing slurry via dip-coating. After coating , the sponge were submitted to 

oxidation at 600°C for 1 h to decompose the bio-polymers followed by burning out of 

carbon, leading to a Si-skeleton. Subsequent thermal treatment at 1450°C for 5 h under 

flowing nitrogen promoted the nitridation of the Si resulting in ceramics with different α/β-

Si3N4 ratios [93]. More recently, biomorphic Si3N4 ceramics were fabricated by combining 

sol-gel infiltration with carbothermal reduction nitridation from pinewood. The sol was 

prepared from tetraethyl orthosilicate [Si(OC2H5), TEOS] in addition to sintering aids as 

Y2O3 which was used to infiltrate the pine wood with the sol using the vacuum/pressure 

method to form Y2O3/SiO2/Cb composite. Then the composite was submitted into N2 

atmosphere at 1450°C to 1600°C for 2 h to promote the formation of fibrous Si3N4 under 

high nitrogen pressure (6 atm) [90].  

Generally, the biomorphic ceramics prepared by CVI-R technique show low 

specific surface area (SSA) not more than 1 m2/g. For applications as a catalyst or catalyst 

support, SSA of at least 20-30 m2/g is required. Thus, many efforts have been devoted to 

preparing the porous SiC with high SSA by a variety of methods. One of the first 

procedures was shape memory synthesis with surface areas up to 200 m2/g. Activated 

carbon with high surface area was reacted with SiO at elevated temperatures for the 

synthesis of SiC [101]. On the other hand, reduction of high surface area silica with carbon 

precursors also leads to high surface area SiC materials [102]. The same idea of reacting 

silicon or silica with carbon can be used to prepare SiC from ordered mesoporous 

materials, but in this case, surface areas do not exceed 160 m2/g [93,94,95]. The 

decomposition of silane precursors at low pressure can be used for the manufacture of SiC 

with a surface area of about 50 m2/g [96]. Interesting approach include the biomimicking 
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method by infiltration of pyrolyzed wood with silicon at temperature beyond the silicon 

melting point [97,98]. Chemical vapor deposition (CVD) and chemical vapor infiltration 

(CVI) were also used for the impregnation of ordered porous hosts in order to control the 

size of the deposited domains [199,100,101]. SiC can be directly deposited inside of 

MCM-48(1) and SBA-15(2) by CVI [102], as CVI allows the use of simple and inexpensive 

precursors and gives good control of the product composition. Therefore, a new approach, 

called carbide derived carbon (CDC), is applied to our carbide ceramics which refers to a 

unique structures of carbon obtained when metal carbides such as SiC and TiC, are 

exposed to halogens at moderately elevated temperatures [103,104,105,106,107]. 

According to different vapor phase infiltration techniques in addition to sol-gel 

method for processing biomorphic SiC ceramics described in this section, CVI-R technique 

shows several advantages in many aspects compared to other processing techniques. 

According to mechanical stability, CVI-R technique exhibits the highest strength of about 

20 MPa for bending and 151 MPa for compression with lowest porosity of 60%. On other 

aspect, the specific volume change associated with the reaction of the wood-derived carbon 

with the Si-containing vapors to give β-SiC is depending on the carbon template density 

and the kind of reaction forming SiC. The reaction of the Cb template struts with Si vapor 

(Eq. 1.1) results in 1:1 conversion of porous carbon to β-SiCb and thus in an increase in 

volume during SiC formation together with densification of the porous carbon strut. CVI 

processing with gaseous organosilicon precursors (Eq. 1.4) yields a much denser SiC 

ceramic due to the deposition of additional SiC. In contrast, processing with SiO vapor 

results in volume decrease (ΔV/V=-0.27) (Eq. 1.3) or no volume change (Eq. 1.2). Thus, a 

more porous SiC strust microstructure will be formed due to the release of carbon by CO 

and CO2 evaporation during the reaction (Eq. 1.2 and 1.3), respectively which have much 

lower strength compared to sample prepared by CVI-R technique. The final aspect 

concerning the oxidation stability of SiC ceramics prepared by Si vapor methods, the 

results in [108] prove that the passive oxidation of SiC started at 700°C, 900°C and 

1000°C for SiO vapor,  Si vapor  and  CVI-R technique, respectively. 

 

 

 

 

1)  ordered mesoporous silica materials with cubic  pore symmetry developed by Mobil 

2) ordered mesoporous silica materials with hexagonal  pore symmetry developed by Mobil
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2. Theoretical Background of the CVD Process 

2.1 Processing of Biomorphic Porous Ceramics 

Typically, the conversion of biological templates such as wood or paper into 

ceramics with hierarchical, microcellular morphology is based on two processing 

approaches: Preparation of porous biocarbon (Cb) templates and subsequent conversion to 

carbide (reactive techniques) or oxide (molding techniques) by transformation and 

substitution, respectively. While the reactive techniques involve transformation of the 

carbonized template by reaction into carbide phases [69,109,110,111,112,113] by 

solid/liquid or gas/solid reactions, the molding techniques reproduced the micro structural 

morphologies of the biological template by coating the internal surfaces of the template 

with oxide precursors [114,115,116,78,118,119].  
 

 Processing of Porous Biocarbon Template 

The preparation of biocarbon (Cb) template (non-graphitizable carbon) by pyrolysis 

of paper preform is carried out above 700°C. During pyrolysis, a slow heating rate of about 

1°C min-1 from room temperature up to 350°C is applied and kept constant for 1 h. At this 

stage, maximum weight loss is observed. Next ramp is carried out by heating up to 800°C 

with 2K/min and kept at this temperature for another 1 h. Finally, the sample is cooled with 

2K/min down to room temperature. The pyrolysis step is carried out normally under He or 

N2 atmosphere. The formation of carbon template from the biological template is a thermal 

degradation process. It can be divided into three steps [120]: 

 

1. Release of water, which results in dehydrocellulose, followed by elimination of CO 

and CO2 above 260°C 

2.  Pyrolytic decomposition of hemicellulose, cellulose and lignin between 260°C and 

500°C, associated with volatilization of aliphatic acids, carbonyl compounds and 

alcohol. 

3. Break down of the -C-C- chains in biopolymer structures and formation of graphitic 

like carbon structure above 600°C. 
 

Despite the big weight loss and the homogenous shrinkage during pyrolysis, the initial   

microstructural features of the initial paper on the sub micrometer scale are retained with 

high precision in the Cb template. So that, the morphology of the natural paper template 

was maintained without cracking of the material [121]. 
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2.2 Principles of Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a coating process in which the chemical 

constituents react from the vapor phase on or near the vicinity of a heated substrate surface 

to form a solid deposit. It belongs to the class of vapor-transfer processes, which is 

atomistic in nature that means that the deposition species are atoms or molecules or 

combination of these. This technique is limited by the fact that the chemical reaction must 

take place at a temperature, which suits to the material of the substrate. 

CVD is a relatively mature technique. The formation of soot due to incomplete 

oxidation of firewood since prehistoric times is probably the oldest example of deposition 

using CVD. The industrial exploitation of CVD could be traced back to a patent literature 

by de Lodyguine in 1893 [122] who had deposited W on to carbon lamp filaments through 

the reduction of WCl6 by H2. Around this period, the CVD process was developed as an 

economically viable industrial process in the field of extraction and pyrometallurgy for the 

production of high purity refractory metals such as Ti, Ni, Zr and Ta. However, it is only in 

the past 40 years that a considerable in-depth understanding of the process and the 

increasing applications of CVD have been made. CVD technique subsequently took on a 

new dimension. Lying emphasis on the deposition has made CVD an important technique 

in coating technology, for producing functional semi conducting thin films, and coatings 

with improved surface properties such as protection against wear, corrosion, oxidation, 

chemical reaction, thermal shock. In the early 1970s, CVD has attained significant success 

in the manufacturing of electronic semiconductors and protective coating for electronic 

circuits. Today, CVD technology has found increasing importance in the fields of 

aerospace, military, science and engineering [123]. 

CVD occurs using precursor gases, mostly diluted with carrier gase, which are 

delivered into the reaction chamber. Passing over or being exposed to a heated substrate, 

the gases react or decompose forming a solid phase, which is deposited on the substrate. 

The substrate temperature is critical and can influence what reactions take place. 

The number of this chemical reactions used in CVD is considerable and include 

thermal decomposition (pyrolysis), reduction, hydrolysis, disproportionation, oxidation, 

carburization and nitridation. They can be used either singly or in combination.   

Although CVD is a complex chemical system, it has many advantages as the 

capability of producing highly dense and pure materials. Additionally, CVD is process 

with good throwing power. Therefore, it can be used to uniformly coat complex shaped 

components and deposit films with good conformal coverage which is not easy possible 
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with Physical Vapor Deposition (PVD) processes. It also has the ability to affect crystalline 

structure, surface morphology and orientation of the CVD deposits by controlling the CVD 

process parameters. 

The choice of the CVD system is affected by a number of factors: the reactants 

used in the process, the maximum acceptable leak rate for air into the system, purity of the 

deposit, size and shape of the substrate and process economy [24]. 

 

 

Fig. 2.1: Schematic of conventional CVD system 

 

There is no universal CVD equipment. Each part of CVD equipment is individually 

tailored for specific coating materials and substrate geometries. However, the CVD 

equipment generally consists of three main components as shown in Figure 2.1 

 

● Precursor supply system 

● CVD reactor 

● The exhaust gas system 

 

Materials are deposited from the gaseous state during CVD. Thus, precursors for 

CVD processes must contain the chemical elements that form the solid deposit on the 

substrate. Generally, precursor compounds will only provide a single element such as Si in 

the case of (SiCl4) to the deposited materials, with others being volatilized during the CVD 

process. However, some times precursor such as MTS (CH3SiCl3) may provide more than 

one element like Si and C simultaneously.  Such simple source precursors simplify the 

delivery system, as they reduce the number of precursors required to produce a given 

compound. 

Reactants, which are gases at room temperature, are stored in gas bottles. After 

pressure regulation, their flow is measured by mass flow controllers. Use of mass flow 

controller yields high accuracy and allows microprocessor control of the gas flows. Those 
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reactants that are liquids or solids at room temperature have to be fed to the system in 

different ways. They can be added to the system by simply heating them above the boiling 

or sublimation point. The evaporation rate can be varied by varying the source temperature 

and/or the dimensions of the capillary from the sources. Another way of introducing these 

substances is, to use an evaporator or sublimator and a carrier gas. When the evaporator is 

used, the carrier gas is bubbled through the liquid to be evaporated or flowed above its 

surface. The carrier gas picks up the vapor and transports it into the reactor. The vapor 

concentration depends on the temperature of the liquid, which can be adjusted by 

thermostat, the liquid level in the container, and the flow rate of the carrier gas.  

Generally, CVD reactors can be classified in several major categories according 

firstly to the activation of the chemical reaction. It can be activated thermally (TACVD) 

which takes place at high temperature, i.e., > 900°C, plasma activation (PECVD) can be 

used also which takes place usually in vacuum at much lower temperature. The third type 

of activation is the photonic activation (PACVD) with short wave ultraviolet radiation. The 

second variant regards the substrate heating. Thermal CVD can be divided into two basic 

systems known as hot-wall reactor and cold-wall reactor. In the hot wall reactor, the 

thermal activation is achieved by resistance heating. The samples to be coated are placed in 

the reactor and after they have reached the desired temperature, the precursor gases are 

introduced into the reactor where deposition at solid phase takes place. Advantage of hot-

wall reactors is a long isothermal zone. However due to the fact that the walls of the 

reactor are as hot as the samples, deposition also takes place on the reactor walls. This 

results in depletion effects along the reactor length. On the other hand, in the cold-wall 

reactors, the substrates are heated directly either by induction or radiant heating which 

limits the volume where the reaction takes place and avoids formation of deposition on the 

reactor wall. 

Other classification criterion of the CVD process is the type of substrate. Non 

porous substrate is used for CVD whereas for porous substrate the process is called  

chemical vapor infiltration (CVI). In this study the conventional hot wall CVD and CVI 

are used for the deposition and infiltration of non porous and porous samples, respectively. 

In the TACVD process the deposition on non porous substrates as e.g. Al2O3 in some cases 

is carried out for parameters screening and to investigate the composition of the layer 

obtained. However, CVI is applied for ceramization of paper preforms to prepare different 

biomorphic porous ceramics. 
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2.2.1 Thermodynamics, Kinetics and Mass Transport Phenomena 

The analysis of the CVD process includes the understanding of thermodynamic, 

chemical kinetics and mass transport phenomena.  
 

2.2.1.1 Thermodynamics of the CVD Process 

CVD is in general a non-equilibrium process controlled by chemical kinetics and 

transport phenomena. Equilibrium analysis is useful for understanding the CVD process. 

The chemical reaction and phase equilibrium determine the feasibility of a particular 

process and the final state attainable. The feasibility of a CVD reaction can be determined 

by calculating the Gibbs free energy, ΔGr. At first we have to determine the free energy of 

formation, ΔGf  of the individual species of the reactants and the products at a temperature 

T [125], using Eq. 2.1 where ΔHf
0 and S0 is standard enthalpy of formation and entropy at 

298 K, respectively, and Cp is heat capacity. After that, Eq. 2.2 can be solved. 

 

 0 0

298 298

( ) (298) (298)
T T

f f p pG T H C dT TS C T dT                            (2.1) 

0 0 0. .r f fG G prod G react                            (2.2) 

 

The thermodynamic data for many species can be found in the literature such as 

JANAF tables [126], CRC Handbook of Chemical data [127] or using HSC chemistry 

code. A reaction will occur when ΔGr value is negative, whereas a positive ΔGr means that 

the reaction is not favourable. Under certain circumstance where there are several possible 

reactions, which are all, thermodynamically feasible, the reaction with the most negative 

ΔGr value will dominate because it has the most stable reaction products. 

The thermodynamic study performed in this work focuses the feasibility of 

different reactions carried out during the ceramization step in the CVI-R technique, which 

helps in most cases to explain different behavior of specific reactions at different reaction 

conditions.  
 

 2.2.1.2 Fluid Dynamics 

The gas flow patterns are very complicated in many CVD reactors because the flow 

is driven by both the pressure differences (forced convection) and gravity (free convection) 

in mostly complex reactor geometries. Basic fluid mechanics concept can be applied to 

CVD to describe the fluid dynamic and mass transfer in the gas phase. The fluid flow can 

be divided generally into two flow regimes. The laminar flow regime, where the flowing 
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gas layers are parallel, is appropriate to low gas velocities. At higher velocities, the flow 

becomes turbulent as shown in Figure 2.2. The transition change between the laminar and 

the turbulent flow is defined by the value of Reynolds number, Re: 

 

                                                            eR
ux


                                                               (2.3) 

  

Where 
Re: Reynolds number [-] 
 : density of the gas [g/cm3] 
u : velocity [cm/sec] 
x :  characteristic length of the reactor [cm] 
µ : viscosity [kg/(m·sec)] 
 

At Re < 1100 the flow is laminar, while at Re > 2100 the flow is turbulent. The range 

between 1100 and 2100 is a mixed flow regime. Most CVD reactors operate in the laminar 

flow regime (Re < 100) due to the low precursor flow rate. Moreover, Knudsen number 

defines the limit between laminar, intermediate and molecular flow [128]. 

 

                                                           Kn
L


                                                                   (2.4) 

Kn  = Knudsen number,    = mean free path length, L   = characteristic length 
 
 

 

 

Fig. 2.2:  Flow patterns of a) laminar flow and b) turbulent flow 

 

Other dimensionless parameters that are important in the characterization of the 

transport processes are Rayleigh, Prandtl, Schmidt, Grashof, Peclet and Damköhler number 

[129]. For examples, the Rayleigh and Grashof number indicate the strength of natural 

convection in the system. The Peclet number predicts any diffusion of downstream 

impurities into the deposition zone. The surface Damköhler number (Da), also known as 

CVD number [130] can be used to characterize the relation of time for transport to the 
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reaction time on the surface, and hence determines whether the process is under surface 

reaction control (small Da) or mass transport control (large Da) [129].  

In the case of laminar flow, the velocity of the gas at the deposition surface is zero. 

The boundary layers are defined as the region near the substrate surface where the gas 

stream velocity, the concentration of the vapor species and the temperature are not equal to 

those in the main gas stream. The thickness δ of a boundary layer (laminar flow) at a 

position x on the substrate is given by: 

 

                                                            
Re

x                                                                 (2.5) 

 

Where,   = boundary layer thickness, x = distance, Re = Reynolds number (-)   

2.2.1.3 Kinetics and Mass Transport in CVD Process 

The various phenomena put into play in a chemical deposition are mass transfer, 

energy exchange and kinetics of the chemical reactions. The chemical reactions involves 

homogenous gas phase reaction to form reactive intermediate species and heterogeneous 

surface reaction between the adsorbed species to solid phase at the substrate surface, 

including adsorption and desorption as well as film formation.  

  During the thermal activated CVD, the gases have to react to generate active 

gaseous species and then reach the non-porous substrate’s surface to form the solid layer. 

This process involves seven main steps, which are shown schematically in Figure 2.3. Each 

of these steps may be rate limiting for the rate of the overall CVD process in absence of 

thermodynamic limitations. 

 

The seven individual steps are: 

(1)  Transport of precursor gases in the reactor by convection; 

(2)  Diffusion of the reactive species through the boundary layer to the substrate; 

(3)  Adsorption of species on the surface of the substrate; 

(4)  Chemical reaction between the adsorbed species to a solid film; 

(5)  Desorption of the non reacted species and reaction by-products; 

(6)  Diffusion through the boundary layer to the bulk gas phase; 

(7) Transport out of the reactor by convection. 



Chapter 2: Theoretical Background of the CVD Process                                                     16 

reactive species

formed species

1

2

3 5

6

7

boundary

layer

transport in the gas phase

4

substrate

diffusion in the boundary laye

absorption of species interface

reactive species

formed species

1

2

3 5

6

7

boundary

layer

transport in the gas phase

4

substrate

reactive species

formed species

1

2

3 5

6

7

boundary

layer

transport in the gas phase

4

substrate

1

2

3 5

6

7

boundary

layer

transport in the gas phase

4

1

2

3 5

6

7

boundary

layer

transport in the gas phase
1

2

3 5

6

7

1

2

3 5

6

7

boundary

layer

transport in the gas phase

4

substrate

diffusion in the boundary laye

absorption of species interface

  
 

Fig. 2.3: Schematic representation of the various steps in the CVD process 
 

In each of these steps, several processes may proceed simultaneously. These steps occur in 

the shown sequence and the slowest step determines the deposition rate and it is called 

Rate Determining Step (RDS). For the deposition of dense films and coatings, the process 

conditions have to be tailored to favor the heterogeneous surface reaction.  

Since the mass transport to the substrate by diffusion or the surface kinetics usually 

controls the deposition rate, the following discussions are limited to just these two cases. In 

the case if the surface reaction kinetics is the RDS, the deposition rate depends on the 

amount of available reactant gases. For example, if temperature and pressure are low, the 

reaction occurs slowly and there is an excess of reactants at the substrate surface. Since the 

boundary layer is thin because of the low pressure as shown in Figure 2.4a, the reactants 

reach the substrate surface easily. In this case, the deposition rate depends on the rate of the 

surface reaction. Generally, the surface kinetics control is favorable for obtaining coatings 

of uniform thicknesses on more complicated shaped substrates. 

When the process is limited by mass-transport phenomena as shown in Figure 2.4b, 

the controlling factors are the rate of diffusion of the reactant through the boundary layer 

and the back diffusion through this layer of the gaseous by-products. This usually happens 

when pressure and temperature are high but gas velocity is low. As a result, the boundary 

layer is thicker making it more difficult for the reactants to reach the substrate surface to 

react there. 
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Fig. 2.4: Schematic illustration of diffusion and surface reaction as RDS 

 

For every precursor system, parameter screening has to be performed in order to find 

region, where the overall CVD process is controlled by the surface reaction kinetics. The 

temperature dependence on the rate constant of the chemical reaction is given by the 

Arrhenius equation: 
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        (2.6)           

 

ks : rate constant of surface reaction   [(mol/m3)1-n(m/s)] 
k0 : collision factor  [(mol/m3)1-n(m/s)] 
EA: activation energy of reaction [kJ/mol] 
R: ideal gas constant = [8.314 J/mol.K] 
T: temperature [K] 
 

Taking the logarithm on both sides of Equation 2.6, we obtain a linear equation of the 

form: 
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By plotting ln ks versus 1/T, three regions can be distinguished (Figure 2.5). When the 

temperature is low (region A), the deposition rate increases rapidly in an exponential 

manner. 

 

Fig. 2.5: Arrhenius diagram of a CVD process 

 

This indicates that the rate limiting mechanism is surface chemical kinetics, which i.e. 

strongly depends on the deposition temperature. For this case, an activation energy in the 

range 40 - 300 kJ/mol was calculated from the slope of the Arrhenius plot. 

  On the other hand, at higher temperatures (region B), the surface kinetics process 

becomes so fast that the deposition is limited by the diffusion of the active gaseous species 

through the boundary layer to the substrate surface. It is therefore mass transport limited 

(RDS), and the deposition rate depends weakly on temperature. The slope in this area is 

markedly smaller and this mechanism has activation energy less than 40 kJ/mol. 

 At even higher temperatures (region C), the deposition rate may decrease due to the 

depletion of reactants and/or increase in the rate of desorption. Other possible reasons for 

the difference in slope may be due to the occurrence of alternative reaction involving high 

temperature etching of the deposit by corrosive reactants and by-products e. g. HCl during 

the deposition of different halide precursors. At such high temperatures and reactant 

concentrations, homogenous gas phase reactions will occur in addition to the 

heterogeneous reaction. This will lead to particle formation in the gas phase and interrupt 

the growth of coatings, and hence the microstructure purity and adhesion. This condition 

will lead to the deposition of poorly adherent film with a non uniform and/or porous 

microstructure as well reduces the overall deposition efficiency [123].  

Additionally, the effect of the gas velocity on the rate determining step can be 

analyzed by varying the gas velocity at constant reactant concentration (Figure 2.6). Three 
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reaction zones can be observed. At very low gas velocity corresponding to high residence 

time the gas phase species are almost stagnant in the reactor and the process is controlled 

by the thermodynamic equilibrium of the species. This zone is not used for deposition or 

even reaction, since almost no reaction takes place and the conversion of the precursor is 

very low.  

 

 
Fig. 2.6:  Influence of the gas velocity on the RDS in the CVD process [124] 

 

On the other hand at higher gas velocity, thick boundary layer is formed near the 

substrates surface, thus limiting the diffusion of the species to the substrate. The CVD 

process is limited by mass transport by film diffusion. At even higher gas velocity, the 

deposition rate is independent from the gas velocity any more and the maximum 

conversion is achieved. This behaviour is characteristic for the surface reaction limited 

regime. Further increase in gas velocity leads to the effect that the reaction gases are 

transported out of the reactor without having reacted before because of the short residence 

time. 

Operating in the reaction controlled regime is especially required if the deposition have to 

take place within the pores of a porous substrate. This is the case of the chemical vapour 

infiltration (CVI), where low temperature and reduced pressure were applied in order to 

achieve homogenous infiltration in the pore and high infiltration depth. 

CVI is a variant of the CVD process, however, the difference between CVD and 

CVI processes are based on the type of substrate used for the deposition. During CVI 

process, the gaseous reactants have to diffuse into the porous structures where they 

undergo decomposition and chemical reaction to deposit a solid layer in the pores of the 

preform. The reaction by-products and the unreacted precursors have to diffuse out of the 
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porous preform unlike the CVD process on nonporous substrates. Therefore, the kinetics of 

the CVI process is different from that of CVD despite the fact that they have the same 

thermodynamics and chemistry. Additionally, the pore diffusion has to be taken into 

account.  

 

2.3 Approach for Processing of Biomorphic Ceramics with Different Compositions 

The processing of different biomorphic ceramics by CVI-R technique in this thesis 

starting from paper preform consists mainly of three high-temperature steps. Firstly, a 

carbon template (Cb) is prepared by pyrolysis of natural template (paper preform) in inert 

atmosphere. Paper consists mainly of cellulose fibers. During the pyrolysis, H2O, CO2, 

acids and alcohol are released due to the decomposition of biopolymers at temperatures 

above 600°C. Next, the Cb is transformed in to Si-and Ti-based ceramics by chemical 

vapor infiltration (CVI) process with Si and Ti gaseous precursors, respectively where a 

ceramic layer of Si, SiC , Si/SiC, TiC and TiN are deposited on the carbon fibers. In a final 

step, a thermal chemical reaction (R) step is applied on the preceramic layer at high 

temperatures either in inert (He) or reactive (N2) atmosphere in order that solid-solid, solid-

gas and solid-liquid reactions take place to obtained different ceramics and composites. An 

additional oxidation step was applied on the resulting ceramics either after CVI or CVI-R 

process depending on the required composition in order to remove the residual carbon. 

 

Processing of Biomorphic Si-Based Ceramics: 

For the processing of biomorphic SiC, the carbon template (Cb) was infiltrated with  

Methyltrichlorosilane (MTS) in hydrogen. Varying the MTS/H2 (α) ratio and the 

infiltration temperatures, the composition of the deposit such as stoichiometric SiC, silicon 

rich SiC (Si/SiC) or carbon rich SiC (C/SiC) in addition to the carbon template were obtain 

as well as its microstructures as crystalline and amorphous can be controlled. Then after 

thermal treatment of Cb/Si/SiC in inert (He) or reactive (N2) atmosphere, Cb/SiC/SiCb or 

Cb/SiC/Si3N4 composites were obtained as a result of solid-solid, solid-gas and solid-liquid 

reactions dependent on the reaction temperatures and gas atmosphere. To remove 

unreacted residual carbon (Cb) from the obtained ceramics, oxidation at 750°C was carried 

out for 5 hours in airflow. The following reaction equations describe the processing of 

stoichiometric SiC, Si/SiC, SiC/SiCb and SiC/SiCb/Si3N4 biomorphic ceramic by CVI-R 

technique: 
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2 , 950 , 3
3 3 / 3H T C

b bCH SiCl C SiC C HCl                              (2.8) 

2 , 950 , 11
3 3 / / 3H T C

b bCH SiCl C Si SiC C HCl                  (2.9) 

, 1410/ / /He T C
b bSi SiC C SiC SiC                             (2.10) 

2 , 1410
3 4/ / / /N T C

b bSi SiC C Si N SiC SiC                            (2.11) 

α: H2/MTS ratio 

 

The processing of biomorphic SiC-based ceramics is shown schematically in Fig. 2.7 
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                 R: reaction 

Fig. 2.7: Processing of biomorphic SiC-based ceramics by CVI-R technique 

 

For processing of silicon nitride (Si3N4) ceramics other precursor system was 

applied. Silicon tetrachloride (SiCl4) in excess of hydrogen was used to deposit silicon in 

the carbon template (Si/Cb) by CVI. The Infiltration process was followed by thermal 

treatment at high temperature in N2 containing atmosphere to form reaction bonding silicon 

nitride (RBSN) with different amount of α-Si3N4 and β-Si3N4 phase in addition to SiC. The 

following equations describe the CVI process of Si in the carbon template, in addition to 

thermal reaction step to form SiCb, Cb/Si3N4 and SiC/Si3N4 ceramics.  

 

900
4 22 / 4C

b bSiCl H C Si C HCl                              (2.12) 

, 1410/ He T C
b bSi C SiC                   (2.13) 

1410
2 3 43 / 2 /T C

b bSi C N C Si N                              (2.14) 

1410
2 3 43 / 2 /T C

b bSi C N SiC Si N                  (2.15) 
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The processing scheme of the silicon nitride based ceramics is shown in Fig. 2.8. 

 

 

 

 

 

 

 

 

 

Fig. 2.8: Processing of biomorphic Si3N4, SiCb and SiCb-Si3N4 ceramics by CVI-R technique 

 

Processing of Biomorphic Ti-based Ceramics 

Biomorphic TiO2 was prepared by CVI-R technique using two precursor systems - 

TiCl4/H2/CH4 and TiCl4/H2/N2 to produce in a first step TiC and TiN ceramics, respectively 

according to Equations 2.16 and 2.17. Then by exposing both ceramics to oxidizing 

atmosphere at a wide range of temperatures. TiO2 with different phase structure was 

obtained. The processing schema of biomorphic TiO2 ceramics is shown in Fig. 2.9  

 

2 ,1100 ,1
4 4 / 4H C h

b bTiCl CH C C TiC HCl                               (2.16)           

2 ,1050 ,1
4 20.5 / 4H C h

b bTiCl N C C TiN HCl                               (2.17)          

2 2 22 airTiC O TiO CO                                     (2.18)         

2 2 20.5airTiN O TiO N                                    (2.19)       

 

 

 

Fig.2.9: Processing of biomorphic TiO2 ceramics by CVI-R technique 

 

TiO2 with different crystalline structures such as anatase and rutile phases could be 

obtained by Eq. 2.18 and Eq. 2.19. Additionally the kinetics and the activation energy of 

the oxidation reaction of both TiC and TiN was investigated. 
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To improve the mechanical performance of anatse-TiO2, SiC supported TiO2, was 

processed using the following procedure. First, the carbon template was infiltrated with 

MTS/H2 to produce stoichiometric SiC and then using TiCl4/H2/CH4, TiC was deposited 

onto the SiC layer subsequent oxidation at low temperature in TiC will produce TiO2, 

whereas SiC is stable at this temperature. This results finally in SiC-TiO2 composite with 

high mechanical stability.  

 

Biomorphic Ceramics with Enhanced Specific Surface Area (SSA) 

To enhance the specific surface area of TiC and SiC ceramics obtained by Eq. 

(2.16) and Eq. (2.8), carbide derived carbon (CDC) approach was applied. First, a thin film 

of nanoporous carbon (C*) with higher specific surface area was generated on the carbide 

surface by high temperature chlorination getting TiC/C* and SiC/C*. Subsequently, there 

were infiltrated with TiCl4/H2 (Eq. 2.21) and MTS/H2 (Eq. 2.23) or SiCl4/H2 (Eq. 2.24) 

precursors to obtain highly porous TiC* and SiC* ceramics, as shown in Figures 2.10 and 

2.11, respectively. 

 

 

 

 

Fig. 2.10: Processing the biomorphic TiC and TiO2 ceramics with enhanced SSA by CDC approach 

 

600 *
2 42 /CTiC Cl TiC C TiCl                                    (2.20)                  

1100* *
4 2/ 2 / 4CTiC C TiCl H TiC TiC HCl                                   (2.22)  

800 *
( ) 2( ) 4( )2 /C
s g gSiC Cl SiC C SiCl                                                                       (2.21)                      

2 , 950* *
3 3/ / / 3H CSiC C CH SiCl SiC C SiC HCl                      (2.23)           

900
4 2/ * 2 / * / 4CSiC C SiCl H SiC C Si HCl                       (2.24)        

 

 

 

             

 

 

 

Fig. 2.11: Processing the biomorphic SiC ceramics with enhanced of SSA by CDC approach 
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 2.4 Characterization Methods 

Different characterization methods were applied in this thesis to the resulting 

biomorphic ceramics after each processing step to investigate their composition, 

morphology and mechanical properties.  

For the compositional analysis, Raman Spectroscopy was effective in analyzing the 

molecular composition of SiC (Si, C, SiC) and crystal structures of α-SiC, β-SiC in 

addition to crystal structure of TiO2 ceramics (anatase and rutile).  Beside Raman 

Spectroscopy, XRD was also used for phase identification such as α, β-Si3N4 ceramics α, β-

SiC, anatase and rutile TiO2 phase. Additionally, EDX was used to determine qualitatively 

and quantatively elemental analysis (Si, C, N2, Ti, and O2). To determine the residual 

carbon in the resulting ceramics in addition to oxidation kinetics of SiC, TiC and TiN, 

thermogravimetric analysis (TGA) was used. On the other side, the surface morphology 

changes of the obtained ceramics was investigated after each processing step by Scanning 

Electron Microscopy (SEM). The specific surface area and the posrosity of the different 

ceramics achieved by different approaches were investigated by low-temperature 

adsorption of N2 using the BET method and mercury porosimetry, respectively. Finally, to 

have an idea about the mechanical performance of the ceramics, maximum bending 

strength of the flat ceramics was examined by double bending strength using an instron 

machine. More details about the description of the equipment and principles of the 

different charaterization methods are given in Appendix B. 

 

2.5 Oxidation Behavior of Biomorphic Silicon Carbide-Based Ceramics 

The oxidation of silicon-based covalent ceramics including SiC and Si3N4 has been 

the interesting topic of investigations in this work. The excellent oxidation protection of 

SiC and Si3N4 is due to the formation of a coherent layer of silicon dioxide on the substrate 

surface with the lowest permeability to suppress its further oxidation [131]. The 

thermodynamic computations and experimental results show that there are two oxidation 

regimes depending on the oxygen pressure and the temperature. For high oxygen pressures 

and moderate temperatures, the gradually formed silica covers and protects the substrate 

SiC or Si3N4.  This is the case of passive oxidation according to Eq. 2.25 and Eq. 2.26  

[132 ]. 

 

2 2 22 airflowSiC O SiO CO                         (2.25)
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3 4 2 2 23 3 2airflowSi N O SiO N                         (2.26)                     

 

On the other hand, for low oxygen pressures and high temperatures, no covering product is 

formed, as silicon monoxide is volatile which means active oxidation that can be described 

by the following equations: 

 

2
airflowSiC O SiO CO              (2.27)           

22 3airflowSiC SiO SiO CO                         (2.28)           

airflow
3 4 2 2Si N  + 3SiO   6SiO  + 2N                          (2.29)           

 

Figure 2.12 represents the transition between the two domains, passive and active 

oxidation corresponding to the formation of silica or silicon monoxide, respectively [133]. 

The transition between the two regimes depends on formation route of SiC-  Si(v), SiO(v) or 

CVI-R [108], the microstructure of SiC- amorphous or crystalline, its  composition, gas 

flow rate, partial pressure of oxygen, total pressure and temperature [134,135,136]. So for 

SiC to be effective as a protective layer it is essential that the materials remain in the 

passive oxidation regime [137].  

 
Fig.2.12: Effect of O2 pressure on the kinetics regime [138] 

 
2.5.1 Oxidation Kinetics of SiC and Si3N4 
 

During a solid/gas reaction (SiC/O2), the formation of the new solid phase (SiO2) 

brings two processes into play, nucleation and growth, which correspond to the same 

chemical reaction but occur on different sites and according to different mechanisms. 
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Nucleation is the creation of SiO2 nuclei from SiC or Si3N4. Growth refers to the 

development of these seeds by progression of the SiO2/SiC or SiO2/Si3N4 interface. From 

the point of view of kinetics, each process can be limited by interfacial reaction or a 

diffusion phenomenon. Moreover, one of the processes can be very rapid compared to the 

other. For example, the nucleation of SiO2 on SiC surface at high temperature is almost 

instantaneous; the overall rate is then controlled by the growth of the covering layer 

(Figure 2.13). 

 
 

Fig. 2.13: Schematic representation of the passive oxidation of SiC [138] 
 

The development of silica at the internal interface requires the migration of oxygen from 

the environment towards the substrate. There are then six elementary stages, the slowest of 

which constitutes the regulating process: 

 

▼ Diffusion of oxygen from the gas phase towards the surface of the sample; 

▼Adsorption of oxygen; 

▼ Diffusion of oxygen in SiO2 towards the substrate because of the concentration 

gradient; 

▼ Reaction at the internal interface; 

▼ Diffusion of the formed gas species (CO, CO2) towards the outside; 

▼ Gas desorption. 

 

Oxidation kinetics can generally be described using the linear-parabolic model of 

Deal and Grove [139]. This model was formulated to characterize the oxidation behavior 

of single-crystal silicon accounting for both linear and parabolic dependencies of oxide 

thickness with time. The linear dependence arises from interface reaction control in the 

early stages of oxidation. Reported activation energies in the linear growth regime 

correspond to Si-Si bond energy (184 kJ/mol). However, with increasing oxide thickness, 
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the oxidation is controlled by diffusion of oxidant through the oxide to the growth 

interface. Under these conditions, classic parabolic oxidation kinetics is observed where 

the oxide thickness is proportional to the square root of time. The reported activation 

energy in this regime of 117 kJ/mol agrees very well with the energy required for 

molecular oxygen permeation in fused silica as reported by Norton [140]. 
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3. Result and Discussions 

3.1 Processing of Biomorphic Si3N4 and SiC-Si3N4 Composite Ceramics 

by CVI-R Technique Using Silicon Tetrachloride/Hydrogen/Nitrogen 

Precursor  
 

Biomorphic Si3N4 ceramics were  prepared by CVI of the carbon template (Cb) with 

Si using SiCl4/H2 system to obtain Cb/Si preceramic substrate according to the following 

equation: 

 

900
4 22 / 4C

b bSiCl C H Si C HCl              (3.1.1)                     

 

Then, a thermal treatment step follows in N2 containing atmosphere at temperatures below 

and above the melting point of silicon (Tm=1410°). Due to the high temperature (1300-

1500°C), carburization and nitridation reactions can occur simultaneously to form SiC and 

Si3N4, respectively according to the following equations: 

 

,/ mHe T T
bSi C SiC                            (3.1.2)        

2 ,
3 4/ /mN T T

b bSi C Si N SiC                              (3.1.3)               

2 ,
3 4/ /mN T T

b bSi C Si N C                                                             (3.1.4)                        

 

The composition and the microstructure of the resulting ceramics depend on both 

thermal treatment temperature and gas atmosphere. In a last step, carbon residues (Cb) 

which remain in the synthesized ceramics through reaction (3.1.2 to 3.1.4) burn out during 

treatment at 750°C for 5 h in airflow. 

The conversion of silicon into SiC and Si3N4 was determined as a function of the 

temperature, time and atmosphere of the chemical reaction (R). First of all, the conversion 

of Si into SiC was determined by submitting the resulting ceramics after the thermal 

treatment step into oxidation reaction at 750°C for 5 h. The residual carbon in the ceramics 

was calculated as a difference between the mass of the initial carbon template and the mass 

loss of the ceramic after oxidation step. By assuming that the residual carbon is reacted into 

SiC, the amount of Si consumed to form SiC can be estimated. On the other hand the 

amounts of Si3N4 ceramics can be calculated by subtracting the amount of Si reacted with 

Cb from the initial infiltrated Si mass. The silicon nitride and silicon carbide ceramics 
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prepared by this method are known as reaction-bonding silicon nitride (RBSN) and 

reaction-bonding silicon carbide (RBSC) ceramics, respectively. 

Additionally, thermodynamic calculations were performed using HSC software. 

Figure 3.1.1a and b shows the Gibbs free energy (ΔG) plotted as function of the 

temperature for the carburization and nitridation reactions to form SiC and Si3N4 according 

to Eq. 3.1.2 and Eqs. 3.1.3,4, respectively. Both figures show that silicon can react in solid, 

liquid or gas form with either carbon or nitrogen to form carbide and nitride, respectively. 

Additionally, according to the change in the free Gibbs energy, the Si3N4 phase starts to be 

formed at temperature below the temperature required to produce SiC phase.  

 
 

Fig. 3.1.1: Thermodynamics of the chemical reaction between a) silicon and N2 and b) silicon and C  

 

As illustrated in Figures (3.1.1.a and b), the reaction to form Si3N4 from Si in solid, 

liquid and gas form is more favorable in the investigated temperature range than its reaction 

to form SiC. From the other side the reaction between silicon vapor  with either Cb or N2 to 

form SiC and Si3N4 is more favored (minimum Gibbs free energy) than with solid or liquid 

silicon as indicated by the much lower values of the ΔG.  

Different crystalline modifications such as α-Si3N4, β-Si3N4 and β-SiC and different 

composition ratios (SiC/Si3N4) were generated varying the thermal treatment conditions 

which will be discussed in the following sections.  

 

3.1.1 Degree of Conversion of Si from Cb/Si to Si3N4 and SiC Ceramics 

 The possibility of forming SiC-Si3N4 composite ceramics from Cb/Si is given at 

temperatures above the melting point of silicon. The amount of each phase SiC and Si3N4 in 

the resulting composite ceramics under different thermal treatment temperatures and 

duration was investigated.  
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 By applying the material balance procedure based on the residual carbon from the 

template, the conversion of Si into SiC and Si3N4 was determined in N2 atmosphere for 1 h 

and 3 hours at 1400, 1450 and 1500°C as shown in Figure 3.1.2 (a and b), respectively. 

Additionally, Figure 3.1.3 shows the conversion of the carbon template into SiC ceramics at 

a temperature range of 1400-1550°C for 1 and 3 h in N2 atmosphere to determine the 

optimum reaction temperature and duration for the SiC formation. 

 Figure 3.1.2a shows that for short treatment time of 1 h, the conversion of Si into 

SiC increases from 20% to a maximum of 67% as the temperature increases from 1400°C 

up to 1450°C. After that, the conversion decreases to reach at 1500°C the same value of 

50% as that to Si3N4.  

Extending the treatment time to 3 h influences the conversion of Si to SiC only at 

temperatures below the melting point of Si, which increased from 20% to 35%. 

On the other hand, maximum conversion of 80% of Si into Si3N4 was obtained 

within 1 h at 1400°C. Generally, it is known that the reaction between silicon and nitrogen 

could occur at lower temperatures than temperatures required to form SiC as shown by the 

thermodynamics study in Figure (3.1.1 a and b). 

 
Fig. 3.1.2: Conversion of Si/Cb into SiC and Si3N4 in N2 for a) 1h b) 3h 

 

Extending the treatment time for 3 h does not affect significantly the conversion of 

Si to Si3N4. Many authors discusses the kinetics of the Si3N4 formation by RBSN via 

thermal gravimetric analysis (TGA) as in [141,142,143]. However, there is a statement 

about the question which reaction occurs first; carburization to SiC or nitridation to Si3N4. 

In this study, we will try to give some hints to explain the progress of the formation of each 

of the both phases. Relating to Figure 3.1.2, it can be concluded that the reaction creating 

Si3N4 and SiC is achieved preferably at 1400°C and 1450°C, respectively. Additionally, at 
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1500°C, the probability for Si to be converted into SiC and Si3N4 is almost the same after 1 

h as shown in Figure 3.1.2a.  

Parallel to the conversion of Si to SiC and Si3N4, the conversion of Cb into SiC was 

investigated as a function of the treatment temperature and time. 

Figure 3.1.3 shows an increase of the Cb conversion with the treatment temperatures 

reaching approximately complete conversion of 98% at 1500°C. The extension of the 

treatment time from 1 to 3 h affects only the Cb conversion at temperature below the 

melting point of silicon (1400°C). 
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Fig. 3.1.3: Conversion of Cb into SiC at different temperature in N2 for 1 hour and 3 hours 

 

For more details concerning the composition of the SiC-Si3N4 composite ceramics 

obtained with the SiCl4/H2 system at different thermal treatment conditions, Table 3.1.1 

presents quantitatively the amount of SiC/Si3N4 phase obtained. It can be clearly seen that 

the amount of Si3N4 and SiC phase was maximum at 1400 and 1450°C, respectively. 

 

Table 3.1.1: Composition of the SiC-Si3N4 composite ceramics produced from Cb/Si at different thermal 

treatment conditions. 

 

Temperature  

(°C) 

1 hour 

SiC (mol %)  Si3N4 (mol %)

3 hours 

SiC (mol %)    Si3N4 (mol %) 

1400 54 46 59 41 

1450 86 14 82 18 

1500 75 25 81 19 
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3.1.2 Phase Composition of the Si3N4 and SiC-Si3N4 Ceramics 

The phase composition of the ceramics obtained by CVI-R technique using SiCl4/H2 

was investigated in relation to the thermal treatment conditions of the Cb/Si template. In the 

case of Si3N4 ceramics, two crystallographic forms designated α-Si3N4 and β-Si3N4 are 

formed under different thermal treatment temperature, time and gas atmosphere with 

different mechanisms. The major growth of β-Si3N4 during the RBSN occurs in the liquid 

phase and, to a minor extent, as the result of the reaction between solid silicon and nitrogen. 

Whereas α-Si3N4 is mainly formed by a gas–phase reaction between gaseous silicon and 

molecular nitrogen [150]. Additionally, the addition of H2 into the nitriding atmosphere 

changes the reaction mechanisms to one involving nitridation of SiO (Eq. 3.1.6) which was 

produced by reduction of SiO2 according to Eq. 3.1.5. As a result α-Si3N4 in form of 

whiskers was obtained, which will be discussed in details in the morphology study. 

 

2 2 2SiO H SiO H O                                                            (3.1.5)          

2 3 4 23 2 3/ 2SiO N Si N O                                    (3.1.6) 

                                 

The identification of α-Si3N4 and β-Si3N4 phases as well as the determination of the 

β/α-Si3N4 ratio as a function of the reaction temperature has been done by XRD as 

illustrated in Fig. 3.1.4 and Fig. 3.1.5, respectively. The difficulties encountered in 

determining the relative amounts of α-Si3N4 , β-Si3N4 phases using XRD were circumvented 

by employing the method of Gazzara and Messier, which uses the peak intensities of the 

(210) plane [145]. 

 

3 4

(210) / (210)

(210) / (210) (210) / (210)

I L
Si N

I L I L
 

   

  


                    (3.1.7) 

 

Where, L is a structure-related parameter, Lα (210) = 6.97 and Lβ (210) = 11.21. 

Figure 3.1.4 shows the XRD patterns of the Si/Cb preceramics nitrided at various 

temperatures up to 1450°C for 5 hour in N2 atmosphere. α-Si3N4 and β-Si3N4 were identified 

as main phases in addition to Si at temperature less than the melting point of silicon 

(1300°C and 1400°C) whereas, crystalline β-SiC in addition to β-Si3N4 were observed 

clearly at 1450°C.  
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Fig. 3.1.4: XRD pattern for Cb/Si treated at different temperatures in N2 for 1 hour 
 

Moreover, Figure 3.1.5 shows the effect of nitridation temperature and atmosphere 

on the phase ratio of β/α-Si3N4. The contribution of β-Si3N4 is increased as the nitridation 

temperature increases up to 1450°C as well as using pure N2 instead of N2/H2 mixture since 

hydrogen enhances the α-Si3N4 formation according to Eq. 3.1.8. Up to 80% of β-Si3N4 was 

obtained at 1450°C in N2 atmosphere, as the stability of β-Si3N4 at higher temperature is 

higher than that of α- Si3N4.  
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Fig. 3.1.5: Effect of the thermal treatment conditions on the amount of β-Si3N4 phase   

 

In addition to the XRD method, Figure 3.1.6 shows Raman spectra of the Si/Cb 

treated at different temperatures in N2 atmosphere for 5 hours as well as different 

atmospheres at 1450°C. Raman spectra show crystalline silicon peak in addition to 
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amorphous SiC phase at nitridation temperature less than the melting point of Si, whereas 

crystalline β-SiC was detected only at temperature above the melting point of silicon. 

The silicon peak intensity decreases gradually by increasing the nitridation 

temperature from 1300°C up to 1450°C as shown in figure 3.1.6a. Crystalline β-SiC was 

detected only at temperature above the melting point of Si. The effect of different gases 

such as H2, He and Ar added to the N2 on the conversion of Si to SiC was investigated at 

1450°C in Figure 3.1.6b. It was found that SiC/Si ratio was 52% in the case of using pure 

N2 and 10%He/N2 whereas maximum and minimum ratio of 61% and 32% was obtained 

using Ar/N2 and H2/N2, respectively. Therefore, it can be concluded that hydrogen doesn’t 

favor the reaction between Si and Cb to form SiC. 

 
Fig. 3.1.6: Raman Spectra of ceramics obtained at a) different treatment temperatures and b) different 

atmospheres (1450°C, 5 hours) 

 

3.1.3 Morphology of the Si3N4 and SiC-Si3N4 Ceramics 

Typical morphologies of reaction bonding silicon nitride have three types of 

microstructures, consisting of whiskers morphology, columnar grains connected randomly 

in three dimensions and hexagonal prisms. Different morphologies were observed in this 

work depending on the reaction temperature and atmosphere as shown in Fig. 3.1.8, Fig. 

3.1.9, Fig. 3.1.10 and Fig. 3.1.11 for Cb/Si samples nitridated at 1300°C, 1400°C, 1450°C 

and 1500°C, respectively. For comparison, the morphology of the Cb/Si template after CVI 

is shown in figure 3.1.7. 
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Fig. 3.1.7: Morphology of Cb/Si obtained after CVI with SiCl4/H2 

 

 A needle-like microstructure of α-Si3N4 is obtained predominantly at treatment 

temperatures less than the melting Si point (1300°C and 1400°C) in an atmosphere 

consisting of 10%H2 and 90%N2 as shown in Figures 3.1.8b and 3.1.9b, respectively, 

whereas thermal treatment at the same temperatures in pure N2 or N2/He (Figure 3.1.8a and 

c), leads to formation of α-Si3N4 and β-Si3N4 hexagonal prism microstructure distributed on 

the silicon surface. The size of microstructural units depends on the nitridation conditions, 

for example by increasing the nitridation temperature from 1300 to 1400°C in N2 

atmosphere, the extent of reaction increased resulting in formation of more prisms as shown 

in  Figure 3.1.8a and Fig. 3.1.9a, respectively. However, addition of both H2 and He with 

the same concentration 5% to the N2 at 1300°C leads to whisker-like morphology in higher 

amount and higher aspect ratio (Figure 3.1.8d) than using 90%N2/10%H2 (Figure 3.1.8b) 

with no bulbs or droplets were observed at whiskers tips suggested that the whiskers growth 

was through vapor-solid (VS) mechanism .  
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Fig. 3.1.8:  SEM of Si3N4 obtained at 1300°C in different nitridation atmosphere for 5 hours 

 

The fine whiskers growing from Si surface then interlock and fill the space between 

the fibers leaving homogenous pores size in the fibers allowing better contact between  N2 

and Si and thus higher conversion to Si3N4.  

The microstructure of the samples treated in nitrogen and nitrogen containing 

atmosphere at 1450°C (Fig. 3.1.10) consists predominantly of elongated hexagonal crystals 

(spikes) homogenously distributed β-Si3N4 grains with a low aspect ratio (6 µm) compared 

to α-Si3N4. These grains connected randomly in three dimensional morphology independent 

from the nitridation atmosphere used.  
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Fig. 3.1.9:  SEM of Si3N4 -SiC composite ceramics obtained at at 1400°C in different nitridation 
atmosphere for 5 hours  

 

As the reaction proceeds, the spikes merge and appear to be one large grain with large pores 

(Fig. 3.1.10a). However, the absence of any large grains or associated large porosity in the 

case of adding H2 into nitration atmosphere indicates that the nitriding exotherm was 

probably controlled (Figure 3.1.10b). In this case, no whisker-like morphology is present. 

On the other hand, spherical grains of SiC phase also was obtained under this condition and 

proved by Raman spectroscopy, XRD and EDX elemental analysis. As expected from these 

microstructures, the addition of hydrogen to nitriding atmosphere appears to be beneficial 

for obtaining homogenous microstructure at temperature lower as well as higher than 

melting point of silicon which enhances the mechanical strength. 
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Fig. 3.1.10:  SEM of Si3N4 –SiC composite ceramics obtained at 1450°C in different nitridation 
atmosphere for 5 hours  
 

Using hydrogen atmosphere resulted in RBSN with finer, more uniform microstructure 

which was quite different from the morphology formed under nitrogen alone. Compared to 

N2, hydrogen and helium have higher thermal conductivity, whereas argon has a lower 

thermal conductivity [146]. Therefore, addition of H2 or He to the nitridation gas allows 

dissipation of heat evolved as a result of the exothermal chemical reaction, allowing more 

accurate temperature control omitting local heat spots. 

Finally, the microstructure of the SiC-Si3N4 composite ceramics obtained at 1500°C for 1 

and 5 hours is illustrated in figure 3.1.11a and 3.1.11b, respectively. Generally, similar 

microstructure is obtained in both cases. The fiber obtained after 5 hours was dense 

compared to the hollow fibers of various diameters after 1 h reaction time. A great number 
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of fibrous grains protruding from the internal and external wall of the Cb template can be 

seen (Fig. 3.1.11a). The fibrous grain is approximately 0.66-1 µm in diameter and 1.3-2.6 

µm in length. The crystallinity of the obtained hexagonal β-Si3N4 and spherical grain of SiC 

are higher for 5 h compared to 1 hour. The increase of the crystallinity and the crystallite 

size for both SiC and Si3N4 phase by extending the treatment duration can affect negatively 

the mechanical properties of the resulting ceramics. The SEM micrographs show no pull 

out effect for the carbon template independent of reaction duration indicating strong 

bonding between the SiC and Si3N4 phases.  

 

 

Fig. 3.1.11:  SEM of the SiC-Si3N4 composite ceramics obtained at 1500°C for 1 and 5 hours 

 

Table 3.1.2 summarizes the main results in the processing of the SiC-Si3N4 composite 

ceramics by CVI-R technique using SiCl4/H2/N2 system based on the material balance 

explained above to show the effect of reaction time at 1500°C on the properties of the 

(a) 1500°C, N2, 1h 

  (b) 1500°C, N2, 5h 
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resulting composite ceramics. The results showed that at 1500°C, three hours reaction time 

is enough to obtain maximum conversion of Si into Si3N4 and SiC with ratio of 19/81 (mol 

%), respectively. Extension of the reaction time up to 5 h does not affect the phase 

composition of the composite ceramics  

 

Table 3.1.2: Effect of the reaction time at 1500°C on the composition and the mechanical properties of 
the composite ceramics 
 

 

Reaction time (h) 

 

1 

 

3 

 

5 

residual Cb  (%) 2.6 4.2 2.6 

SiCb (mol) 4.16*10-3 4.40*10-3 4.60*10-3 

Si3N4 (mol) 1.38*10-3 1.01*10-3 1.09*10-3 

SiC (mol %) 75 81 80 

Si3N4 (mol %) 25 19 20 

Si converted to SiC (%) 50 60 59 

Si converted to Si3N4 (%) 50 40 42 

bending strength (MPa) 27.0 13.3 12.0 

 

3.1.4 Mechanical Properties of the Composite Ceramics 

The bending strength of the biomorphic ceramic composites at ambient temperature 

is plotted as a function of the reaction temperature in the range between 1300 and 1550°C 

for 1 h as shown in Figure 3.1.12. It increases by increasing the reaction temperature up to 

1500°C where a maximum strength of 27 MPa is achieved with SiC/Si3N4 ratio of about 

3/1. The increase in the mechanical strength with the temperature indicates the presence of 

a good bonding between the two phases SiC and Si3N4, as shown by SEM micrographs. 

Moreover, the improved bending strength at 1500°C for 1 h is due to increase the degree of 

conversion of silicon into SiC as well as Si3N4. On the other hand, the strength is decreased 

above 1500°C to reach the same strength as at 1300°C due to formation of coarser and 

aggregated β-Si3N4 as well as SiC.  

The low bending strength of the composite ceramics, obtained after thermal treatment of 

the Cb/Si template at 1300°C is attributed to the low conversion of Si to either SiC or Si3N4. 
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Whereas at 1550°C, large crystals of the β-phase were formed and the decrease of strength 

was attributed to the larger crystal size at higher temperature. 
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Fig. 3.1.12: Bending strength of the composite ceramics obtained at different temperature in N2 
atmosphere for 1h 
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3.2 Processing of Biomorphic SiC-Si3N4 Composite Ceramics by CVI-R 

Technique Using Methyltrichlorosilane/Hydrogen/Nitrogen Precursor  
 

3.2.1 Conversion of Cb into SiC in N2 and He Atmosphere 

Composite ceramics consisting of SiC and Si3N4 phases can be produced using also 

other precursor system for infiltration. Previous investigations have shown that 

Methyltrichlorosilane decomposes to form Si rich SiC deposit Cb/Si/SiC at low 

temperature (T<1000°C) and in excess hydrogen [63, 64, 65]. Submitting subsequently the 

Cb/Si/SiC preceramics at high temperature in the range 1300-1500°C, in different 

atmospheres such as He or N2, SiCb/SiC and SiCb/SiC/Si3N4 were obtained according to 

the following equations:  

 

,/ / /mHe T T
b bC Si SiC SiC SiC         (3.2.1)        

2 ,
3 4/ / / /mN T T

b bC Si SiC SiC SiC Si N        (3.2.2)  

 

Tm: melting point of Si, 1410°C           

The Cb/Si/SiC spreceramics was exposed under different reaction conditions; 

temperature and atmosphere to determine the conversion of the carbon template (Cb) into 

SiCb in N2 as well as in He as an in situ reaction could occur between the excess silicon 

and the Cb in the Cb/Si/SiC substrate at high temperature but with different extent to 

produce a secondary SiCb, which then bonds the original SiC fibers. First of all, the extent 

of the Cb reaction with the Si in the substrate was determined after submitting both 

ceramics obtained by Eq.s 3.2.1 and 3.2.2 into oxidation. After that, the amount of reacted 

carbon related to the initial carbon template (Cb conversion) with Si can be determined and 

plotted versus treatment temperature for both N2 and He as shown in Figure 3.2.1.  
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Fig. 3.2.1: Conversion of Cb into SiC at different temperature in N2 and He atmosphere for 5 h 

 

It can be seen that the extent of carburization reaction (Eq. 3.2.1) is higher in He 

than in N2 atmosphere at all investigated temperatures since Si can react only with Cb 

template in He atmosphere to form SiC/SiCb whereas in N2 atmosphere, silicon can react 

either with Cb or N2 gas by solid-solid, solid-liquid or solid-gas reaction, respectively to 

form SiCb-SiC or SiCb-Si3N4 composite ceramics with different properties. Thus, the 

optimum temperature for the SiCb formation using Cb/Si/SiC template was determined to 

be 1400 and 1450°C in He and N2 atmosphere, respectively according to Figure 3.2.1.  

 

3.2.2 Composition of the Ceramic Composites 

As mentioned above, ceramics with different composition were obtained from 

Cb/Si/SiC preceramics using different thermal conditions. They were characterized by 

XRD and Raman Spectroscopy. The XRD patterns of the Cb/Si/SiC templates treated for 5 

hours at four temperatures around the melting point of Si: 1300, 1400, 1450°C and 1500°C 

in He and N2 atmosphere are shown in Figure 3.2.2a and 3.2.2b, respectively. As can be 

seen from the Figure 3.2.2a, almost no Si could be detected after treatment in He 

atmosphere at 1400°C, indicating that all silicon reacted with Cb template to form SiCb in 

addition to the primary deposited SiC (Eq. 3.2.1). In N2 atmosphere, the melting point of Si 

(1410°C) appears to be a critical temperature, just above where fast nitridation occurred 

leading to less residual silicon. In addition to SiC, α-Si3N4 and β-Si3N4 with different ratio  

were obtained from the reaction of silicon and N2 according to Eq. 3.2.2. Based on these 

results, the composition of the resulting composite ceramics seems to be strongly 

dependent on the treatment temperature and atmosphere.  
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    Fig. 3.2.2: XRD pattern of Cb/Si/SiC after treatment for 5 h in a) He and b) N2  

 

Additionally, the fraction of the β-Si3N4 phase in the composites obtained at 

different temperatures and nitridation atmosphere were calculated by Eq. 3.1.7 using XRD 

(Fig.3.2.3). It can be clearly seen that β-Si3N4 content increases gradually as the treatment 

temperature increases, independent of the nitridation atmosphere used. Furthermore, the 

use of pure N2 as nitriding atmosphere increases the content of β-Si3N4 compared to N2/H2 

mixture. This can be explained by the effect of hydrogen in enhancing the formation of the 

α-phase [147]. It can also be seen that the content of β-Si3N4 is higher using Cb/Si/SiC 

templates than using Cb/Si as discussed in the previous section. This fact was confirmed by 

Niihara [148] who proposed that SiC stabilize the β-Si3N4 phase. 
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Fig. 3.2.3: Fraction of ß-Si3N4 in the SiC-Si3N4 composite ceramics 

 

Raman spectroscopy was used also to investigate the composition of the Cb/Si/SiC 

precursor ceramics after treatment at 1300, 1400 and 1450°C in He and N2 atmosphere for 

5 hours as shown in Figure 3.2.4 (a and b), respectively. Two broad Raman peaks are 

observed for β-SiC, (TO) band at 797 cm-1 and (LO) band at 980 cm-1 at 1400°C in both 
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cases in addition to silicon phase, whereas crystalline β-SiC at 797 cm-1 is observed in N2 

and He only at 1450°C.  
 

 
 

Fig. 3.2.4: Raman spectra for Cb/Si/SiC after treatment for 5 h at different temperatures in a) He and 
b)N2 atmosphere 
 

3.2.3 Morphology of the Cb/Si/SiC after Thermal Treatment in He Atmosphere 

 The thermal treatment of Cb/Si/SiC template in He atmosphere leads to SiCb 

formation according to Eq. 3.2.1. Figure 3.2.5 shows the SEM images of Cb/Si/SiC after 

thermal treatment in He atmosphere for 5 hours at 1300, 1400 and 1450°C. At 1300°C, 

heterogeneous structure can be seen (Figure 3.2.5a) consisting of  two main parts - white 

area (position 1) according to crystalline silicon grains with  big and small size closed to 1-

1.2 µm and 0.1-0.23 µm which were dispersed homogenously on the gray Si/SiC fibers 

(position 2 in Fig. 3.2.5.a).  

Energy-Dispersive X-ray spectroscopy (EDX) analysis reveals that the Si/SiC samples 

contain only silicon and carbon with different ratio depending on the investigated position 

as shown in Table 3.2.1. The atomic ratio of Si/C at 1300°C varies between 2 (dark area) 

and 5.8 (grains). This is not surprising because, as reported previously in Almeida work 

[64, 65], over-stoichiometric Si/SiC layers can be deposited at low temperature (900°C) 

and high hydrogen excess (α=H2/MTS=11).  

Alternatively, melted silicon is observed clearly covering homogenously the Si/SiC fiber 

surface at 1400°C as shown in Figure 3.2.5b. As 1400°C is close to the melting point of Si, 

the melting of silicon could occur at 1400°C due to the carburization (SiCb formation) 

exothermic reaction and then silicon was spontaneously reacted with the carbon template; 

consequently, the reaction to form β-SiCb takes place according to equation 3.2.1 at the 

carbon-silicon interface. 
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Fig. 3.2.5: Morphology of Cb/Si/SiC  after thermal treatment in He for 5 hours at a) 1300°C b) 1400°C 
and c) 1450°C  
 

The Si/C ratio measured to be 1.6 at 1400°C by EDX analysis in Table 3.2.1 which 

means that free silicon exists on the sample surface. However, silicon peaks were not 

detected by XRD (Figure 3.2.2) as well as Raman spectroscopy (Figure 3.2.4). Finally, at 
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1450°C the final structure of SiC consists of well defined β-SiC microstructure with 

uniaxially aligned crystallites was observed (Figure 3.2.5c). The complexity of the 

resulting crystallites can clearly be seen in the micrograph which shows a variety of crystal 

sizes, shapes and surface characteristics. The Si/C ratio in this case was determined to be 

1.2.  

 

Table 3.2.1: Elemental analysis of composite ceramics obtained at different temperatures in He 

atmosphere for 5 hours 

 

 

Temperature 
 

C (at %) Si (at %) Si/C 

1300°C 14.4 84.4 5.8 

1400°C 38.4 60.9 1.6 

1450°C 44.1 54.7 1.2 

 

3.2.4 Morphology of the Cb/Si/SiC after Thermal Treatment in N2 Atmosphere 

The evolution of different microstructure of β-SiC, α-Si3N4 and  β-Si3N4 phases in 

the SiC-Si3N4 composite ceramics after thermal treatment of the Cb/Si/SiC precursor 

ceramic at 1300°C, 1400°C and 1450°C in N2 and N2/H2 atmosphere for 5 hours was 

monitored by SEM as shown in Figures. 3.2.6, 3.2.7 and 3.2.8, respectively.  

After thermal treatment at 1300°C in nitrogen atmosphere, the ceramics consist mainly of 

SiC with uniform distributed small grains of β-Si3N4 as determined by XRD and EDX. The 

size of the β-Si3N4 grains depends whether N2 or N2/H2 nitridation gas was used since the 

addition of hydrogen (10/H2/90%N2) leads to formation of much smaller β-Si3N4 grains as 

can be seen in Figure 3.2.6a compared to bigger β-Si3N4 grains obtained in 100% N2 (Fig. 

3.2.6b). 
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Fig. 3.2.6: Morphology of SiC-Si3N4 obtained at 1300°C for 5h in a) N2/H2 and b) N2 atmosphere 
 

A completely different microstructure was obtained at 1400°C using N2/H2 and N2 

atmosphere as shown in Fig. 3.2.7a and b. A large amount of α-Si3N4 whiskers with 

approximately 20 µm length was dispersed in the SiC ceramic matrix by addition of 

hydrogen to the nitriding atmosphere, whereas hexagonal prisms with diameter of 2 µm, 

identified from XRD as β-Si3N4, were formed in N2 atmosphere at temperature closed to 

Tm by direct reaction of solid silicon with N2 [144].  

 

 
 

Fig. 3.2.7: Morphology of SiC-Si3N4 obtained at 1400°C for 5h in a) N2/H2 and b) N2 atmosphere 

 

Prisms with well-faceted planes grow towards each other meet themselves and 

agglomerate. So the addition of hydrogen to the nitridation gas enhances the whisker 

formation at temperature near the melting point of silicon due to the homogenous supply of 

SiO intermediate for α-Si3N4 phase as discussed in previous sections. 

At nitridation temperature of 1450°C, above the melting point of silicon, different 

morphology is observed for both Si3N4 and SiC phase. The elongated grains are the typical 
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appearance of β-Si3N4 with around 5 µm length for both N2 and N2/H2 atmospheres in 

addition to small particles of SiC crystals with approximately 500 nm diameter in the case 

of N2/H2 atmosphere (Fig. 3.2.8a). The SiC nanoparticles suppressed the grain growth of β-

Si3N4 in this case, resulting in fine grain microstructure. Large amount of β-Si3N4 is located 

at the SiC boundaries, whereas at lower temperature, Si3N4 grains are formed on the 

surface as well as on the initial SiC boundaries. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.8: Morphology of SiC-Si3N4 obtained at 1450°C for 5h in a) N2/H2 and b) N2 atmosphere 

 

Similar microstructure is observed after thermal reaction at 1500°C for 1 and 5 h as 

shown in Figure 3.2.9a and b, respectively. More extensive growth of the hexagonal grains 

of β-Si3N4 surrounded by a continuous amorphous grain boundary phase is observed. The 

presence of the β-SiC and β-Si3N4 phases after 1 and 5 hours treatment was confirmed by 

XRD and EDX measurement on the surface as well as in the cross section of the fibers and 

the results are summarized in Table 3.2.2. As expected, stoichiometric SiC is obtained with 

Si/C ratio of 1 in the cross section area whereas β-Si3N4 phase was observed extensively on 

the surface of the fibers. More over, the pull out effect of the carbon template can be 

observed extensively after nitridation for 1 hour as indicated by arrows in Figure 3.2.9a 

where as such effect was not seen widely after 5 hours treatment (Figure 3.2.9b). This can 

be explained due to the competition between the carburization and nitridation reactions 

between silicon and carbon as well as silicon and nitrogen, respectively. Within 1 h, the 

formation of additional SiCb is difficult, as either Si or C has to diffuse through the initial 

SiC to react at the Si/Cb interface to form SiCb. Under such conditions, free Si preferred to 

react with N2 to form Si3N4 than SiCb. 
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Fig. 3.2.9: Morphology of SiC-Si3N4 obtained in N2  atmosphere at 1500°C for a) 1h and b) 5h 

 

This can lead to pull out of the carbon template due to the mismatch between the thermal 

expansion coefficient of the carbon template and the SiC or Si3N4 ceramics. After 5 hours 

at 1500°C in N2 atmosphere, the pull out effect is reduced by increasing the reaction time 

for both reactions to take place without limit. By comparing MTS/H2/N2 system with the 

SiCl4/H2/N2 system for processing of SiC-Si3N4 composite ceramics, it can be concluded 

that such effect is not observed at all in the latter system for either 1 or 5 hours since the 

carburization reaction can take place easily and rapidly with no problem of the presence of 

extra diffusion resistance primary SiC phase in the former system. 
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Table 3.2.2: EDX elemental analysis of the SiC-Si3N4 composite ceramics obtained in N2 at 1500°C for 
1h and 5h 
 

1500°C, N2, 1h 1500°C, N2, 5h Elements 

 Position 1 Position 3 Position 2 Position 4 

C (at %) 46.81 - 51.9 - 

Si (at %) 53.19 80.97 48.10 75.20 

N2 (at %) - 19.03 - 24.80 

 

3.2.5 Bending Strength of the SiC-Si3N4 Composite Ceramics  

The strength of SiC and SiC-Si3N4 ceramics is strongly affected by the treatment 

temperature and atmosphere after CVI process as shown in Figure. 3.2.10. Increasing the 

thermal treatment temperature in N2 atmosphere causes an increase in the bending strength 

in the case of composite ceramics quite contrary to SiC ceramic obtained at the same 

temperature but in He atmosphere. The presence of SiC increased the composite strength 

because of reduction in grain size of ß-Si3N4 as shown in Figure.3.2.8. This Figure shows 

also the absence of any molten silicon which could cause bigger grain size as well as 

bigger pores that deteriorate the strength as observed in the case of using SiCl4/H2/N2 

precurasor system but for 5 hours (Figure 3.1.10a). In the case of SiC ceramics the grain 

size increased at higher treatment temperature which leaded to reduce a strength of the 

obtained ceramics.  

 

 

 

 

 

 

 

 

 

Fig. 3.2.10:  Maximum bending strength of SiC and SiC-Si3N4 ceramics obtained at different 

temperatures 
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At the end of these sections, it is interesting to focus on the main factors investigated 

which affect strongly the properties of the resulting SiC-Si3N4 composite ceramics 

obtained by CVI-R technique using SiCl4/H2 or MTS/H2 precursors. According to the 

composition of the SiC-Si3N4, predominately SiC phase was obtained at all treatment 

temperatures and atmosphere using MTS/H2, additionally the Si3N4 content can be 

increased by using high excess silicon via increasing the H2/MTS ratio. However, with 

SiCl4/H2 precursor, predominant Si3N4 or SiC could be obtained with Si/Cb ratio much 

more or less than 1 due to the parallel carburization and nitridation reaction which can take 

place simultaneously at T>Tm. Moreover, the results confirmed that complete conversion 

of  Cb into SiC could occur at 1400 and 1450°C using MTS/H2/N2 and SiCl4/H2/N2 

precursors, respectively Additionally, based on the SiC-Si3N4 morphology, the bending 

strength of SiC-Si3N4 composite ceramics obtained from SiCl4/H2/N2 system decreased by 

increasing the treatment temperature due to the poor microstructure with large pores and 

grains, whereas the bending strength increased by increasing nitridation temperature with 

no sign of microstructure defects using MTS/H2/N2 system. The presence of SiC in 

addition to Si in the case of MTS/H2/N2 leads to easier control of complete nitridation 

compared with the case of Si obtained from SiCl4/H2/N2 system. Probably, because the 

addition of inert SiC particulates suppresses the rapid rise in temperature by diluting the 

exothermic reaction between Si and N2 and subsequently, more uniformly nitrided 

microstructures that consequently achieved higher strength at higher temperature.  

 

3.2.6 Oxidation Behavior of SiC- Based Biomorphic Ceramics  

The oxidation behavior of biomorphic SiC and SiC-Si3N4 composite ceramics was 

studied by TGA in airflow under isothermal conditions (1050°C and 1450°C) as well as 

under cyclic thermal treatment. The effect of SiC microstructures, chemical composition of 

SiC-Si3N4 composite, as well as the morphology of the ceramics on the oxidation behavior 

was also investigated. The processing of SiC with different structures is shown in Figure 

3.2.11.  
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Fig. 3.2.11: Flow chart of the processing of biomorphic SiC ceramics with different microstructures 

 

Different CVI routes followed by oxidation of residual carbon of the template were applied 

according to the following equations: 

CVI-I 

2950 , ,1 ,1450 ,1
3 3 ./ 3 /C H h He C h

b b amorph b HTcrystC CH SiCl C SiC HCl C SiC          (3.2.3)       
,750 ,5

. 2 ./ air C h
b HTcryst HT crystC SiC O SiC         (3.2.4) 

                           

HTcryst: high temperature crystalline 

 

CVI-II     

 21050 , ,1
3 3 ./ 3C H h

b b LTcrystC CH SiCl C SiC HCl                                         (3.2.5)       

,750 ,5
. 2/ air C h

b LTcryst LTcrystaC SiC SiC CO         (3.2.6)     

 

LTcryst: low temperature crystalline 

 

The composition of SiC-Si3N4 is determined by material balance. The amount of 

the carbon template react with silicon is determined after ceramic oxidation at 750°C in air 

for 5hours as the non reacted carbon will be oxidized to CO2 and cause mass loss. 

However, the amount of the Si3N4 formed is estimated from the mass gain after nitration 

reaction at 1500°C for 5 hours in N2 atmosphere. 
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3.2.6.1 Isothermal Oxidation at 1050°C  

The mass change of SiC ceramics with different microstructures during isothermal 

oxidation at 1050°C for 50 hours in airflow is presented in Fig. 3.2.12. Parabolic run of the 

mass gain with oxidation time was observed for all samples independent from their 

microstructure, indicating that the diffusion of reactants to the reaction sites becomes the 

rate-limiting step. However, SiC with amorphous and LT crystalline microstructure 

showed nearly the same mass gain of 5-6%, whereas a value of 10 % was measured for HT 

crystalline SiC. The higher mass gain in the case of HT crystalline SiC could be due to the 

less residual carbon compared to the other samples because of the additional thermal 

treatment step in He atmosphere at 1450°C. Moreover, it is important be noticed that at 

such relatively low oxidation temperature, the overall weight change of the ceramics which 

is measured by gravimetry during the oxidation process may be positive or negative 

depending on which reaction-carbon gasification or SiC oxidation is predominant [155]. 
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Fig. 3.2.12: TGA of SiC with different microstructures during isothermal oxidation at 1050°C for 50 h 
 

The oxidation behavior of SiC-Si3N4 composite ceramics with different phase 

composition during isothermal treatment at 1050°C in airflow for 50 h is shown in Figure 

3.2.13. Mass gain of about 5% was measured in both cases, similar to the values for 

amorphous and LT crystalline SiC shown in Figure 3.2.12. The similarity in the oxidation 

behavior of both composite SiC-Si3N4 ceramics could be explained with the predominant 

SiC phase which is in both cases more than Si3N4 (4:1 or 9:1) so that the oxidation 

behavior of the composite ceramics is rather controlled by SiC than by Si3N4. 
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Fig. 3.2.13: TGA of the SiC-Si3N4 composite ceramics with different composition during oxidation at 

1050°C for 50 h 

 

3.2.6.2 Isothermal Oxidation at 1450°C  

Biomorphic SiC ceramics with different microstructures show different behavior if 

submitted to isothermal oxidation at higher temperature such as 1450°C for 50 hours as 

shown in Figure. 3.2.14. Mass gain of 41% corresponding to approximately complete 

conversion (94 %) of SiC into SiO2 was observed for amorphous SiC. HT crystalline SiC 

produced after high treatment temperature (1450°C) of amorphous SiC (Fig. 3.2.11) shows 

similar run of the curve but significantly lower mass gain of 23% corresponding to 46 % 

conversion of SiC to silica compared to amorphous SiC.  

An interesting behavior can be observed for LT crystalline SiC with mass gain of 20% 

corresponding to 40% conversion into SiO2 after only 10 hours. A plateau was observed 

after 10 hours oxidation, which might be due to oxidation of residual carbon (Cb) as well as 

the carbon obtained during the high temperature infiltration of biomorphic SiC ceramics 

(1050°C). Additionally, no further mass change was observed in Figure 5.2.14 after 10 

hours. This indicates that the SiO2 layer formed on the surface was very effective to 

improve the oxidation resistance of the non oxidized SiC ceramic.  
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Fig. 3.2.14: TGA of SiC with  different microstructures after oxidation at 1450°C for 50 h in flowing 
air 
 

The XRD patterns for SiC with different microstructures after isothermal oxidation 

at 1450°C for 50 h are shown in Figure 3.2.15. Mainly, SiO2 in form of α-cristobalite in 

addition to SiC was detected in all samples. In order to compare the crystanillity of the 

SiO2 phase obtained after 50 h oxidation for different SiC microstructures, the intensity 

ratio of SiO2 and SiC peaks (ISiO2/ISiC) was estimated. The highest ratio of about 4.4 was 

calculated for LT crystalline SiC, whereas for HT crystalline and amorphous SiC much 

lower values of 0.75 and 0.94, respectively have been estimated. Therefore, the 

improvement of oxidation resistance in the case of LT crystalline SiC can be due to the 

retardation of the transport of oxidizing agents through the crystalline dense continuous 

SiO2 layer formed on its surface. 
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Fig. 3.2.15: XRD of SiC with different microstructures after isothermal oxidation at 1450°C for 50 h 
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Additionally, the volume fraction of SiO2 formed on the amorphous, LT and HT 

crystalline SiC can be calculated from the net weight gains (ΔW) at different temperatures 

after 50 h for various SiC microstructures using Eq. 3.2.7 as shown in Figure 3.2.16 [150]: 

 

                     2

2

2

3 /

( 2 ) / 3 /
SiO

SiO
SiC SiO

w
V

W w w


 




   
                           (3.2.7)  

                            

 Where W, is the initial mass of the as-received SiC ceramics before thermal oxidation, 

ΔW the net weight gain after the oxidation treatment and ρSiC and ρSiO2 are the densities of 

SiC (3.21g/cm3) and α-crystobalite SiO2 (2.27 g/cm3), respectively [151]. Figure 3.2.16 

shows that the volume fraction of SiO2 increased by increasing the oxidation temperature 

up to 1450°C independent of SiC microstructure. However, the volume fraction was 

minimum and maximum for LT crystalline and amorphous SiC, respectively which was 

dependent on the mass gain and not on the crystallinity of SiO2 (Figure 3.2.15) as 

presented by Eq. 3.2.7.  
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Fig. 3.2.16: Volume fraction of SiO2 obtained from Eq. 3.2.7 as a function of oxidation 

temperature after 50 h 

 

On the other hand, SiC-Si3N4 composite ceramics with different compositions such 

as SiC-Si3N4 (9:1) and SiC-Si3N4 (4:1) was produced using a MTS/H2/N2 or SiCl4/H2/N2 

precursor systems, respectively. The presence of two phases was expected to improve the 

oxidation resistance at higher temperature compared to pure SiC. Figure 3.2.17 shows the 

results of TGA of SiC-Si3N4 composite ceramics with different composition after oxidation 

at 1450°C for 50 h.  A mass gain of 23% and 15% was measured for SiC-Si3N4 composite 

ceramics with composition of 9:1 and 4:1, respectively. Initially up to 8 hours, Figure 



Chapter 3: Results and Discussion                                                                                     58 

3.2.17 shows a similar oxidation rate of 0.4%/h for both compositions, after that there is a 

decrease from 0.4%/h for each to 0.24%/h and 0.12%/h for (9:1) SiC-Si3N4 and (4:1) SiC-

Si3N4, respectively. Therefore, SiC-Si3N4 (4:1) composite ceramics shows very promising 

oxidation resistance performance at higher temperatures as it has a minimum mass gain 

and thus the minimum oxidation rate compared to SiC-Si3N4 (9:1) and SiC (Fig. 3.2.14).  
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Fig. 3.2.17: TGA of SiC-Si3N4 composite ceramics during oxidation at 1450°C for 50 h in airflow 

 

3.2.6.3 Cyclic Oxidation  

Cyclic oxidation is a considerable test to investigate the behavior of ceramics under 

cyclic temperature changes in order to study spallation resistance of the oxide scale. This 

test was carried out for SiC with different microstructure and different composition of SiC-

Si3N4 in order to compare their oxidation performances as well as the mechanical 

properties after oxidation tests. The mass change of SiC ceramics during 10 cycles of 

temperature variations between 550°C and 1100°C for total oxidation duration of around 

42 hours is presented in Figure 3.2.18. 
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Fig. 3.2.18: TGA of SiC with different microstructure during cyclic oxidation 
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 Amorphous and HT crystalline SiC show higher mass gain of about 12-13% 

compared to 6% for LT crystalline SiC. The mass gain of LT crystalline SiC after cyclic 

oxidation is found to be about the same as after isothermal oxidation at 1050°C as shown 

in Figure 3.2.12. On the other hand, higher mass gain was obtained for both amorphous 

and HT crystalline SiC after cyclic oxidation compared to isothermal oxidation at 1050°C. 

This can be explained by the different specific surface area of 6.5 m2/g, 1.2 m2/g and 0.4 

m2/g for amorphous, HT crystalline SiC and LT crystalline SiC, respectively. It is therefore 

concluded that the oxide scale formed on SiC with different microstructures is adherent 

and coherent, resistance to thermal cycle. 

In the case of SiC-Si3N4 composite ceramics with different composition, the mass 

change after cyclic oxidation of 5% (Fig. 3.2.19) was the same as that after isothermal 

oxidation at 1050°C as shown in Figure 3.2.13.  
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Fig. 3.2.19: TGA of SiC-Si3N4 during cyclic oxidation 

 

So that as a conclusion, the thermal oxidation of SiC with different microstructures and 

with different SiC-Si3N4 composition have been investigated by isothermal and cyclic 

conditions at different temperatures in airflow. Interesting results were obtained 

concerning the oxidation performance of SiC-based ceramics. It has been proved that the 

oxidation resistance was strongly dependent on the preparation conditions, so that the 

oxidation rate of amorphous SiC was higher than crystalline SiC (HT and LT) at 1450°C. 

Consequently, the volume fraction of SiO2 was higher the case of amorphous than 

crystalline SiC. Additinaly, parabolic growth rate was obtained by SiC oxidation at 1050°C 

independent of microstructure, which means that the diffusion of reatants to the reaction 

sites becomes the rate-limiting step. The lower oxidation rate of SiC ceramics at 1050°C 
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can be explained by relatively lower oxidation temperature, which lets the carbon burn out 

more favoured than Si oxidation reaction. However, at higher oxidation temperature of 

1450°C, the situation is opposite as the mass gain due to the SiO2 formation was much 

high compare to the mass loss because of the carbon gasification. Complete conversion of 

amorphous SiC into SiO2 after 50 h was observed whereas no  mass change was observed 

after 10 hours by oxidation of LT crystalline SiC. The decreasing of the oxidation rate after 

10 h for LT crystalline SiC coincides with the formation of a continuous SiO2 scale, which 

strongly bonded to SiC and prevent O2 diffusion into SiC. Introducing a second phase like 

Si3N4 in addition to SiC had a significant effect on the mass change, microstructure and 

mechanical properties of the composite ceramics after oxidation. In this composite 

ceramics, the oxidation rate decreased with increasing the Si3N4 content as well as with the 

degree of crystallization since the presence of a Si3N4 phase reduces the coefficient of 

thermal expansion mismatch between SiO2 and SiC resulting in relatively crack free and 

well-bonded layers. Moreover, the bending strength is decreased for all ceramics after 

isothermal oxidation at 1450°C due to crack formation, which was severe especially in the 

amorphous SiC. In conclusion, the oxidation protection of LT crystalline SiC and SiC-

Si3N4 (4:1) composite ceramics is adequate for long service times under isothermal and 

cyclic oxidation conditions at normal pressure in airflow at 1050°C and 1450°C.  

 

3.2.6.4 Kinetics of the Oxidation of SiC Ceramics 

Oxidation kinetics of HT crystalline SiC was investigated in the temperature range 

of 1050-1450°C and plotted in Figure 3.2.20a as mass gain per unit area exposed (Δw/A)2 

vs. time (t). From this Figure, it is shown that at low oxidation temperature as 1050°C and 

1250°C the oxidation process tends to exhibit a parabolic trend typical of diffusion 

controlled process as mentioned. Nevertheless, at high temperature above 1250°C the 

oxidation process exhibited two distinct stages. The initial stage of oxidation was 

characterized by linear growth according to surface reaction limiting and it was followed 

by parabolic scale growth according to the diffusion of reactants. During the second stage 

of oxidation, the oxidation rates are drastically reduced, but they tend to increase with 

temperature. The apparent rate constants (kp) were determined from the relative slopes of 

(Δw/A)2 - t plot  according to Eq. 3.2.8 as shown in Figure 3.2.20a. Therefore, the 

activation energy of the oxidation of SiC with different microstructures with the 

corresponding frequency factors (A0) were determined and presented in Table 3.2.3 

according to Eq. (3.2.9) [152].    
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Fig. 3.2.20: a) Oxidation kinetics of HT crystalline SiC at different temperatures b) Arrhenius plot for 

the oxidation of amorphous, LT and HT crystalline SiC 

 

A wide range of activation energies of SiC oxidation was published in the literature 

from 84 to 498 kJ/mol. The large variations in reported kinetics have been attributed to the 

difference of the preparation methods used to produce SiC. In this work, narrow range 

activation energy of 211, 106 and 89 kJ/mol was determined in the initial oxidation stage 

of different SiC microstructures such as amorphous, HT crystalline and LT crystalline SiC, 

respectively as shown in Figure 3.2.20a and b. The activation energy of 106 kJ/mol for HT 

crystalline SiC agrees quite well with the energy required for molecular oxygen permeation 

in silica as reported by Norton with 117 kJ/mol [140].  On the other hand, the activation 

energy of 211 kJ/mol for amorphous SiC calculated in this work was smaller compared to 

the activation energy of 287 kJ/mol reported by Vogli [108] for oxidation of pine derived 

SiC via CH3SiCl3 /H2 by CVI-R. The difference may be due to the specific surface area of 

the 6.5 and 0.5 m2/g for paper and pine derived SiC, respectively. The activation energy of 

211 kJ/mol corresponds to the energy required to break a Si-C bond (280 kJ/mol). On the 

other hand, the low activation energy of LT crystalline SiC (89 kJ/mol) could be not 

present its actual behavior due to presence of much free carbon (12%) in the sample 

codeposited of the high infitltration temperature (1050°C). This can affect definetly the 

extent of SiC oxidatrion to SiO2 especially in the initial stage of the oxidation. Where as, 

much higher activation energy obtained for LT crystalline SiC (404 kJ/mol) at the second 
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oxidation stage was calculated to be much larger than the Si-C bond energy (290 kJ/mol) 

and the chemical reaction activation energy at the SiC surface [153,154]. Therefore, the 

rate-controlling step is suggested to be a chemical reaction process associated with the 

SiO2 formation at the SiC/SiO2 [155]. 

 

Table 3.2.3: Activation energy and frequency factor for the oxidation reaction of SiC with different 

microstructures 

  
 

 

 

 

 

 

 

3.2.6.5 Morphology of SiC-Based Biomorphic Ceramics after Isothermal Oxidation  

In this section, the morphology of the different SiC-based biomorphic ceramics 

before and after isothermal oxidation at 1050°C and 1450°C was investigated. 

 

Biomorphic SiC Ceramics with Different Microstructures 

The morphology of the original SiC ceramics produced by CVI technique at 

different reaction conditions (Fig. 3.2.11) is shown in Figure 3.2.21.  The processing 

conditions of the SiC ceramics affect the morphology of the resulting SiC ceramics 

strongly. A big difference between crystalline SiC obtained at high (HT) or low (LT) 

temperature can be seen from the micrographs. HT crystalline sample shows bigger grains 

with slits between them compared to fine grains in the case of LT crystalline SiC. This 

microstructure does not change after exposing to isothermal oxidation at 1050°C for 50 h 

as shown in Figure 3.2.22. No cracks were found on the surface at 1050°C due to lower 

oxidation rate of SiC independent of its microstructure as proved in Figure 3.2.12.  

  

 

SiC structures 
EA  

(kJ/mol)
Frequency factors 

ln A0 (min-1) 

amorphous SiC 211 16.33 

LT cryst. SiC 89 12.80 

HT cryst. SiC 106 10.73 
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Fig. 3.2.21: Morphology of SiC with different microstructures before oxidation 

 

On the contrary, after isothermal oxidation at higher temperature of 1450°C for 50 

hours, completely different microstructures were obtained for amorphous and LT 

crystalline SiC (Fig. 3.2.23). In the case of amorphous SiC, globules of silicon were 

formed as a result of its melting in addition to rounded spheres of silica in form of α-

cristobalite as detected by XRD can be seen. 

Deep cracks can be seen which serve as a path for oxygen to diffuse to the underlying SiC 

for further oxidation, which was also proved by TGA analysis as shown in Figure 3.2.14. 

A different microstructure of SiO2 film however was obtained after oxidation of LT 

crystalline SiC at 1450°C for 50 h. Homogenous SiO2 thin film in addition to cracks with 

0.5 µm opening were observed. These cracks were expected to be also covered with SiO2, 

which was formed by reaction of oxygen with the surrounding SiC. As a result, the inward 

diffusion of O2 was almost prevented and no further oxidation occurred, resulting in a 

constant mass gain with the time as shown in Figure 3.2.14. 
 

Amorphous SiC HT crystallines SiC 

LT crystallines SiC 
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Fig. 3.2.22: Morphology of SiC after isothermal oxidation at 1050°C for 50h 
 

 

 

Fig. 3.2.23: Morphology of SiC after isothermal oxidation test at 1450°C for 50h 
 

Biomorphic SiC-Si3N4 Composite Ceramics 

The initial (4:1) and (9:1) SiC-Si3N4 composite ceramics show grains of β-SiC and 

β-Si3N4 phase with three-dimensional spikes as shown in Figure. 3.2.24. More homogenous 

crystalline β-Si3N4 spikes were formed in the case of nitrided silicon to (4:1) SiC-Si3N4 

using SiCl4/H2/N2 system than nitrided Si/SiC to (9:1) SiC-Si3N4 using MTS//H2/N2 

system. The composite ceramics with different composition showed also differences in 

their morphology after oxidation at 1450°C for 50 h (Fig. 3.2.25). Small cracks with about 

0.14 µm opening were formed in the case of SiC-Si3N4 (9:1), whereas no cracks were 

found in the SiC-Si3N4 (4:1) composite ceramics.  

amorphous SiC LT crystalline 

amorphous SiC 

0.5µm

LT crystallines SiC 
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Fig. 3.2.24: Morphology of SiC-Si3N4 composite ceramics with different composition before oxidation 

 

Possible explanation of the observed morphology is that the oxidation rate of SiC-

Si3N4 ceramics decreases with increasing Si3N4 content (Fig. 3.2.17) due to enhanced 

grade of crystallization of both SiC and Si3N4 (Fig. 3.2.24). This leads to less mass gain 

and subsequently thin SiO2 layer in the case of (4:1) ratio compared to thicker silica film 

formed after oxidation of SiC-Si3N4 (9:1) which caused cracks because of the mismatch 

between the coefficients of thermal expansion (CTE) of SiO2 and the non oxide ceramics. 

However, the presence of Si3N4 in addition to SiC ceramics was proved to be effective in 

minimizing of the mismatch with SiO2 as the value of 3.3*10-6 /K for the CTE of Si3N4 is 

close to the value for SiO2 and less than that of SiC which has a value of 5*10-6/K [156]. 

 

 
Fig. 3.2.25: Morphology of SiC-Si3N4 composite ceramics with different composition after isothermal 
oxidation at 1450°C for 50h 
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3.2.6.6 Bending Strength of SiC and SiC-Si3N4 Composite Ceramics after Oxidation 

Tests 

The bending strength of the biomorphic ceramics are influenced generally by 

different factors as porosity, surface morphology, grain size as well as residual carbon and 

silicon in the ceramics after CVI-R processing.  
 

Figure 3.2.26 presents the bending strength of different ceramics after cyclic and 

isothermal oxidation as relative values to the corresponding samples before oxidation.  It is 

observed clearly from Figure 3.2.26 that the bending strength of all ceramics is not affected 

strongly after cyclic oxidation due to the relatively lower temperature, which causes 

subsequently low convesion of SiC into SiO2.   
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Fig. 3.2.26: Maximum bending strength of different ceramics after cyclic and isothermal oxidation 
tests 
 

However, the strength of the ceramics decreased significantly after isothermal 

oxidation at 1450°C. The strongest decrease of about 50% was observed with amorphous 

SiC, whereas crystalline SiC and SiC-Si3N4 composite ceramics loosed at these conditions 

about 30% of their strength. The strength decrease at 1450°C is due generally to the 

formation of large defects (cracks) in the strongly oxidized surface scale. As the thicker 

oxide layer probably contains larger defects as shown in figure 3.2.23, the higher strength 

loss occurs in the case of material having thicker surface oxide layer like the amorphous 

SiC. 
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3.2.7 Processing of Biomorphic SiC Ceramics with Enhanced SSA by CDC Approach 

Recently, increasing attention has been paid to the synthesis of mesoporous SiC 

with high specific surface area (SSA). Such materials could be interestingly high 

temperature supports for catalysts due to their specific thermal, mechanical and chemical 

properties and especially high thermal conductivity which could avoid the sintering of the 

metallic active phase [149]. Biomorphic SiC prepared in this work by CVI-R technique 

starting from paper preforms has high free volume fraction but almost no porosity with 

measured SSA of less than 1 m2/g. So that, for application of SiC as a catalyst support, at 

least 15-20 m2/g SSA is required which was one of the objectives of this work. Therefore, 

it is of high of interest to develop a new synthesis procedure called carbide derived carbon 

(CDC) to be integrated in the ceramization process for preparation of biomorphic SiC with 

enhanced SSA. 

Stoichiometric biomorphic SiC prepared by CVI of the Cb using MTS/H2 system 

(Eq. 2.8) was used as the initial substrate. Then by submitting the SiC to chlorine 

atmosphere (2.5%Cl2/97.5%He) at 800°C for 20, 30 and 60 min, a thin layer of nanoporous 

carbon (C*) with specific surface area of 70, 105 and 222 m2/g was generated on the SiC 

surfasce in addition to the original SiC according to Eq. 3.2.10. The properties of the 

carbon layer can be controlled easily by adjusting the chlorination temperature, 

concentration and duration.  

 

800 *
2 42 CSiC Cl SiC C SiCl                                  (3.2.10)

                       

After the chlorination step (Eq. 3.2.10), two CVI routes were applied using MTS/H2 or 

SiCl4/H2 precursors in order to infiltrate SiC or Si in the C*, as shown in Figure 3.2.27 and 

3.2.31, respectively. The following sections describe the effect of the CVI precursor on the 

SSA of the resulting SiC ceramics.  

 

A) CVI with MTS/H2 System 

In this route, the nanoporous carbon (C*) which was obtained after chlorination 

reaction was infiltrated with MTS/H2 at 950°C for 45 min to produce SiC which was 

followed by an oxidation step in airflow at 750°C for 5h in order to burn out the residual 

carbon as shown in Figure 3.2.27 according to the following equations:  
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* *
3 3 2/ 3SiC C CH SiCl H SiC C SiC HCl                      (3.2.11) 

* */ / /oxidationSiC C SiC SiC SiC                    (3.2.12)

        

 
Fig. 3.2.27: Processing of SiC with enhanced SSA by CDC approach using MTS/H2 system 

 

Figure 3.2.28 shows the specific surface area of the SiC/C* and SiC/SiC* after chlorination 

reaction (Eq. 3.2.10) and after the 2nd infiltration (Eq. 3.2.11) and subsequent oxidation 

(Eq. 3.2.12). Much higher SSA of the SiC/C* template was obtained compared to the initial 

SiC with SSA of less than 1 m2/g. Wide range of SSA of the SiC/C* up to 222 m2/g was 

achieved varying the chlorination time at 800°C. However after applying the second 

infiltration followed by oxidation, the SSA of the resulting SiC/SiC* decreases to 50 m2/g. 

So that using the CDC approach in addition to CVI process was flexible to control the final 

SSA varying the chlorination and the second infiltration conditions. It is worth to notice 

that the measured SSA of SiC obtained after oxidation (Eq. 3.2.12) and shown in Figure 

3.2.28 is contributed not only by SiC but also by the residual nanoporous carbon, which 

has been confirmed by TGA in Figure 3.2.29. 
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Fig. 3.2.28: SSA of SiC/SiC* ceramics obtained by combined CDC/CVI approach  

 

No significant mass loss (2%) was estimated after submitting the complete ceramics 

(SiC/C*/SiC) into oxidation atmosphere in a tubular reactor at 750°C. However, Figure 

3.2.29 shows the representive thermogravimetric analysis (TGA) curves of the broken 

SiC/C*/SiC composite ceramics in airflow at 750°C for 5 hours indicating three significant 
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weights - change steps. During the first step, which occurs between 100°C and 200°C, a 

small weight loss of 2% occurs, corresponding to the loss of water adsorbed on the surface. 
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Fig. 3.2.29: Residual carbon in SiC/C*/SiC obtain using CVI route described in Figure 3.2.27 

 

The second large weight-loss of 10% and 18% for SiC samples chlorinated for 30 and 60 

min respectively, further infiltrated and oxidized, occurs between 550°C and 750°C. It  can 

be ascribed to the combustion of residual carbon (C*
 and Cb) in the composite ceramics. In 

contrast to the above steps, 3% weight increase of both samples after approximately three 

hours at 750°C was measured. This increase can be related to the starting oxidation of the 

SiC ceramics into SiO2. 

 

 

chlorination time= 

chlorination time= 
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Fig. 3.2.30: SEM micrographs of a) SiC as received b) after chlorination 30 min+CVI+oxidation c) 

chlorination 60 min+CVI+oxidation 

 

SEM micrographs of the initial SiC ceramics and after chlorination for 30 and 60 

min and subsequent infiltration and oxidation are illustrated in Figure 3.2.30a, 3.2.30b and 

3.2.30c, respectively. Cb template and SiC layers were observed clearly in the SEM of the 

initial ceramics (Fig 5.2.30a), whereas after chlorination and second infiltration step 

followed by oxidation according to Eqs. 3.2.10-3.2.12, four layers in Figures 3.2.30a and b 

were observed and distinguished clearly. The first layer from inside of the fibers is the 

initial carbon template (Cb), the second layer is the SiC obtained by Eq 3.2.13, the third 

layer was the nanoporous CDC which was obtained by chlorination of SiC for 30 and 60 

min corresponding to Eq. 3.2.10 and the last layer is the SiC which was produced after a 

second CVI according to Eq. 3.2.11 and Eq. 3.2.12. SEM micrographs were useful to 

investigate the effect of the chlorination time on the microstructure and the SSA of the 

resulting composite after each processing step. The main results are summarized in Table 

3.2.4.  

SiCCb

a) 

30 min 60 min 

Cb 
1st infiltrated layer 

CDC layer 
2nd infiltrated c) b) 
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Table 3.2.4: Properties of SiC/SiC* obtained with MTS/H2 system by integrated CDC approach using 

different chlorination time  

  

Items 30 min 60 min

Cb template thickness (µm) 2 2.3 

CDC layer thickness (µm) 3.5 7.6 

SSA of (SiC/C*) after chlorination (m2/g) 105 222 

micro pore volume after chlorination (%)  94 95 

meso pore volume after chlorination (%) 6 5 

2nd SiC layer thickness (µm) 15 13 

● mass loss after oxidation in a reactor at 750°C for 5h (%) 2 2 

▼mass loss after oxidation in TGA at 750°C for 5h (%) 10 18 

SSA after 2nd infiltration and oxidation (m2/g) 24 50 

total pore volume (cc/g) 0.015 0.025 

micro pore volume (%) 71 92 

meso pore volume (%) 29 8 

           
            ● mass loss for complete sample in the reactor 
            ▼mass loss for broken sample in the TGA 

 

CDC layer thickness obtained after chlorination was double by chlorination of 60 

min compared to the 30 min, which is expected. Analogous to the amount of carbon 

obtained at 30 and 60 min, high SSA of 24 m2/g and 50 m2/g was achieved for the 

SiC/SiC* composite ceramics, respectively. However, SiC/SiC* composite obtained by this 

route can not be used as a catalyst support in heterogeneous reaction since the catalyst 

support must be able to disperse the active catalyst phase in order to increase the active 

surface in contact with the reactant which is not available by using MTS/ H2 system.  

So that to enhance the actual SSA of the SiC to be used successfully as a catalyst 

support, second CVI route using SiCl4/H2 system was investigated for processing of porous 

SiC. 

 

B) CVI with SiCl4/H2  

In this route (Figure 3.2.31),  highly porous carbon (C*) which was obtained after 

chlorination reaction for 30 min was infiltrated with elemental Si using SiCl4/H2 precursor 

at reduced pressure (250 mbar) to obtain C*/Si template (Eq. 3.2.13). Subsequently high 
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temperature treatment in inert atmosphere (95%He/5%H2) was carried out at 1400°C for 

three hours in order that a reaction between silicon and C* takes place as a result of solid-

solid or solid-liquid mechanisms according to Eq. 3.2.14 

 

 

Fig. 3.2.31: Processing of high SSA SiC by CDC integtrated approach using SiCl4 /H2 system 

 

2 ,900
4 * * / 4H CSiCl C C Si HCL                          (3.2.13)  

,1400* *He CC Si SiC             (3.2.14)                

 

To investigate the composition of the SiC ceramics by applying CVI and subsequent 

thermal reaction route in Figure 3.2.31, Raman spectra of the sample after each processing 

steps: (1) chlorination, (2) CVI and (3) thermal treatment were illustrated in Figure 3.2.32.  
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Fig. 3.2.32: Raman spectra of SiC obtained by CVI-R combined with CDC using SiCl4/H2 system 

applying the scheme in Figure 3.2.30: (1) chlorination (2) CVI (3) thermal treatment (R) 
 

D- and G-bands of carbon at 1330 cm-1 and 1580 cm-1, respectively were predominately 

detected after chlorination process (Eq.3.2.10) as indicated by (1), but only peaks for 

amorphous β-SiC and crystalline Si were observed after chemical vapor infiltration step 

using SiCl4/H2 precursor as indicated by (2). Finally, crystalline β-SiC peak was observed 

after the thermal treatment step (3). Nitrogen adsorption measurements reveal that SiC 

prepared using SiCl4/H2 precursor have lower specific surface area of 17 m2/g compared to 

MTS/H2 with 50 m2/g, as the reaction between carbon and silicon can take place only at 

temperature near or above the melting point of Si which is high. As a result, the sintering 
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of SiC occurs, resulting in a decrease of its SSA. Total pore volume of 0.0158 cc/g 

consisting of 70% mesopore was obtained by SiCl4/H2 system compared to 0.025 cc/g and 

9 % mesopores using MTS/H2 system. The SEM micrographs (Figure 3.2.33) of the SiC* 

show that the surfaces of this sample have porous structure indicated by rectangular region. 

SiC fibers were examined with elemental composition of 48.01% and 51.91% for carbon 

and silicon respectively, determined by EDX.  

 

 
Fig. 3.2.33: SEM micrographs of the ceramics obtained by CVI-R combined with CDC using SiCl4/H2 

system 
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3.3 Processing of Biomorphic TiO2 ceramics by CVI-R Technique  
 

Biomorphic porous TiO2 has been fabricated in this work by conventional CVI-R 

technique starting from carbonized paper preform. Different precursors system as 

TiCl4/H2/CH4 and TiCl4/H2/N2 were used to produce intermediate TiC and TiN ceramics 

according to Eq. 3.3.1 and 3.3.2, followed by oxidative treatment at temperatures between 

400 and 1200°C to prepare TiO2 ceramics.   

 

 
 

Fig: 3.3.1: Flow chart of processing of biomorphic TiO2 by CVI-R technique 
  
  
  CVI (I): 2 ,1150 ,1

4 4 24 /H C h oxidation
b bC TiCl CH C TiC HCl TiC TiO             (3.3.1)         

 CVI (II): 2 ,1050 ,1
4 2 24 /H C h oxidation

b bC TiCl N C TiN HCl TiN TiO              (3.3.2)

                        

In order to compare the properties of TiO2 ceramics obtained from TiC and TiN 

ceramics, the oxidation kinetics and activation energy for both precursor ceramics were 

investigated. Moreover, integrating different approaches into the conventional CVI-R 

technique as carbide derived carbon (CDC) and SiC supported TiO2 composite, results in 

improved performances of the TiO2 ceramics for the application as photo catalyst. Such 

performances are enhanced specific surface area, crystallinity as well as mechanical 

properties. 

 
3.3.1 Oxidation Kinetics of TiC and TiN in Airflow 

 

The kinetics of the isothermal oxidation of biomorphic TiC and TiN ceramics 

expressed as reacted fraction (α) as a function of time up to 20h at temperature range 700-

1200°C in airflow  is illustrated in Figure 3.3.2 a and b. The degree of oxidation (α) was 

calculated by dividing the measured mass gain by the theoretical one which was calculated 

by assuming the complete conversion of TiC or TiN into TiO2 according to equation 3.3.3 

and 3.3.4 [157,158]. 
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Fig.  3.3.2: Degree of oxidation of a) TiC and b) TiN into TiO2 versus oxidation time in airflow at 

different temperatures  

   

As can be seen from Figure 3.3.2a and b, TiC and TiN exhibit low degree of oxidation at 

700°C. Up to 900°C, the conversion of TiN in to TiO2 was higher than TiC. On the 

contrary, at oxidation temperature of 950°C, the conversion of TiC into TiO2 turn out to be 

higher (95%) than TiN (85%) up to 1200°C where maximum conversion of 100% and 89% 

was achieved after only 8 hours (Figure 3.3.2a and b) for TiC and TiN, respectively.  

 

 

 

 

 

 

 

 

 

Fig. 3.3.3: Degree of oxidation of TiC and TiN into TiO2for 20h as a function of oxidatio temperatures  

 

However, an inhibition of the TiN oxidation process with rise of the temperature to 

reach 100 % in the case of TiN may be attributed to the initial rapid oxidation which form 

thick oxide layer that cause diffusion limitations preventing further oxidation. 
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For better comparison between the oxidation behavior of both ceramics, the conversion of 

TiC and TiN into TiO2 in air is shown in Figure 3.3.3 as a function of oxidation 

temperatures after 20 hours. 

 
The conversion increases independently of the initial titanium-based ceramics into 

TiO2 ceramics as the oxidation temperature increases, reaching a maximum conversion 

89% at 1200°C of TiN. Complete conversion of TiC into TiO2 was achieved at about 

950°C.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.4: Gibbs free energy vs. temperatures for oxidation  of TiC and TiN  
 

Figure 3.3.4 compares the Gibbs free energy (ΔG) of the oxidation reactions of TiC and 

TiN to form TiO2 according to Eq. 3.3.3 and 3.3.4. The values of Gibbs free energy (ΔG) 

for the both reactions was found to be negative which indicate that they are 

thermodynamically favourable in this temperature range. It reveals that the oxidation of 

TiN has a little bit lower ΔG than that of TiC which means that the oxidation of TiN is 

thermodynamically more favored. So the probability of reaction of TiN with O2 would be 

higher than TiC at the same temperature which is confirmed by Figure 3.3.3 in the 

temperature range 700-950°C.  

 

3.3.2 Activation Energy of  Oxidation of  TiC and TiN into TiO2 

The experimental data presented in Figures 3.3.2a and 3.3.2b for the kinetics of the 

oxidation of biomorphic TiC and TiN can be described well with the following parabolic 

rate law [159]: 
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Where: α was defined as degree of oxidation of either TiC or TiN into TiO2 according to 

Eq. (3.3.3) and (3.3.4), kp is the reaction rate constant. A plot of (α)2 versus time at 

temperatures in the range 600-1200°C gives  straight lines with a slope corresponding to 

kp. The temperature dependence of kp  is given by the Arrhenius relation: 

 

a
p

E
k Ae

RT


                                    (3.3.6)

            
Transformation of the previous equation yields: 
 

ln ln a
p

E
k A

RT
                        (3.3.7)

        
Thus, by plotting lnkp versus reciprocal absolute temperature (1/T) in Figure 3.3.5a and 

3.3.5b for TiN and TiC at the temperature range 600-1000°C, activation energy of 150 

kJ/mol and 106 kJ/mol were calculated for oxidation of TiN and TiC ceramics, 

respectively. These values are lower than those published in the literature (173 kJ/mol) 

[159], (164 kJ/mol) [160] for TiC and 125 kJ/mol [157]  for TiN. 

 

 
Fig. 3.3.3: Arrhenius plot for calculation the activation energy for oxidation of a) TiN b) TiC in airflow 
 
 
3.3.3 Crystalline Structure of the Biomorphic TiO2 Ceramics 

 

It is well known, that the crystallinity and the crystal phase structure - anatase, 

rutile or brookeit are crucial factors for the photocatalytic activity of TiO2. The high 

crystalline anatase is considered as the most active form of TiO2, while rutile and 

amorphous TiO2 are believed to be relatively inactive. Since the optical and electrical 

properties of the anatase and rutile are different, it is desirable to be able to control the 

phase composition in the resulting oxide. For this, Raman spectroscopy was used in this 
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study as it has been proven to be an effective technique for following the thermal 

evolution of amorphous and crystalline TiO2 materials in addition to free carbon [161]. 

However, Raman spectroscopy can not detect TiC phase because of the NaCl structure 

[162]. Raman spectra in Figure 3.3.6 and 3.3.7 exhibits a good crystallinity and 

generally constituted of a mixture of anatase and rutile whose ratio depends mainly on 

the oxidation temperature and the precursor ceramics. In Figure 3.3.6a, anatase phase at 

149 cm-1 (Eg), 396 cm-1 (B1g), 515 cm-1 (A1g and B1g) and 636 cm-1 (Eg) Raman shift is 

detected predominantly for oxidation temperature of TiC less than 500°C. Then rutile 

phase at 610 cm-1, 448 cm-1 and 249 cm-1 [169] Raman shift starts growing leading to 

anarase/rutile mixture with the ratio of 1 at 600°C as shown in Figure 3.3.7a for TiC. 

The Raman spectrum of TiN after oxidation was different from those of TiC. The 

intensity of anatase peaks is not so strong as the peaks in Figure 3.3.6a. As the oxidation 

temperature increases to 500°C the anatase peaks enhanced weakly but at the same time 

strong rutile peak was appeared.  

 

 
 

Fig. 3.3.6: Raman spectra of TiO2 obtained from a) TiC and b) TiN in the low oxidation temperature 

region (400-500°C)  

 

Above 500°C, the anatase phase obtained from TiN was transformed completely into rutile 

as rutile phase is the more stable form of TiO2 as mentioned before. Figure 3.3.7b showed 

that pure rutile is obtained already at 550°C and its crystallinity enhances up to 900°C. So 

by comparing Raman spectra of TiO2 obtained from TiC and TiN, the results showed a 

significant difference in the anatse phase stability. So up to 600°C, TiC-TiO2 consists of 

50% anatase to 50% rutile, whereas above 500°C, pure rutile from TiN-TiO2 was obtained. 

This can be explained by the role of carbon in stabilization anatase phase to prevent its 

transformation at higher temperature into rutile form. 
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Fig. 3.3.7 Raman spectra of TiO2 obtained from a) TiC and b) TiN in the high oxidation temperature 

region  

 

The variation of anarase/rutile (A/R) ratio in the TiO2 ceramics with the oxidation 

temperature was investigated by Raman Spectroscopy using the following relation [164]: 

 
/ /A RA R I I                   (3.3.8) 

 
Where IA, intensity of the anatase peak at 141 cm-1 and IR, intensity of the rutile peak at 

440 cm-1  

Maximum anatase/rutile ratio (R) in Figure 3.3.8 was achieved at 400°C for both 

precursor ceramics and it decreases as the temperature increases up to 600°C where the 

same ratio was obtained for TiC and TiN. Moreover, the oxidation of TiC leads to higher 

maximum ratio (R=2.4) compared to TiN (R=1) which is related to the carbon presence in 

TiC that stabilize the anatase phase. 
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Fig. 3.3.8: Anatse /rutile ratio of TiO2 ceramics obtained by oxidation of TiC and TiN at different 

temperatures for 10 h 
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3.3.4 Specific Surface Areas of Biomorphic TiO2 Ceramics 
 

 As porous TiO2 ceramics has a unique physical and chemical properties, it can 

revolutionize the field of photocatalysis and solar-energy conversion. The photocatalysts 

usually have a specific surface area of approximately 50 m2/g, e.g. the P25 manufactured 

by Degussa, whose composition is 70% anatase and 30% rutile. The specific surface area 

(SSA) of TiO2 was determined as a function of oxidation temperatures by N2 adsorption as 

shown in Figure 3.3.9 and 3.3.10. Maximal SSA was obtained at oxidation temperature of 

400°C for both precursors and it decreased as the oxidation temperature increased. 

Moreover, the SSA of TiO2 obtained from TiC is with 40 m2/g much  higher than this from 

TiN with 10 m2/g. The significant difference in SSA can be explained by the morphology 

changes after oxidation which will be discussed later. 
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Fig. 3.3.9: SSA of TiO2 obtained from TiC and TiN as function of oxidation temperature after 10 h 

 

 The same SSA for both ceramics was obtained at temperatures above 500°C. Additionally, 

the total pore volume of TiO2 is plotted versus oxidation temperature which corresponding 

to specific surface area. Anatase-TiO2 obtained by oxidation of TiC shows maximum pore 

volume (0.012 cc/g) corresponding to a SSA of 40 m2/g, where as only 0.006 cc/g 

corresponding to a SSA surface area of 10 m2/g was obtained  by oxidation TiN ceramics.  

Additionally, the fraction of micro and meso-macro pore volume is determined and 

plotted as function of the oxidation temperature as shown in figure 3.3.10. At 400°C, the 

same fracture of micro and meso pores was measured for TiO2 from TiC precursor, 

whereas more than 90% of the total pore volume of TiO2 obtained from TiN was 

micropores. It is worth to notice that mesoporosity was created during the oxidative 

treatment of TiC which can be considered as advantageous as the formation of 

microporosity would have been detrimental for a further use of the TiO2 in the liquid phase 
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media, e.g. photodecontamination of polluted water where microporosity being generally 

associated with mass transfer limitation of the reactant to the active sites which leads to 

diminution of the catalytic activity [165,166,167,168].  

 
Fig. 3.3.10: Fraction of micro and meso-macropores of TiO2 as function of the oxidation temperature 

from a) TiC and b) TiN 
 

Based on the results presented above, further optimization of TiO2 properties as 

enhanced conversion, SSA, anatase amount and mechanical stability was performed with 

TiC as precursor.  

After adjusting the oxidation temperature of TiC at 400°C in the previous sections 

to prepare TiO2 with predominantely anatse structure, the oxidizing agent velocity has also 

to be optimized to achieve maximum conversion. This have been done by varying the air 

velocity systematically between 7.5 and 51 cm/sec which corresponds to residence times 

between 1.5 and 12 seconds.   
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Fig. 3.3.11: Conversion of TiC into TiO2 ceramic at different residence time 

 

According to Figure 3.3.11, at residence time smaller than 5.5 sec, the conversion increases 

linearly with the residence time, because the reactants TiC and oxygen are spending more 
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time in the reactor and can react with a higher extent. The residence time of 5.5 sec 

corresponding to 16 cm/sec shows the maximum conversion can be considered as the 

optimal velocity for further oxidation experiments.  

By applying air velocity of 16 cm/sec at oxidation temperature of 400°C, TiO2 with SSA in 

the range between 15 and 77 m2/g corresponding to 80% - 93% conversion (α) of TiC into 

TiO2 were obtained by extending the oxidation time from 5 h up to 20 h, as shown in 

Figure 3.3.12. Therefore, as the conversion increases, the specific surface area increases as 

the amount of TiO2 with predominantly anatase phase in the sample increases. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.12: SSA and conversion of TiC into TiO2 at 400°C as function of oxidation time 

 

The oxidation time affects also the amount of the anatase phase and therefore the 

cryastalline structure of the resulting TiO2 as shown in Figures 3.3.13. Anatase-phase 

predominantly exists at 400°C for 5, 10, 15, and 20 h. Raman spectroscopy shows the same 

composition of the TiO2 ceramics was obtained at different time but with higher anatase 

intensity as the oxidation time extended to 20 hours where the highest A/R ratio of more 

than 5 was achieved. Additionally, the increase of SSA with extension of the oxidation 

time is related to the increase conversion of TiC into TiO2 with predominantly anatase 

phase. 
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Figure 3.3.13:  A/R ratio of TiO2 as function of oxidation time at 400°C 

 
However, increasing the oxidation time up to 20 hours leads almost to strong 

decrease of the mechanical stability of the TiO2 due to the higher conversion of TiC to 

anatase-TiO2. As the mechanical properties of TiO2 are of great importance for a practical 

engineering material used at severe operating conditions, SiC supported TiO2 approach 

was applied to overcome this draw back. So at the end of this section, it can be 

summerized that the properties of the TiO2 prepared by CVI-R technique such as 

conversion,  SSA, A/R ratio and the mechanical stability can be adjusted by optimizing the 

oxidation conditions of TiC or TiN precursor like temperature, duration and gas velocity.  

The properties of biomorphic TiO2 ceramics prepared by CVI-R technique using 

TiCl4/H2/CH4 and TiCl4/H2/N2 precursors show different performance with respect to A/R 

ratio, anatase phase stability and SSA. Generally, anatase and rutile-TiO2 were 

predominately formed at low and high oxidation temperature, respectively. But, anatase 

phase with high crystallinity as well as high SSA was obtained by using TiC-derived TiO2 

compared to TiN-derived TiO2 as a preceramic. The anatse/rutile ratio was decreased with 

increasing the oxidation temperature of both TiC and TiN ceramics. Moreover, this ratio 

was much higher with TiC/TiO2 compared to TiN/TiO2 as the presence of carbon in the 

former has advantage of stabilization the anatase phase at higher temperature compared to 

TiN which produces the same amount of anatase and rutile with A/R=1 at oxidation 

temperature of 400°C. Based on these results, TiC was used as a preceramic for processing 

of TiO2 as photocatalys. Different routes to enhance the SSA as well as mechanical 

stability of TiO2 will be discussed in the next sections. 
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3.3.5 Processing of SiC Supported TiO2 Composites 

  A novell approach was applied in this section to solve the problem of the low 

mechanical stability of TiO2 obtained by complete conversin of TiC to anatase-TiO2 at 

400°C. It consists of using SiC as support for TiO2 as it has various attractive properties 

such as high thermostability, mechanical strength, and electrical conductivity. These 

properties make SiC useful support for TiO2 for different photocatalytic applications. The 

scheme in Figure 3.3.14 illustrates the fabrication procedure involving two different CVI 

processes followed by oxidation reaction at 400°C for 20 h.  

 
 

 
 

Fig. 3.3.14: Scheme of processing of biomorphic SiC-TiO2 composite ceramics by CVI-R technique 
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Fig. 3.3.15: Raman spectrum of SiC-TiC composite ceramic after oxidation at 400°C for 10 and 20 h 
 

Raman spectroscopy patterns in Figure 3.3.15 indicates that SiC-TiO2 composite 

obtained after oxidation at 10 h and 20 h consists of TiO2 crystals with predominantly 

anatase phase. Moreover, higher anatase crystallinity as well as higher SSA was obtained 

with increasing the oxidation time of SiC-TiC composite up to 20 hour to obtain SiC-TiO2 

composite without destroying the mechanical stability. By increasing the oxidation time 
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from 10 to 20 hours, the specific surface area was increased from 44 to 77 m2/g 

corresponding to A/R ratio of 1.2 and 2.8, respectively. Therefore, TiO2 with high amount 

of anatase phase, high SSA and mechanical stability was sucessfully produced by complete 

oxidation of TiC onto a SiC support.   

 

3.3.6 Processing of Biomorphic TiO2 with Enhanced SSA 

The objective of this section is to improve the SSA of the TiC ceramic precursor 

prepared by conventional CVI-R technique starting from carbonized paper template (Eq. 

3.3.1). This can be achieved by integration of CDC approach into CVI-R technique as 

shown in Figure 3.3.16. In CDC, (carbide derived carbon) as metal is extracted layer by 

layer from the metal carbide lattice, atomic-level control of the remaining porous carbon is 

possible. During chlorination at high temperature, carbon atoms are relocated from the 

original position, creating a carbon network structure with open porosity and volume 

identical to that of un reacted carbide [169]. By CDC approach, TiC ceramic was exposed 

firstly at elevated temperatures to chlorine containing atmosphere for different reaction 

time up to 1h. Then, TiC/C* composite ceramics with high SSA up to 460 m2/g have been 

obtained compared to the 0.74 m2/g of the initial TiC as shown in Figure 3.3.17.  

 

 
Fig. 3.3.16: Processing of biomorphic TiO2 by integrated CDC approach 

 
C*: carbon with enhanced SSA  

TiO2
*: TiO2 with enhanced SSA   

 

Then by further infiltration via CVI (II) using TiCl4/H2 system at 1100°C (Eq. 3.3.14), 

highly porous TiC/TiC* or TiC/C*/TiC* composite with high SSA was obtained as shown 

in Figure 3.3.17 
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Chlorination           *
2 42b bC TiC Cl C TiC C TiCl                    (3.3.13)   

CVI (II)             2* * *
4 4H

b bC TiC C TiCl C TiC C TiC HCl                     (3.3.14)     

Oxidation            400 ,10* * *
2 2 2

C h
bC TiC C TiC O TiC TiO CO                      (3.3.15)  

                     

As can be seen in Figure 3.3.17, the specific surface are of the resulting 

TiC/C*/TiC* composites is reduced strongly after infiltration. However, the measured SSA 

is still high (14-65 m2/g) compared to the SSA of the original TiC (0.74 m2/g). Important 

fact which has to be taken in consideration is that the conversion of CDC (C*) into TiC* is 

dependent mainly on the amount of the porous carbon (C*) obtained after chlorination 

reaction as the infiltration time with the TiCl4/H2 precursor was kept constant. Therefore, 

different amount of non reacted CDC will exist in the resulting composite ceramics which 

affects confidently the SSA value of the resulting TiC/C*/TiC* composites.  
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Fig. 3.3.17: Specific surface area of TiC/C* after chlorination and TiC/C*/TiC* after 2nd infiltration 
versus etching time 

 

According to Table 3.3.1, the specific surface area and the amount of non reacted 

carbon in the final TiC/C*/TiC* composites is increased with increasing the chlorination 

time. The SSA is increased from 14 m2/g with 37% non reacted carbon up to 65 m2/g with 

50% non reacted carbon. This means that different amount of non reacted porous carbon is 

still existing in the final composite and could contributes to the high SSA (Table 3.3.1). 

However, pore size distribution with predominantely micropores do not change 

significantly.  
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Table 3.3.1: Specific surface area of the TiC/C*/TiC* composites prepared at different chlorination 

time (600°C, 2.5%Cl2). 

 
chlorination 

time 
(min) 

SSA 
TiC/C*/TiC* 

(m2/g) 

 
 

Pore size distribution 
 
Vmicro (%)      Vmeso(%) 

Free CDC 
  

(mass %) 

20 14 80 20 37 
40 30 85 15 40 
60 65 87 13 50 

 
 

Figure 3.3.18 shows also the effect of the oxidation temperature on the SSA of 

TiO2 prepared by different techniques. Specific surface area up to 101 m2/g and 40 m2/g 

was achieved for TiO2 ceramics prepared by CDC/CVI-R and CVI-R, respectively.  
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Fig. 3.3.18: SSA of TiO2 obtained by oxidation of TiC (CVI-R) and TiC/C*/TiC* (CDC/CVI-R) 

techniques as a function of the oxidation temperature in airflow for 10h 

 

As can be seen from Figure 3.3.18, significant difference of the SSA of TiO2 

prepared by CVI-R and CVI-R/CDC was observed only at oxidation temperature of 400°C. 

Additionally, the increase of SSA of TiO2 prepared by combined CDC/CVI-R approach 

was 2.5 times more than in the case of CVI-R technique alone. This makes CDC combined 

with CVI-R a promising technique to enhance the specific surface areas of both TiC and 

TiO2. 
 

The processing of TiO2 previously suggests 400°C as the optimal oxidation 

temperature to obtain anatase phase with higher specific surface areas. Table 3.3.2 

summarizes the properties of the TiO2 obtained after oxidation of  TiC/C*/TiC* at 400°C 

for 10h in airflow.  

 

CVI/CDC 
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Table 3.3.2: Properties of TiO2 obtained by oxidation of TiC/C*/TiC* composite at 400°C in airflow for 
10h 
 

 

conversion of  TiC/C*/TiC*

into TiO2 (%) 

 

SSA 
 (m2/g)

 
total pore volume 

(cc/g) 

 

Vmicro 
 (%) 

 

Vmeso  
(%) 

30 43 0.0346 25 75 
68 77 0.0552 35 65 
72 101 0.0762 30 70 

 
 

Table 3.3.2 shows that the increase of SSA of the biomorphic TiO2 ceramics 

obtained by CDC/CVI-R approach from 43 m2/g up to 101 m2/g was attributed to the 

increase of the TiC conversion into TiO2 from 30% and 70%. Additionally biomorphic 

TiO2 ceramics with predominantly mesopores of about 75% is appropriate for the different 

application of TiO2 in heterogeneous catalysis, e.g. in the wastewater and air treatment. On 

the other side, the higher SSA with mesopore volume fraction around 75% give more proof 

that oxidation of the TiC prepared by CVI-R combined with CDC approach gives mainly 

TiO2 with out significant amount of non CDC in the sample after long oxidation process 

(10 h). 

Biomorphic TiO2 ceramics with attractive properties such as high SSA, crystanillity 

(A/R) were prepared successfully by integrating CDC approach as an additional step in the 

ceramization process. SSA up to 101 m2/g corresponding to A/R ratio of 5 was achieved 

for TiO2 prepared by combined CVI-R/CDC technique within 10 h oxidation compared to 

77 m2/g and 2.8 obtained using CVI-R technique along 20 h oxidation, respectively. 

However, the high SSA of TiO2 leads to strong reducing of the mechanical strength of the 

oxide prepared by either CVI-R or CVI-R/CDC, which is important in the case of using 

TiO2 as immobilized support for the photodegradation applications. To over come this 

problem, SiC supported TiO2 ceramics with high SSA, A/R ratio and bending strength 

were prepared successfully. The processing of TiO2 consisting free carbon by CDC/CVI-R 

technique approach proves its feasibility to enhanc the SSA as well anatase crystanility.   

 
3.3.7 Crystalline Structure of TiO2 Produced by Combined CDC/CVI-R Approach 

 

Another comparison between TiO2 obtained by CVI-R and CDC/CVI-R approach 

was carried out also with respect to anatase crystanillity as shown in Figure 3.3.19. Raman 

spectra of TiO2 obtained by CVI-R and combined CDC/CVI-R approaches after oxidation 

at 400°C are presented in Figure 3.3.19a. It can be seen that the intensity of anatase - TiO2 

phase with CDC/CVI-R approach is about 10 times more than anatase - TiO2 obtained 
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using CVI-R. Moreover, Figure 3.3.19 b shows the ratio of A/R as function of oxidation 

temperature and it is clearly to be seen that A/R ratio is much higher using combined 

CDC/CVI-R approaches compared to CVI-R alone which prove again that the presence of 

carbon stabilize the anatase phase even at higher temperature (600°C). However, no 

significant change of the A/R ratio was observed at 800°C where rutile - TiO2 phase is 

predominantly produced.  

 

Fig. 3.3.19: a) Raman spectrums for TiO2 obtained by CVI-R and integrated CDC approach at 400°C 

for 10h b) A/R ratio at (400- 800°C, 10h, airflow) 

 

Raman spectroscopy was used for determination the amount of anatase and rutile 

phase in the TiO2 ceramics in addition to free carbon, which may be useful for stabilizing 

the anatase phase. Therefore, to prove experimentally this effect  on the anatase 

crystallinity, two biomorphic TiC ceramics were chlorinated under the same conditions 

followed by CVI (II) for 45 min and 90 min using TiCl4/H2 precursor (Eq. 3.3.13) to 

produce TiC/C45
*/TiC* and TiC/C90

*/TiC* composite, respectively. Subsequently, 

TiC/C45
*/TiC* and TiC/C90

*/TiC* composites were oxidized in airflow at 400°C for 10 

hours to obtain TiO2 (45 min) and TiO2 (90 min), respectively. Raman spectra in Figure 

3.3.19 of the both oxides are presented and exhibited A/R ratio of 5 and 3.5, respectively. 

Additionally, the amount of non reacted carbon after CVI (II) step was calculated to be 17 

% and 0 % for TiC/C45
*/TiC* and TiC/C90

*/TiC*, respectively. To investigate clearly the 

effect of the free carbon on the resulting oxide, Table 3.3.3 reports the main items, which is 

interesting for TiO2 as a photo catalyst. Probably, 17% of free carbon in the TiO2 (45 min) 

sample was responsible to enhance the A/R ratio of 5 with micropore fraction of 35% 

compared to 3.5 and 24% for TiO2 (90 min), respectively.   
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Fig. 3.3.20: Raman spectra of TiO2 ceramics obtained by combined CDC/CVI-R approach with 
different conversion of C* to TiC* 

 

 

The higher SSA of TiO2 (90 min) compared to that for TiO2 (45 min) can be explained by 

higher TiC to TiO2 conversion of the former than latter as reported in Table 3.3.3.  

Untill this point, we can conclude that the presence of carbon in the TiO2 can 

significantly enhance the crystanillity of anatase phase but on the other hand, the SSA of 

TiO2 is decreased. Therefore, an optimization of the chlorination (Eq. 3.3.13) as well as the 

CVI (II) conditions (Eq. (3.3.14) have to be adjusted carefully in order to obtain high 

crystalline TiO2 with high SSA simultaneously. 

 

Table 3.3.3: Effect of the carbon content in the TiC/C*/TiC* on the properties of the corresponding 

TiO2 ceramics 

 

Items 
TiC/C*/TiO2

* 
45 min infiltration 

TiC/TiO2
* 

90 min infiltration 

non reacted carbon after CVI [%] 17 0 

conversion of TiC to TiO2 [%] 30 67 

A/R [-] 5.0 3.5 

SSA [m2/g] 43 77 

total pore volume [cm3/g] 0.035 0.056 

micropore volume[%] 35 24 

mesopore volume[%] 65 76 

 

TiC-TiO2
* 

TiC-C*-TiO2
*
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3.3.8 Microstructure of the Biomorphic TiO2 Ceramics 
 

3.3.8.1 Microstructure of TiO2 Obtained by Conventional CVI-R Technique 
 
 

The surface morphology of the TiO2 obtained from TiC and TiN ceramics were 

investigated at various oxidation temperatures and time by scanning electron microscopy 

(SEM).  

Figure 3.3.21 a shows SEM micrographs of stoichiometric TiC which has been 

produced by CVI-R technique using TiCl4/H2/CH4 precursor. After submitting TiC into 

oxidation atmosphere at 400°C up to 1000 °C for 10h, different morphologies of TiO2 have 

been observed. In the case of TiO2 obtained at 400°C for 10h as in Figure 3.3.21b, the 

formation of voids and cracks in addition to roughness of the oxide surface was clearly 

observed which cause a strong increase in the SSA from 0.74 to 40 m2/g during the 

transformation of TiC into TiO2. The face-centered cubic TiC phase with a density of 4.93 

g/cm3 and a cell volume of 81 Angstrom was transformed into both anatase and rutile TiO2 

tetragonal phase which have densities of 3.84 g/cm3 and 4.26 g/cm3, respectively [166]. 

The anatase phase is the major TiO2 phase in the material after oxidation of TiC at 400°C. 

Nicolas [171] discussed that one could logically consider that, globally, the oxidation of 

TiC led to an increase in the cell volume of the Ti-containing phase. This increase along 

with the decrease in density leads to the formation of holes and cracks, and thus to the 

increase in the surface area of the materials. However, in the case of TiN, such wide cracks 

or voids are not observed by SEM and the morphology before and after oxidation at 400°C 

is not changed as shown in Figure 3.3.22a, b. The measured SSA of the TiO2  obtaioned at 

this condition was low (10 m2/g) compared to TiC (40 m2/g) under the same oxidation 

conditions. Additionally, the difference in the SSA of the TiO2 prepared by oxidation of 

TiC and TiN ceramics at 400°C are shown in Figure 3.3.9 are attributed to the difference in 

the coefficient of thermal expansion between TiC and TiO2 which is 7.4*10-6/C° and 

9.0*10-6/C°, respectively where as TiN and TiO2 have approximately the same one (9*10-

6/C°) [156 ]. 

On the other hand, comparing the microstructure of the TiO2 after oxidation of TiC 

at 400°C and 1100°C, it can clearly be seen that the conversion of TiC is not completely 

occurred at 400 °C as unreacted TiC still exists in the core with thickness approximately 

1.8 µm in addition to 5.5 µm TiO2 as shown in figure 3.3.21b. Complete conversion was 

observed at temperature above 800°C with 10 µm TiO2 layer thickness as shown in Figure 

3.3.21d. 
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10µm
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d) TiC oxidized at 800 °C for 10h 

e) TiC oxidized at 1000 °C for 10h

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3.21: Morphology of TiO2 obtained from TiC at different oxidation temperature and duration  

 
After a long oxidation time of 20h at 400°C, complete conversion of TiC into 

anatase-TiO2 was obtained and very densely packed columnar crystal with prismatic top 

structures became dominant. Thick oxide layer around 6 µm corresponding to specific 

surface area of 77 m2/g was measured. Additionally clear delamination is observed 

between the TiO2 phase and the carbon template as shown in Figure 3.3.21c, which leads  

to unstable structures with very low mechanical strength as the structured TiC ceramics, 

was converted at this conditions into TiO2 powder. 
 

At 800°C (Fig. 3.3.21d), the grain size of rutile-TiO2 starts to increase as the 

oxidation temperature increases up to 1000°C with crystalline rutile-TiO2 as shown in 

Figure 3.3.21. The grain size of rutile-TiO2 was evaluated using SEM and it was showed 

that it increases from 0.2 µm at 800°C to 1.2 µm at 1000°C. However, the initial 

microstructure of the TiC template does not changed. Moreover, the increasing in grain 

size is occurred generally after complete conversion of TiC into TiO2 which occurs after 16 
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c 

TiN oxidized at 800 °C for 10 h 

b 

TiN oxidized at 400 °C for 10 h 

and 8 hours at 1000 and 1200°C (Figure 3.3.2a,b), respectively. After complete conversion, 

additional heating will lead to increased sintering and therefore increased rutile grain size.  
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TiN non oxidized  
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e 

TiN oxidized at 1200 °C for 10 h 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 3.3.22: Morphology of TiO2 obtained from TiN at different oxidation temperature  

 

  The morphology of TiO2 ceramics obtained from TiN at oxidation temperature 

above 600°C was similar to that already shown in the case of TiC oxidation as rutile-TiO2 

is predominantly formed at higher temperatures.  Where as a significant difference of the 

morphologies was obvious between TiO2 from TiC and TiN at lower oxidation temperature 

(400°C) since anatase phase with high SAA is predominantly obtained. No cracking or 

spallation of the oxide scale was observed after TiN oxidation at different temperatures. 

Another difference in the TiO2 microstructure was observed after oxidation at 1000°C for 

TiO2 obtained from TiN and TiC. Amorphous compared to crystalline rutile-TiO2 was 

observed by oxidation TiN and TiC, respectively.  

 

 

 

d 

TiN oxidized at 1000 °C for 10 h 
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3.3.8.2 Microstructure of TiO2 Obtained by Combined CDC/CVI-R  Approach 
 

Different fiber morphology was obtained with TiC ceramics prepared using CDC 

approach as an intermediate step to produce highly porous TiC* as shown in Figure 

3.3.23a. Highly porous structures and fibers with nice crystalline TiC with size of 0.64-1.2 

µm were obtained with high specific surface area of 30 m2/g by chlorination at 600°C for 

40 min (table 3.3.1). Composition analysis of the obtained carbide was qualified using 

EDX. It is obvious that the main composition of the film is stoichiometric TiC as expected. 

By exposing the highly porous TiC ceramics with initial SSA of 30 m2/g (Table 3.3.1) into 

air at 400°C for 10 h, TiO2 with specific surface area of 43 m2/g was obtained as shown in 

Figure 3.3.23b. Extending the chlorination time to 1 hour enhances the SSA of TiC up to 

65 m2/g, which subsequently oxidized in air for 10 hour to obtain TiO2 with 101 m2/g 

consisting 30 % micropores as presented in table 3.3.2.  

At this condition, mechanically unstable TiO2 microstructure was obtained with a 

layer thickness of approximately 6 µm as shown in Figure 3.3.23c. An oxide layer 

thickness of 6.6 µm is obtained at 800°C (Fig. 3.23.d) with small pores distributed on the 

surface as well as in the bulk. So, by applying CDC approach for processing of rutile phase 

does not show any microstructure difference compared to rutile phase obtained by CVI-R. 

 

TiC/C*/TiC* non oxidized, SSA= 30 m2/g 

TiC crystal 

a 
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Fig. 3.3.23: Morphology of TiO2 obtained from TiC ceramics by combined CDC/CVI-R approach 
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TiC/C*/TiC* oxidized at 400°C for 10 h, SSA= 43.5 m2/g 

TiC/C*/TiC* oxidized at 400°C for 20 h, SSA= 101 m2/g 
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3.3.8.3 Microstructure of SiC Supported TiO2 Composite   

The final route created in this work to enhance the strength of TiO2 is shown in 

Figure 3.3.19. This route was suggested to keep the mechanical properties of TiO2 as it is 

destroyed after submitting to long oxidation reaction for complete conversion of TiC into 

anatase-TiO2. The microstructure of the SiC-TiC composite ceramics (Figure 3.3.24a) and 

the SiC-TiO2 obtained after oxidation at 400°C and 600°C for 20h is shown in Figure 

3.3.24 b and c, respectively. SiC is used in this case as a support for the TiO2 due to high 

resistance of SiC towards oxidation at these temperatures. So SiC-TiC with (30:70) wt % 

was submitted into air at 400°C to allow the selective oxidation of bulk TiC into TiO2 

without modifying the bulk nature of the SiC phase. 
 

As shown in Figure 3.3.24b, big holes and cracks were observed after oxidation at 

400°C for 20 h which leads to increase of the SSA from 0.85 m2/g for SiC-TiC up to 62 

m2/g for SiC-TiO2. Raman spectroscopy showed that anatase phase is predominantly 

formed with A/R ratio of 2.8 which leads to volume expansion and eventually cracks the 

grain. These cracks provide easy path for gas transport of O2 or carbon dioxide, so that 

anatase layer acts no longer as a barrier to the diffusion. On the other hand at 600°C, the 

specific surface area is decreased significantly from 62 to 4.3 m2/g which can be seen 

clearly from the dense microstructure as shown in Figure 3.3.24c. 

Amorphous rutile-TiO2 is observed at 600°C compared to initially crystalline SiC-

TiC. Very thin cracks also were observed at 600 °C, which causes small increase of 

specific surface area compared to initial SiC-TiC.  

The identification of TiC or TiO2 was done by EDX analysis as shown in table 

3.3.4. EDX analysis shows that approximately stoichiometric TiC is obtained with no 

presence of Si either in SiC-TiC or SiC-TiO2 mixed phase.  
 

Table 3.3.4: EDX of TiC, SiC-TiC and SiC-TiO2 obtained by SiC supported TiO2 compossite 
 
 

Samples Ti (at %) C (at %) O2 (at %) SSA(m2/g) 
TiC as received 45 55 - 0.74 

SiC-TiC as received 45 55 0.0 0.85 

SiC-TiO2 (400°C, 20h) 53 0.0 47 62 

SiC-TiO2 (600°C, 20h) 34 0.0 64 4.3 
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b 

SiC-TiC oxidized at 400°C 20 h, SSA= 62 m2/g 

c 

SiC-TiC oxidized at 600°C for 20h, SSA= 4.3 m2/g 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Fig. 3.3.24: Morphology of a) SiC-TiC, non-oxidized b) SiC-TiC oxidized at 400°C, 20h c) SiC-TiC 
oxidized at 600°C, 20h 
 
 

 

a 

SiC-TiC non oxidized, SSA= 0.85 m2/g 
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3.3.9 Mechanical Properties of Ti-Based Cramics Prepared by Different Techniques 

TiO2 ceramics with different properties such as SSA, A/R ratio and microstructure 

were obtained successfully in this work varying the chemical vapor infiltration routes, 

oxidation temperature and duration as well as processing technique. The mechanical 

properties of the resulting ceramics were also affected significantly by the processing 

techniques. It is widely known, that the mechanical properties of TiC and TiN prepared by 

CVI-R show excellent strength. However, TiC prepared by combined CVI-R/CDC 

technique exhibits lower bending strength compared to conventional CVI-R technique due 

to the presence of nanoporous carbon, which decreases the mechanicsl strength. On the 

other hand, biomorphic TiO2 ceramics prepared by oxidation TiC and TiN show 

comparable strength reduction if it is produced by oxidation at temperature higher than 

500°C where rutile phase is predominantely obtained. However, integrating CDC approach 

into CVI-R technique to produce highly porous TiO2 shows unstable atructure by oxidation 

of TiC* at 400°C even for 10h. However, it could be shown, that SiC-TiO2 composite 

ceramics exhibits the best mechanical strength combined with high SSA up to 65 m2/g.  

 
3.3.10 Optical Properties of TiO2 Ceramics 
 

The optical response of the biomorphic TiO2 ceramics obtained by oxidation of TiC 

at 400 and 800°C  was characterized by Diffusive Reflactance Spectroscopy (RDS) as 

shown if Figure 3.3.25. A  plot of the modified Kubelka-Munk function versus the energy 

of exciting light [172] affords band gab energies of 3.2 eV (380 nm) and 2.94 eV (415 nm) 

at 400°C and 800°C for anatase and rutile respectively, which  found in a agreement with 

the theoretical values of anatas  and rutile form of  TiO2 [173].   

 
Fig. 3.3.25: Diffuse Reflectance Spectroscopy (DRS) of TiO2 obtained at 400°C and 800°C 
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3.3.10.1 Photodegradation of 4-Chlorophenol 
 
 

As the anatas-TiO2 obtained in this work shows high specific surface areas as well as high 

crystallinity which would be interesting for photocatalytic application, such as 

photocatalytic decomposition of organic compound or photo-induced hydrophilic.   

In this work, the photocatalytic activity of biomorphic TiO2 ceramics obtained by different 

processing routes such as conventional CVI-R technique, modified CVI-R with integrated 

CDC approach and SiC supported TiO2 as described previously was evaluated by 

measuring degradation of 4-chlorophenol with 2.5*10-4 mol/L diluted in water. 4 

chlorophenol is a ubiquitous pollutant that has no absorption in the visible region. 

Therefore, we select it as a target contaminant chemical. The general photocatalytic 

reaction of degradation of 4-chlorophenol is as follows: 

 

2 2, ,
6 5 2 2 22 13 12 4 2TiO h H OC H OCl O CO H O HCl                        (3.3.15) 

       

Firstly, the photocataytic efficiency of TiO2 prepared by conventional CVI-R technique by 

oxidation of TiC and TiN ceramics at different temperature was investigated under UV 

light as shown in Figure 3.3.26.  

 

Fig. 3.3.26: Photo degradation of 4-CP by biomorphic TiO2 obtained by CVI-R technique by oxidation 

of   a) TiC and  b) TiN at 400, 600 and 800°C for 10 h 
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enhanced using TiC as a preceramic than TiN for processing of TiO2. It is well known, that 

crystallinity and the crystal phase of TiO2 are crucial factors affecting the photoactivity of 

TiO2, where the crystalline anatase is considered as the most active form of TiO2, while 

rutile is inactive. According to these aspects, anatse-TiO2 obtained at 400°C shows 

maximum SSA and crystallinity, which contribute to its enhanced photocatalytic activity as 

shown in Figure 3.3.26. 

 Additionally, the apparent first-order rate constant (k1) and zero-order rate constant 

(k0) of the photodegradation process using TiO2 obtained from TiC and TiN can be 

calculated for different oxidation temperature from the linear slope of the relation between 

ln (C/C0) and C/C0 versus irradiation time (t), for the 1st and zero order, respectively.  

Where C0 and C are the concentration of starting solution of 4-CP (2.5*10-4mol/l) and that 

after UV irradiation in time t (h), respectively. Table 3.3.5 presents the measured rate 

constant for the photodegradation reaction for TiC/TiO2 and it shows that the pseudo-1st 

order rate constant (k1) was decreased by increasing the oxidation temperature.   

 

Table 3.3.5: Reaction rate constant of 4-CP photo degradation using TiO2 obtained from TiC and TiN 

ceramics 

oxidation 
temperature 

°C 

k1 for 
TiC/TiO2 

hr-1 

SSA 
(TiC/TiO2) 

m2/g 

k0 for 
TiN/TiO2 

mol(l.h)-1 

SSA 
(TiN/TiO2) 

m2/g 
400°C 0.0982 40 5.2*10-6 10 
600°C 0.0251 3 4.1*10-6 2 
800°C 0.0134 0.7 1.0*10-6 0.8 

 

At the end of this section, a comparison of the photomineralization of the 

ubiquitous water pollutant 4-CP with UV light in the presence of various TiO2 

photocatalyst which were prepared by different routes was performed and the results are 

illustrated in Figure 3.3.27. It can clearly be seen that all TiO2 ceramics show feasible 

photo degradation efficiency under UV light with different extent. Structured TiO2 

obtained by CDC approach induced complete mineralization after only 10 hours. In 

contrast, in the case of TiO2/TiC and TiO2/TiN, irradiation time of 33 and 44 hours was 

required to achieve complete mineralization. The difference in the photocatalytic activity 

behaviour can be related to the different SSA as well as catalyst loading of TiO2 compared 

to other samples as presented in Table 3.3.6 and Figure 3.3.28. 
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Figure 3.3.27: Photodegradation of 4-CP by biomorphic TiO2 obtained by CVI-R technique integrated, 

CDC approach and SiC suppoted TiO2 

 

To compare the degradation efficiency of TiO2 obtained by different routes 

quantatively, the pseudo first order rate constant for the different processing routes was 

calculated and presented in Table 3.3.6 and Figure 3.3.28. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.28: Effect of catalyst loading of TiO2 on the 1st order reactoion rate constant 

 

Table 3.3.6: Pseudo-first order rate constant of 4-CP, SSA and catalyst loading of TiO2 obtained by 

different routes 

 

 
 
 
 
 
 
 

Type of  TiO2 k 
hr-1 

SSA 
 m2/g 

catalyst loading 
 mg/m2 

TiC/TiO2 0.09 40 213 
SiC-TiO2 0.2 77 352 
CDC/TiO2 0.7 101 443 
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The catalyst loding  has a strong effect on the rate constant of photodegradation of 4-CP as 

the rate constant increases by increasing the catalyst loading. However, significant increase 

of the rate constant could be seen with catalyst loading more than 350 mg/m2 where a high 

jump of the rate constant value can be achieved by increasing the catalyst loading. So that 

it can be concluded that controlling the catalyst loading of anatase TiO2 by adjusting the 

process technique can be used as a key to control the efficieny of the photodegradation 

process. The same trend will be obtained optimizing SSA as the SSA depends directly on 

the catalyst loading. 
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4. Conclusions  

Chemical vapor infiltration and reaction (CVI-R) technique was used successfully 

in this work to convert natural structures as paper preforms into variety of biomorphic 

ceramics like SiC, α, β-Si3N4, SiC-Si3N4 and TiO2 with different properties for different 

applications. This has been carried out by the infiltration of carbon biotemplate (C b) with 

SiCl4/H2, MTS/H2 and TiCl4/CH4/H2 to deposit silicon, Si/SiC and TiC respectively on the 

carbon fibers of the template. Subsequently, high temperature treatment in different 

atmospheres as reaction step lead to formation of silicon nitride, SiC-Si3N4 composite and 

TiO2 ceramics with different composition and microstructure. Additionally, carbide derived 

carbon (CDC) approach was applied successfully to SiC and TiC ceramics obtained after 

the CVI process to increase the specific surface area of the SiC and TiC as well as TiO2 

using different chemical vapor infiltration routes and reactions. 

 It was found that the conversion of silicon into Si3N4 and SiCb, the phase ratio α- 

/β-Si3N4, the ratio of SiCb/Si3N4, the morphology and the mechanical properties of the 

resulting ceramics were affected strongly by the used CVI precursor and the reaction 

conditions such as temperature, duration and composition of the reactive gas.  

The optimum nitridation temperature for the Si3N4 production was found to be 

below the melting point of Si (1410°C). Addition of 10% of H2 to the nitridation gas at 

temperatures near the melting point of silicon allows to increase the conversion of Si into 

Si3N4 as well as to control the exothermic nitridation reaction, obtaining the preferable 

needle-like microstructure with enhanced mechanical strength. 

However, at temperatures above the melting point of silicon, additional SiCb can be 

formed by in-situ reaction bonding process by solid-solid and solid-liquid reaction parallel 

to Si3N4 to produce SiCb-Si3N4 composite ceramics, which can enhance the thermal 

properties and the oxidation resistance behavior of the resulting materials at higher 

temperatures. 

The specific surface area (SSA) of the biomorphic SiC was successfully improved 

by integrating the carbide derived carbon (CDC) approach in the ceramization process. SSA 

of 50 m2/g and 17 m2/g were obtained using MTS/H2 and SiCl4/H2 system, respectively. 

However, using MTS/H2 system, the high specific surface area obtained was related to the 

non reacted nanoporous CDC remaining in the ceramics which can not actually be used as a 

catalyst support at high temperatures in oxidizing atmosphere. On the other hand, SiC 

ceramics with lower SSA of about 17 m2/g was achieved using SiCl4/H2 precursor due to 
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the higher temperature treatment required in order  that Si and naoporous carbon reaction 

takes place. 

As SiC-based ceramics is used generally for high temperature structural applications 

under severe conditions, its oxidation resistance was investigated under cyclic and 

isothermal conditions up to 1450°C for long time of 50h. 

The results proved that the oxidation performance of SiC was affected strongly by 

its microstructure, which can be controlled varying the infiltration temperature. Low 

temperature (LT) crystalline SiC shows better oxidation resistance behavior compared to 

the amorphous and high temperature (HT) crystalline SiC due to the effective continuous 

SiO2 layer which was strongly bonded to the non oxidized SiC and subsequently SiC can be 

protected from further oxidation. In the case of SiC-Si3N4 composite ceramics, the 

oxidation resistance was enhanced with increasing the Si3N4 content as well as the degree of 

crystallization. Moreover, the bending strength is decreased for all the resulting ceramics 

after isothermal oxidation at 1450°C due to crack formation, which was severe especially in 

the amorphous SiC.  

Biomorphic TiO2 ceramics were prepared successfully by conventional and 

modified CVI-R technique in order to enhance the photocatalytic activity. TiO2 ceramics 

obtained by conventional CVI-R technique using TiC preceramic exhibits better properties 

such as SSA, anatase stability and crystallinity compared to TiN preceramics. However, 

these properties can be controlled by adjusting the oxidation temperature. On the other 

hand, integrating CDC approach in to CVI-R technique was effective to enhance the SSA, 

anatase stability and crystallinity. However, the mechanical stability of the TiO2 structure 

was reduced strongly by extending the oxidation time up to 20 hours. This draw back has 

been overcome in this work by processing of SiC supported TiO2. The photocatalytic 

activity of TiO2 catalyst confirmed that the best effect was achieved using the TiO2 prepare 

by conventional CVI-R coupled with CDC approach. 
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Appendices 

Appendix A: Experimental Work 

 

A. Experimental set-up and procedure 

A.1 Experimental Set-up 

The conventional CVD equipment generally comprises three interrelated 

components: the precursor part for reactant supply, the reactor part and the effluent gas 

handling system. A typical CVD/CVI system is shown schematically in Fig. A.1. The 

experimental equipment used for the CVI-R technique is a hot wall horizontal tubular 

reactor made of Al2O3 ceramics, withstanding temperatures up to 1600°C.  

 

 

Fig. A.1:  Flow chart of CVD/CVI set up 

 

The length of the tube is 130 cm with inner diameter around 3.2 cm into which the 

substrates are placed and indirectly heated. A three zone resistively heated furnace is used 

to facilitate the control of the outer zones and enable a uniform temperature profile to be 

maintained in the central deposition zone. Though hot wall reactor can provide very 

precise temperature control, the interior of the hot wall reactor will also be coated during 

deposition, resulting in maintenance problems and lower deposition efficiency. 

 

A.2 Precursors Supply System  

The role of this component is to generate vaporous precursors and deliver them into 

the reactor. Liquid precursors used in this work such as SiCl4, TiCl4, CH3SiCl3 are 

Evaporators 

      CVD Reactor 

    Cooling trap 
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vaporized by a bubbler. A carrier gas (reactive gases such as H2 or inert gases such as He) 

transport the vaporized reactants into the reactor. Three temperature-controlled evaporators 

are connected serially to ensure the generation of saturated precursor vapors. The amount 

of delivered reactants depends on the bubbler temperature, carrier gas flow rate and 

pressure over the source.  

The vapor pressure curves of the liquid precursors are known according to the 

following equation for SiCl4, TiCl4, CH3SiCl3 in Eq. (A.1 ), (A.2 ) and (A.3), respectively. 

The partial pressure (p) can be determined and regulated by controlling the volume and 

flow rate of the carrier gas. 

4

1
ln( ) 3813.8* 23.145SiCl

ev

p
T

         (A.1) 

4

1
ln( ) 4683.7* 23.058TiCl

ev

p
T

         (A.2) 

1
ln( ) 3746.4* 22.609MTS

ev

p
T

         (A.3) 

Where: 

4SiClp = vapor pressure of SiCl4 [Pa] 

4TiClp = vapor pressure of TiCl4 [Pa] 

           MTSp   = vapor pressure of CH3SiCl3 [Pa] 

evT  = temperature in the evaporator [K] 

On the other hand, high purity gaseous reactants or carrier gases such as N2, He, 

Ar, synthetic air or H2 are delivered into reactor from gas cylinders via mass flow 

controllers. 

 

A.3 Experimental Procedures 

Generally, three steps were involved in the processing of biomorphic porous 

ceramics by chemical vapor infiltration and reaction technique (CVI-R): pyrolysis of the 

paper preform, chemical vapor infiltration of the carbon biotemplate, thermal treatment 

reaction step and finally the oxidation of the residual carbon. The detailed description of 

each processing step is presented below with respect to different thermal treatment steps 

according to different porous ceramics. 
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A.3.1 Pyrolysis Step 

Paper preform (40 mm long, 40 mm wide and 0.5 mm thick) was used as the biological 

template structure. The paper consisted mainly of cellulous and hemicelluloses. Pyrolysis 

reaction was applied in order to convert the paper preform into carbon template. The flat 

paper samples were inserted into the reactor by placing them between two flat metallic 

plates with the same dimensions as paper samples in order to preserve the paper samples 

from deformation during the pyryolysis. During pyrolysis, H2O, CO and CO2-volatiles 

were released. To get a crack-free carbon template a slow heating rate of 1K/min was 

applied up to 350°C and dwell time one hour. A higher heating rate of 2 K/min up to 

800°C was applied after that, where the rearrangement of the polyaromatic carbon 

structures takes place. Another dwell time of 1 hour was applied at this temperature. The 

pyrolysis step is performed in inert atmosphere (He) with constant flow to obtain 

maximum carbon yield. The transformation of paper into carbon template was found to be 

associated with homogenous shrinkage in all directions: length, width, and thickness, 

however homogenous shrinkage in all dimensions is observed. After 800°C, the final 

weight loss accounts to 70 % for the paper with the residual dimensions 30 mm*30 

mm*0.4 mm. Despite such a vast change, the structural integrity and the microscopic 

structural features were almost perfectly preserved. 

 

 3.3.2 Chemical Vapor Infiltration (CVI) 

A.3.2.1 CVI of Silicon (Si) 

After pyrolysis, the carbon templates were infiltrated with silicon using SiCl4/H2 precursors 

system at 900°C for 3 hours at atmospheric pressure. The molar fraction SiCl4 was 0.065% 

with the ratio of SiCl4 to H2 around 16. Silicon is infiltrated in the carbon template 

according the following reaction: 

 

900
4 2 b bSiCl +2H +C Si/C +4HClC                                  (A.4)

        

 

The weight gain of the samples was measured from the difference in sample weight before 

and after infiltration. Mass gain related to pure silicon of 500% was obtained at the 

reaction condition used. 

 

A.3.2.2 CVI of SiC and Si/SiC 

In the case of SiC infiltration, Methyltrichlorosilane (MTS) was used in addition to 

hydrogen to infiltrate stoichiometric SiC or Si rich SiC (Si/SiC). Mole fraction 
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concentration of 8 % MTS with H2/MTS (α= 3 and 11) was used to infiltrate SiC and 

Si/SiC, respectively. Moreover, different infiltration temperatures such as 950°C and 

1050°C with α=3 were used to obtain amorphous and crystalline structures of SiC and 

Si/SiC, respectively. The following equations (A.5) and (A.6) describe the infiltration of 

SiC on the carbon template and subsequently oxidation of residual carbon, respectively: 

 

2H , 950, 1h
3 3 bCH SiCl SiC/C +3HClbC             (A.5) 

 
750 ,5

2 2/ C h
b bSiC C O SiC C O                (A.6) 

 

 

A.3.2.3 CVI of Titanium Carbide (TiC) and Titanium Nitride (TiN) 

For the production of TiC and TiN porous ceramics, titanium tetrachloride vapor was used 

as a Ti source in addition to H2 gas as a reducing agent. Two routes, TiCl4/H2 and 

TiCl4/H2/CH4 systems, were used for the processing of TiC according to the required 

objective to obtain TiCb and TiC porous ceramics, respectively with different properties 

according to the following general equations: 

 

1100°C
4 2 b bTiCl +2H +C TiC +4HCl                       (A.7) 

 
1100°C

4 2 4 b bTiCl +H +CH +C TiC /TiC + 4HCl                      (A.8) 
 

The infiltration parameters used to infiltrate TiC within 1 h at atmospheric pressure are 

1100°C, molar fraction of TiCl4 of 0.03 and a H2/TiCl4 ratio of 32. Flow velocity was 15 

cm/sec. 

For TiN, titanium tetrachloride in H2 in addition to N2 was used at 1050°C for 1h with a 

molar fraction of TiCl4 of 0.02 and H2/N2 ratio of 4. The evaporator temperature was 

adjusted to 45°C. The reaction takes place according to the following equation: 

 

1050°C
4 2 2 b bTiCl +2H +0.5N + C C /TiN+ 4HCl           (A.9) 

 

 For all CVI steps for the different preceramic precursors, three to five Cb-templates were 

placed at the beginning of the isothermal zone of the reactor to ensure a homogenous 

infiltration rate. The following templates such as Si, SiC, Si/SiC, TiC and TiN were 

obtained after the infiltration step.  
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A.3.3 Thermal Reaction Step (R) 

Thermal treatment is applied normally after the chemical vapor infiltration step at 

different temperature and atmosphere depending on the required composition, 

microstructures and morphology of the resulting ceramics. Different atmospheres such as 

N2, He, Cl2 or air were used in this work to produce different porous ceramics. In the 

following sections, the detailed description of each reaction is presented with respect to 

different types of biomorphic porous ceramics produced.  
 

 A.3.3.1 Nitridation Reaction 

Infiltrated silicon samples (Si) were loaded into the reactor placed on a thin 

graphite sheet with 3 cm width. The furnace was purged with helium. After that it was 

heated to the desired operating temperature (1300-1500°C) with a rate of 5K/min in N2 or 

N2 containing atmosphere such as, 10%He/N2, 10%H2/N2 and 10%Ar/N2 and a flow rate of 

125 Nl/h. The samples were kept at the set temperature for a period of 5 h, after that the 

furnace was cooled to ambient temperature under helium flow. The reaction (R) used in 

this work is called the reaction bonding silicon nitride (RBSN). The degree of nitridation 

can be estimated by measuring the samples’ mass before and after nitration reaction step. 
 

A.3.3.2 Burn Out of Residual Carbon 

Two carbon sources, which exist in the obtained ceramics, have to be removed 

either after CVI step or after reaction (R) step in the CVI-R technique. The first source is 

the residue of the initial carbon template (Cb) which exists in all ceramics obtained in this 

work from the natural template and the second one is the free carbon codeposited produced 

during the CVI step at higher temperature (> 900°C). For this objective, synthetic air is 

used to convert both carbons into CO and CO2 gases, which started generally at 

temperature above 400°C. In order to remove all the carbon from the obtained ceramics, 5 

to 10 hours oxidation time depending on the carbon content is recommended at 750°C at 

atmospheric pressure. On the other hand, the carbon template in the case of  TiC and TiN 

can not be removed by oxidation step as Ti and carbon start to oxidize already at about 

400°C. 
 

A.3.3.3 Oxidation of TiC and TiN for  Processing of TiO2 Ceramics  

The oxidation reaction is applied on both TiC and TiN ceramics in order to obtain 

titanium oxide (TiO2) ceramics in both low and high temperature modifications anatase-

TiO2 and Rutile-TiO2, respectively. TiC or TiN ceramics were positioned in the middle of 
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the isothermal zone of the reactor and heated in flowing air at a temperature range of 400-

1200°C for time intervals of 5-20 hours to obtain TiO2 ceramics. 

A.3.3.4 Chlorination Reactionas as etching 

Chlorination step also known as etching step, was applied to generate thin 

nanoporous carbon layer starting from both SiC and TiC ceramics by carbide derived 

carbon (CDC) approach. The SiC and TiC samples which were obtained according to Eq 

(A.5) and (A.7), were placed in the isothermal zone of the reactor operated at atmospheric 

pressure and heated up to the reaction temperature 800 or 600 °C with by 5°C/min under 

He flow. Once the desired temperature was reached, a gas mixture of 2.5%Cl2/97.5%He 

with a gas velocity 1.5 cm/sec was passed through the reactor. After chlorination, the 

reactor was cooled to ambient temperature in He atmosphere. SiC/C* and TiC/C* 

composites are obtained according to the following equations, respectively:  

 

800 ,2.5% 2 *
2 4/C ClSiC Cl SiC C SiCl                                             (A.10) 

 
2600 ,2.5%, *

2 4/C ClTiC Cl TiC C TiCl                         (A.11)  
 

Where C* carbon with high SSA 

The etching rate was calculated as mass loss (mg) per etching time (h). 
 

A.3.3.5  Isothermal Oxidation Test 

The oxidation behavior of SiC based ceramics has been studied via TGA under 

isothermal conditions after heating with a heating rate of 5 K/min up to 1050, 1250 and 

1450°C respectively in flowing air (80 ml/min) for 50 h. After that, the samples were 

cooled down in air. Relationships between weight change and oxidation time and 

temperature were obtained from the isothermal oxidation test. The sample weight change 

was related to oxidation of the SiC and carbon present in the sample to silica and carbon 

dioxide respectively. 
 

A.3.5.6 Cyclic Oxidation Test 

The cyclic oxidation test also was carried out in this work by TGA, the mass 

change of the ceramics was observed as the samples were exposed to air with a specific 

schedule. In a first step, the temperature was increased from ambient temperature up to 

550°C using a high heating rate. Then the first step of the cyclic oxidation started 

increasing the temperature from 550°C to 1100°C with 5 k/min heating rate and a dwell of 

30 min at 1100°C. Then cooling with the same rate to 550°C, followed by another dwell of 
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5 min. In that way the porous ceramics were exposed to 10 cycles with total duration of 42 

hours. On the other hand, the same procedure was applied in the tubular reactor in order to 

get sufficient large samples, used to measure the bending strength of the samples before 

and after cyclic oxidation. 

 

Appendix B: Characterization Methods 

B.1 Raman Spectroscopy 

Raman spectroscopy utilizes the phenomenon of scattering. When light passes 

through a transparent sample, a fraction of the light is scattered in all directions. Most of 

the scattered photons are of the same wavelength of the incident light. This is known as 

Rayleigh scattering. However, in 1928, physicists C.V discovered that a small fraction of 

the scattered light had a different wavelength. Furthermore, this difference depended on the 

molecules present in the sample. The molecule may either gain energy from, or lose energy 

to the photon. The essentials of the Raman scattering consist of an intense monochromatic 

light beam impinges on the sample [174].   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. B.1:  Energy level diagram for Raman scattering 

 

The electric field of the incident radiation distorts the electron clouds that make up the 

chemical bonds in the sample, storing some energy. When the field reverses as the wave 

passes, the distorted electron cloud relax and the stored energy is reradiated. Although the 

incident beam may be polarized so that the electrical field is oriented in a specific direction 

with respect to the sample, the scattered beam is radiated in all directions, making possible 

of a variety of scattering geometries. Most of the stored energy is reradiated at the same 
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frequency as that of the incident exciting light which is known as the Rayleigh scattering. 

Raman spectroscopy is useful for giving information about the chemical composition and 

crystallinity of the phases in the samples. The depth of film penetrated and sampled 

depends on the transparency of the sample to the laser radiation used. This is strongly 

dependent on the sample materials and on the laser wavelength and can vary from as little 

as a few µm to significant fraction of a mm [175_Ebook].  

Raman spectroscopy gives information about the chemical composition of sample such as 

Si, SiC, carbon and TiO2 and also of crystal structure such as amorphous or crystalline, 

orientation and temperature of anaklyzed surface, sinvce this properties change the 

frequency, intensity and width of the raman spectra [176]. 

 

B.2 Scanning Electron Microscopy (SEM) 

The SEM ( EDX/SEM Philips XL 30) provides a highly magnified image of the surface 

morphology of a material that is very similar to what one would expect if one could 

actually see the surface visually. This tends to simplify image interpretations considerably, 

but reliance on intuitive reactions to SEM images can lead to erroneous results. The 

resolution of the SEM can approach a few nm and it can operate at magnifications that are 

easily adjusted from about 10x-300, 000x [Ebook, p.p_71]. 

In SEM, a source of electron is focused (in vacuum) into fine probe, that is rastered over 

the surface of specimen. As the electrons penetrate the surface, a number of interactions 

occur that can result in the emission of electrons and or photons from or through the 

surface. A reasonable fraction of the electrons emitted can be collected by appropriate 

detectors, and the output can be used to modulate the brightness of a cathode ray tube 

(CRT) whose x and y-inputs are driven in synchronism with x-y voltages rastering the 

electron beam. In this way, an image is produced on the CRT. Every point that the beam 

strikes on the sample is mapped directly onto a corresponding point on the screen. If the 

amplitude of the saw-tooth voltage applied to the x- and y-deflection amplifiers in the SEM 

is reduced by some factor while the CRT saw-tooth voltage is kept fixed at the level 

necessary to produce a full screen display, the magnification , as viewed on the screen, will 

be increased by the same factor. 

The SEM provides a high precision analysis of the morphology of the solid material with 

high magnification and high resolution of up to view nanometers at a specified position of 

the sample [175_78]. The surfave morphology of the different ceramics was analyzed after 

each processing step to observe the changes in the sample morphology.  
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The used of SEM requires very little concerning sample preparation, provided that the 

specimen is vacuum compatible. The only consideration has to be taken in the case of 

investigating insulating materials. The simplest approach is to coat it with a thin (10-nm) 

conducting film of carbon, gold or some other metal.  

 

B.3 Energy-Dispersive X-ray Spectroscopy (EDS) 

EDS (EDX/SEM Philips XL 30) is a non-destructive surface analytical technique which 

can provide rapid qualitative, or with adequate standards, quantitative analysis of element 

composition with a sampling depth of 1-2 microns from all elements in the periodic table 

above Beryllium, Z=4, if present in sufficient quantity [175, 138D]. X-rays are produced 

because of the ionization of an atom by high–energy radiation wherein an inner shell 

electron is removed. To return the ionization atom to its ground state, an electron from a 

higher energy outer shell fills the vacant inner shell and releases an amount of energy equal 

to the potential energy difference between the two shells. This excess energy, which is 

unique for every atomic transition, will be emitted by the atom either as an X-ray photon or 

will be self absorbed and emitted as an Auger electron. EDX was udserd widely in this 

work  to detect differet elements such as Si, C, N2, O2 and Ti at different pposition of the 

sample. 

 

B.4 X-Ray- Diffraction Spectroscopy (XRD) 

XRD is a versatile non-destructive analytical technique for identification and quantitative 

determination of the various crystalline phases of compounds present in solid materials and 

powders. Additionally, the size and the shape of the unit cell for any substance can be 

determined.  

The principle by which the X-Ray Diffraction works is based on the ability of X-rays to 

form predictable patterns when interacting with a crystalline matrix of atoms. Crystal 

lattices are regular three-dimensional distributions of atoms in space. These are arranged in 

series of parallel planes separated from each other by an interplanar distance (d), which 

varies according to the nature of the material. For any crystal, planes exist in a number of 

different orientations, each with its own specific d-spacing. The principle of x-ray 

diffraction is based on Bragg’s equation [177-181]:  

                        n  = 2 d sin θ.                          (B.1) 

where: 

 n = 1,2,3…order of reflection 
  = the wavelength of the incident X-ray beam 
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 d = the distance between the crystal planes 
 θ = the angle of the incident X-ray beam 
 

 
 

Fig. B.2: X-rays diffraction pattern by planes of atoms associated with Bragg’s law 

 

When a monochromatic x-ray beam with wavelength  is incident on the lattice planes in a 

crystal at an angle θ, diffraction occurs only when the distance travelled by the rays 

reflected from successive planes differs by a complete number n of wave length. 

By varying the angle θ, the Bragg’s law conditions are satisfied by different d-spacing in 

polycrystalline materials. Plotting the angular positions and intensities of the resultant 

diffraction peaks produces a pattern, which is characteristic for sample. Identification is 

achieved by comparing the X-ray diffraction pattern of standard and measured patterns. 

Fig B.2 shows the diffraction of X-ray beams by crystal plane. In this work, XRD was used 

for phase identification of Si3N4 such as α- and β- Si3N4 in addition to anatase and rutile-

TiO2 ceramics. Additionsally XRD method was used to check the crystallinity of SiC and 

to check the crystabolite phase of SiO2. 

 

B.5 Thermal Gravimetric Analysis (TGA) 

TGA (TGA, Simultan-Thermo-Analyse-Geraet STA 429 Firma Netzsch-Gerätebau 

GmbH). This technique measures the change in the weight of a sample as it is heated at a 

known rate. The primary use of thermo gravimetric analysis (TGA) for materials produced 

by aerosol processes is for determination of the extent of reaction and for detection of 

adsorbed species such as water vapor. The off gases of the reaction or desorption can be 

monitored by means of mass spectrometry or FTIR then TGA determines the identity of 

the species released at a certain temperature. Using the sample weight loss rate, kinetic 

parameters can be determined. TGA and differential thermal analysis (DTA) typically 
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requires 50 mg samples. TGA can be used as a simple and fast method for determining 

carbon content as well as surface OH groups  of oxide nanopowders made by flame aerosol 

and sol-gel processes [182-186]. TGA in this work was used commonly for determining 

the carbon residual in the resulting ceramics as well as investigation the kinetics of 

oxidation of TiC and TiN in airflow under isothermal conditions. Moreover, the oxidation 

resitance of SiC-based ceramics was investigated under isothermal and cyclic conditions at 

relkatively high temperature in airflow. 

 

B.6 Mercury Porosimetry 

The porosity of the porous ceramics is determined by mercury (Hg) porosimetry ( Carlo 

Erba Mercury Instrusion Porosimeter 2000). Mercury porosimetry is widely accepted as a 

standard measure of total pore volume and pore size distribution in the macro- and 

mesopore ranges in powders and solids. Mercury porosimeters measure intrusion and 

extrusion pressures and volumes, and calculate pore sizes from measured pressures. Hence, 

the pore size ranges covered by standard porosimeters are limited by the pressures they can 

achieve. Modern porosimeters allow the commencement of intrusion tests at pressures as 

low as ca. 0.5 psi [187,188] . 

 A sample is placed into the instrument, where mercury, under controlled pressure, is 

forced into the pores of the material. As the pressure is increased, more mercury enters the 

pores. The accessible pore size corresponding to a given pressure is obtained from the 

Washburn equation, 

     
4. .cos

d
p

 
                                                     (B.2) 

  
Which relates the applied pressure, p, to the intruded diameter, d, of a cylindrical pore 

together with the surface tension, , and the contact angle, θ. Thus, mercury porosimetry is 

useful for determining the pore size distribution in particles. It can be applied for pores 

ranging from 3 nm to 360 µm. 

 

B.7 Low Temperature Nitrogen Adsorption (BET) Specific Surface Area 

The most common technique to characterize high surface area of meso and 

microporous materials is physisorption of nitrogen at liquid nitrogen temperature of 77K. It 

allows precise non-destructive analysis of porous materials. However, there are some 

limitations for nitrogen as adsorbate due to large dimensions (kinetics diameter of 3.64 Å) 
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especially in the characterization of microporous materials, where other gases as Ar 

(3.41Å) can be used as adsorbent. This characterization is carried our firstly by evacuating 

the sample at temperature as high as 200°C for 2h, then cooling to 77 K and after that, a 

known amount of N2 gas is dosed. After allowing the pressure to come to equilibrium, the 

final pressure is recorded. The same procedure is followed for the second and subsequent 

doses. The amount adsorbed is calculated from the decrease in pressure beyond that 

expected from the increase in volume when the gas is admitted to the sample cell. The 

recorded dose volume as a function of pressure in sample cell at constant temperature is 

called adsorption isotherm. Depending on the materials, adsorbed, different shapes of 

isotherms are obtained.  

The adsorption isotherm is derived from the relationship of quantity of gas 

adsorbed and the pressure of the gas at the surface of the solid specimen at given 

temperature. The most known method of using isotherm to determine the SSA is the 

Brunauer Emmet Teller (BET) method. In this method, N2 molecules are physically 

adsorbed and cover the surface of adsorbent specimen with unbroken monolayer by weak 

Van-der-Walls force. The monolayer capycity, which is the quantity of N2 gas molecules 

required to cover the adsorbent surface completely, is measured and calculated from the 

BET equation [187,189]. 

With a linear regression of the BET equation, the monolayer volume, Vm, can be 

read off from both the y-axis intercept and the slope. By assessing the value of average 

monolayer are occupied by each N2 molecule, the total specific surface area based on the 

original specimen wight may be determined according to the following Equation [189]: 

* *m A
BET

molar

V N
S

V


                         (B.3) 

Where; 

BETS = specific surface area        (m2/g) 

molarV = molar volume of the gas at standard conditions         (22.414 cm3/mol) 

   surface area  of one nitrogen molecule                           (m2) 

AN = Avogadro´s number     (6.023*1023 molecules/mole) 

mV =monolayer volume     (m3) 
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B.8 Double Ring Bending Test 

The strength of the different biomorphic porous ceramics obtained in this work by 

CVI-R technique was mechanically tested by a double ring bending test according to DIN 

52292 using an Instron Universal Testing Machine (4204, Instron, High Wycombe, 

Buckinghamshire/UK). A flat sample with (30*30*0.5 mm3) was placed between two 

metallic rings. The forces required for sample testing are supplied by an electromechanical 

drive, which moves down linearly at controlled velocity and load capacity. The test was 

performed at room temperature with a crosshead velocity of 0.5 mm/min and maximum 

load of 1 KN. The maximum bending strength of a sample, ρb,max, is the tensile strength 

reached before the first crack of the sample occurs. It can be determined using the 

following equation [190] : 

 

                                                 
max

, 2
1.04*b max

F

s
                                                                                      (B.4) 

 

Where, Fmax, is the maximum load in (N) and s is the thickness of the sample in (mm) 

 

B.9  UV-Vis Spectroscopy 

Most of the UV-vis measurements are focused on the electronic state of the substance and 

its photo physical behavior, such as absorption, fluorescence, and phosphorescence. The 

mathematical-physical basis of light absorption measurements in the UV-Vis region with 

energies from about 1 to 100 eV (10 to 1000 nm) is Beer’s law [191]: 

 

                               
0

exp( ) 1
I

cl A
I   



 
 

     
 

                                        (B.5)   

 

Where I0 is the intensity of the monochromatic light entering the sample and I is the 

intensity of the light emerging from the sample; c is the concentration of the light-

absorbing substance; l is the path length through the sample, ελ is the decadal extinction 

coefficient, τλ is the transmission, and Aλ is the absorption. For a constant extinction 

coefficient and path length, this method can be used to determine the relative concentration 

or the absolute concentration of the sample after calibration. However, the extinction 

coefficient is an important characteristic of the sample. Its functional correlation with the 

wavelength (ελ = f(λ)) is called the absorption spectrum [191] . In spectroscopy, the sum of 

transmittance, reflectance, and absorbance is always equal to unity. Beer’s law is valid for 
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cases where scattering and reflection are negligible. In this case, the absorbance can be 

directly related to the transmittance, which holds true for these molecularly dispersed 

systems. However, measuring the reflectance of a sample, the transmittance becomes zero 

and the absorbance can be directly related to the reflectance. Here, the light is reflected 

diffusively on the surface and inside a powder sample. This problem was first discussed by 

Kubelka and Munk [192]. In order to decrease the signal to noise ratio, the following 

parameter was introduced to present the diffuse reflectance data, the so-called Kubelka-

Munk function, F(R): 

 

                                                 
2(1 )
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2

R K
F R

R S






                                                  (B.6)   

 

where the square of the absorptance is divided by two times of the reflectance, R, which 

describes the diffuse reflecting power at a penetration depth of infinity. These data can also 

be expressed in terms of the absorption coefficient, K, and the scattering coefficient, S. The 

theory implies an infinitely thick sample, where the background reflectance is zero. Since 

the reflecting power is the ratio of absorption and the scattering coefficient, and does not 

depend on their absolute values, it can be easily measured [193]. Since the diffuse 

reflecting power can not be measured accurately in conventional instruments, R is always 

related to a white standard as a reference and therefore obtained as a relative value: R′∞ = 

Rsample/Rstandard [191]. The so-called dilution method implies that the absolute reflecting 

power of the standard has to be known, especially where MgO, SiO2, MgSO4, and BaSO4 

are used. Measurements of concentrations can also be achieved with this method and a 

very detailed discussion on reflectance spectroscopy can be found elsewhere [193].  

With this method, the band gab of anatas and rutile-TiO2 was determined in addition to the 

concentration of the 4-CP in the contaminants solution . So that the activity of TiO2 as a 

photo catalyst was investigated easily. 
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